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Preface

It was really a pleasure to receive an overwhelming response to the textbook Design of Machine Elements 

since it was published fi rst in 1994. In fact, whenever I visit an engineering college in any part of the country, 

students and staff members of the Mechanical Engineering Department know me as  the ‘Machine Design 

author’ and the book has become my identity.

Machine design occupies a prominent position in the curriculum of Mechanical Engineering. It consists of 

applications of scientifi c principles, technical information and innovative ideas for the development of a new 

or improved machine. The task of a machine designer has never been easy, since he has to consider a number 

of factors, which are not always compatible with the present-day technology. In the context of today’s techni-

cal and social climate, the designer’s task has become increasingly diffi cult. Today’s designer is required to 

account for many factors and considerations that are almost impossible for one individual to be thoroughly 

conversant with. At the same time, he cannot afford to play a role of something like that of a music director. 

He must have a special competence of his own and a reasonable knowledge of other ‘instruments.’

New to this Edition

After the publication of the second edition in 2007, it was observed that there was a need to incorporate a 

broader coverage of topics in the textbook to suit the content of ‘Machine Design’ syllabi of various uni-

versities in our country. One complete chapter on ‘Design of Engine Components’ (Chapter 25) and half 

a chapter on ‘Design of Riveted Joints’ (Chapter 8) are added to fulfi ll this requirement. Design of Engine 

Components includes cylinders, pistons, connecting rods, crankshafts and valve-gear mechanism. Design of 

Riveted Joints includes strength equations, eccentrically loaded joints and riveted joints in boiler shells. 

Another important feature of the current edition is changing the style of solutions to numerical examples. 

A ‘step-by-step’ approach is incorporated in all solved examples of the book. This will further simplify and 

clarify the understanding of the examples.

Target Audience

This book is intended to serve as a textbook for all the courses in Machine Design. It covers the syllabi of all 

universities, technical boards and professional examining bodies such as Institute of Engineers in the country. 

It is also useful for the preparation of competitive examinations like UPSC and GATE. 

This textbook is particularly written for the students of the Indian subcontinent, who fi nd it diffi cult to 

adopt the textbooks written by foreign authors. 

Salient Features

The main features of the book are the following:

 (i) SI system of units used throughout the book

 (ii) Indian standards used throughout the book for materials, tolerances, screw threads, springs, gears, 

wire ropes and pressure vessels
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 (iii) The basic procedure for selection of a machine component from the manufacturer’s catalogue 

discussed with a particular reference to Indian products

 (iv) Step by step approach of problem solving

Organization

The book is divided into 25 chapters. Chapter 1 is an introductory chapter on machine design and discusses 

the various procedures, requirements, design methods and ergonomic considerations for design. Chapter 2 

is on engineering materials and describes the different kinds of irons, steels and alloys used in engineering 

design. Chapter 3 explains in detail the manufacturing considerations in design. Chapters 4 and 5 discuss 

the various procedures for design against static load and fl uctuating load correspondingly.

Chapter 6 describes power screws in detail while chapters 7 and 8 specify the features and varieties of 

threaded joints, and welded and riveted joints in that order. Similarly, chapters 9 to 22 are each devoted to 

a particular design element, that is, shafts, keys and couplings; springs; friction clutches; brakes; belt drives; 

chain drives; rolling contact bearings; sliding contact bearings; spur gears; helical gears; bevel gears; worm 

gears; fl ywheel; cylinders and pressure vessels respectively.

Chapter 23 describes miscellaneous machine elements like oil seals, wire ropes, rope sheaves and 

drums. Chapter 24 details the various statistical considerations in design. Finally, Chapter 25 explains the 

design of IC engine components.

Web Resources

The readers should note that there is a website of this textbook which can be accessed at 

http://www.mhhe.com/bhandari/dme3e  that contains the following.

For Instructors:

 (i) Solution Manual

 (ii) Power Point Lecture Slides

For Students:

 (i) Interactive 643 Objective Type Questions

 (ii) 803 Short Answer Questions

 (iii) Glossary

 (iv) Bibliography

The above additional information will be useful for students in preparing for competitive examinations.
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Feedback

Suggestions and comments for improvement of the book will be appreciated. They can be sent either to the 

publisher or to me at bhandariprof@gmail.com . 

V B BHANDARI

Publisher’s Note
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Visual Walkthrough

Introduction

Each chapter begins with an Introduction 

of the Machine Element designed in the 

chapter and its functions. This helps the 

reader in gaining an overview of the 

machine element.

Theoretical Considerations

Basic equations for design are derived 

from fi rst principle, with a step-by-

step approach.



xxii Visual Walkthrough

Properties of Materials

Exhaustive tables are provided from 

Indian Standards for Mechanical 

Properties of Engineering Materials.

Indian Standards

Indian Standards are used for Machine 

Elements like screw threads, belts, 

springs, gears, wire ropes and pressure 

vessels.



Visual Walkthrough xxiii

Selection Procedure

When a machine component is to 

be selected from manufacturer’s 

catalogue, the selection processes are 

discussed with a particular reference 

to Indian products.

Free-Body Diagram of Forces

Whenever required, free-body 

diagrams are constructed to help the 

reader understand the forces acting on 

individual components.

Fatigue Diagrams

Fatigue diagrams are constructed 

for design of machine components 

subjected to fl uctuating loads.



xxiv Visual Walkthrough

Isometric Views

When it is diffi cult to understand 

the forces in three dimensions, 

isometric views are given for clear 

understanding.

Numerical Examples

Numerical Examples solved by step 

by step approach are provided in 

suffi cient number in each chapter to 

help the reader understand the design 

procedures.

Statistical Considerations in Design

A separate chapter on Statistical 

Considerations in Design is included 

and examples are solved on the basis 

of reliability.
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Short-Answer Questions

At the end of each chapter, Short-

Answer Questions are provided for 

the students for preparation of oral and 

theory examinations.

Problems for Practice

At the end of each chapter, a set of 

examples with answers is given as 

exercise to students. It is also helpful 

to teachers in setting classwork and 

homework assignments.

References 

The list of textbooks, journals and 

company catalogues is provided at 

the end of respective pages for quick 

reference.



Introduction

Chapter 1

1.1 MACHINE DESIGN

Machine design is defi ned as the use of scientifi c 

principles, technical information and imagination 

in the description of a machine or a mechanical 

system to perform specifi c functions with maximum 

economy and effi ciency. This defi nition of machine 

design contains the following important features: 

 (i) A designer uses principles of basic and 

engineering sciences such as physics, 

mathematics, statics and dynamics, 

thermodynamics and heat transfer, vibrations 

and fl uid mechanics. Some of the examples 

of these principles are

 (a) Newton’s laws of motion,

 (b) D’ Alembert’s principle,

 (c) Boyle’s and Charles’ laws of gases,

 (d) Carnot cycle, and

 (e) Bernoulli’s principle.

 (ii) The designer has technical information of 

the basic elements of a machine. These 

elements include fastening devices, chain, 

 1 Henry Dreyfuss–The Profi le of Industrial Designer—Machine Design, July 22, 1967.

belt and gear drives, bearings, oil seals and 

gaskets, springs, shafts, keys, couplings, 

and so on. A machine is a combination of 

these basic elements. The designer knows 

the relative advantages and disadvantages of 

these basic elements and their suitability in 

different applications.

 (iii) The designer uses his skill and imagination 

to produce a confi guration, which is a 

combination of these basic elements. 

However, this combination is unique 

and different in different situations. The 

intellectual part of constructing a proper 

confi guration is creative in nature.

 (iv) The fi nal outcome of the design process 

consists of the description of the machine. 

The description is in the form of drawings of 

assembly and individual components.

 (v) A design is created to satisfy a recognised 

need of customer. The need may be to 

perform a specifi c function with maximum 

economy and effi ciency.

If the point of contact between the product and people becomes a point of friction, then 

the industrial designer has failed. On the other hand, if people are made safer, more 

effi cient, more comfortable—or just plain happier—by contact with the product, then the 

designer has succeeded.

Henry Dreyfuss1
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Machine design is the creation of plans for 

a machine to perform the desired functions. 

The machine may be entirely new in concept, 

performing a new type of work, or it may more 

economically perform the work that can be done 

by an existing machine. It may be an improvement 

or enlargement of an existing machine for better 

economy and capability.

1.2 BASIC PROCEDURE OF MACHINE  
 DESIGN

The basic procedure of machine design consists of 

a step-by-step approach from given specifi cations 

about the functional requirements of a product to 

the complete description in the form of drawings 

of the fi nal product. A logical sequence of steps, 

usually common to all design projects, is illustrated 

in Fig. 1.1. These steps are interrelated and 

interdependent, each refl ecting and affecting all 

Fig. 1.1 The Design Process

other steps. The following steps are involved in the 

process of machine design.

Step 1: Product Specifi cations

The fi rst step consists of preparing a complete list of 

the requirements of the product. The requirements 

include the output capacity of the machine, and its 

service life, cost and reliability. In some cases, the 

overall dimensions and weight of the product are 

specifi ed. For example, while designing a scooter, 

the list of specifi cations will be as follows: 

 (i) Fuel consumption = 40 km/l

 (ii) Maximum speed = 85 km/hr

 (iii) Carrying capacity = two persons with 10 kg  

 luggage

 (iv) Overall dimensions

  Width = 700 mm

  Length = 1750 mm

  Height = 1000 mm

 (v) Weight = 95 kg 

 (vi) Cost =  Rs 40000 to Rs 45000 

In consumer products, external appearance, 

noiseless performance and simplicity in operation 

of controls are important requirements. Depending 

upon the type of product, various requirements are 

given weightages and a priority list of specifi cations 

is prepared.

Step 2: Selection of Mechanism

After careful study of the requirements, the 

designer prepares rough sketches of different 

possible mechanisms for the product. For example, 

while designing a blanking or piercing press, the 

following mechanisms are possible:

 (i) a mechanism involving the crank and 

connecting rod, converting the rotary motion 

of the electric motor into the reciprocating 

motion of the punch; 

 (ii) a mechanism involving nut and screw, which 

is a simple and cheap confi guration but 

having poor effi ciency; and

 (iii) a mechanism consisting of a hydraulic 

cylinder, piston and valves which is a costly 

confi guration but highly effi cient.

The alternative mechanisms are compared 

with each other and also with the mechanism 

of the products that are available in the market. 

An approximate estimation of the cost of each 

alternative confi guration is made and compared 

with the cost of existing products. This will reveal 

the competitiveness of the product. While selecting 

the fi nal confi guration, the designer should 
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consider whether the raw materials and standard 

parts required for making the product are available 

in the market. He should also consider whether 

the manufacturing processes required to fabricate 

the non-standard components are available in the 

factory. Depending upon the cost-competitiveness, 

availability of raw materials and manufacturing 

facility, the best possible mechanism is selected for 

the product.

Step 3: Layout of Confi guration

The next step in a design procedure is to prepare 

a block diagram showing the general layout of the 

selected confi guration. For example, the layout of 

an Electrically-operated Overhead Travelling (EOT) 

crane will consist of the following components:

 (i) electric motor for power supply;

 (ii) fl exible coupling to connect the motor shaft 

to the clutch shaft;

 (iii) clutch to connect or disconnect the electric 

motor at the will of the operator;

 (iv) gear box to reduce the speed from 1440 rpm 

to about 15 rpm;

 (v) rope drum to convert the rotary motion of the 

shaft to the linear motion of the wire rope;

 (vi) wire rope and pulley with the crane hook to 

attach the load; and

 (vii) brake to stop the motion.

In this step, the designer specifi es the joining 

methods, such as riveting, bolting or welding to 

connect the individual components. Rough sketches 

of shapes of the individual parts are prepared.

Step 4: Design of Individual Components

The design of individual components or machine 

elements is an important step in a design process. It 

consists of the following stages:

 (i) Determine the forces acting on the 

component.

 (ii) Select proper material for the component 

depending upon the functional requirements 

such as strength, rigidity, hardness and wear 

resistance.

 (iii) Determine the likely mode of failure for the 

component and depending upon it, select the 

criterion of failure, such as yield strength, 

ultimate tensile strength, endurance limit or 

permissible defl ection.

  (iv) Determine the geometric dimensions of the 

component using a suitable factor of safety 

and modify the dimensions from assembly 

and manufacturing considerations.

This stage involves detailed stress and defl ection 

analysis. The subjects ‘Machine Design’ or 

‘Elements of Machine Design’ cover mainly 

the design of machine elements or individual 

components of the machine. Section 1.4 on Design 

of Machine Elements, elaborates the details of this 

important step in design procedure.

Step 5: Preparation of Drawings

The last stage in a design process is to prepare 

drawings of the assembly and the individual 

components. On these drawings, the material of 

the component, its dimensions, tolerances, surface 

fi nish grades and machining symbols are specifi ed. 

The designer prepares two separate lists of 

components—standard components to be purchased 

directly from the market and special components 

to be machined in the factory. In many cases, a 

prototype model is prepared for the product and 

thoroughly tested before fi nalising the assembly 

drawings. 

It is seen that the process of machine design 

involves systematic approach from known 

specifi cations to unknown solutions. Quite 

often, problems arise on the shop fl oor during 

the production stage and design may require 

modifi cations. In such circumstances, the designer 

has to consult the manufacturing engineer and fi nd 

out the suitable modifi cation.

1.3 BASIC REQUIREMENTS OF
 MACHINE ELEMENTS

A machine consists of machine elements. Each part 

of a machine, which has motion with respect to some 

other part, is called a machine element. It is important 

to note that each machine element may consist of 

several parts, which are manufactured separately. 

For example, a rolling contact bearing is a machine 

element and it consists of an inner race, outer race, 
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cage and rolling elements like balls. Machine elements 

can be classifi ed into two groups—general-purpose 

and special-purpose machine elements. General-

purpose machine elements include shafts, couplings, 

clutches, bearings, springs, gears and machine frames 

Special-purpose machine elements include pistons, 

valves or spindles. Special-purpose machine elements 

are used only in certain types of applications. On the 

contrary, general-purpose machine elements are used 

in a large number of machines.

The broad objective of designing a machine 

element is to ensure that it preserves its operating 

capacity during the stipulated service life with 

minimum manufacturing and operating costs. 

In order to achieve this objective, the machine 

element should satisfy the following basic 

requirements:

(i) Strength: A machine part should not fail under 

the effect of the forces that act on it. It should have 

suffi cient strength to avoid failure either due to 

fracture or due to general yielding.

(ii) Rigidity: A machine component should be rigid, 

that is, it should not defl ect or bend too much due 

to forces or moments that act on it. A transmission 

shaft in many times designed on the basis of lateral 

and torsional rigidities. In these cases, maximum 

permissible defl ection and permissible angle of 

twist are the criteria for design. 

(iii) Wear Resistance: Wear is the main reason for 

putting the machine part out of order. It reduces 

useful life of the component. Wear also leads to 

the loss of accuracy of machine tools. There are 

different types of wear such as abrasive wear, 

corrosive wear and pitting. Surface hardening 

can increase the wear resistance of the machine 

components, such as gears and cams.

(iv) Minimum Dimensions and Weight: A machine 

part should be suffi ciently strong, rigid and wear-

resistant and at the same time, with minimum 

possible dimensions and weight. This will result in 

minimum material cost. 

(v) Manufacturability: Manufacturability is the 

ease of fabrication and assembly. The shape and 

material of the machine part should be selected in 

such a way that it can be produced with minimum 

labour cost.

(vi) Safety: The shape and dimensions of the 

machine parts should ensure safety to the operator 

of the machine. The designer should assume the 

worst possible conditions and apply ‘fail-safe’ or 

‘redundancy’ principles in such cases.

(vii) Conformance to Standards: A machine part 

should conform to the national or international 

standard covering its profi le, dimensions, grade and 

material.

(viii) Reliability: Reliability is the probability that 

a machine part will perform its intended functions 

under desired operating conditions over a specifi ed 

period of time. A machine part should be reliable, 

that is, it should perform its function satisfactorily 

over its lifetime.

(ix) Maintainability: A machine part should be 

maintainable. Maintainability is the ease with 

which a machine part can be serviced or repaired.

(x) Minimum: Life-cycle Cost: Life-cycle cost of 

the machine part is the total cost to be paid by the 

purchaser for purchasing the part and operating and 

maintaining it over its life span.

It will be observed that the above mentioned 

requirements serve as the basis for design projects 

in many cases.

1.4 DESIGN OF MACHINE ELEMENTS

Design of machine elements is the most important 

step in the complete procedure of machine design. 

In order to ensure the basic requirements of 

machine elements, calculations are carried out to 

fi nd out the dimensions of the machine elements. 

These calculations form an integral part of the 

design of machine elements. The basic procedure 

of the design of machine elements is illustrated in 

Fig. 1.2. It consists of the following steps:
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Fig. 1.2 Basic Procedure of Design of Machine
 Element

Step 1: Specifi cation of Function

The design of machine elements begins with the 

specifi cation of the functions of the element. The 

functions of some machine elements are as follows: 

 (i) Bearing To support the rotating shaft and 

confi ne its motion

 (ii) Key To transmit the torque between the 

shaft and the adjoining machine part like 

gear, pulley or sprocket

 (iii) Spring in Clock To store and release the 

energy

 (iv) Spring in Spring Balance To measure the 

force

 (v) Screw Fastening To hold two or more 

machine parts together

 (vi)  Power Screw To produce uniform and 

slow motion and to transmit the force

Step 2: Determination of Forces

In many cases, a free-body diagram of forces 

is constructed to determine the forces acting on 

different parts of the machine. The external and 

internal forces that act on a machine element are as 

follows:

 (i) The external force due to energy, power or 

torque transmitted by the machine part, often 

called ‘useful’ load

 (ii) Static force due to deadweight of the 

machine part

 (iii) Force due to frictional resistance

 (iv) Inertia force due to change in linear or 

angular velocity

 (v) Centrifugal force due to change in direction 

of velocity

 (vi) Force due to thermal gradient or variation in 

temperature

 (vii) Force set up during manufacturing the part 

resulting in residual stresses

 (viii) Force due to particular shape of the part such 

as stress concentration due to abrupt change 

in cross-section

For every machine element, all forces in this 

list may not be applicable. They vary depending 

on the application. There is one more important 

consideration. The force acting on the machine 

part is either assumed to be concentrated at some 

point in the machine part or distributed over a 

particular area. Experience is essential to make 

such assumptions in the analysis of forces.

Step 3: Selection of Material

Four basic factors, which are considered in selecting 

the material, are availability, cost, mechanical 

properties and manufacturing considerations. 

For example, fl ywheel, housing of gearbox 

or engine block have complex shapes. These 

components are made of cast iron because the 

casting process produces complicated shapes without 

involving machining operations. Transmission shafts 

are made of plain carbon steels, because they are 

available in the form of rods, besides their higher 

strength. The automobile body and hood are made 

of low carbon steels because their cold formability is 

essential to press the parts. Free cutting steels have 

excellent machinability due to addition of sulphur. 

They are ideally suitable for bolts and studs because 

of the ease with which the thread profi les can be 

machined. The crankshaft and connecting rod are 

subjected to fl uctuating forces and nickel–chromium 

steel is used for these components due to its higher 

fatigue strength. 
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Step 4: Failure Criterion

Before fi nding out the dimensions of the component, 

it is necessary to know the type of failure that the 

component may fail when put into service. The 

machine component is said to have ‘failed’ when it 

is unable to perform its functions satisfactorily. The 

three basic types of failure are as follows:

 (i) failure by elastic defl ection;

 (ii) failure by general yielding; and

 (iii) failure by fracture.

In applications like transmission shaft, which 

is used to support gears, the maximum force 

acting on the shaft is limited by the permissible 

defl ection. When this defl ection exceeds a 

particular value (usually, 0.001 to 0.003 times of 

span length between two bearings), the meshing 

between teeth of gears is affected and the shaft 

cannot perform its function properly. In this case, 

the shaft is said to have ‘failed’ due to elastic 

defl ection. Components made of ductile materials 

like steel lose their engineering usefulness due to 

large amount of plastic deformation. This type of 

failure is called failure by yielding. Components 

made of brittle materials like cast iron fail because 

of sudden fracture without any plastic deformation. 

There are two basic modes of gear-tooth failure—

breakage of tooth due to static and dynamic load 

and surface pitting. The surface of the gear tooth 

is covered with small ‘pits’ resulting in rapid wear. 

Pitting is a surface fatigue failure. The components 

of ball bearings such as rolling elements, inner and 

outer races fail due to fatigue cracks after certain 

number of revolutions. Sliding contact bearings 

fail due to corrosion and abrasive wear by foreign 

particles.

Step 5: Determination of Dimensions

 The shape of the machine element depends on two 

factors, viz., the operating conditions and the shape 

of the adjoining machine element. For example, 

involute profi le is used for gear teeth because it 

satisfi es the fundamental law of gearing. A V-belt 

has a trapezoidal cross-section because it results 

in wedge action and increases the force of friction 

between the surfaces of the belt and the pulley. On 

the other hand, the pulley of a V-belt should have a 

shape which will match with the adjoining belt. The 

profi le of the teeth of sprocket wheel should match 

the roller, bushing, inner and outer link plates of the 

roller chain. Depending on the operating conditions 

and shape of the adjoining element, the shape of 

the machine element is decided and a rough sketch 

is prepared.

 The geometric dimensions of the component 

are determined on the basis of failure criterion. In 

simple cases, the dimensions are determined on the 

basis of allowable stress or defl ection. For example, 

a tension rod, illustrated in Fig. 1.3, is subjected to 

a force of 5 kN. The rod is made of plain carbon

Fig. 1.3 Tension Rod

steel and the permissible tensile stress is 80 N/mm2. 

The diameter of the rod is determined on the basis 

of allowable stress using the following expression:
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As a second example, consider a transmission 

shaft, shown in Fig. 1.4, which is used to support 

a gear. The shaft is made of steel and the modulus 

100

d
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Fig. 1.4 Transmission Shaft

of elasticity is 207 000 N/mm2. For proper meshing 

between gear teeth, the permissible defl ection at the 

gear is limited to 0.05 mm. The defl ection of the 

shaft at the centre is given by,
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Therefore, 

d = 35.79 or 40 mm

The following observations are made from the 

above two examples:

 (i) Failure mode for the tension rod is general 

yielding while elastic defl ection is the failure 

criterion for the transmission shaft.

 (ii) The permissible tensile stress for tension rod 

is obtained by dividing the yield strength 

by the factor of safety. Therefore, yield 

strength is the criterion of design. In case 

of a transmission shaft, lateral defl ection or 

rigidity is the criterion of design. Therefore, 

modulus of elasticity is an important 

property for fi nding out the dimensions of 

the shaft.

Determination of geometric dimensions is an 

important step while designing machine elements. 

Various criteria such as yield strength, ultimate 

tensile strength, torsional or lateral defl ection and 

permissible bearing pressure are used to fi nd out 

these dimensions.

Step 6: Design Modifi cations

The geometric dimensions of the machine element 

are modifi ed from assembly and manufacturing 

considerations. For example, the transmission shaft 

illustrated in Fig. 1.4 is provided with steps and 

shoulders for proper mounting of gear and bearings. 

Revised calculations are carried out for operating 

capacity, margin of safety at critical cross-sections 

and resultant stresses taking into consideration the 

effect of stress concentration. When these values 

differ from desired values, the dimensions of the 

component are modifi ed. The process is continued 

till the desired values of operating capacity, factor 

of safety and stresses at critical cross-sections are 

obtained.

Step 7: Working Drawing

The last step in the design of machine elements 

is to prepare a working drawing of the machine 

element showing dimensions, tolerances, surface 

fi nish grades, geometric tolerances and special 

production requirements like heat treatment. 

The working drawing must be clear, concise and 

complete. It must have enough views and cross-

sections to show all details. The main view of the 

machine element should show it in a position, it 

is required to occupy in service. Every dimension 

must be given. There should not be scope for 

guesswork and a necessity for scaling the drawing. 

All dimensions that are important for proper 

assembly and interchangeability must be provided 

with tolerances.
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1.5 TRADITIONAL DESIGN METHODS

There are two traditional methods of design—

design by craft evolution and design by drawing. 

Bullock cart, rowing boat, plow and musical 

instruments are some of the products, which are 

produced by the craft-evolution process. The salient 

features of this age-old technique are as follows:

 (i) The craftsmen do not prepare dimensioned 

drawings of their products. They cannot 

offer adequate justifi cation for the designs 

they make.

 (ii) These products are developed by trial and 

error over many centuries. Any modifi cation 

in the product is costly, because the 

craftsman has to experiment with the 

product itself. Moreover, only one change 

at a time can be attempted and complete 

reorganization of the product is diffi cult.

 (iii) The essential information of the product 

such as materials, dimensions of parts, 

manufacturing methods and assembly 

techniques is transmitted from place to place 

and time to time by two ways. First, the 

product, which basically remains unchanged, 

is the main source of information. The exact 

memory of the sequence of operations 

required to make the product is second 

source of information. There is no symbolic 

medium to record the design information of 

the product.

With all these weaknesses, the craft-evolution 

process has successfully developed some of the 

complex structures. The craft-evolution method has 

become obsolete due to two reasons. This method 

cannot adapt to sudden changes in requirement. 

Secondly, the product cannot be manufactured on a 

mass scale.

 The essential features of design by drawing 

method are as follows:

 (i) The dimensions of the product are specifi ed 

in advance of its manufacture.

 (ii) The complete manufacturing of the product 

can be subdivided into separate pieces, which 

can be made by different people. This division 

of work is not possible with craft-evolution.

  (iii) When the product is to be developed by 

trial and error, the process is carried out on 

a drawing board instead of shop fl oor. The 

drawings of the product are modifi ed and 

developed prior to manufacture.

In this method, much of the intellectual activity 

is taken away from the shop fl oor and assigned to 

design engineers.

1.6 DESIGN SYNTHESIS

Design synthesis is defi ned as the process of 

creating or selecting confi gurations, materials, 

shapes and dimensions for a product. It is a 

decision making process with the main objective 

of optimisation. There is a basic difference 

between design analysis and design synthesis. In 

design analysis, the designer assumes a particular 

mechanism, a particular material and mode of 

failure for the component. With the help of this 

information, he determines the dimensions of 

the product. However, design synthesis does 

not permit such assumptions. Here, the designer 

selects the optimum confi guration from a number 

of alternative solutions. He decides the material 

for the component from a number of alternative 

materials. He determines the optimum shape 

and dimensions of the component on the basis of 

mathematical analysis.

 In design synthesis, the designer has to fi x the 

objective. The objective can be minimum cost, 

minimum weight or volume, maximum reliability 

or maximum life. The second step is mathematical 

formulation of these objectives and requirements. 

The fi nal step is mathematical analysis for 

optimisation and interpretation of the results. In 

order to illustrate the process of design synthesis, 

let us consider a problem of designing cylindrical 

cans. The requirements are as follows:

 (i) The cylindrical can is completely enclosed 

and the cost of its material should be 

minimum.

 (ii) The cans are to be stored on a shelf and the 

dimensions of the shelf are such that the 

radius of the can should not exceed Rmax.
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The following notations are used in the analysis:

  r = radius of can

  h = height of can

  A = surface area of can

  V = volume of can

Therefore, 

 A = 2pr2 + 2prh (a)

 V = pr2h (b)

Substituting Eq. (b) in Eq. (a),

 A = 2pr2 + 2V

r
     (c)

For minimum cost of material of the can,

dA

dr
= 0 or 4

2
0

2
p r

V

r
- =

or r
V
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¯̃2
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p

/

.

Let us call this radius as r1 giving the condition 

of minimum material. Therefore,

  r
V

1

1 3

2
= Ê
ËÁ

ˆ
¯̃p

/

 (d)

In order to satisfy the second requirement,

    0 < <r Rmax.     (e)

In Eqs (d) and (e), r1 and Rmax. are two 

independent variables and there will be two 

separate cases as shown in Fig. 1.5.

Case (a)

r R1 > max.

The optimum radius will be,

    r R= max.  (i)

Case (b)

r R1 < max.

The optimum radius will be

    r = r1    (ii)

It is seen from the above example, that design 

synthesis begins with the statement of requirements, 

which are then converted into mathematical 

expressions and fi nally, equations are solved for 

optimisation.

Fig. 1.5 Optimum Solution to Can Radius

1.7 USE OF STANDARDS IN DESIGN

Standardization is defi ned as obligatory norms, to 

which various characteristics of a product should 

conform. The characteristics include materials, 

dimensions and shape of the component, method of 

testing and method of marking, packing and storing 

of the product. The following standards are used in 

mechanical engineering design:

(i) Standards for Materials, their Chemical 
Compositions, Mechanical Properties and Heat 

Treatment For example, Indian standard IS 210 

specifi es seven grades of grey cast iron designated 

as FG 150, FG 200, FG 220, FG 260, FG 300, FG 

350 and FG 400. The number indicates ultimate 

tensile strength in N/mm2. IS 1570 (Part 4) 

specifi es chemical composition of various grades of 

alloy steel. For example, alloy steel designated by 

55Cr3 has 0.5–0.6% carbon, 0.10–0.35% silicon, 

0.6–0.8% manganese and 0.6–0.8% chromium.
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(ii) Standards for Shapes and Dimensions of 

Commonly used Machine Elements The machine 

elements include bolts, screws and nuts, rivets, 

belts and chains, ball and roller bearings, wire 

ropes, keys and splines, etc. For example, IS 2494

(Part 1) specifi es dimensions and shape of the cross-

section of endless V-belts for power transmission. 

The dimensions of the trapezoidal cross-section of 

the belt, viz. width, height and included angle are 

specifi ed in this standard. The dimensions of rotary 

shaft oil seal units are given in IS 5129 (Part 1). 

These dimensions include inner and outer diameters 

and width of oil seal units. 

(iii) Standards for Fits, Tolerances and Surface 

Finish of Component For example, selection of the 

type of fi t for different applications is illustrated in IS 

2709 on ‘Guide for selection of fi ts’. The tolerances or 

upper and lower limits for various sizes of holes and 

shafts are specifi ed in IS 919 on ‘Recommendations 

for limits and fi ts for engineering’. IS 10719 explains 

method for indicating surface texture on technical 

drawings. The method of showing geometrical 

tolerances is explained in IS 8000 on ‘Geometrical 

tolerancing on technical drawings’.

(iv) Standards for Testing of Products These 

standards, sometimes called ‘codes’, give 

procedures to test the products such as pressure 

vessel, boiler, crane and wire rope, where safety 

of the operator is an important consideration. For 

example, IS 807 is a code of practice for design, 

manufacture, erection and testing of cranes and 

hoists. The method of testing of pressure vessels is 

explained in IS 2825 on ‘Code for unfi red pressure 

vessels’. 

(v) Standards for Engineering Drawing of 

Components For example, there is a special 

publication SP46 prepared by Bureau of Indian 

Standards on ‘Engineering Drawing Practice for 

Schools and Colleges’ which covers all standards 

related to engineering drawing.

There are two words—standard and code—

which are often used in standards. A standard 

is defi ned as a set of specifi cations for parts, 

materials or processes. The objective of a standard 

is to reduce the variety and limit the number of 

items to a reasonable level. On the other hand, 

a code is defi ned as a set of specifi cations for the 

analysis, design, manufacture, testing and erection 

of the product. The purpose of a code is to achieve 

a specifi ed level of safety.

There are three types of standards used in design 

offi ce. They are as follows:

(i) Company standards They are used in a particular 

company or a group of sister concerns.

(ii) National standards These are the IS (Bureau 

of Indian Standards), DIN (German), AISI or SAE 

(USA) or BS (UK) standards.

(iii) International standards These are prepared by 

the International Standards Organization (ISO).

Standardization offers the following advantages: 

 (a) The reduction in types and dimensions of 

identical components to a rational number 

makes it possible to manufacture the standard 

component on a mass scale in a centralised 

process. For example, a specialised factory 

like Associated Bearing Company (SKF) 

manufactures ball and roller bearings, which 

are required by all engineering industries. 

Manufacture of a standard component on 

mass production basis reduces the cost. 

 (b) Since the standard component is manufactured 

by a specialised factory, it relieves the 

machine-building plant of the laborious work 

of manufacturing that part. Availability of 

standard components like bearings, seals, 

knobs, wheels, roller chains, belts, hydraulic 

cylinders and valves has considerably 

reduced the manufacturing facilities required 

by the individual organisation.

 (c) Standard parts are easy to replace when 

worn out due to interchangeability. This 

facilitates servicing and maintenance of 

machines. Availability of standard spare 

parts is always assured. The work of 

servicing and maintenance can be carried 

out even at an ordinary service station. 

These factors reduce the maintenance cost 

of machines.

 (d) The application of standard machine 

elements and especially the standard units 
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(e.g. couplings, cocks, pumps, pressure 

reducing valves and electric motors) reduce 

the time and effort needed to design a new 

machine. It is no longer necessary to design, 

manufacture and test these elements and 

units, and all that the designer has to do is 

to select them from the manufacturer’s 

catalogues. On the other hand, enormous 

amount of work would be required to design 

a machine if all the screws, bolts, nuts, 

bearings, etc., had to be designed anew each 

time. Standardization results in substantial 

saving in the designer’s effort.

 (e) The standards of specifi cations and testing 

procedures of machine elements improve 

their quality and reliability. Standard 

components like SKF bearings, Dunlop belts 

or Diamond chains have a long-standing 

reputation for their reliability in engineering 

industries. Use of standard components 

improves the quality and reliability of the 

machine to be designed.

In design, the aim is to use as many standard 

components as possible for a given machine. The 

selection of standard parts in no way restricts the 

creative initiative of the designer and does not prevent 

him from fi nding better and more rational solutions.

1.8 SELECTION OF PREFERRED SIZES

In engineering design, many a times, the designer 

has to specify the size of the product. The ‘size’ 

of the product is a general term, which includes 

different parameters like power transmitting 

capacity, load carrying capacity, speed, dimensions 

of the component such as height, length and 

width, and volume or weight of the product. 

These parameters are expressed numerically, e.g., 

5 kW, 10 kN or 1000 rpm. Often, the product is 

manufactured in different sizes or models; for 

instance, a company may be manufacturing seven 

different models of electric motors ranging from 

0.5 to 50 kW to cater to the need of different 

customers. Preferred numbers are used to specify 

the ‘sizes’ of the product in these cases. 

French balloonist and engineer Charles 

Renard fi rst introduced preferred numbers in the 

19th century. The system is based on the use of 

geometric progression to develop a set of numbers. 

There are fi ve basic series2, denoted as R5, R10, 

R20, R40 and R80 series, which increase in steps 

of 58%, 26%, 12%, 6%, and 3%, respectively. Each 

series has its own series factor. The series factors 

are given in Table 1.1.

Table 1.1 Series factors

R5 Series
105  = 1.58

R10 Series
   1010  = 1.26

   R20 Series
1020  = 1.12

   R40 Series   
1040  = 1.06

   R80 Series
1080  = 1.03

The series is established by taking the fi rst 

number and multiplying it by a series factor to get 

the second number. The second number is again 

multiplied by a series factor to get the third number. 

This procedure is continued until the complete 

series is built up. The resultant numbers are rounded 

and shown in Table 1.2. As an example, consider 

a manufacturer of lifting tackles who wants to 

introduce nine different models of capacities 

ranging from about 15 to 100 kN. Referring to the 

R10 series, the capacities of different models of the 

lifting tackle will be 16, 20, 25, 31.5, 40, 50, 63, 80 

and 100 kN.

Table 1.2 Preferred numbers

R5 R10 R20 R40

1.00 1.00 1.00 1.00

1.06

1.12 1.12

1.18

1.25 1.25 1.25

1.32

1.40 1.40

1.50

(Contd)

 2 IS 1076–1985: Preferred Numbers (in three parts).
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R5 R10 R20 R40

1.60 1.60 1.60 1.60

1.70

1.80 1.80

1.90

2.00 2.00 2.00

2.12

2.24 2.24

2.36

2.50 2.50 2.50 2.50

2.65

2.80 2.80

3.00

3.15 3.15 3.15

3.35

3.55 3.55

3.75

4.00 4.00 4.00 4.00

4.25

4.50 4.50

4.75

5.00 5.00 5.00

5.30

5.60 5.60

6.00

6.30 6.30 6.30 6.30

6.70

7.10 7.10

7.50

8.00 8.00 8.00

8.50

9.00 9.00

9.50

10.00 10.00 10.00 10.00

It is observed from Table 1.2 that small sizes 

differ from each other by small amounts, while 

large sizes by large amounts. In the initial stages, 

the product is manufactured in a limited quantity 

and use is made of the R5 series. As the scale of 

production is increased, a change over is made 

from R5 to R10 series, introducing new sizes 

of intermediate values of R10 series. Preferred 

numbers minimise unnecessary variation in sizes. 

They assist the designer in avoiding selection of 

sizes in an arbitrary manner. The complete range 

is covered by minimum number of sizes, which is 

advantageous to the producer and consumer.

There are two terms, namely, ‘basic series’ 

and ‘derived series’, which are frequently used in 

relation to preferred numbers. R5, R10, R20, R40 

and R80 are called basic series. Any series that 

is formed on the basis of these fi ve basic series 

is called derived series. In other words, derived 

series are derived from basic series. There are 

two methods of forming derived series, namely, 

reducing the numbers of a particular basic series or 

increasing the numbers.

In the fi rst method, a derived series is obtained 

by taking every second, third, fourth or pth term 

of a given basic series. Such a derived series 

is designated by the symbol of the basic series 

followed by the number 2, 3, 4 or p and separated 

by ‘/’ sign. If the series is limited, the designation 

also includes the limits inside the bracket. If the 

series is unlimited, at least one of the numbers of 

that series is mentioned inside the bracket. Let us 

consider the meaning of these designations.

 (i) Series R 10/3 (1, … ,1000) indicates a derived 

series comprising of every third term of the 

R10 series and having the lower limit as 1 

and higher limit as 1000.

 (ii) Series R 20/4 (…, 8, …) indicates a derived 

series comprising of every fourth term of 

the R20 series, unlimited in both sides and 

having the number 8 inside the series.

 (iii) Series R 20/3 (200, …) indicates a derived 

series comprising of every third term of the 

R20 series and having the lower limit as 200 

and without any higher limit.

 (iv) Series R 20/3 (…200) indicates a derived 

series comprising of every third term of the 

R20 series and having the higher limit as 

200 and without any lower limit.

In the second method, the derived series is 

obtained by increasing the numbers of a particular 

basic series. Let us consider an example of a 

derived series of numbers ranging from 1 to 

1000 based on the R5 series. From Table 1.2, the 

Table 1.2 Contd
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numbers belonging to the R5 series from 1 to 10 

are as follows:

1, 1.6, 2.5, 4, 6.3, 10

The next numbers are obtained by multiplying 

the above numbers by 10. They are as follows:

16, 25, 40, 63, 100

The same procedure is repeated and the next 

numbers are obtained by multiplying the above 

numbers by 10.

160, 250, 400, 630, 1000

Therefore, the complete derived series on the 

basis of R5 series is as follows:

1, 1.6, 2.5, 4, 6.3, 10, 16, 25, 40, 63, 100, 160, 

250, 400, 630, 1000

The advantage of derived series is that one can 

obtain geometric series for any range of numbers, 

that is, with any value of the fi rst and the last 

numbers. Also, one can have any intermediate 

numbers between these two limits. 

Example 1.1 Find out the numbers of the R5 basic 

series from 1 to 10.

Solution

Step I Calculation of series factor

The series factor for the R5 series is given by

10 1 58495 = .

Step II Calculation of numbers

The series R5 is established by taking the fi rst 

number and multiplying it by a series factor to get 

the second number. The second number is again 

multiplied by a series factor to get the third number. 

This procedure is continued until the complete 

series is built up. The numbers thus obtained are 

rounded. 

First number = 1

Second number = 1 (1.5849) = 1.5849 = (1.6)

Third number = (1.5849)(1.5849) = (1.5849)2

 = 2.51 = (2.5)

Fourth number = (1.5849)2(1.5849) = (1.5849)3

 = 3.98 = (4)

Fifth number = (1.5849)3(1.5849) = (1.5849)4

 = (6.3)

Sixth number = (1.5849)4(1.5849) = (1.5849)5

 = (10)

In above calculations, the rounded numbers are 

shown in brackets.

Example 1.2 Find out the numbers of R20/4(100, 

…, 1000) derived series.

Solution 

Step I Calculation of series factor

The series factor for the R20 series is given by

 10 1 12220 = .

Step II Calculation of ratio factor

Since every fourth term of the R20 series is 

selected, the ratio factor (f) is given by,

f = =( . ) .1 122 1 58484

Step III Calculation of numbers

First number = 100

Second number = 100(1.5848) = 158.48 = (160)

Third number = 100(1.5848)(1.5848) = 100(1.5848)2 

 = 251.16 = (250)

Fourth number = 100(1.5848)2(1.5848)

 = 100(1.5848)3 = 398.04 = (400)

Fifth number = 100(1.5848)3(1.5848)

 = 100(1.5848)4 = 630.81= (630)

Sixth number = 100(1.5848)4(1.5848)

 = 100(1.5848)5 = 999.71 = (1000)

In the above calculations, the rounded numbers 

are shown in brackets. The complete series is given 

by

100, 160, 250, 400, 630 and 1000

Example 1.3 A manufacturer is interested 

in starting a business with fi ve different models 

of tractors ranging from 7.5 to 75 kW capacities. 

Specify power capacities of the models. There is 

an expansion plan to further increase the number 

of models from fi ve to nine to fulfi ll the requirement 

of farmers. Specify the power capacities of the 

additional models. 

Solution

Part I Starting Plan 
Step I Calculation of ratio factor 

Let us denote the ratio factor as (f). The derived 

series is based on geometric progression. The 

power rating of fi ve models will as follows,

7.5(f)0, 7.5(f)1, 7.5(f)2, 7.5(f)3 and 7.5(f)4
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The maximum power rating is 75 kW. 

Therefore,

7.5(f)4 = 75   or f = Ê
ËÁ

ˆ
¯̃

75

7 5

1 4

.

/

 
= = =( ) ./10 10 1 77831 4 4

Step II Power rating of models 

Rating of fi rst model = (7.5) kW

Rating of second model = 7.5(1.7783) = 13.34

 = (13) kW

Rating of third model = 7.5(1.7783)2 = 23.72

 = (24) kW

Rating of fourth model = 7.5(1.7783)3 = 42.18

 = (42) kW

Rating of fi fth model = 7.5(1.7783)4 = 75.0

 = (75) kW 

Part II Expansion Plan 

Step III Calculation of ratio factor

When the number of models is increased to nine, 

the power rating of nine models will be as follows:

7.5(f)0, 7.5(f)1, 7.5(f)2, 7.5(f)3, 7.5(f)4, …, 

7.5(f)8 

The maximum power rating is 75 kW. 

Therefore,

7.5(f)8 = 75  or f = Ê
ËÁ

ˆ
¯̃

75

7 5

1 8

.

/

 = (10)1/8 = 1.3335

Step IV Power rating of models 

The power rating of the nine models will be as 

follows:

First model = 7.5 (1.3335)0 = (7.5) kW

Second model = 7.5 (1.3335)1 = 10.00 = (10) kW

Third model = 7.5 (1.3335)2 = 13.34 = (13) kW

Fourth model = 7.5 (1.3335)3 = 17.78 = (18) kW

Fifth model = 7.5 (1.3335)4 = 23.72 = (24) kW

Sixth model = 7.5 (1.3335)5 = 31.62 = (32) kW 

Seventh model = 7.5 (1.3335)6 = 42.17 = (42) kW 

Eighth model = 7.5 (1.3335)7 = 56.24 = (56) kW 

Ninth model = 7.5 (1.3335)8 = 74.99 = (75) kW

Part III Power capacities of additional models

It is observed that there are four additional models 

having power ratings as 10, 18, 32 and 56 kW.

Example 1.4 It is required to standardize eleven 

shafts from 100 to 1000 mm diameter. Specify their 

diameters.

Solution

Step I Calculation of ratio factor 

The diameters of shafts will be as follows:

100(f)0, 100(f)1, 100(f)2, 100(f)3, …, 100(f)10

The maximum diameter is 1000 mm. Therefore,

100(f)10 = 1000  or f = Ê
ËÁ

ˆ
¯̃

1000

100

1 10/

 
= =( ) /10 101 10 10

Therefore the diameters belong to the R10 

series. 

Step II Calculation of shaft diameters 

Since the minimum diameter is 100 mm, the values 

of the R10 series given in Table 1.2 are multiplied 

by 100. The diameter series is written as follows:

100, 125, 160, 200, 250, 315, 400, 500, 630, 800 

and 1000 mm

1.9 AESTHETIC CONSIDERATIONS  
 IN DESIGN

Each product has a defi nite purpose. It has to 

perform specifi c functions to the satisfaction of 

customer. The contact between the product and 

the people arises due to the sheer necessity of this 

functional requirement. The functional requirement 

of an automobile car is to carry four passengers 

at a speed of 60 km/hr. There are people in cities 

who want to go to their offi ce at a distance of 15 

km in 15 minutes. So they purchase a car. The 

specifi c function of a domestic refrigerator is to 

preserve vegetables and fruits for a week. There is 

a housewife in the city who cannot go to the market 

daily and purchase fresh vegetables. Therefore, 

she purchases the refrigerator. It is seen that such 

functional requirements bring products and people 

together.

However, when there are a number of products 

in the market having the same qualities of 

effi ciency, durability and cost, the customer is 

attracted towards the most appealing product. 
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External appearance is an important feature, 

which not only gives grace and lustre to the 

product but also dominates sale in the market. 

This is particularly true for consumer durables like 

automobiles, household appliances and audiovisual 

equipment.

The growing realisation of the need of aesthetic 

considerations in product design has given rise to 

a separate discipline known as ‘industrial design’. 

The job of an industrial designer is to create new 

forms and shapes, which are aesthetically pleasing. 

The industrial designer has, therefore, become the 

fashion maker in hardware.

Like in fashion, the outward appearance of a 

product undergoes many changes over the years. 

There are fi ve basic forms—step, stream, taper, 

shear and sculpture. The step form is similar to the 

shape of a ‘skyscraper’ or multistorey building. This 

involves shapes with a vertical accent rather than a 

horizontal. The stream or streamline form is seen 

in automobiles and aeroplane structures. The taper 

form consists of tapered blocks interlocked with 

tapered plinths or cylinders. The shear form has a 

square outlook, which is suitable for free-standing 

engineering products. The sculpture form consists 

of ellipsoids, paraboloids and hyperboloids. The 

sculpture and stream forms are suitable for mobile 

products like vehicles, while step and shear forms 

are suitable for stationary products.

There is a relationship between functional 

requirement and appearance of the product. In 

many cases, functional requirements result in 

shapes which are aesthetically pleasing. The 

evolution of the streamlined shape of the Boeing is 

the result of studies in aerodynamics for effortless 

speed. The robust outlook and sound proportions 

of a high-capacity hydraulic press are the results 

of requirements like rigidity and strength. The 

objective of chromium plating of the parts of 

household appliances is corrosion resistance rather 

than pleasing appearance.

Selection of proper colour is an important 

consideration in product aesthetics. The choice of 

colour should be compatible with the conventional 

ideas of the operator. Many colours are associated 

with different moods and conditions. Morgan has 

suggested the meaning of colours that are given in 

Table 1.3.

Table 1.3 Meaning of colour

Colour Meaning

 Red  Danger-Hazard-Hot

 Orange  Possible danger

 Yellow  Caution

 Green  Safety

 Blue  Caution-Cold

 Grey  Dull

The external appearance of the product 

does not depend upon only the two factors of 

form and colour. It is a cumulative effect of a 

number of factors such as rigidity and resilience, 

tolerances and surface fi nish, motion of individual 

components, materials, manufacturing methods 

and noise. The industrial designer should select 

a form which is in harmony with the functional 

requirements of the product. The economics and 

availability of surface-treating processes like 

anodizing, plating, blackening and painting should 

be taken into account before fi nalising the external 

appearance of the product.

1.10 ERGONOMIC CONSIDERATIONS
 IN DESIGN

Ergonomics is defi ned as the relationship between 

man and machine and the application of anatomical, 

physiological and psychological principles to solve 

the problems arising from man–machine relationship. 

The word ‘ergonomics’ is coined from two Greek 

words—‘ergon’, which means ‘work’ and ‘nomos’, 

which means ‘natural laws’. Ergonomics means the 

natural laws of work. From design considerations, 

the topics of ergonomic studies are as follows:

 (i) Anatomical factors in the design of a driver’s 

seat

 (ii) Layout of instrument dials and display panels 

for accurate perception by the operators

 (iii) Design of hand levers and hand wheels

 (iv) Energy expenditure in hand and foot 

operations



16 Design of Machine Elements

 (v) Lighting, noise and climatic conditions in 

machine environment

Ergonomists have carried out experiments to 

determine the best dimensions of a driver’s seat, 

the most convenient hand or foot pressure or 

dimensions of levers and hand wheels.

The machine is considered as an entity in itself 

in machine design. However, ergonomists consider 

a man–machine joint system, forming a closed loop 

as shown in Fig. 1.6. From display instruments, the 

operator gets the information about the operations 

of the machine. If he feels that a correction is 

necessary, he will operate the levers or controls. 

This, in turn, will alter the performance of the 

machine, which will be indicated on display panels. 

The contact between man and machine in this 

closed-loop system arises at two places—display 

instruments, which give information to the operator, 

and controls with which the operator adjusts the 

machine.

Fig. 1.6 Man–Machine Closed-Loop System

The visual display instruments are classifi ed into 

three groups:

 (i) Displays giving quantitative measurements, 

such as speedometer, voltmeter or energy meter

 (ii) Displays giving the state of affairs, such as 

the red lamp indicator

 (iii) Displays indicating predetermined settings, 

e.g., a lever which can be set at 1440 rpm, 

720 rpm or ‘off’ position for a two-speed 

electric motor.

Moving scale or dial-type instruments are 

used for quantitative measurements, while lever-

type indicators are used for setting purposes. The 

basic objective behind the design of displays is to 

minimise fatigue to the operator, who has to observe 

them continuously. The ergonomic considerations in 

the design of displays are as follows:

 (i) The scale on the dial indicator should be 

divided in suitable numerical progression 

like 0 –10 –20 –30 and not 0 –5 –30 –55.

 (ii) The number of subdivisions between 

numbered divisions should be minimum.

 (iii) The size of letters or numbers on the 

indicator should be as follows: 

 Height of letter or number > 
Reading distance

200
 (iv) Vertical fi gures should be used for stationary 

dials, while radially oriented fi gures are 

suitable for rotating dials.

 (v) The pointer should have a knife-edge with a 

mirror in the dial to minimise parallax error.

The controls used to operate the machines 

consist of levers, cranks, hand wheels, knobs, 

switches, push buttons and pedals. Most of them are 

hand operated. When a large force is required to 

operate the controls, levers and hand wheels are 

used. When the operating forces are light, push 

buttons or knobs are preferred. The ergonomic 

considerations in the design of controls are as 

follows:

 (i) The controls should be easily accessible and 

logically positioned. The control operation 

should involve minimum motions and avoid 

awkward movements.

 (ii) The shape of the control component, which 

comes in contact with hands, should be in con-

formity with the anatomy of human hands.

 (iii) Proper colour produces benefi cial psycholo-

gical effects. The controls should be painted 

in red colour in the grey background of 

machine tools to call for attention.

The aim of ergonomics is to reduce the 

operational diffi culties present in a man–machine 

joint system, and thereby reduce the resulting 

physical and mental stresses.

The shape and dimensions of certain machine 

elements like levers, cranks and hand wheels 

are decided on the basis of ergonomic studies. 

The resisting force, i.e., the force exerted by the 

operator without undue fatigue is also obtained by 
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ergonomic considerations. Ergonomic textbooks3,  4 

give exhaustive details of the dimensions and 

resisting forces of different control elements. In this 

article, we will restrict the consideration to levers, 

cranks and hand wheels, which are frequently 

required in machine design. The nomenclature for 

the dimensions of lever, crank and hand wheel are 

shown in Fig. 1.7. Their dimensions and magnitude 

of resisting force are given in Tables 1.4 to 1.6.

Fig. 1.7 Control Elements: (a) Lever (b) Crank

(c) Hand Wheel

 3 B.M. Pulat—Fundamentals of Industrial Ergonomics—Prentice Hall Inc.—1992.
 4 Hywel Murell—Ergonomics—Man in his Working Environment’—Chapman and Hall—1986.

Table 1.4 Dimensions and resisting force for lever

d l L P

Minimum 40 75 – –

Maximum 70 – 950 90

 = handle diameter (mm)

l = grasp length (mm)

L = displacement of lever (mm)

P = resisting force (N) 

Table 1.5 Dimensions and resisting force for crank 
with heavy load (more than 25 N)

d l R P

Minimum 25 75 125 –

Maximum 75 – 500 40

d = handle diameter (mm)

l = grasp length (mm)

R = crank radius (mm)

P = resisting force (N)

Table 1.6 Dimensions and resisting force for hand  
 wheel

D d P

Minimum 175 20 –

Maximum 500 50 240

D = mean diameter of hand wheel (mm)

d = rim diameter (mm)

P = resisting force with two hands (N) 

1.11 CONCURRENT ENGINEERING

Conventional design process is sequential, where 

the main activities are executed in a sequence as 

shown in Fig. 1.8. It begins with market survey, 

with the objective of fi nding out the requirements 

of the customer. This information is then handed 

over to the design department in the form of a 

‘product brief ’. The design department prepares 

the design and makes a few prototype samples 

for testing. The assembly and detail drawings are 

then prepared and passed on to the production 

department for their approval. Usually, the 
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production department suggests changes in 

design from manufacturing considerations and the 

drawings are sent back to the design department. 

This process of sending the drawings by the design 

department to the production department and from 

the production department back to the design 

department continues till the design is fi nalised and 

in between valuable time is lost. Engineers who 

design new products and manufacturing personnel 

who have to fi gure out how to make the product are 

often at odds because of their different backgrounds 

and points of view. Many times, designers are 

creative artists who overlook the capabilities of 

the plant’s machinery. Manufacturing engineers on 

the other hand, are realistic. They prefer standard 

materials, simple manufacturing methods, standard 

components and as few of them as possible. Due 

to this difference in background, many a times the 

designer comes up with a new product and throws 

it ‘over the wall’ to the manufacturing personnel, 

who says “We can’t make this”. Then there is a lot 

of fi nger pointing. In the sequential design process, 

the production department suggests a number of 

design modifi cations, after the design is fi nalised. 

In past, this has resulted in time consuming re-

designs and missed time schedules in a number of 

projects. Personality confl icts and departmental 

barriers often create more problems. Due to these 

reasons, sequential design is often called ‘over the 

wall’ design.

Fig. 1.8 Sequential Design Process

In recent years, there is a fundamental shift in 

the way the designs are prepared. The sequential 

design process is being replaced by simultaneous or 

concurrent engineering, where various activities are 

carried out in parallel, instead of in series. The trend 

is to bring the design and manufacturing activities 

together as a single engineering discipline.

Concurrent engineering is defi ned as the design 

process that brings both design and manufacturing 

engineers together during the early phases of 

design process. In this process, a team of specialists 

examines the design from different angles as shown 

in Fig. 1.9. The specialists include a manufacturing 

engineer, tool engineer, fi eld personnel, 

reliability engineer and safety engineer. They 

consider various aspects of the product such as 

feasibility, manufacturability, assembly, testability, 

performance, reliability, maintainability, safety 

and cost. All these aspects are simultaneously 

considered early in the design stage. For example, 

manufacturing and assembly is simultaneously 

considered with stress analysis. This results in 

smaller number of modifi cations in the design at a 

later stage and reduces the ‘time interval’ from the 

conceptual stage to the marketing stage.

Fig. 1.9 Simultaneous Design Process

An example of a company making measuring 

instruments is interesting5. Keithley Instruments, 

Solon, USA applied the concept of concurrent 

engineering in development of a digital multi-

meter. The number of parts in the new instrument 

were reduced from 131 to 76, the number of 

assembly screws were reduced from 30 to 8 and 

assembly time was reduced by 35% requiring only 

one screwdriver instead of multiple assembly tools.

 5 ‘Design for Manufacture: key to success’—Machine Design—Vol. 64, No. 10—May, 1992.
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Short-Answer Questions

 1.1 Defi ne machine design.

 1.2 What is the fi nal outcome of a machine 

design process? 

 1.3 Name the various requirements of a product 

giving suitable example.

 1.4 What are the basic requirements of a 

machine element?

 1.5 What are the steps involved in design of a 

machine element?

 1.6 Defi ne design synthesis. 

 1.7 Distinguish between design synthesis and 

design analysis.

 1.8 What is standardization? 

 1.9 What are the three basic types of standards 

used in a design offi ce?

 1.10 What do you understand by size of a 

product? Give examples. 

 1.11 What are preferred numbers? 

 1.12 How many basic series are used? How will 

you denote them? 

 1.13 What is a derived series? 

 1.14 How will you form a derived series? 

 1.15 What is industrial design?

 1.16 Defi ne ergonomics.

 1.17 Explain man–machine joint system.

 1.18 What is concurrent engineering?

 1.19 Distinguish between sequential design and 

concurrent engineering.

Problems for Practice

 1.1 Find out the numbers of R10 basic series 

from 1 to 10.

 1.2 Find out the numbers of R20/3 (200,…) 

derived series.

  [200, 280(282.5), 400(399.03), 560(563.63), 

800(796.13), 1120(1124.53), …] (f = 1.4125) 

 1.3 It is required to standardise load-carrying 

capacities of dumpers in a manufacturing 

unit. The maximum and minimum capacities 

of such dumpers are 40 and 630 kN, 

respectively. The company is interested 

in developing seven models in this range. 

Specify their load carrying capacities.

  [40, 63(63.33), 100(100.26), 160(158.73), 

250(251.31), 400(397.87), 630(629.90)]

(f = 1.5832)

 1.4 It is required to standardise 11 speeds from 

72 to 720 rpm for a machine tool. Specify 

the speeds.

  [72, 90.64, 114.11, 143.65, 180.84,

227.66, 286.60, 360.80, 454.22,

571.81, 719.85 rpm]
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Chapter 2
2.1 STRESS–STRAIN DIAGRAMS

A very useful information concerning the behaviour 

of material and its usefulness for engineering 

applications can be obtained by making a tension 

test and plotting a curve showing the variation of 

stress with respect to strain. A tension test is one 

of the simplest and basic tests and determines 

values of number of parameters concerned with 

mechanical properties of materials like strength, 

ductility and toughness. The following information 

can be obtained from a tension test: 

 (i) Proportional limit

 (ii) Elastic limit

 (iii) Modulus of elasticity

 (iv) Yield strength

 (v) Ultimate tension strength

 (vi) Modulus of resilience

 (vii) Modulus of toughness

 (viii) Percentage elongation

 (ix) Percentage reduction in area

The specimen used in a tension test is illustrated 

in Fig. 2.1. The shape and dimensions of this 

specimen are standardised. They should conform to 

IS 1608 : 19721. The cross-section of the specimen 

can be circular, square or rectangular. The standard 

gauge length l0 is given by,

l A0 05 65= . ,

where A0 is the cross-sectional area of the 

specimen.

For circular cross-section,

 l0 ≈ 5d0

Fig. 2.1 Specimen of Tension-test

In a tension test, the specimen is subjected to 

axial tension force, which is gradually increased 

and the corresponding deformation is measured. 

Initially, the gauge length is marked on the 

specimen and initial dimensions d0 and l0 are 

measured before starting the test. The specimen 

is then mounted on the machine and gripped in 

the jaws. It is then subjected to an axial tension 

force, which is increased by suitable increments. 

After each increment, the amount by which the 

gauge length l0 increases, i.e., deformation of 

gauge length, is measured by an extensometer. 

The procedure of measuring the tension force and 

corresponding deformation is continued till fracture 

 1 IS 1608–1972: Method for tensile testing of steel products.
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occurs and the specimen is broken into two pieces. 

The tensile force divided by the original cross-

sectional area of the specimen gives stress, while 

the deformation divided by gauge length gives the 

strain in the specimen. 

Therefore, the results of a tension test are 

expressed by means of stress–strain relationship 

and plotted in the form of a graph. A typical stress–

strain diagram for ductile materials like mild steel 

is shown in Fig. 2.2. The following properties of a 

material can be obtained from this diagram:

Fig. 2.2 Stress–Strain Diagram of Ductile Materials

(i) Proportional Limit It is observed from the 

diagram that stress–strain relationship is linear 

from the point O to P. OP is a straight line and 

after the point P, the curve begins to deviate from 

the straight line. Hooke’s law states that stress 

is directly proportional to strain. Therefore, it 

is applicable only up to the point P. The term 

proportional limit is defi ned as the stress at which 

the stress–strain curve begins to deviate from the 

straight line. Point P indicates the proportional 

limit.

(ii) Modulus of Elasticity The modulus of 

elasticity or Young’s modulus (E) is the ratio of 

stress to strain up to the point P. It is given by the 

slope of the line OP. Therefore,

 
E

PX

OX
= = =tan q

stress

strain

(iii) Elastic Limit Even if the specimen is 

stressed beyond the point P and up to the point E, 

it will regain its initial size and shape when the 

load is removed. This indicates that the material 

is in elastic stage up to the point E. Therefore, E 

is called the elastic limit. The elastic limit of the 

material is defi ned as the maximum stress without 

any permanent deformation. 

 The proportional limit and elastic limit are very 

close to each other, and it is diffi cult to distinguish 

between points P and E on the stress–strain 

diagram. In practice, many times, these two limits 

are taken to be equal. 

(iv) Yield Strength When the specimen is stressed 

beyond the point E, plastic deformation occurs and 

the material starts yielding. During this stage, it is 

not possible to recover the initial size and shape of 

the specimen on the removal of the load. It is seen 

from the diagram that beyond the point E, the strain 

increases at a faster rate up to the point Y1. In other 

words, there is an appreciable increase in strain 

without much increase in stress. In case of mild 

steel, it is observed that there is a small reduction 

in load and the curve drops down to the point Y2 

immediately after yielding starts. The points Y1 

and Y2 are called the upper and lower yield points, 

respectively. For many materials, the points Y1 and 

Y2 are very close to each other and in such cases, 

the two points are considered as same and denoted 

by Y. The stress corresponding to the yield point 

Y is called the yield strength. The yield strength is 

defi ned as the maximum stress at which a marked 

increase in elongation occurs without increase in 

the load.

 Many varieties of steel, especially heat-treated 

steels and cold-drawn steels, do not have a well-

defi ned yield point on the stress–strain diagram. 

As shown in Fig. 2.3, the material yields gradually 

after passing through the elastic limit E. If the 

loading is stopped at the point Y, at a stress level 

slightly higher than the elastic limit E, and the 

specimen is unloaded and readings taken, the curve 

would follow the dotted line and a permanent 

set or plastic deformation will exist. The strain 

corresponding to this permanent deformation is 

indicated by OA. For such materials, which do 

not exhibit a well-defi ned yield point, the yield 

strength is defi ned as the stress corresponding to 
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a permanent set of 0.2% of gauge length. In such 

cases, the yield strength is determined by the offset 

method. A distance OA equal to 0.002 mm/mm 

strain (corresponding to 0.2% of gauge length) is 

marked on the X-axis. A line is constructed from 

the point A parallel to the straight line portion OP 

of the stress–strain curve. The point of intersection 

of this line and the stress–strain curve is called Y 

or the yield point and the corresponding stress is 

called 0.2% yield strength.

Stress

E

U

F

P

O

Strain

Y

A

offset

Fig. 2.3 Yield Stress by Offset Method

 The terms proof load or proof strength are 

frequently used in the design of fasteners. Proof 

strength is similar to yield strength. It is determined 

by the offset method; however the offset in this case 

is 0.001 mm/mm corresponding to a permanent 

set of 0.1% of gauge length. 0.1% Proof strength, 

denoted by symbol Rp0.1, is defi ned as the stress 

which will produce a permanent extension of 0.1% 

in the gauge length of the test specimen. The proof 

load is the force corresponding to proof stress.

(v) Ultimate Tensile Strength We will refer back 

to the stress–strain diagram of ductile materials 

illustrated in Fig. 2.2. After the yield point Y2, 

plastic deformation of the specimen increases. The 

material becomes stronger due to strain hardening, 

and higher and higher load is required to deform 

the material. Finally, the load and corresponding 

stress reach a maximum value, as given by the 

point U. The stress corresponding to the point U 

is called the ultimate strength. The ultimate tensile 

strength is the maximum stress that can be reached 

in the tension test.

 For ductile materials, the diameter of the 

specimen begins to decrease rapidly beyond 

the maximum load point U. There is a localised 

reduction in the cross-sectional area, called necking. 

As the test progresses, the cross-sectional area at the 

neck decreases rapidly and fracture takes place at the 

narrowest cross-section of the neck. This fracture is 

shown by the point F on the diagram. The stress at 

the time of fracture is called breaking strength. It is 

observed from the stress–strain diagram that there 

is a downward trend after the maximum stress has 

been reached. The breaking strength is slightly lower 

than the ultimate tensile strength. 

 The stress–strain diagram for brittle materials 

like cast iron is shown in Fig. 2.4. It is observed that 

such materials do not exhibit the yield point. The 

deviation of the stress–strain curve from straight line 

begins very early and fracture occurs suddenly at 

the point U with very small plastic deformation and 

without necking. Therefore, ultimate tensile strength 

is considered as failure criterion in brittle materials.

Fig. 2.4 Stress-Strain Diagram of Brittle Materials

(vi) Percentage Elongation After the fracture, the 

two halves of the broken test specimen are fi tted 

together as shown in Fig. 2.5(b) and the extended 

gauge length l is measured. The percentage elongation 

is defi ned as the ratio of the increase in the length of the 

gauge section of the specimen to original gauge length, 

expressed in per cent. Therefore,

percentage elongation =
-Ê

ËÁ
ˆ

¯̃
¥

l l

l

0

0

100 .

Ductility is measured by percentage elongation.
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(a)

(b)

I0gauge length

I

Fig. 2.5 Determination of Percentage Elongation:
  (a) Original Test Piece (b) Broken Test Piece

(vii) Percentage Reduction in Area Percentage 

reduction in area is defi ned as the ratio of 

decrease in cross-sectional area of the specimen 

after fracture to the original cross-sectional area, 

expressed in per cent. Therefore,

percentage reduction in area =
-Ê

ËÁ
ˆ

¯̃
¥

A A

A

0

0

100

where,

A0 = original cross-sectional area of the test  

 specimen

A = fi nal cross-sectional area after fracture

Percentage reduction in area, like percentage 

elongation, is a measure of the ductility of the 

material. If porosity or inclusions are present in 

the material or if damage due to overheating of the 

material has occurred, the percentage elongation as 

well as percentage reduction in area are drastically 

decreased. Therefore, percentage elongation or 

percentage reduction in area is considered as an 

index of quality for the material.

2.2 MECHANICAL PROPERTIES OF 
ENGINEERING MATERIALS

Materials are characterised by their properties. 

They may be hard, ductile or heavy. Conversely, 

they may be soft, brittle or light. The mechanical 

properties of materials are the properties that 

describe the behaviour of the material under the 

action of external forces. They usually relate 

to elastic and plastic behaviour of the material. 

Mechanical properties are of signifi cant importance 

in the selection of material for structural machine 

components. In this article, we will consider the 

following mechanical properties:

 (1) strength

 (2) elasticity

 (3) plasticity

 (4) stiffness 

 (5) resilience

 (6) toughness

 (7) malleability

 (8) ductility

 (9) brittleness

 (10) hardness

Strength is defi ned as the ability of the material 

to resist, without rupture, external forces causing 

various types of stresses. Strength is measured 

by different quantities. Depending upon the type 

of stresses induced by external loads, strength is 

expressed as tensile strength, compressive strength 

or shear strength. Tensile strength is the ability of 

the material to resist external load causing tensile 

stress, without fracture. Compressive strength 

is the ability to resist external load that causes 

compressive stress, without failure. The terms yield 

strength and ultimate tensile strength are explained 

in the previous article. 

Elasticity is defi ned as the ability of the material 

to regain its original shape and size after the 

deformation, when the external forces are removed. 

All engineering metals are elastic but the degree 

of elasticity varies. Steel is perfectly elastic within 

a certain elastic limit. The amount of elastic 

deformation which a metal can undergo is very 

small. During the elastic deformation, the atoms of 

the metal are displaced from their original positions 

but not to the extent that they take up new positions. 

Therefore, when the external force is removed, the 

atoms of the metal return to their original positions 

and the metal takes back its original shape. 

Plasticity is defi ned as the ability of the material 

to retain the deformation produced under the load 

on a permanent basis. In this case, the external 

forces deform the metal to such an extent that 

it cannot fully recover its original dimensions. 

During plastic deformation, atoms of the metal 

are permanently displaced from their original 

positions and take up new positions. The ability 
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of some metals to be extensively deformed in the 

plastic range without fracture is one of the useful 

engineering properties of materials. For example, 

the extensive plastic deformability of low carbon 

steels enables automobile parts such as the body, 

hood and doors to be stamped out without fracture. 

The difference between elasticity and plasticity is 

as follows:

 (i) Elasticity is the ability of a metal to regain its 

original shape after temporary deformation 

under an external force. Plasticity is the 

ability to retain the deformation permanently 

even after the load is removed.

 (ii) The amount of elastic deformation is very 

small while plastic deformation is relatively 

more.

 (iii) During elastic deformation, atoms of metal 

are temporarily displaced from their original 

positions but return back when the load is 

removed. During plastic deformation, atoms 

of metal are permanently displaced from 

their original positions and take up new 

positions.

 (iv) For majority of materials, the stress–strain 

relationship is linear in the elastic range and 

non-linear in the plastic range.

 (v) Elasticity is an important consideration in 

machine-tool components while plasticity 

is desirable for components made by press 

working operations.

Stiffness or rigidity is defi ned as the ability of 

the material to resist deformation under the action 

of an external load. All materials deform when 

stressed, to a more or less extent. For a given stress 

within elastic limit, the material that deforms least 

is the stiffest. Modulus of elasticity is the measure 

of stiffness. The values of the modulus of elasticity 

for aluminium alloy and carbon steel are 71 000 

and 207 000 N/mm2 respectively. Therefore, carbon 

steel is stiffer than aluminium alloy. Stiffness 

is an important consideration in the design of 

transmission shafting.

Resilience is defi ned as the ability of the 

material to absorb energy when deformed 

elastically and to release this energy when 

unloaded. A resilient material absorbs energy 

within elastic range without any permanent 

deformation. This property is essential for spring 

materials. Resilience is measured by a quantity, 

called modulus of resilience, which is the strain 

energy per unit volume that is required to stress the 

specimen in a tension test to the elastic limit point. 

It is represented by the area under the stress–strain 

curve from the origin to the elastic limit point.

Toughness is defi ned as the ability of the 

material to absorb energy before fracture takes 

place. In other words, toughness is the energy 

for failure by fracture. This property is essential 

for machine components which are required to 

withstand impact loads. Tough materials have the 

ability to bend, twist or stretch before failure takes 

place. All structural steels are tough materials. 

Toughness is measured by a quantity called 

modulus of toughness. Modulus of toughness is the 

total area under stress–strain curve in a tension test, 

which also represents the work done to fracture 

the specimen. In practice, toughness is measured 

by the Izod and Charpy impact testing machines. 

Toughness decreases as the temperature increases. 

The difference between resilience and toughness is 

as follows:

 (i) Resilience is the ability of the material 

to absorb energy within elastic range. 

Toughness is the ability to absorb energy 

within elastic and plastic range.

 (ii) Modulus of resilience is the area below the 

stress–strain curve in a tension test up to 

the yield point. Modulus of toughness is the 

total area below the stress–strain curve.

 (iii) Resilience is essential in spring applications 

while toughness is required for components 

subjected to bending, twisting, stretching or 

to impact loads. Spring steels are resilient 

while structural steels are tough.

Figures 2.6(a) and (b) show the difference 

between modulii of resilience and toughness.
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Fig. 2.6 Modulii of Resilience and Toughness

Malleability is defi ned as the ability of a 

material to deform to a greater extent before the 

sign of crack, when it is subjected to compressive 

force. The term ‘malleability’ comes from a word 

meaning ‘hammer’, and in a narrow sense, it means 

the ability to be hammered out into thin sections. 

Malleable metals can be rolled, forged or extruded 

because these processes involve shaping under 

compressive force. Low carbon steels, copper 

and aluminium are malleable metals. In general, 

malleability increases with temperature. Therefore, 

processes like forging or rolling are hot working 

processes where hot ingots or slabs are given a 

shape.

Ductility is defi ned as the ability of a material to 

deform to a greater extent before the sign of crack, 

when it is subjected to tensile force. In other words, 

ductility is the permanent strain that accompanies 

fracture in a tension test. Ductile materials are those 

materials which deform plastically to a greater 

extent prior to fracture in a tension test. Mild steel, 

copper and aluminium are ductile materials. Ductile 

metals can be formed, drawn or bent because these 

processes involve shaping under tension. Ductility 

is a desirable property in machine components 

which are subjected to unanticipated overloads 

or impact loads. Ductility is measured in units of 

percentage elongation or percentage reduction 

in area in a tension test. The ductility of metal 

decreases as the temperature increases because 

metals become weak at increasing temperature. 

All ductile materials are also malleable; however, 

the converse is not always true. Some metals are 

soft but weak in tension and, therefore, tend to tear 

apart under tension. Both malleability as well as 

ductility are reduced by the presence of impurities 

in the metal. The difference between malleability 

and ductility is as follows:

 (i) Malleability is the ability of a material to 

deform under compressive force. Ductility is 

the ability to deform under tensile force. 

 (ii) Malleability increases with temperature, 

while ductility decreases with increasing 

temperature.

 (iii) All ductile materials are also malleable, but 

the converse is not true. 

 (iv) Malleability is an important property when 

the component is forged, rolled or extruded. 

Ductility is desirable when the component is 

formed or drawn. It is also desirable when 

the machine component is subjected to shock 

loads.

Brittleness is the property of a material which 

shows negligible plastic deformation before fracture 

takes place. Brittleness is the opposite to ductility. 

A brittle material is that which undergoes little 

plastic deformation prior to fracture in a tension 

test. Cast iron is an example of brittle material. In 

ductile materials, failure takes place by yielding. 

Brittle components fail by sudden fracture. A 

tensile strain of 5% at fracture in a tension test is 

considered as the dividing line between ductile and 

brittle materials. The difference between ductility 

and brittleness is as follows:

 (i) Ductile materials deform to a greater 

extent before fracture in a tension test. 

Brittle materials show negligible plastic 

deformation prior to fracture.
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 (ii) Steels, copper and aluminium are ductile 

materials, while cast iron is brittle. 

 (iii) The energy absorbed by a ductile specimen 

before fracture in a tension test is more, 

while brittle fracture is accompanied by 

negligible energy absorption.

 (iv) In ductile materials, failure takes place by 

yielding which is gradual. Brittle materials 

fail by sudden fracture.

Hardness is defi ned as the resistance of the 

material to penetration or permanent deformation. 

It usually indicates resistance to abrasion, 

scratching, cutting or shaping. Hardness is an 

important property in the selection of material for 

parts which rub on one another such as pinion and 

gear, cam and follower, rail and wheel and parts 

of ball bearing. Wear resistance of these parts 

is improved by increasing surface hardness by 

case hardening. There are four primary methods 

of measuring hardness—Brinell hardness test, 

Rockwell hardness test, Vicker hardness test and 

Shore scleroscope. In the fi rst three methods, 

an indenter is pressed onto the surface under a 

specifi c force. The shape of the indenter is either 

a ball, pyramid or cone. The indenters are made 

of diamond, carbide or hardened steel, which are 

much more harder than the surface being tested. 

Depending upon the cross-sectional area and depth 

of indentation, hardness is expressed in the form of 

an empirical number like Brinell hardness number. 

In a Shore scleroscope, the height of rebound from 

the surface being tested indicates the hardness. 

Hardness test is simpler than tension test. It is non-

destructive because a small indentation may not be 

detrimental to the performance of the product.

Hardness of the material depends upon the 

resistance to plastic deformation. Therefore, as the 

hardness increases, the strength also increases. For 

certain metals like steels, empirical relationships 

between strength and hardness are established. For 

steels,

Sut = 3.45 (BHN)

where Sut is ultimate tensile strength in N/mm2.

2.3 CAST IRON

Cast iron is a generic term, which refers to a family 

of materials that differ widely in their mechanical 

properties. By defi nition, cast iron is an alloy of 

iron and carbon, containing more than 2% of 

carbon. In addition to carbon, cast iron contains 

other elements like silicon, manganese, sulphur and 

phosphorus. There is a basic difference between 

steels and cast iron. Steels usually contain less than 

1% carbon while cast iron normally contains 2 to 

4% carbon. Typical composition of ordinary cast 

iron is as follows: 

carbon = 3.0 – 4.0%

silicon = 1.0 – 3.0%

manganese = 0.5 – 1.0%

sulphur = up to 0.1%

phosphorus = up to 0.1%

iron = remainder

The mechanical properties of cast iron 

components are inferior to the parts, which are 

machined from rolled steels. However, even with 

this drawback, cast iron offers the only choice under 

certain conditions. From design considerations, cast 

iron offers the following advantages:

 (i) It is available in large quantities and is 

produced on a mass scale. The tooling 

required for the casting process is relatively 

simple and inexpensive. This reduces the 

cost of cast iron products.

 (ii) Cast iron components can be given any 

complex shape without involving costly 

machining operations.

 (iii) Cast iron has a higher compressive strength. 

The compressive strength of cast iron is 

three to fi ve times that of steel. This is an 

advantage in certain applications.

 (iv) Cast iron has an excellent ability to damp 

vibrations, which makes it an ideal choice 

for machine tool guides and frames.

 (v) Cast iron has more resistance to wear 

even under the conditions of boundary 

lubrication.
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 (vi) The mechanical properties of cast iron parts 

do not change between room temperature 

and 350°C.

 (vii) Cast iron parts have low notch sensitivity.

Cast iron has certain drawbacks. It has a poor 

tensile strength compared to steel. Cast iron parts 

are section-sensitive. Even with the same chemical 

composition, the tensile strength of a cast iron part 

decreases as the thickness of the section increases. 

This is due to the low cooling rate of thick sections. 

For thin sections, the cooling rate is high, resulting 

in increased hardness and strength. Cast iron does 

not offer any plastic deformation before failure 

and exhibits no yield point. The failure of cast 

iron parts is sudden and total. Cast iron parts 

are, therefore, not suitable for applications where 

permanent deformation is preferred over fracture. 

Cast iron is brittle and has poor impact resistance. 

The machinability of cast iron parts is poor 

compared to the parts made of steel.

Cast irons are classifi ed on the basis of 

distribution of carbon content in their micro-

structure. There are three popular types of cast 

iron—grey, malleable and ductile. Grey cast 

iron is formed when the carbon content in the 

alloy exceeds the amount that can be dissolved. 

Therefore, some part of carbon precipitates and 

remains present as ‘graphite fl akes’ distributed in 

a matrix of ferrite or pearlite or their combination. 

When a component of grey cast iron is broken, 

the fractured surface has a grey appearance due to 

the graphite fl akes. Grey cast iron is specifi ed by 

the symbol FG followed by the tensile strength in

N/mm2 for a 30-mm section. For example, FG 

200, in general, means a grey cast iron with an 

ultimate tensile strength of 200 N/mm2. Grey cast 

iron is used for automotive components such as 

cylinder block, brake drum, clutch plate, cylinder 

and cylinder head, gears and housing of gear 

box, fl ywheel and machine frame, bed and guide.

White cast iron is formed when most of the 

carbon content in the alloy forms iron carbide and 

there are no graphite fl akes. Malleable cast iron is 

fi rst cast as white cast iron and then converted into 

malleable cast iron by heat treatment. In malleable 

cast iron, the carbon is present in the form of 

irregularly shaped nodules of graphite called 

‘temper’ carbon. There are three basic types of 

malleable cast iron—blackheart, pearlitic and 

whiteheart—which are designated by symbols 

BM, PM and WM, respectively and followed by 

minimum tensile strength in N/mm2. For example,

 (i) BM 350 is blackheart malleable cast iron 

with a minimum tensile strength of 350 N/

mm2;

 (ii) PM 600 is pearlitic malleable cast iron with 

a minimum tensile strength of 600 N/mm2; 

and

 (iii) WM 400 is whiteheart malleable cast 

iron with a minimum tensile strength of 400 

N/mm2.

Blackheart malleable cast iron has excellent 

castability and machinability. It is used for brake 

shoes, pedal, levers, wheel hub, axle housing and 

door hinges. Whiteheart malleable cast iron is 

particularly suitable for the manufacture of thin 

castings which require ductility. It is used for pipe 

fi ttings, switch gear equipment, fi ttings for bicycles 

and motorcycle frames. Pearlitic malleable iron 

castings can be hardened by heat treatment. It is 

used for general engineering components with 

specifi c dimensional tolerances. 

Ductile cast iron is also called nodular cast 

iron or spheroidal graphite cast iron. In ductile 

cast iron, carbon is present in the form of spherical 

nodules called ‘spherulites’ or ‘globules’ in a 

relatively ductile matrix. When a component of 

ductile cast iron is broken, the fractured surface 

has a bright appearance like steel. Ductile cast 

iron is designated by the symbol SG (spheroidal 

graphite) followed by the minimum tensile strength 

in N/mm2 and minimum elongation in per cent. For 

example, SG 800/2 is spheroidal graphite cast iron 

with a minimum tensile strength of 800 N/mm2 

and a minimum elongation of 2%. Ductile cast 

iron is used for crankshaft, heavy duty gears and 

automobile door hinges. Ductile cast iron combines 

the processing advantages of grey cast iron with 

the engineering properties of steel. Spheroidal 

graphite cast iron is dimensionally stable at high 

temperatures and, therefore, used for furnace doors, 

furnace components and steam plants. Because 
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of excellent corrosion resistance, it is used for 

pipelines in chemical and petroleum industries.

 2 IS 210–1993: Grey iron castings—specifi cation.
 3 IS 14329–1995: Malleable iron castings—specifi cation.

 4 IS 1865–1991: Iron castings with spheroidal or nodular graphite—specifi cation.

Mechanical properties of grey2, malleable3 and 

ductile4 cast iron are given in Table 2.1.

Table 2.1 Mechanical properties of cast iron

Grade

Tensile 

strength (Min.)

(N/mm2)

Elongation (Min.)

(%)

Hardness

(HB)

(A) Grey cast iron

FG 150 150 – 130–180

FG 200 200 – 160–220

FG 220 220 – 180–220

FG 260 260 – 180–230

FG 300 300 – 180–230

FG 350 350 – 207–241

FG 400 400 – 207–270

(B) Whiteheart malleable cast iron

WM 400 400 5 220 (Max.)

WM 350 350 3 230 (Max.)

(C) Blackheart malleable cast iron

BM 350 350 10 150 (Max.)

BM 320 320 12 150 (Max.)

BM 300 300 6 150 (Max.)

(D) Pearlitic malleable cast iron

PM 700 700 2 240–290

PM 600 600 3 200–250

PM 550 550 4 180–230

PM 500 500 5 160–200

PM 450 450 6 150–200

(E) Spheroidal graphite cast iron

SG 900/2 900 2 280–360

SG 800/2 800 2 245–335

SG 700/2 700 2 225–305

SG 600/3 600 3 190–270

SG 500/7 500 7 160–240

SG 450/10 450 10 160–210

SG 400/15 400 15 130–180

SG 350/22 350 22 150 (Max.)
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2.4 BIS SYSTEM OF DESIGNATION OF 
STEELS

A large number of varieties of steel are used for 

machine components. Steels are designated by a 

group of letters or numbers indicating any one of 

the following three properties: 5, 6

 (i) tensile strength;

 (ii) carbon content; and

 (iii) composition of alloying elements.

Steels, which are standardised on the basis of 

their tensile strength without detailed chemical 

composition, are specifi ed by two ways—a symbol 

Fe followed by the minimum tensile strength in 

N/mm2 or a symbol FeE followed by the yield 

strength in N/mm2. For example, Fe 360 indicates 

a steel with a minimum tensile strength of 360 

N/mm2. Similarly, FeE 250 indicates a steel with a 

minimum yield strength of 250 N/mm2.

The designation of plain carbon steel consists of 

the following three quantities:

 (i) a fi gure indicating 100 times the average 

percentage of carbon;

 (ii) a letter C; and

 (iii) a fi gure indicating 10 times the average 

percentage of manganese.

As an example, 55C4 indicates a plain carbon 

steel with 0.55% carbon and 0.4% manganese. 

A steel with 0.35–0.45% carbon and 0.7–0.9% 

manganese is designated as 40C8.

The designation of unalloyed free cutting steels 

consists of the following quantities:

 (i) a fi gure indicating 100 times the average 

percentage of carbon;

 (ii) a letter C;

 (iii) a fi gure indicating 10 times the average 

percentage of manganese;

 (iv) a symbol ‘S’, ‘Se’, ‘Te’ or ‘Pb’ depending 

upon the element that is present and which 

makes the steel free cutting; and

 (v) a fi gure indicating 100 times the average 

percentage of the above element that makes 

the steel free cutting.

As an example, 25C12S14 indicates a free 

cutting steel with 0.25% carbon, 1.2% manganese 

and 0.14% sulphur. Similarly, a free cutting steel 

with an average of 0.20% carbon, 1.2% manganese 

and 0.15% lead is designated as 20C12Pb15. 

The term ‘alloy’ steel is used for low and 

medium alloy steels containing total alloying 

elements not exceeding 10%. The designation of 

alloy steels consists of the following quantities:

 (i) a fi gure indicating 100 times the average 

percentage of carbon; and

 (ii) chemical symbols for alloying elements 

each followed by the fi gure for its average 

percentage content multiplied by a factor. 

The multiplying factor depends upon the 

alloying element. The values of this factor 

are as follows:

Elements Multiplying factor

Cr, Co, Ni, Mn, 4

Si and W 

Al, Be, V, Pb, Cu, 10

Nb, Ti, Ta, Zr and 

Mo

P, S, N 100

In alloy steels, the symbol ‘Mn’ for manganese is 

included only if the content of manganese is equal 

to or greater than 1%. The chemical symbols and 

their fi gures are arranged in descending order of 

their percentage content.

As an example, 25Cr4Mo2 is an alloy steel 

having average 0.25% of carbon, 1% chromium 

and 0.2% molybdenum. Similarly, 40Ni8Cr8V2 is 

an alloy steel containing average 0.4% of carbon, 

2% nickel, 2% chromium and 0.2% vanadium. 

Consider an alloy steel with the following 

composition:

carbon = 0.12–0.18%

silicon = 0.15–0.35%

manganese = 0.40–0.60%

chromium = 0.50–0.80%

 5 IS 1762–1974: Code for designation of steels.
 6 IS 1570–1978: Schedule for wrought steels.
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The average percentage of carbon is 0.15%, 

which is denoted by the number (0.15 ¥ 100) or 15. 

The percentage content of silicon and manganese is 

negligible and, as such, they are deleted from the 

designation. The signifi cant element is chromium 

and its average percentage is 0.65. The multiplying 

factor for chromium is 4 and (0.65 ¥ 4) is 2.6, 

which is rounded to 3. Therefore, the complete 

designation of steel is 15Cr3. As a second example, 

consider a steel with the following chemical 

composition:

carbon = 0.12–0.20%

silicon = 0.15–0.35%

manganese = 0.60–1.00%

nickel = 0.60–1.00%

chromium = 0.40–0.80%

The average percentage of carbon is 0.16% and 

multiplying this value by 100, the fi rst fi gure in the 

designation of steel is 16. The average percentage 

of silicon and manganese is very small and, as 

such, the symbols Si and Mn are deleted. Average 

percentages of nickel and chromium are 0.8 and 

0.6, respectively, and the multiplying factor for 

both elements is 4. Therefore,

nickel: 0.8 ¥ 4 = 3.2 rounded to 3 or Ni3

chromium: 0.6 ¥ 4 = 2.4 rounded to 2 or Cr2.

The complete designation of steel is 16Ni3Cr2. 

The term ‘high alloy steels’ is used for alloy 

steels containing more than 10% of alloying 

elements. The designation of high alloy steels 

consists of the following quantities:

 (i) a letter ‘X’;

 (ii) a fi gure indicating 100 times the average 

percentage of carbon;

 (iii) chemical symbol for alloying elements 

each followed by the fi gure for its average 

percentage content rounded off to the nearest 

integer; and

 (iv) chemical symbol to indicate a specially added 

element to attain desired properties, if any.

As an example, X15Cr25Ni12 is a high alloy 

steel with 0.15% carbon, 25% chromium and 12% 

nickel. As a second example, consider a steel with 

the following chemical composition:

carbon = 0.15–0.25%

silicon = 0.10–0.50%

manganese = 0.30–0.50%

nickel = 1.5–2.5%

chromium = 16–20%

The average content of carbon is 0.20%, which 

is denoted by a number (0.20 ¥ 100) or 20. The 

major alloying elements are chromium (average 

18%) and nickel (average 2%). Hence, the 

designation of steel is X20Cr18Ni2.

2.5 PLAIN CARBON STEELS

Depending upon the percentage of carbon, plain 

carbon steels are classifi ed into the following three 

groups:

(i) Low Carbon Steel Low carbon steel contains 

less than 0.3% carbon. It is popular as ‘mild 

steel’. Low carbon steels are soft and very ductile. 

They can be easily machined and easily welded. 

However, due to low carbon content, they are 

unresponsive to heat treatment.

(ii) Medium Carbon Steel Medium carbon steel 

has a carbon content in the range of 0.3% to 0.5%. 

It is popular as machinery steel. Medium carbon 

steel is easily hardened by heat treatment. Medium 

carbon steels are stronger and tougher as compared 

with low carbon steels. They can be machined well 

and they respond readily to heat treatment.

(iii) High Carbon Steel High carbon steel contains 

more than 0.5% carbon. They are called hard 

steels or tool steels. High carbon steels respond 

readily to heat treatments. When heat treated, high 

carbon steels have very high strength combined 

with hardness. They do not have much ductility 

as compared with low and medium carbon steels. 

High carbon steels are diffi cult to weld. Excessive 

hardness is often accompanied by excessive 

brittleness. 

Plain carbon steels are available in the form of 

bar, tube, plate, sheet and wire. The mechanical 

properties of plain carbon steels7 are given in 

Table 2.2.

 7 IS 1570 (Part 2/Sec1)–1979: Schedules for wrought steels—carbon steels (unalloyed steels).
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Table 2.2 Mechanical properties of plain carbon steels

Grade Tensile strength

  (Min.) (N/mm2) 

Yield strength

    (Min.) (N/mm2)

Hardness

(HB)

Elongation

%

7C4 320 – – 27

10C4 340 – – 26

30C8 500 400 179 21

40C8 580 380 217 18

45C8 630 380 229 15

50C4 660 460 241 13

55C8 720 460 265 13

60C4 750 – 255 11

65C6 750 – 255 10

 (Note: Minimum yield strength = 55% of minimum tensile strength)

Many times, a designer is faced with the aspect 

of choosing a correct carbon content for a particular 

application. This is an important decision because 

by merely changing the carbon content, one can get 

totally different properties of steels.

The guidelines for deciding carbon content in 

plain carbon steels are as follows:

 (i) In applications like automobile bodies 

and hoods, the ability of the material to 

deform to a grater extent or ‘ductility’ is 

the most important consideration. Such 

a material should have high ductility. 

Ductility is measured in terms of percentage 

elongation. It is observed from Table 2.2, 

that lower the percentage of carbon, higher 

is the percentage of elongation or ductility. 

Therefore, a plain carbon steel, like 7C4, 

which has a lower percentage of carbon and 

a higher percentage of elongation, is selected 

for these parts.

 (ii) In applications like gears, machine 

tool spindles and transmission shafts, 

strength, toughness and response to heat 

treatment are important considerations. In 

these components, the surface is heavily 

stressed, while the stresses in the core are 

of comparatively small magnitude. These 

components  require a soft core and a hard 

surface. This is achieved by case hardening 

of gears, shafts and spindles. Medium and 

high carbon steels, such as 40C8, 45C8, 

50C4, 55C8, and 60C4 which are stronger, 

tougher and respond readily to heat 

treatment are, therefore, selected for these 

components. They can also be machined 

well to the required accuracy.

 (iii) Spring wires are subjected to severe 

stress and strength is the most important 

consideration in selection of their material. 

High carbon steel, such as 65C6, having 

maximum tensile strength, is selected for 

helical and leaf springs.

 (iv) Low and medium carbon steels can be 

satisfactorily welded. However, low carbon 

steels are the most easily welded. Higher the 

percentage of carbon in steel, more diffi cult 

it is to weld. Therefore, welded assemblies 

are made of low and medium carbon steels.

 (v) Low and medium carbon steels can be 

satisfactorily forged. However, low carbon 

steels that are very soft and ductile, are the 

most easily forged. Higher the percentage 

of carbon in steel, the more diffi cult it is to 

forge the part. Therefore, forged components 

such as levers, rocker arm, yoke or tie rod are 

made of low carbon steel 30C8. However, 

there are some forged components like 

connecting rod and crankshaft, which also 

require heat treatment after forging. They are 
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made of medium carbon steel 40C8, which 

responds readily to heat treatment.

 (vi) All steels have essentially the same 

modulus of elasticity. Thus, if rigidity is 

the requirement of the component, all steels 

perform equally well. In this case, the least 

costly steel should be selected.

Some of the important applications of plain 

carbon steels are as follows:

7C4 Components made by severe drawing 

operation such as automobile bodies and hoods

10C4 Case hardened components such as cams 

and cam shaft, worm, gudgeon pin, sprocket and 

spindle

30C8 Cold formed and case hardened parts such 

as socket, tie rod, yoke, lever and rocker arm

40C8 Transmission shaft, crank shaft, spindle, 

connecting rod, stud and bolts

45C8 Transmission shaft, machine tool spindle, 

bolts and gears of large dimensions

50C4 Transmission shaft, worm, gears and cylinder

55C8 Components with moderate wear resistance 

such as gears, cam, sprocket, cylinder and key

60C4 Machine tool spindle, hardened bolt and 

pinion

65C6 Coil and leaf springs

2.6 FREE CUTTING STEELS

Steels of this group include carbon steel and 

carbon–manganese steel with a small percentage 

of sulphur. Due to addition of sulphur, the 

machinability of these steels is improved. 

Machinability is defi ned as the ease with which 

a component can be machined. It involves three 

factors—the ease of chip formation, the ability 

to achieve a good surface fi nish and ability to 

achieve an economical tool life. Machinability 

is an important consideration for parts made by 

automatic machine tools. Typical applications 

of free cutting steels are studs, bolts and nuts. 

Mechanical properties of free cutting steels8 are 

given in Table 2.3.

Table 2.3 Mechanical properties of free cutting steels (cold drawn bars) (20–40 mm diameter)

Grade Tensile strength

(Min.) (N/mm2)

Elongation

(Min.)  (%)

10C8S10 460 10

14C14S14 520 11

25C12S14 560 10

40C10S18 600 10

40C15S12 640   8

2.7 ALLOY STEELS

Alloy steel is defi ned as carbon steel to which one 

or more alloying elements are added to obtain 

certain benefi cial effects. The commonly added 

elements include silicon, manganese, nickel, 

chromium, molybdenum and tungsten. The term 

‘alloy steels’ usually refers to ‘low’ alloy steels 

containing from about 1 to 4 per cent of alloying 

elements. On the other hand, stainless and heat-

resisting steels are called ‘high’ alloy steels. Plain 

carbon steels are successfully used for components 

subjected to low or medium stresses. These 

steels are cheaper than alloy steels. However, plain 

carbon steels have the following limitations:

 8 IS 1570 (Part 3)–1979: Schedules for wrought steel—carbon and carbon-manganese free cutting steels.
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 (i) The tensile strength of plain carbon steels 

cannot be increased beyond 700 N/mm2 

without substantial loss in ductility and 

impact resistance.

 (ii) Components with large section thickness 

cannot be produced with martensitic 

structure. In other words, plain carbon steels 

are not deep hardenable.

 (iii) Plain carbon steels have low corrosion 

resistance.

 (iv) Medium carbon steels must be quenched 

rapidly to obtain a fully martensitic structure. 

Rapid quenching results in distortion and 

cracking in heat-treated components.

 (v) Plain carbon steels have poor impact 

resistance at low temperatures.

To overcome these defi ciencies of plain carbon 

steels, alloy steels have been developed. Alloy 

steels cost more than plain carbon steels. However, 

in many applications, alloy steel is the only choice 

to meet the requirements. Alloy steels have the 

following advantages:

 (i) Alloy steels have higher strength, hardness 

and toughness.

 (ii) High values of hardness and strength can be 

achieved for components with large section 

thickness.

 (iii) Alloy steels possess higher hardenability, 

which has great signifi cance in heat 

treatment of components.

 (iv) Alloy steels retain their strength and 

hardness at elevated temperatures.

 (v) Alloy steels have higher resistance to 

corrosion and oxidation compared with plain 

carbon steels.

Alloying elements can affect constitution, 

characteristics and behaviour of these steels. The 

effects of major alloying elements are as follows:

(i) Silicon Silicon is present in almost all steels. It 

increases strength and hardness without lowering 

the ductility. Silicon is purposely added in spring 

steel to increase its toughness.

(ii) Manganese Most steels contain some 

manganese remaining from the deoxidisation 

and desulphurisation processes. However, when 

it exceeds 1 per cent, it is regarded as an alloying 

element. Manganese is one of the least expensive 

alloying elements. It increases hardness and 

strength. It also increases the depth of hardening. 

Manganese is an important alloying element in free 

cutting steels.

(iii) Nickel Nickel increases strength, hardness 

and toughness without sacrifi cing ductility.

It increases hardenability of steel and impact 

resistance at low temperature. The main effect of 

nickel is to increase toughness by limiting grain 

growth during the heat treatment process.

(iv) Chromium Chromium increases hardness and 

wear resistance. Chromium steel components can 

be readily hardened in heavy sections. They retain 

strength and hardness at elevated temperatures. 

Chromium steels containing more than 4 per cent 

chromium have excellent corrosion resistance. 

(v) Molybdenum Molybdenum increases hardness 

and wear resistance. It resists softening of steel 

during tempering and heating.

(vi) Tungsten Tungsten and molybdenum have 

similar effects. It is an expensive alloying element 

and about 2 to 3 per cent tungsten is required 

to replace 1 per cent of molybdenum. It is an 

important alloying element in tool steels. 

Many times, a designer is faced with the aspect 

of choosing the correct alloying element of steels 

for a particular application. This is an important 

decision because by merely changing an alloying 

element, one can get totally different combinations 

of mechanical properties for steels. 

The guidelines for selecting alloy steels are as 

follows:

 (i) Spring wires are subjected to severe 

stresses, and strength is the most important 

consideration in selection of their material. 

Silicon increases strength. Therefore, silicon 

steel, such as 55Si7, is selected for helical 

and leaf springs.

 (ii) In case of highly stressed screws, bolts 

and axles, high strength and toughness are 

important considerations. Nickel increases 

strength and toughness without loss of 
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ductility. Therefore, nickel steel such as 

40Ni14 is used for these severely stressed 

components.

 (iii) In applications like gears, surface hardness, 

wear resistance and response to heat 

treatment are important considerations. In 

these components, the surface is heavily 

stressed, while the stresses in the core are 

of comparatively small magnitude. These 

components require a soft core and a hard 

surface. Chromium increases hardness and 

wear resistance. Also, chromium steels 

are readily hardened in heavy sections. 

Therefore, chromium steels, such as 40Cr4 

is selected for all types of gears. 

 (iv) In a number of components like gears, cams, 

camshafts, and transmission shafts, combined 

properties such as hardness and toughness, 

strength and ductility are required. This is 

achieved by using nickel and chromium as 

alloying elements and selecting proper heat 

treatment. Nickel–chromium steels, like 

16Ni3Cr2 or 30Ni16Cr5, which combines 

hardness and toughness, are selected for 

these parts.

Some of the important applications of alloy 

steels are as follows:

55Si7 Leaf and coil springs

37C15 Axle, shaft and crankshaft

35Mn6Mo3 Bolt, stud, axle, lever and general 

engineering components

16Mn5Cr4 Gears and shaft

40Cr4 Gears, axle and steering arm

50Cr4 Coil, laminated and volute springs

40Cr4Mo2 Shaft, axle, high tensile bolt, stud and 

popeller shaft

40Cr13Mo10V2 Components subjected to high 

tensile stresses

40Ni14 Severely stressed screw, nut and bolt

16Ni3Cr2 Gears, transmission components, cam 

and camshaft

30Ni16Cr5 Heavy duty gears

35Ni5Cr2 Gear shaft, crankshaft, chain parts, 

camshaft and planetary gears

40Ni6Cr4Mo2 General machine parts, nuts and 

bolts, gears, axles, shafts and connecting rod

40Ni10Cr3Mo6 High strength machine compo-

nents, bolts and studs, axles and shafts, gears and 

crankshafts

Mechanical properties of alloy steels9 are given 

in Table 2.4 on next page.

2.8 OVERSEAS STANDARDS

Cast iron and steel are the essential ingredients in 

any product. A large variety of steel and cast iron 

is developed for a number of applications. In our 

country, collaborations with foreign industries have 

resulted in use of different overseas standards and 

designations. Some important designations for 

ferrous materials are as follows,10, 11, 12

 (i) The American Society for Testing Materials 

(ASTM) has classifi ed grey cast iron by 

means of a number. This class number 

gives minimum tensile strength in kpsi. For 

example, ASTM Class No. 20 has minimum 

ultimate tensile strength of 20000 psi. 

Similarly, a cast iron with minimum ultimate 

tensile strength of 50000 psi is designated 

as ASTM Class No. 50. Commonly used 

ASTM classes of cast iron are 20, 25, 30, 35, 

40, 50 and 60.

 9 IS 1570 (Part 4)–1988: Schedules for wrought steels—Alloy steels with specifi ed chemical composition and 

mechanical properties.
 10 SAE J402: 1984–SAE Numbering system for wrought or rolled steel (SAE standard).
 11 ‘SAE Handbook’—Vol.1—‘Materials’—Society of Automotive Engineers Inc., 1987.
 12 ‘Metals Handbook’—Vol.1—‘Properties and selection: Iron, steels and high performance alloys’—American 

Society of Metals Inc., 1990.
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Table 2.4 Mechanical properties of alloy steels

Grade

Tensile 

strength

(N/mm2)

0.2 percent 

Proof stress  

(Min.) 

(N/mm2)

Elongation

(Min.) (%)

Hardness

(HB)
Condition

37C15 590–740 390 18 170–217 Oil–hardened and tempered

35Mn6Mo3 690–840 490 14 201–248 Oil-hardened and tempered

16Mn5Cr4 790 (Min.) – 10 – Case-hardened steel (core properties)

40Cr4 690–840 490 14 201–248 Oil-hardened and tempered

40Cr4Mo2 700–850 490 13 201–248 Oil-hardened and tempered

40Cr13Mo10V2 1340 (Min.) 1050   8 363 (Min.) Oil-hardened and tempered

40Ni14 790–940 550 16 229–277 Oil-hardened and tempered

16Ni3Cr2 690 (Min.) – 15 – Case-hardened steel (core properties)

30Ni16Cr5 1540 (Min.) 1240   8 444 (Min.) Oil-hardened and tempered

35Ni5Cr2 690–840 490 14 201–248 Oil-hardened and tempered

40Ni6Cr4Mo2 790–940 550 16 229–277 Oil-hardened and tempered

40Ni10Cr3Mo6 990–1140 750 12 285–341 Oil-hardened and tempered

 (ii) In Germany, Deutches Institut Fuer 

Normung (DIN) has specifi ed grey cast iron 

by minimum ultimate tensile strength in 

kgf/mm2. For example, GG-12 indicates 

grey cast iron with minimum ultimate tensile 

strength of 12 kgf/mm2. Similarly, grey cast 

iron with minimum ultimate tensile strength 

of 26 kgf/mm2 is designated as GG-26. The 

common varieties of grey cast iron according 

to DIN standard are GG-12, GG-14, GG-18, 

GG-22,GG-26 and GG-30.

 (iii) A numbering system for carbon and alloy 

steels is prescribed by the Society of 

Automotive Engineers (SAE) of USA and 

American Iron and Steel Institute (AISI). 

It is based on chemical composition of the 

steel. The number is composed of four or 

fi ve digits. The fi rst two digits indicate the 

type or alloy classifi cation. The last two or 

three digits give the carbon content. Since 

carbon is the most important element in 

steel, affecting the strength and hardness, it 

is given proper weightage in this numbering 

system. The basic numbers for various types 

of steel are given in Table 2.5. For example, 

plain carbon steel has 1 and 0 as its fi rst 

two digits. Thus, a steel designated as 1045 

indicates plain carbon steel with 0.45% 

carbon. Similarly, a nickel–chromium steel 

with 1.25% Ni, 0.60% Cr and 0.40% carbon 

is specifi ed as SAE 3140.

The AISI number for steel is the same as the 

SAE number. In addition, there is a capital letter A, 

B, C, D or E that is prefi xed to the number. These 

capital letters indicate the manufacturing process of 

steel. The meaning of these letters is as follows:

A—Basic open-hearth alloy steel

B—Acid Bessemer carbon steel

C—Basic open-hearth carbon steel

D—Acid open-hearth carbon steel

E—Electric furnace alloy steel

The British system designates steel is a series of 

numbers known as ‘En’ series. The En number of 

a steel has no correlation either with the chemical 

composition such as carbon content and types of 

alloying element or mechanical properties such as 

ultimate tensile strength. For example, the number 

3 in En3 steel has no relationship with the carbon 

content, alloying element or strength of steel. Table 

2.6 shows the overseas equivalent designations of 

some popular varieties of steel.
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2.9 HEAT TREATMENT OF STEELS

The heat treatment process consists of controlled 

heating and cooling of components made of either 

plain carbon steel or alloy steel, for the purpose of 

changing their structure in order to obtain certain 

desirable properties like hardness, strength or 

ductility. The major heat treatment processes are as 

follows:

 (i) Annealing consists of heating the component 

to a temperature slightly above the critical 

temperature, followed by slow cooling. It 

reduces hardness and increases ductility.

 (ii) Normalising is similar to annealing, except 

that the component is slowly cooled in air. It 

is used to remove the effects of the previous 

heat treatment processes. 

Table 2.5 Basic numbering system of SAE and AISI steels

Material SAE or AISI Number

Carbon steels 1xxx

 plain carbon 10xx

 free-cutting, screw stock 11xx

Chromium steels 5xxx

 low chromium 51xx

 medium chromium 52xxx

 corrosion and heat resisting 51xxx

Chromium–nickel–molybdenum steels 86xx

Chromium–nickel–molybdenum steels 87xx

Chromium–vanadium steels 6xxx

 1.00% Cr  61xx

Manganese steels 13xx

Molybdenum steels 4xxx

 carbon–molybdenum 40xx

 chromium–molybdenum 41xx

 chromium–nickel–molybdenum 43xx

 nickel–molybdenum; 1.75% Ni 46xx

 nickel-molybdenum; 3.50% Ni 48xx

Nickel–chromium steels 3xxx

 1.25% Ni, 0.60% Cr 31xx

 1.75% Ni, 1.00% Cr 32xx

 3.50% Ni, 1.50% Cr 33xx

Silicon–manganese steels 9xxx

 2.00% Si 92xx

Nickel steels 2xxx

 3.5% Ni 23xx

 5.0% Ni 25xx
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Table 2.6 Overseas equivalent designations of steel

BIS designation En Number SAE AISI DIN

Plain-carbon steels

7C4  2A   1010 C 1010  17210

10C4  32A   1012 C 1012  17155

30C8  5   1030 C 1030  –

45C8  43B   1045 C 1045  17200

50C4  43A   1049, 1050 C 1049, C 1050  –

55C8  43J, 9K   1055 C 1055  –

60C4  43D   1060 C 1060  17200

65C6  42B   1064 C 1064  17222

Free cutting steels

10C8S10  –   1109 C 1109  –

14C14S14  7A, 202   1117, 1118 C 1117, C 1118  –

25C12S14  7   1126 C 1126  –

40C10S18  8M   1140 C 1140  –

40C15S12  15AM   1137 C 1137  –

Alloy steels

40Cr4  18   5135 5135  –

40Ni14  22   2340 2340  –

35Ni5Cr2  111   3140 3140  1662

30Ni16Cr5  30A   – -  –

40Ni6Cr4Mo2  110   4340 4340  17200

27C15  14B   1036 C 1036  17200

37C15  15, 15A   1041, 1036 C 1041, C 1036  17200

50Cr4V2  47   6150 6150  17221

 (iii) Quenching consists of heating the 

component to the critical temperature and 

cooling it rapidly in water or air. It increases 

hardness and wear resistance. However, 

during the process, the component becomes 

brittle and ductility is reduced.

 (iv) Tempering consists of reheating the 

quenched component to a temperature 

below the transformation range, followed 

by cooling at a desired rate. It restores the 

ductility and reduces the brittleness due to 

quenching.

The recommended hardening and tempering 

treatments and temperature ranges can be obtained 

from the standards. The selection of a proper heat 

treatment process depends upon the desirable 

properties of the component.

2.10 CASE HARDENING OF STEELS

In number of situations, the stress distribution 

across the cross-section of a component is not 

uniform. In some cases, the surface is heavily 

stressed, while the stress in the core is of 

comparatively small magnitude. The examples of 

this type of stress distribution are gear, cam and 

rolling contact bearing. The surface failure of these 

components can be avoided by case hardening. 
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Case hardening can be achieved by the following 

two ways:

 (i) by altering the structure at the surface by 

local hardening, e.g., fl ame or induction 

hardening.

 (ii) by altering the structure as well as the 

composition at the surface, e.g., case 

carburising, nitriding, cyaniding and carbo-

nitriding.

Flame hardening consists of heating the 

surface above the transformation range by means 

of a fl ame, followed by quenching. The distortion 

of the component is low because the bulk of the 

work piece is not heated. Flame hardening can be 

done in stages, such as hardening of tooth by tooth 

of a gear blank. The minimum case depth obtained 

by this process is 1 mm, although case depths up 

to 6 mm are quite common. Flame hardening is 

recommended under the following situations:

 (i) where the component is large;

 (ii) where a small area of the work piece is to be 

hardened; and

 (iii) where dimensional accuracy is desirable.

Carbon steels containing more than 0.4% carbon 

are generally employed for fl ame hardening.

The induction-hardening process consists of 

heating the surface by induction in the fi eld of an 

alternating current. The amount of heat generated 

depends upon the resistivity of the material. 

Induction hardening produces case depths as small 

as 0.1 mm. There is not much difference between 

fl ame and induction hardening, except for the mode 

of heating and minimum case depth. 

Case carburising consists of introducing 

carbon at the surface layer. Such a component has 

a high-carbon surface layer and a low-carbon core 

with a gradual transformation from one zone to 

the other. Different methods are used to introduce 

carbon, but all involve heating from 880 to 980°C. 

The carburising medium can be solid, liquid or gas. 

Case carburising is recommended for case depths 

up to 2 mm.

Carbo-nitriding consists of introducing carbon 

and nitrogen simultaneously at the surface layer. 

The component is heated from 650 to 920°C 

in the atmosphere of anhydrous ammonia and 

then quenched in a suitable medium. Nitrogen 

is concentrated at the surface and backed up by a 

carburised case. Medium carbon steels are carbo-

nitrided with case depths up to 0.6 mm. The 

process gives a higher wear resistance compared to 

the case-carburising process. Cyaniding is similar 

to carbo nitriding except that the medium is liquid.

Nitriding consists of exposing the component to 

the action of nascent nitrogen in a gaseous or liquid 

medium from 490 to 590°C. This process does not 

involve any subsequent quenching. The gaseous 

medium consists of dry ammonia. The liquid 

medium can be of cyanides and cyanates. The 

nitrided case consists of two zones—a brittle white 

zone next to the surface, consisting of nitrides, 

followed by a tougher diffusion zone, where 

nitrides are precipitated in the matrix. Case depths 

up to 0.1 mm are obtained by this process. Nitrided 

components are used for applications requiring 

high resistance to abrasion, high endurance limit 

and freedom from distortion. The disadvantages of 

this process are as follows:

 (i) The components cannot be used for 

concentrated loads and shocks;

 (ii) The case depth is limited to 0.5 mm; and

 (iii) Considerable time is required for the process 

due to long cycle time.

The applications of the nitrided component 

are indexing worms, high-speed spindles and 

crankshafts.

2.11 CAST STEEL

Pouring molten steel of desired chemical 

composition into a mould and allowing the steel 

to solidify produces cast steel components. Steel 

castings can be made from any type of carbon 

and low alloy steels. Cast steel components 

and wrought steel components of equivalent 

chemical composition respond similarly to heat 

treatment, have the same weldability and have 

similar physical and mechanical properties. 

However, cast steel components do not exhibit the 

effects of directionality on mechanical properties 

that are typical of wrought steels. This non-

directional characteristic of cast steel components 

is advantageous where application involves 

multi-directional forces. Compared with cast 
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iron components, the cast steel parts are lighter 

for the same strength. However, cast steels are 

costly and their superior mechanical properties 

are justifi ed only in certain applications. Cast steel 

in its liquid form has poor fl uidity compared with 

cast iron. Therefore, the wall thickness or section 

thickness cannot be made less than 6.5 mm. During 

solidifi cation, cast steel shrinks to a greater extent. 

This results in residual stresses which cannot be 

completely relieved by the normalising process. 

Poor fl uidity and excessive contraction should be 

taken into account while designing a component 

made of cast steel. It is always advisable to divide 

complicated one piece castings into simple parts 

and join them at the stage of assembly.

There are two varieties of steel castings: carbon 

steel castings and high tensile steel castings.13, 14 

Carbon steel castings are used for heavy duty 

machinery, highly stressed parts and gears. There 

are fi ve grades of carbon steel castings. They are 

classifi ed on the basis of minimum yield stress and 

tensile strength values respectively, expressed in 

N/mm2. For example, a carbon steel casting of 

grade 200–400 has a yield stress of 200 N/mm2 

and an ultimate tensile strength of 400 N/mm2. A 

carbon steel casting of yield stress and ultimate 

tensile strength of 280 and 520 N/mm2 respectively, 

will be designated as a carbon steel casting of grade 

280–520. The mechanical properties of carbon steel 

castings are given in Table 2.7.

Table 2.7 Mechanical properties of carbon steel
 castings

Grade Yield stress 

(Min.)

(N/mm2)

Tensile strength

(Min.) (N/mm2)

Elongation

(Min.) (%)

200–400 200 400 25

230–450 230 450 22

260–520 260 520 18

280–520 280 520 18

340–570 340 570 15

High tensile steel castings have higher strength, 

good toughness and high resistance to wear. These 

castings are used in transportation equipment and 

agricultural machinery. There are fi ve grades of 

high tensile steel castings which are classifi ed 

according to the ultimate tensile strength, for 

example CS 640 is a steel casting with minimum 

ultimate tensile strength of 640 N/mm2. A high 

tensile steel casting with minimum ultimate tensile 

strength of 1030 N/mm2 is designated as CS 1030. 

The mechanical properties of high tensile steel 

castings are given in Table 2.8.

 13 IS 1030—1998: Carbon steel castings for general engineering purposes—specifi cation.
 14 IS 2644–1994: High strength steel castings for general engineering and structural purposes—specifi cation.

Table 2.8 Mechanical properties of high tensile steel castings

Grade
Tensile strength

(Min.) (N/mm2)

Yield stress1

(Min.) (N/mm2)

Elongation

(Min.) (%)

Hardness

(HB)

CS 640  640  390 15 190

CS 700  700  580 14 207

CS 840  840  700 12 248

CS 1030 1030  850   8 305

CS 1230 1230 1000   5 355

Note: 1. Yield stress is 0.5 per cent proof stress.

2.12 ALUMINIUM ALLOYS

Aluminium alloys are recent in origin compared 

with copper or steel. However, due to a unique 

combination of certain mechanical properties, they 

have become the most widely used nonferrous 

metal. Aluminium alloys offer the following design 

advantages: 
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(i) Low Specifi c Gravity The relative density of 

aluminium alloys is 2.7 compared with 7.9 of steel, 

i.e., roughly one third of steel. This results in light 

weight construction and reduces inertia forces in 

applications like connecting rod and piston, which 

are subjected to reciprocating motion.

(ii) Corrosion Resistance Aluminium has high 

affi nity for oxygen and it might be expected that 

aluminium components will oxidise or rust very 

easily. However, in practice it has an excellent 

resistance to corrosion. This is due to the thin but 

very dense fi lm of oxide (alumina skin) which 

forms on the surface of metal and protects it from 

further atmospheric attack. It is due to alumina skin 

that there is comparatively dull appearance on the 

surface of a polished aluminium component.

(iii) Ease of Fabrication Aluminium alloys have 

a face-centered cubic crystal structure with many 

slip planes. This makes the material ductile and 

easily shaped. They can be cast, rolled, forged 

or extruded. Aluminium alloys can be formed, 

hot or cold, with considerable ease. They can 

be machined easily if suitable practice and 

proper tools are used. They can be joined by 

fusion welding, resistance welding, soldering 

and brazing. Due to excellent malleability, it is 

possible to produce very thin aluminium foil 

suitable for food packaging. 

(iv) High Thermal Conductivity As a material for 

constructional components, aluminium has poor 

strength compared with steel. In ‘soft’ condition, 

the tensile strength of pure aluminium is only 90 

N/mm2, while even in work-hardened state, it is 

no more than 135 N/mm2. Hence, for engineering 

applications, aluminium is alloyed in order to 

obtain high strength to weight ratio. Some of the 

high strength aluminium alloys with suitable heat 

treatment have tensile strength in excess of 600 

N/mm2. There are two varieties of aluminium 

alloys–wrought and cast—which are used for 

machine components. Wrought aluminium alloys 

are available in the form of plates, sheets, strips, 

wires, rods and tubes. There are three methods of 

casting aluminium alloys, viz., sand casting, gravity 

die casting and pressure die casting.

Aluminium alloys are designated by a particular 

numbering system. The numbers given to alloying 

elements are given in Table 2.9.

Table 2.9

Aluminium — 1 Magnesium — 5

Copper — 2 Magnesium

silicide

— 6

Manganese — 3 Zinc — 7

Silicon — 4 Other

elements

— 8

Cast aluminium alloys are specifi ed by a ‘four-

digit’ system while wrought alloys by a ‘fi ve-digit’ 

system15, 16, 17, 18. The meaning of these digits is as 

follows:

First digit It identifi es the major alloying element.

Second digit It identifi es the average percentage of 

the major alloying element, halved and rounded off.

Third, fourth and fi fth digits They identify the 

minor alloying elements in order of their decreasing 

percentage.

 As an example, consider an aluminium alloy 

casting with 9.8% Cu, 1.0% Fe and 0.25% Mg.

First digit identifi cation of copper : 2

Second digit (9.8/2 = 4.9 or 5) : 5

Third digit identifi cation of iron : 8

 15 IS 617–1994: Cast aluminium and its alloys—ingots and casting for general engineering purposes—specifi cation.
 16 IS 733–1983: Specifi cations for wrought aluminium and aluminium alloy bars, rods and sections for general 

engineering purposes.
 17 IS 5052–1993: Aluminium and its alloys—Temper designations.
 18 SP: 1–1967: Comparison of Indian and overseas standards on aluminium alloy castings—Bureau of Indian 

Standards.
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Fourth digit identifi cation of magnesium : 5

Complete designation = 2585

Some of the important applications of cast 

aluminium alloy are as follows:

Alloy 4450 Engine cylinder blocks, castings for 

valve body and large fan blades

Alloy 4600 Intricate and thin-walled castings, 

motor housings, water cooled manifolds and pump 

casings

Alloy 2280 Connecting rods and fl ywheel housings

Alloy 2285 Pistons and cylinder heads
(Y-alloy) 

Alloy 2250 Castings for hydraulic equipment

Alloy 4652 Pistons for internal combustion engines.

The alloy 4600 is used for pressure die casting 

parts. It has excellent fl uidity, which facilitates the 

production of complex castings of large surface 

area and thin walls. The mechanical properties of 

aluminium alloy castings are given in Table 2.10. 

The important applications of wrought 

aluminium alloy are as follows:

Alloy 24345 Heavy duty forging and structures

Alloy 24534 Stressed components of aircraft

Alloy 54300 Welded structures and tank

Alloy 64430 Roof truss and deep-drawn container

Alloy 74530 Welded pressure vessels.

The mechanical properties of wrought aluminium 

alloy are given in Table 2.11 on next page.

2.13 COPPER ALLOYS

Copper possesses excellent thermal and electrical 

conductivity. It can be easily cast, machined and 

brazed. It has good corrosion resistance. However, 

even with these advantages, pure copper is not 

Table 2.10 Mechanical properties of cast aluminium alloys

Alloy Condition
Tensile Strength (Min.)

(N/mm2)

Elongation (Min.)

(%)

Sand-cast Chill-cast Sand-cast Chill-cast

4450 M 135 160 2 3

T5 160 190 1 2

T7 160 225 2.5 5

T6 225 275 – 2

4600 M 165 190 5 7

2280 T4 215 265 7 13

T6 275 310 4 9

2285 T6 215 280 – –

2550 M – 170 – –

4652 T5 – 210 – –

T6 140 200 – –

T7 175 280 – –

(M = as cast; T5 = precipitation treated; T4 = solution treated; T7 = solution treated and stabilised; T6 = solution and precipitation 

treated) 

used in any structural application due to its poor 

strength. The tensile strength of copper is about 

220 N/mm2. Pure copper is mainly used for 

electrical and thermal applications. For structural 

applications, copper alloys are used instead of 

pure copper. Some of the popular copper alloys are 

brass, bronze, gunmetal and monel metal. Their 

properties and applications are briefl y discussed in 

this article.
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Table 2.11 Mechanical properties of wrought aluminium and aluminium alloys

Alloy Condition Diameter(mm)

0.2 per cent

proof stress

 (N/mm2)

Tensile strength

(N/mm2)

Elongation

(Min.)

(%)

over upto Min. Max. Min. Max.

24345 M – – 90 – 150 – 12

O – – – 175 – 240 12

W – 10 225 – 375 – 10

10 75 235 – 385 – 10

75 150 235 – 385 – 8

150 200 225 – 375 – 8

WP – 10 375 – 430 – 6

10 25 400 – 460 – 6

25 75 420 – 480 – 6

75 150 405 – 460 – 6

150 200 380 – 430 – 6

24534 M – – 90 – 150 – 12

O – – – 175 – 240 12

W – 10 220 – 375 – 10

10 75 235 – 385 – 10

75 150 235 – 385 – 8

150 200 225 – 375 – 8

54300 M – 150 130 – 265 – 11

O – 150 125 – – 350 13

64430 M – – 80 – 110 – 12

O – – – – – 150 16

W – 150 120 – 185 – 14

150 200 100 – 170 – 12

WP – 5 225 – 295 – 7

5 75 270 – 310 – 7

75 150 270 – 295 – 7

150 200 240 – 280 – 6

74530 W1 – 6 220 – 255 – 9

6 75 230 – 275 – 9

75 150 220 – 265 – 9

WP – 6 245 – 285 – 7

6 75 260 – 310 – 7

75 150 245 – 290 – 7

Note: 1 Naturally aged for 30 days (M = as manufactured; O = annealed; W = solution treated and naturally aged; WP = solution 

and precipitation treated).
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(i) Brass The most commonly used copper 

alloy is brass. It is an alloy of copper and zinc. 

Sometimes, it may contain small amounts of tin, 

lead, aluminium and manganese. Brass has the 

following advantages:

 (i) The tensile strength of brass is higher than 

that of copper.

 (ii) Brass is cheaper than copper.

 (iii) Brass has excellent corrosion resistance.

 (iv) Brass has better machinability.

 (v) Brass has good thermal conductivity.

The strength and ductility of brass depend upon 

the zinc content. As the amount of zinc increases, 

the strength of brass increases and ductility 

decreases. The best combination of strength and 

ductility is obtained when the amount of zinc is 

30 per cent. Brass can be used either in rolled 

condition or as cast. Some of the commonly 

used varieties of brass are yellow brass, naval 

brass, cartridge brass and muntz metal. Typical 

applications of brass in the fi eld of mechanical 

engineering are tubes for condensers and heat 

exchangers, automotive radiator cores, rivets, valve 

stems and bellow springs.

(ii) Bronze Bronze is an alloy of copper and 

elements other than zinc. In some cases, bronze 

may contain a small amount of zinc. There are 

three important varieties of bronze—aluminium 

bronze, phosphor bronze and tin bronze. Aluminium 

bronze contains 5 to 10 per cent aluminium. It has 

excellent corrosion resistance, high strength and 

toughness, low coeffi cient of friction and good 

damping properties. It is used for hydraulic valves, 

bearings, cams and worm gears. The colour of 

aluminium bronze is similar to that of 22 carat 

gold and it is frequently called ‘imitation’ gold. 

Aluminium bronze is diffi cult to cast because its 

casting temperature is around 1000°C. At this 

temperature, aluminium oxidises and creates 

diffi culties in casting.

Phosphor bronze contains about 0.2 per cent 

phosphorus. The effect of phosphorus is to increase 

the tensile strength and corrosion resistance and 

reduce the coeffi cient of friction. In cast form, 

phosphor bronze is widely used for worm wheels 

and bearings. In wrought form, it is used for 

springs, bellows, pumps, valves and chemical 

equipment. Tin bronze contains up to 18 per cent 

tin and sometimes small amounts of phosphorus, 

zinc or lead. It has excellent machinability, wear 

resistance and low coeffi cient of friction. It is used 

for pump castings, valve fi ttings and bearings. High 

prices of both copper and tin, put limitations on the 

use of tin bronze.

In general, all varieties of bronze have the 

following advantages:

 (i) excellent corrosion resistance;

 (ii) low coeffi cient of friction; and

 (iii) higher tensile strength than copper or brass.

The main limitation of bronze is its high cost.

(iii) Gunmetal Gunmetal is an alloy of copper 

which contains 10% tin and 2% zinc. The presence 

of zinc improves fl uidity of gunmetal during 

casting process. Zinc is considerably cheaper than 

tin. Therefore, the total cost of gunmetal is less 

than that of bronze. In cast form, gunmetal is used 

for bearings. It has excellent corrosion resistance, 

high strength and low coeffi cient of friction.

(iv) Monel Metal Monel metal is a copper–nickel 

alloy. It contains 65% nickel and 32% copper. It has 

excellent corrosion resistance to acids, alkalis, brine 

water, sea water and other chemicals. It is mainly 

used for handling sulphuric and hydrochloric acids. 

It is also used for pumps and valves for handling 

the chemicals in process equipment.

2.14 DIE CASTING ALLOYS

The die casting process consists of forcing the 

molten metal into a closed metal die. This process 

is used for metals with a low melting point. 

The advantages of the die casting process are as 

follows:

 (i) Small parts can be made economically in 

large quantities.

 (ii) Surface fi nish obtained by this method is 

excellent and requires no further fi nishing.

 (iii) Very thin sections or complex shapes can be 

obtained easily.

The drawbacks include the cost of dies and 

restriction on the size of the component, since only 

small parts can be die cast.
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Die casting alloys are made from zinc, 

aluminium and magnesium. Brass can be die cast 

but its casting temperature is high. Zinc die castings 

are more popular due to their high strength, long die 

life and moderate casting temperature. Aluminium 

and magnesium die castings are light in weight but 

their casting temperature is higher than that of zinc 

die castings.

2.15 CERAMICS

Ceramics can be defi ned as a compound of metallic 

and non-metallic elements with predominantly 

‘ionic’ interatomic bonding. The word ‘ceramic’ 

is derived from the Greek word keramos which 

means ‘potter’s clay’. Traditional ceramics 

include refractories, glass, abrasives, enamels and 

insulating materials. However, many substances, 

which are now classed as ceramics in fact, contain 

no clay. Modern ceramics include metal oxides, 

carbides, borides, nitrides and silicates. Some of 

their examples are Magnesia (MgO), Alumina 

(Al2O3), Zirconia (ZrO2), Beryllia (BeO), Silicon 

carbide (SiC) and Tungsten carbide (TiC).

The advantages of modern engineering ceramics 

are as follows:

 (i) Most of the ceramics possess high hardness. 

This increased hardness is due to the 

operation of strong covalent bonds between 

atoms in their crystal structure. Materials 

like silicon carbide and boron nitride are the 

examples of ceramics with high hardness. It 

is this property which makes them useful as 

abrasive powder and cutting tools.

 (ii) Ceramics have high melting points. 

Materials such as magnesia and alumina 

have melting points of 2800°C and 2040°C 

respectively. This property makes them 

excellent refractory materials for the lining 

of the furnaces.

 (iii) Ceramics are good thermal insulators. In 

most of the ceramics, there are no free 

conducting electrons and heat is conducted 

only by transfer of vibration energy from one 

atom to another. This is unlike free electrons 

in metals. Hence, ceramics possess excellent 

insulating property. This is another reason to 

use them as refractory material.

 (iv) Ceramics have extremely high electrical 

resistivity. Hence, they are used for electrical 

insulators. Porcelain is a popular insulating 

material. Alumina is used for spark-plug 

insulation.

 (v) The densities of ceramics are low compared 

with those of engineering metals. This 

results in lightweight components.

 (vi) Ceramics are chemically resistant to most 

of the acids, alkalis and organic substances. 

They are also unaffected by oxygen. 

This increases the durability of ceramic 

components.

Ceramics have certain drawbacks. Their main 

disadvantages are as follows:

 (i) Ceramics are brittle in nature. They are 

highly susceptible to stress concentration. 

Presence of even a micro-crack may lead 

to failure because it acts as a stress raiser. 

In ceramics, there is no plastic deformation 

like metals and no redistribution of stresses. 

This results in brittle fracture like cast iron 

components.

 (ii) In ceramics, ductility is almost zero. This is 

mainly due to the presence of small voids in 

the structure of ceramic parts.

 (iii) Ceramics have poor tensile strength.

 (iv) There is a wide variation in strength values 

of ceramics. Even in identical specimens, 

the properties vary due to variation of 

internal pores. Hence, in design of ceramic 

components, a statistical approach is 

essential for calculating the values of 

strength.

 (v) Ceramics are diffi cult to shape and machine.

In this article, we will consider only recent 

applications of advanced ceramics in the automobile 

industry. A number of parts of automotive engines 

are nowadays made of ceramics. They include 

cylinder liners, pistons, valves and engine blocks. 

The principal advantages of ceramic engine 

components over conventional metal parts are as 

follows:
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 (i) ability to withstand higher operating 

temperature;

 (ii) excellent wear and corrosion resistance;

 (iii) lower frictional loss;

 (iv) ability to operate without cooling system; 

and

 (v) light weight construction with low inertia 

force.

Research is being conducted on gas turbine 

engines that employ ceramic rotors, stators, 

regenerators and combustion housings. Other 

applications include turbine blades for aircraft 

engines and surface coatings for the engine parts.

2.16 PLASTICS

Plastics are synthetic materials processed by heat 

and pressure. They are perhaps the most widely 

used group of polymers. There are two terms, 

which are used in understanding the construction of 

plastics, viz., monomer and polymer. A monomer 

is a group of atoms that constitutes one unit of a 

polymer chain. When monomers are subjected to 

heat and pressure, they join together to form a chain 

called polymer. A polymer is a non-metallic organic 

compound of high molecular weight consisting 

of a very long chain of monomers. The process 

of combining monomers into polymers is called 

polymerization. Figure 2.7 shows the construction 

of typical monomers and their corresponding 

polymers. In this fi gure, atoms of carbon, hydrogen 

and other elements are represented by their 

chemical symbols and their bonds by radial lines.

When a short polymer chain is lengthened by 

adding more and more monomer units, the material 

becomes more dense and passes from gaseous state 

to liquid state, from liquid state to semi-solid state 

and fi nally becomes a tough solid material. Let us 

consider the example of addition of (CH2) unit to a 

polymer chain as shown in Fig. 2.8.

 (i) Initial composition is (CH4) which is 

methane gas.

 (ii) Addition of one unit of (CH2) to a methane 

molecule results in heavier ethane gas with 

(C2H6) composition.

 (iii) Further addition of (CH2) units to the ethane 

chain results in pentane, which is in liquid 

form with (C5H12) composition.
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Fig. 2.8 Monomer Chains

 (iv) If the process of adding (CH2) units to the 

pentane chain is continued, paraffi n wax 

is obtained. It is in a semi-solid stage with

(C18 H38) composition.

 (v) If the process is further continued, a solid 

plastic called low-density polyethylene 

is obtained at approximately (C100 H102) 

composition.

 (vi) In the next stage, high-density polyethylene 

is obtained. It contains about half-million 

(CH2) units in a single chain. It is a very 

tough solid plastic.

Adding a terminal link called terminator, which 

satisfi es the bonds at each end of the chain, stops 

the linking of monomer units.

Knowing the construction of a monomer and 

polymer, we can defi ne the term plastic at this 

stage. A plastic can be defi ned as a solid material 

consisting of an organic polymer of a long 

molecular chain and high molecular weight. It may 

also contain some additives like fi llers, plasticisers, 

fl ame retardants and pigments. A fi ller is an inert 

foreign substance added to a polymer to improve 

certain properties such as tensile and compressive 

strengths, abrasion resistance, toughness and 

dimensional and thermal stability. Filler materials 

include fi nely powdered sawdust, silica fl oor and 

sand, clay, limestone and talc. A plasticiser is low-

molecular weight polymer additive that improves 

fl exibility, ductility and toughness and reduces 

brittleness and stiffness. They include polyvinyl 

chloride and acetate copolymers. A fl ame retardant 

is an additive which increases fl ammability 

resistance. Most polymers are fl ammable in their 

pure form. A fl ame retardant interferes with the 

combustion process and prevents burning. A 

pigment or colourant imparts a specifi c colour to 

the plastic material.

Plastics are divided into two basic groups 

depending on their behaviour at elevated 

temperatures, viz., thermoplastics and thermosetting 

plastics. A thermoplastic is a polymeric material 

which softens when heated and hardens upon 

cooling. A thermosetting plastic is a polymeric 

material, which once having cured or hardened 

by a chemical reaction does not soften or melt 

upon subsequent heating. In short, a thermoplastic 

softens with heat while a thermosetting plastic 

does not. A thermoplastic material can be moulded 

and remoulded repeatedly. This difference in 

properties of thermoplastic and thermosetting 

plastic materials is due to molecular structures of 

their polymer chains. A thermoplastic material has 

a linear polymer chain while a thermosetting plastic 

material consists of a cross-linked polymer chain as 

Fig. 2.9 Linear and Cross-linked Polymer Chains

shown in Fig. 2.9. The difference between the two 

categories of plastic is as follows:

 (i) A thermoplastic material has a linear 

polymer chain. A thermosetting plastic 

material has cross-linked polymer chain.

 (ii) A thermoplastic material can be softened, 

hardened or resoftened repeatedly by the 

application of heat. Alternate heating and 
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cooling can reshape them. On the other hand, 

thermosetting plastic materials, once set and 

hardened, cannot be remelted or reshaped.

 (iii) Thermoplastic materials can be recycled. 

Therefore, thermoplastic components are 

environmentally friendly. It is not possible 

to recycle a thermosetting plastic material. 

Disposal of components made of thermosetting 

plastic material, after their useful life, creates a 

problem.

 (iv) Molecules in a linear chain can slide 

over each other. Therefore, thermoplastic 

materials are fl exible. On the other hand, 

cross-linked thermosetting materials are 

more rigid. Their rigidity increases with the 

number of cross-links.

 (v) Common examples of thermoplastic 

materials are polyethylene, polypropylene, 

polyvinylchloride (PVC), polystyrene, 

polytetrafl uoethylene (PTFE) and nylon. 

Common examples of thermosetting plastic 

materials are phenolics, aminos, polyesters, 

epoxies and phenal-formaldehyde.

As a material for machine component, plastics 

offer the following advantages:

 (i) Plastic materials have low specifi c gravity 

resulting in lightweight construction. The 

specifi c gravity of the heaviest plastic is 2.3 

compared with 7.8 of cast iron.

 (ii) Plastics have high corrosion resistance in 

any atmospheric condition. This is the most 

important advantage of plastic materials over 

metals. Many varieties of plastic materials 

are acid-resistant and can endure chemicals 

for a long period of time. PVC has excellent 

resistance to acids and alkalis.

 (iii) Some plastic materials have low 

coeffi cient of friction and self-lubricating 

property. The coeffi cient of friction of 

polytetrafl uoroethylene, commonly called 

Tefl on, is as low as 0.04. Such materials are 

ideally suitable for bearings.

 (iv) Fabrication of plastic components is 

easy. Raw material is available in the 

form of powders, granules or compressed 

pills. The raw material is converted into 

plastic parts by compression moulding, 

injection moulding, transfer moulding or 

extrusion process. Compression moulding 

is commonly used for components made of 

thermosetting plastic materials. Injection 

moulding is widely used for parts made 

of thermoplastics. Complicated parts 

performing several functions can be moulded 

from plastic material in a single operation.

Plastic materials have the following disadvan-

tages:

 (i) Plastic materials have poor tensile strength 

compared with other construction materials. 

The tensile strength of plastic materials 

varies from 10 N/mm2 to 80 N/mm2.

 (ii) Mechanical properties of engineering 

metals do not vary much within the range 

of ambient temperatures encountered in 

practice. For many polymers, particularly 

thermoplastic materials, the mechanical 

properties vary considerably with tempera-

ture in the ambient region. For example, a 

thermoplastic material may have a tensile 

strength of 70 N/mm2 at 0°C, falling to 40 

N/mm2 at 25°C and further to 10 N/mm2 at 

80°C.

 (iii) A number of polymeric materials display 

viscoelastic mechanical behaviour. These 

materials behave like a glass at low 

temperatures, a rubbery solid at intermediate 

temperatures and a viscous liquid as the 

temperature is further increased. Therefore, 

such materials are elastic at low temperature 

and obey Hooke’s law and at high 

temperatures, a liquid-like behaviour prevails. 

At intermediate temperatures, the rubberlike 

solid state exhibits combined mechanical 

characteristics of these two extremes. This 

condition is called viscoelasticity.

 (iv) Many plastic materials are susceptible 

to time-dependent deformation when the 

stress level is maintained constant. Such 

deformation is called creep. This type of 

deformation is signifi cant even at room 

temperature and under moderate stresses, 

which are even below the yield strength 
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of the material. Due to creep, a machine 

component of plastic material under load 

may acquire a permanent set even at room 

temperature.

Although a large number of plastics are 

developed, we will consider a few materials in 

this article. These materials are mainly used for 

machine components. The names in brackets 

indicate popular trade names of the material.

(i) Polyamide (Nylon, Capron Nylon, Zytel, 

Fosta) Polyamide is a thermoplastic material. It 

has excellent toughness and wear resistance. The 

coeffi cient of friction is low. It is used for gears, 

bearings, conveyor rollers and automotive cooling 

fans.

(ii) Low-density Polyethylene (Polythene) It is a 

thermoplastic material. It is fl exible and tough, light 

in weight, easy to process and a low-cost material. 

It is used for gaskets, washers and pipes.

(iii) Acetal (Delrin) It is a thermoplastic and 

a strong engineering material with exceptional 

dimensional stability. It has low coeffi cient of 

friction and high wear resistance. It is used for self-

lubricating bearings, cams and running gears.

(iv) Polyurethane (Duthane, Texin) It is a 

thermoplastic and a tough, abrasion-resistant and 

impact-resistant material. It has good dimensional 

properties and self-lubricating characteristics and is 

used for bearings, gears, gaskets and seals.

(v) Polytetrafl uoroethylene (Tefl on) It is a 

thermoplastic material. It has low coeffi cient of 

friction and self-lubricating characteristics. It can 

withstand a wide range of temperatures from –260 

to + 250°C. It is ideally suitable for self-lubricating 

bearing.

(vi) Phenolic It is a thermosetting plastic material. 

It has low cost with a good balance of mechanical 

and thermal properties. It is used in clutch and 

brake linings as fi ller material. Glass reinforced 

phenolic is used for pulleys and sheaves.

The mechanical properties of plastic materials 

are given in Table 2.12.

Table 2.12 Mechanical properties of plastics

Material
Specifi c

gravity

Tensile

strength

(N/mm2)

Compressive

strength

(N/mm2)

Polyamide 1.04–1.14 70 50–90

Low-density 

Polythene

0.92–0.94 7–20 –

Acetal 1.41–1.42 55–70 –

Polyurethane 1.21–1.26 35–60 25–80

Tefl on 2.14–2.20 10–25 10–12

Phenolic 1.30–1.90 30–70 –

2.17 FIBRE REINFORCED PLASTICS

Fibre reinforced plastic (FRP) is a composite 

material in which the low strength of the polymeric 

material is increased by means of high strength 

fi bres. There are two main constituents of fi bre 

reinforced plastic, viz., matrix and fi bres. The 

function of the matrix is to provide a rigid base for 

holding the fi bres in correct position. The function 

of the fi bres is to transmit the load acting on the 

component. The bond between the surface of the 

fi bres and surrounding matrix is usually chemical. 

The matrix protects the fi bres from surface damage 

and from the action of environment. The fi bres used 

in composite should be long enough so that the 

bonding force between the surface of the fi bre and 

the surrounding matrix is greater than the tensile 

strength of the fi bre.

Two types of fi bres are widely used, viz., 

glass and carbon fi bres. The advantages of glass 

reinforced plastics (GRP) are as follows:

 (i) Glass can be easily drawn into fi bres from 

the molten state.

 (ii) Glass is cheaper and readily available.

 (iii) Glass fi bre is relatively strong.

 (iv) Glass is chemically inert with respect to 

plastic matrix materials.

The disadvantages of glass reinforced plastic are 

as follows:

 (i) Glass reinforced plastic has poor rigidity and 

stiffness.
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 (ii) Its application is limited up to a temperature 

of 300°C.

Glass reinforced plastic is used for automotive 

bodies, pipes, valve bodies, pump casings and 

storage containers. It is more popular for vehicle 

bodies due to low specifi c gravity resulting in 

lightweight construction.

The advantages of carbon reinforced plastics 

(CRP) are as follows:

 (i) Carbon fi bre has maximum strength 

compared with all other fi bre materials.

 (ii) Carbon fi bre retains its strength at elevated 

temperature.

 (iii) Moisture, acids and solvents at ambient 

temperature do not affect carbon fi bre.

 (iv) Carbon reinforced plastic is relatively cheap.

There is one limitation for carbon reinforced 

plastic. Manufacturing techniques required to 

produce carbon fi bre are relatively complicated. 

Carbon reinforced plastic is used for pressure 

vessels, aircraft components and casings of rocket 

motors.

Matrix material used in GRP and CRP should 

remain stable at the temperatures encountered 

in the application. It should not be affected by 

moisture and surrounding atmosphere. Both 

thermoplastic and thermosetting plastics are used 

as matrix materials. Nylon is a commonly used 

thermoplastic, while phenolic resins are popular 

thermosetting plastics for the matrices of the 

reinforced composites.

As an engineering material for structural 

components, fi bre reinforced plastic offers the 

following advantages:

 (i) It has low specifi c gravity resulting in 

lightweight construction.

 (ii) It has high specifi c strength and modulus of 

elasticity.

 (iii) It has good resistance to fatigue failure, 

particularly parallel to the direction of the 

fi bres.

 (iv) It has good resistance to corrosion.

The term specifi c strength means the ratio of 

the tensile strength to the specifi c gravity of the 

material.

The disadvantages of fi bre reinforced plastic are 

as follows:

 (i) A composite material containing fi bres in 

a single direction is extremely anisotropic. 

The tensile strength of such a material in 

a direction perpendicular to that of fi bres 

may be 5% or even less than that measured 

in the direction of fi bres. Many times, the 

transverse strength is less than that of the 

matrix material because of the presence 

of discontinuities and insuffi cient binding 

between the fi bres and the surrounding 

matrix material.

 (ii) The design of components made of fi bre 

reinforced plastics is complex. It is necessary 

to know the direction of principal stresses 

in such components. The fi bres are aligned 

along the direction of principal stresses.

 (iii) The manufacturing and testing of fi bre 

reinforced components is highly specialised. 

Fibre reinforced composite is a comparatively 

new material. It is being increasingly used for 

machine and structural parts such as motor shafts, 

gears and pulleys. Such materials are ‘custom-

made’ materials, which combine the desirable 

characteristics of two or more materials in a given 

required manner.

2.18 NATURAL AND SYNTHETIC   
 RUBBERS

Natural rubber is obtained from rubber latex, which 

is a milky liquid obtained from certain tropical 

trees. It is a low cost elastomer. Different varieties 

of rubber are obtained by adding carbon, silica and 

silicates. Vulcanised rubber is obtained by adding 

sulphur, which is followed by heating. Addition of 

carbon makes the rubber hard. Natural rubber, in 

hard and semi-hard conditions, is used for belts, 

bushes, fl exible tubes and vibration mounts. It is 

also used for production of coatings, protective 

fi lms and adhesives. Rubber coatings provide 

protection in a chemical environment.

Synthetic rubber has properties similar to those 

of natural rubber. It can be thermoplastic or a 

thermosetting plastic. It is, however, costlier than 
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natural rubber. A few applications of synthetic 

rubber are as follows:

(i) Chloroprene (Neoprene) Conveyors and V 

belts, brake diaphragms and gaskets

(ii) Nitrile Butadiene (NBR) Bushes for fl exible 

coupling and rubber rollers

(iii) Polysulfi de (Thikol) Gaskets, washers and 

diaphragms

(iv) Chlorosulfonyl Polyethylene (Hypalon) Tank 

lining, high temperature conveyor belts, seals and 

gaskets

(iv) Silicone Seals, gaskets and O-rings

2.19 CREEP

When a component is under a constant load, it may 

undergo progressive plastic deformation over a 

period of time. This time-dependent strain is called 

creep. Creep is defi ned as slow and progressive 

deformation of the material with time under a 

constant stress. Creep deformation is a function 

of stress level and temperature. Therefore, creep 

deformation is higher at higher temperature and 

creep becomes important for components operating 

at elevated temperatures. Creep of bolts and pipes 

is a serious problem in thermal power stations. 

The material of steam or gas turbine blades should 

have a low creep rate, so that blades can remain 

in service for a long period of time before having 

to be replaced due to their reaching the maximum 

allowable strain. These blades operate with very 

close clearances and permissible deformation is 

an important consideration in their design. Design 

of components working at elevated temperature is 

based on two criteria. Deformation due to creep 

must remain within permissible limit and rupture 

must not occur during the service life. Based on 

these two criteria, there are two terms—creep 

strength and creep rupture strength. Creep strength 

of the material is defi ned as the maximum stress 

that the material can withstand for a specifi ed 

length of time without excessive deformation. 

Creep rupture strength of the material is the 

maximum stress that the material can withstand for 

a specifi ed length of time without rupture.

An idealised creep curve is shown in Fig. 2.10. 

When the load is applied at the beginning of the 

creep test, the instantaneous elastic deformation 

OA occurs. This elastic deformation is followed

Fig. 2.10 Creep Curve

by the creep curve ABCD. Creep occurs in three 

stages. The fi rst stage called primary creep is 

shown by AB on the curve. During this stage, the 

creep rate, i.e., the slope of the creep curve from 

A to B progressively decreases with time. The 

metal strain hardens to support the external load. 

The creep rate decreases because further strain 

hardening becomes more and more diffi cult. The 

second stage called secondary creep is shown by 

BC on the curve. During this stage, the creep rate 

is constant. This stage occupies a major portion of 

the life of the component. The designer is mainly 

concerned with this stage. During secondary 

creep, recovery processes involving highly mobile 

dislocations counteract the strain hardening so 

that the metal continues to elongate at a constant 

rate. The third stage called tertiary creep is 

shown by CD on the creep curve. During this 

stage, the creep rate is accelerated due to necking 

and also due to formation of voids along the grain 

boundaries. Therefore, creep rate rapidly increases 

and fi nally results in fracture at the point D. Creep 

properties are determined by experiments and these 

experiments involve very long periods stretching 

into months.
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2.20 SELECTION OF MATERIAL

Selection of a proper material for the machine 

component is one of the most important steps in the 

process of machine design. The best material is one 

which will serve the desired purpose at minimum 

cost. It is not always easy to select such a material 

and the process may involve the trial and error 

method. The factors which should be considered 

while selecting the material for a machine 

component are as follows:

(i) Availability The material should be readily 

available in the market, in large enough quantities 

to meet the requirement. Cast iron and aluminium 

alloys are always available in abundance while 

shortage of lead and copper alloys is a common 

experience.

(ii) Cost For every application, there is a limiting 

cost beyond which the designer cannot go. When 

this limit is exceeded, the designer has to consider 

other alternative materials. In cost analysis, there 

are two factors, namely, cost of material and 

the cost of processing the material into fi nished 

goods. It is likely that the cost of material might 

be low, but the processing may involve costly 

manufacturing operations.

(iii) Mechanical Properties Mechanical properties 

are the most important technical factor governing 

the selection of material. They include strength 

under static and fl uctuating loads, elasticity, 

plasticity, stiffness, resilience, toughness, ductility, 

malleability and hardness. Depending upon the 

service conditions and the functional requirement, 

different mechanical properties are considered 

and a suitable material is selected. For example, 

the material for the connecting rod of an internal 

combustion engine should be capable to withstand 

fl uctuating stresses induced due to combustion 

of fuel. In this case, endurance limit becomes the 

criterion of selection. The piston rings should have 

a hard surface to resist wear due to rubbing action 

with the cylinder surface, and surface hardness is 

the selection criterion. In case of bearing materials, 

a low coeffi cient of friction is desirable while 

clutch or brake lining requires a high coeffi cient 

of friction. The material for automobile bodies and 

hoods should have the ability to be extensively 

deformed in plastic range without fracture, and 

plasticity is the criterion of material selection. 

(iv) Manufacturing Considerations In some 

applications, machinability of material is an 

important consideration in selection. Sometimes, 

an expensive material is more economical than 

a low priced one, which is diffi cult to machine. 

Free cutting steels have excellent machinability, 

which is an important factor in their selection for 

high strength bolts, axles and shafts. Where the 

product is of complex shape, castability or ability 

of the molten metal to fl ow into intricate passages 

is the criterion of material selection. In fabricated 

assemblies of plates and rods, weldability becomes 

the governing factor. The manufacturing processes, 

such as casting, forging, extrusion, welding and 

machining govern the selection of material. 

Past experience is a good guide for the selection 

of material. However, a designer should not 

overlook the possibilities of new materials.

2.21 WEIGHTED POINT METHOD

In recent years, systematic methods have been 

developed for selection of materials. One such 

method is the weighted point method. It consists of 

the following four steps:

 (i) The fi rst step consists of the study of the 

given application and preparing a list of the 

desirable properties of the material for the 

application. 

 (ii) The desirable properties are then assigned 

values. The approximate range of these 

properties, such as yield strength, endurance 

strength, hardness, etc., is specifi ed.

 (iii) The desirable properties are divided into 

two groups—Go-no-go parameters and 

discriminating parameters. The Go-no-

go parameters are the constraints. As an 

example, if a material is not available, or if 

it cannot be fabricated into a given shape, it 

is totally rejected. This is a screening step 


