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Preface to the
Fourteenth Edition

e feel satisfied in presenting the new edition of
this popular treatise. The favourable and warm
reception which the previous editions and reprints

of this book have enjoyed all over India and abroad, is a
matter of great satisfaction for us.

The present multicolour edition has been thoroughly
revised and brought up-to-date. Multicolour pictures have
been added to enhance the content value and to give the
students an idea of what he will be dealing in reality, and to
bridge the gap between theory and practice. This book has
already been included in the ‘Suggested Reading’ for the
A.M.LLE. (India) examinations. The mistakes which had
crept in, have been eliminated. We wish to express our
sincere thanks to numerous professors and students, both
athome and abroad, for sending their valuable suggestions
and recommending the book to their students and friends.
We hope, that they will continue to patronise this book in the
future also.

Our grateful thanks are due to the Editorial staff of
S. Chand & Company Ltd., especially to Mr. E.J. Jawahardatham
and Mr. Rupesh Gupta, for their help in conversion of the
book into multicolour edition and Mr. Pradeep Kr. Joshi for
Designing & Layouting of this book.

Any errors, omissions and suggestions, for the improvement
of this volume brought to our notice, will be thankfully
acknowledged and incorporated in the next edition.

R.S. KHURMI
J.K. GUPTA
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Preface to the
First Edition

e take an opportunity to present this standard treatise
W entitled as ‘A TEXTBOOK OF MACHINE DESIGN’
to the students of Degree, Diploma and A.M.I.E.
(India) classes in M.K.S. and S.I. units. The objective of this

book is to present the subject matter in a most concise,
compact, to the point and lucid manner.

While writing the book, we have continuously kept in mind
the examination requirement of the students preparing for
U.P.S.C. (Engg. Services) and A.M.1.E. (India) examinations.
In order to make this volume more useful for them, complete
solutions of their examination papers upto 1977 have also been
included. Every care has been taken to make this treatise as
self-explanatory as possible. The subject matter has been
amply illustrated by incorporating a good number of solved,
unsolved and well graded examples of almost every variety.
Most of these examples are taken from the recent examination
papers of Indian and foreign universities as well as professional
examining bodies, to make the students familiar with the type
of questions, usually, set in their examinations. At the end of
each chapter, a few exercises have been added for the students
to solve them independently. Answers to these problems have
been provided, but it is too much to hope that these are entirely
free from errors. In short, it is earnestly hoped that the book
will earn appreciation of all the teachers and students alike.

Although every care has been taken to check mistakes
and misprints, yet it is difficult to claim perfection. Any errors,
omissions and suggestions for the improvement of this treatise,
brought to our notice, will be thankfully acknowledged and
incorporated in the next edition.

R.S. KHURMI
J.K. GUPTA
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1.1

Definition

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

1.2 Classifications of Machine Design

The machine design may be classified asfollows :

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

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

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

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

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

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

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

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

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

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

crankshaft, connecting rod, etc.
(g0 Computer aided design. Thistype of design depends upon the use of computer systemsto
assist in the creation, modification, analysis and optimisation of a design.

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

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

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

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

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

(c) Constant velocity.

(d) Constant or variable acceleration.

3. Selection of materials. It is essential that a designer should have a thorough knowledge of
the properties of the materials and their behaviour under working conditions. Some of the important
characteristics of materials are: strength, durability, flexibility, weight, resistance to heat and corro-
sion, ability to cast, welded or hardened, machinability, electrical conductivity, etc. The varioustypes
of engineering materials and their properties are discussed in chapter 2.
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4. Form and size of the parts. The form and size are based on judgement. The smallest prac-
ticable cross-section may be used, but it may be checked that the stresses induced in the designed
cross-section are reasonably safe. In order to design any machine part for form and size, it is neces-
sary to know the forces which the part must sustain. It is also important to anticipate any suddenly
applied or impact load which may cause failure.

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

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

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

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

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

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

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

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

parts as much as possible.

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

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

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

1.4 General Procedure in Machine Design

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

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

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

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

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

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

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

Car assembly line.

| Synthesis (Mechanisms) |

| Analysis of forces |

| Material selection |

Design of elements
(Size and stresses)

Modification

| Detailed drawing |

Fig. 1.1. General procedurein

Machine Design.

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

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

1.5 Fundamental Units

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

1.6 Derived Units

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

1.7 System of Units

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

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

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

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

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

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

Table 1.1. Fundamental and supplementary units.

SNo. Physical quantity Unit

Fundamental units

1. Length (1) Metre (m)

2. Mass (m) Kilogram (kg)

& Time (t) Second ()

4. Temperature (T) Kelvin (K)

5 Electric current (1) Ampere (A)

6. Luminousintensity(Iv) Candela (cd)

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

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

2. Solid angle (Q2) Steradian (sr)

* It is known as General Conference of Weights and Measures (G.C.W.M). It is an international
organisation of which most of the advanced and devel oping countries (including India) are members.
The conference has been entrusted with the task of prescribing definitions for various units of weights
and measures, which are the very basics of science and technology today.
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The derived units, which will be commonly used in this book, are given in Table 1.2.

Table 1.2. Derived units.

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

1.9 Metre

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

1.10 Kilogram

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

1.11 Second

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

1.12 Presentation of Units and their Values

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

Contents

Top



Contents

Introduction = 7

areformed by using a prefix inthe basic unitsto indicate the multiplier. The full list of these prefixes
isgiveninthefollowing table:

Table 1.3. Prefixes used in basic units.

Factor by which the unit is multiplied Sandard form Prefix Abbreviation

1 000 000 000 000 10%2 tera T
1 000 000 000 10° giga G

1 000 000 108 mega M
1000 103 kilo k
100 10? hecto* h

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

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

1.13 Rules for S.I. Units

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

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

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

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

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

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

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

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

**** |n some of the question papers of the universities and other examining bodies standard values are not used.
The authors have tried to avoid such questions in the text of the book. However, at certain places the
questionswith sub-standard val ues have to be included, keeping in view the merits of the question from the
reader’s angle.
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their values as per recommendations of 1SO and BIS. It was decided to use :

4500 not 4500 or 4,500

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

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

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

We shall use :

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

1.14 Mass and Weight

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

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

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

i —— -~ e —

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

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

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

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

1.15 Inertia

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

1.16 Laws of Motion

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

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

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

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

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

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

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

Exhaust jet (backwards) Acceleration proportional to mass

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

1.18 Absolute and Gravitational Units of Force

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

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

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

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

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

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

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

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

towards the centre of the earth.

. Weight of the body,

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

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

1.19 Moment of Force

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

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

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

1.20 Couple

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

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

Moment of acouple = F x x

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

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

Fig. 1.3. Couple.

Anti-clockwise moment SR T
= =300N x2m

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

=600 N-m
Turning Point *

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

300 N 200 N

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

1.21 Mass Density

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

Table 1.4. Mass density of commonly used materiails.

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

~«— Fixed line

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

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

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

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

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

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

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

lp

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

2
I+ mh

where |

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

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

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

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

mr&/2 = 0.5 mr2

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

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

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

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

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

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

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

1.25 Work

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

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

_ o+ xx—Exx
Work done = 2 =3

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

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

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

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

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

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

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

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

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

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

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

We know that potential energy

m 1kg-m

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

Strain energy = Work done = %W.x = % sx? o (P W =5X)

Contents

Top



Introduction = 15

In case of atorsional spring of stiffness (g) N-m per unit angular deformation when twisted
through an angle 6 radians, then

Strainenergy = Work done = % 0.6°

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

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

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

discussed below :

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

1kg-

Kinetic energy of rotation =

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

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

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

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

Introduction

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

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

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

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

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

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

which serve the desired objective at the minimum

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

1. Availability of the materials,

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

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

which can withstand high temperatures without

undergoing deformation.

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

Copper

5

Lead

Valuable Metals

i

Aluminium “"ﬁw

1
r -,

Zinc

2.4 Physical Properties of Metals

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

of some pure metals.

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

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

2.5 Mechanical Properties of Metals

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Screw to position
sample

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

(a) Brinell hardnesstest,

(b) Rockwell hardnesstest,

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

2.6 Ferrous Metals

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

Table 2.2. Principal iron ores.

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

2.7 Castlron

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

castironispresent in either of thefollowing two forms:

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

bon or cementite. CEGEE)
monoxide

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

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

the furnace

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

iron

. Waste gas

compressive strength, wear resistance and excellent used as fuel

machinability. The compressive strength of castironis - : :

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

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

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

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

iron can separate from them.

*  AMPa= 1IMN/m2 =1 x 106 N/m? = 1 N/mm?
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2.8 Types of Cast Iron

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

1. Whiteheart process, and 2. Blackheart process.

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

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

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

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

Core and intermediate zone : Pearlite + ferrite + temper carbon

Surface zone : Ferrite.

The microstructure shall not contain flake graphite.

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

Steel objects are carried away on conveyor
belt for processing

Electromagnet

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

Powerful fans blow paper

into wire receptacles
Second conveyor belt

made of chains

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

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

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

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

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

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

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

Whiteheart malleable cast iron — WM 350 and WM 400

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

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

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

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

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

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

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

2.9 Alloy Cast Iron

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

*  Thegraphiteflakesin cast iron act as discontinuitiesin the matrix and thuslower its mechanical properties.
The sharp corners of the flakes also act as stress raisers. The weakening effect of the graphite can be
reduced by changing its form from aflake to a spheroidal form.

Contents

Top



Engineering Materials and their Properties = 25

gears, automobile partslike cylinders, pistons, piston rings, crank cases, crankshafts, camshafts, sprock-
ets, wheels, pulleys, brake drums and shoes, parts of crushing and grinding machinery etc.

2.10 Effect of Impurities on Cast Iron

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

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

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

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

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

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

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

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

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

Polarized light gives
false-colour image.

-

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

Wrought Iron

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

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

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

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

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

2.12 Steel

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

1. Dead mild steel — up to 0.15% carbon

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

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

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

2.13 Steels Designated on the Basis of Mechanical Properties

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

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

**  Thelndian standard IS : 1570-1978 (Reaffirmed 1993) on wrought steelsfor general engineering purposes
has been revised on the basis of experience gained in the production and use of steels. This standard is now
availablein seven parts.
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the steel has been specified on the basis of minimum tensile strength or yield strength, followed by the
figureindicating the minimum tensile strength or yield stressin N/mm?2. For example‘ Fe 290" means
asteel having minimum tensile strength of 290 N/mm? and ‘ Fe E 220’ means a steel having yield

strength of 220 N/mm?.

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

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

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

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

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

Fe 310 310 180 26 These steels are used for locomotive

FeE 230 310 230 26 carriagesand car structures, screw stock

Fe 330 330 200 26 and other general engineering purposes.

Fe E 250 330 250 26

Fe 360 360 220 25 It isused for chemical pressure vessels

FeE 270 360 270 25 and other general engineering purposes.

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

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

Fe 490 490 290 21 Itisused for mines, forgingsfor marine

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

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

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

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

Fe E 460 620 460 15

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

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

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

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

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

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

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

2.14 Steels Designated on the Basis of Chemical Composition

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

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

(b) Letter‘C’, and

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

multiplying shall be rounded off to the nearest integer.

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

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

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

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

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

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

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

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

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

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

Composition in percentages

Carbon (C)

Manganese (Mn)

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

15C8
20C8
25C4
25C8
30C8

35C4

35C8

40C8

45C8

50C4

50C12

55C4
55C8

60C4

65C9

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

0.30-0.40

0.30-0.40

0.35-0.45

0.40-0.50

0.45-0.55

0.45-0.55

0.50-0.60
0.50-0.60

0.55-0.65

0.60-0.70

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

0.30-0.60

0.60-0.90

0.60-0.90

0.60-0.90

0.30-0.60

1.1-1.50

0.30-0.60
0.60-0.90

0.30-0.60

0.50-0.80

These steelsare general purposes steelsused
for low stressed components.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

85C6 0.80 - 0.90 0.50-0.80

113C6 1.05-1.20 0.50-0.80

2.15 Effect of Impurities on Steel

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

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

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

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

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

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

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

1. Figureindicating 100 times the average percentage of carbon,

2. Letter‘C,

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

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

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

2.17 Alloy Steel

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

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

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

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

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

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

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

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

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

2.18 Indian Standard Designation of Low and Medium Alloy Steels

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

1. Figureindicating 100 times the average percentage carbon.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

2.20 Heat Resisting Steels

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

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

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

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

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

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

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

Contents

Top



Contents

38 = A Texthook of Machine Design

‘sauibue
|10 Aneay pue s.ioping.ted paads ybiy ul
SOA[eA R |IN0 passa.is AlyBiy Joy pesn'si i

'SJed pue sa11io| ‘ssulbue |10

UISaARA 1IN0 Builsisal Jeay Joj pasn s1 1|
SyUe)

afeJols |10 9|qIpe ‘Juswdinba Buisssoo.d
poo} ‘wetudinbe Jue|d 8300 ‘s91X pede|
weass “quawidinbs Bulpuey dind quewdinbs
Buido prsp 21ydelboloyd ‘saLisnpulauLew
pue Jaqgn. ‘uofel Joy Juswdinbs Bulpuey
[ea1wayd ainresedwsl ybiy Joy pasn si 1|
-0 sbuljdnod aiqixa|) ‘sued

UOIMS 9111090 ‘Sallied; MOPUIM WIOIS pue
Joop usalds ‘anyiuiny fejngny ‘uswdinbe
Buew 891 ‘saipoq fed sebuassed fem|el
‘S|1IsuaIN Uyl ‘shely Joesebiiel ‘Sen0d
[9aym aAnoWoINe ‘S3II[eAOU P loyasnoy
‘K| pme | ‘Seuusiue SemoId 1L pue fepel
‘SBul|Med pues|lemally 1elole Joy pasnsi |
o) Albuiyzew

Jaded ‘sreusrew Bunjoq ‘swre Jadim
pRIuUs puim ‘sBumiy 1elolre Ioy pesn si i
'S|1SUSIN UBY2} | pue Yyibus.is

ubiy yrm sied feinonuis Joj pasn si 1|

0€—-07¢

0TC— 06T

096 —05°L

S'8T — 09T

06T —0'LT

08T —0'ST

0T —0¢CT

0LT—-0CT

XelN SO0

OvT—90T

00T—-08

0€—GT

XeNO'T

090—-0c0

09'0—0¢€0

XN 0'C

XN 0'C

XeNO'T

XeNO'T

G2C¢—GLT

GL'€—-GC¢E

XeNO'T

XeNO'T

XeNO'T

XeNO'T

G8'0—GL0

05'0—0v0

e\ 800

XeN ¢T'0

020—0T0

G€0—9¢0

I'N
¢1S021008

YIS61061

COIN
CTINLTIOV0

6!N8TIOL0

CIN9TJIOST

€TI00E

G96T-T/8T S| Jedsesasn

(o)
wNUSPAA IO

(10)

" winiwoJyD

(IN)
PYOIN

(un)
asauebue|

(8)

uodI|s

)

uog.ep

safeiusaled ul uonisodwo)

uolreubisap
prepuels
uelpu|

(1661 PaULIYDSY) §861-(A HPd) 051 : SI 0} Buipi0ooD
(s|99}s Buysisal Jpay pup [98)s SSaJUID)S) S[@d}s Aojp ybBiy Jo uoypubBISep PIPPUB)S UDIPU| “6°Z @901

Top



Engineering Materials and their Properties = 39

2.21 Indian Standard Designation of High Alloy Steels (Stainless Steel and
Heat Resisting Steel)

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

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

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

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

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

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

2.22 High Speed Tool Steels

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

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

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

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

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

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

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

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

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

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

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

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

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

2.24 Spring Steels

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

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

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

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

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

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

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

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

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

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

NOo o wWwN

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

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

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

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

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

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

(a) Full annealing. The purpose of full annealing is to soften the metal to refine the grain
structure, to relieve the stresses and to remove trapped gases in the metal. The process consists of
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(i) heating the steel from 30 to 50°C above the upper critical temperature for hypoeutectoid
steel and by the same temperature above the lower critical temperature i.e. 723°C for
hypereutectoid steels.

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

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

depending upon the composition of steel.

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

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

Table 2.11. Annealing temperatures.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

2.27 Aluminium

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

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

2.28 Aluminium Alloys

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

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

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

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

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

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

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

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

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

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

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

2.29 Copper

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

2.30 Copper Alloys

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

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

Laminated windscreen made from

layers of glass and plastic

Engine block built
from a metal alloy

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

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

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

prevent rust

Seats covered
with leather

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

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

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

follows:

(@)

(b)

(©

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

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

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

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

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

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

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

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

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

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

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

2.31 Gun Metal

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

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

2.32 Lead

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

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

2.33 Tin

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

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

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

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

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

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

10. It should be economical in cost.

2.35 Zinc Base Alloys

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

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

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

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

2.36 Nickel Base Alloys

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

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

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

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

2.37 Non-metallic Materials

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

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

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

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

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

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

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

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

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

How do you classify materials for engineering use?

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

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

Why are metalsin their pure form unsuitable for industrial use?

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

Define the following properties of amaterial :

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

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

How is grey cast iron designated in Indian standards?

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

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

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

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

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

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

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

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

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

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

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

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

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

Explain the following heat treatment processes:

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

Write short note on the type of bearing metals.

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

OBJECTIVE TYPE QUESTIONS

Which of the following material has the maximum ductility?

(@) Mild steel (b) Copper

(c) Zinc (d) Aluminium

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

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

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

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

10.

11.

12.

13.

14.

15.

Steel containing upto 0.15% carbon is known as

(@ mild steel (b) dead mild steel

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

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

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

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

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

The material commonly used for machine tool bodiesis

(@) mild steel (b) auminium

(c) brass (d) castiron

The material commonly used for crane hooksis

(@) castiron (b) wrought iron

(c) mild steel (d) auminium

Shock resistance of steel isincreased by adding

(@) nickel (b) chromium

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

(@) nickel steel (b) chrome steel

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

A steel with 0.8 per cent carbon is known as

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

18/8 steel contains

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

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

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

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

Ball bearing are usually made from

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

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

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

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

(a) silicon bronze (b) whitemetal

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

(a) silicon bronze (b) whitemetal

(c) monel metal (d) phosphor bronze

Thermoplastic materials are those materials which

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

(d) areusedasafriction lining for clutches and brakes

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

Casting Design.

Forging.

Forging Design.
Mechanical Working of
Metals.

Hot Working.

Hot Working Processes.
Cold Working.

Cold Working Processes.
Interchangeability.
Important Terms Used in
Limit System.

Fits.

Types of Fits.

Basis of Limit System.

Indian Standard System of
Limits and Fits.

Calculation of Fundamen-
tal Deviation for Shafts.
Calculation of Fundamen-
tal Deviation for Holes.
Surface Roughness and its
Measurement.

Preferred Numbers.

3.1 Introduction

Inthe previous chapter, we have only discussed about
the composition, properties and uses of various materials
used in Mechanical Engineering. We shall now discussin
this chapter a few of the manufacturing processes, limits
and fits, etc.

3.2 Manufacturing Processes

Theknowledge of manufacturing processesisof great
importance for a design engineer. The following are the
various manufacturing processes used in Mechanical
Engineering.

1. Primary shaping processes. The processes used
for the preliminary shaping of the machine component are
known as primary shaping processes. The common
operations used for this process are casting, forging,
extruding, rolling, drawing, bending, shearing, spinning,
powder metal forming, squeezing, etc.
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2. Machining processes. The processes used for giving final shape to the machine component,
according to planned dimensions are known as machining processes. The common operations used
for this process are turning, planning, shaping, drilling, boring, reaming, sawing, broaching, milling,
grinding, hobbing, etc.

3. Surface finishing processes. The processes used to provide a good surface finish for the
machine component are known as surface finishing processes. The common operations used for this
process are polishing, buffing, honing, lapping, abrasive belt grinding, barrel tumbling, electroplating,
superfinishing, sheradizing, etc.

4. Joining processes. The processes used for joining machine components are known asjoining
processes. The common operations used for this process are welding, riveting, soldering, brazing,
screw fastening, pressing, sintering, etc.

5. Processeseffecting changein properties. These processesare used to impart certain specific
properties to the machine components so as to make them suitable for particular operations or uses.
Such processes are heat treatment, hot-working, cold-working and shot peening.

Todiscussin detail all these processesis beyond the scope of thisbook, but afew of them which
are important from the subject point of view will be discussed in the following pages.

3.3 Casting

It is one of the most important manufacturing process used in Mechanical Engineering. The
castings are obtained by remelting of ingots* in a cupola or some other foundry furnace and then
pouring this molten metal into metal or sand moulds. The various important casting processes are as
follows:

1. Sand mould casting. The casting produced by pouring molten metal in sand mouldiscalled
sand mould casting. It is particularly used for parts of larger sizes.

2. Permanent mould casting. The casting produced by pouring molten metal in a metalic
mould iscalled permanent mould casting. It isused for casting a uminium pistons, electriciron parts,
cooking utensils, gears, etc. The permanent mould castings have the following advantages:

I. Shaping the Sand : A wooden pafttern cut to 2. Ready for the Metal : After the wooden pat-
the shape of one half of the casting is positioned  terns have been removed, the two halves of the
in an iron box and surrounded by tightly packed  mould are clamped together. Molten iron is poured
moist sand. into opening called the runner.

*  Most of the metals used in industry are obtained from ores. These ores are subjected to suitable reducing or
refining process which gives the metal in amolten form. This molten metal is poured into mouldsto give
commercia castings, called ingots.

Contents

Top



Contents

Manufacturing Considerations in Machine Design = 55

(a) It hasmore favourable fine grained structure.
(b) Thedimensions may be obtained with close tolerances.
(c) Theholesupto 6.35 mm diameter may be easily cast with metal cores.

3. Slush casting. It isaspecial application of permanent metal mould casting. This method is
used for production of hollow castings without the use of cores.

4. Die casting. The casting produced by
forcing molten metal under pressureinto apermanent
metal mould (known as di€) is called die casting. A
dieisusually madein two halves and when closed it
formsacavity similar to the casting desired. One hal f
of the die that remains stationary is known as cover
die and the other movable half is called gjector die.
Thedie casting method ismostly used for castings of
non-ferrous metals of comparatively low fusion
temperature. Thisprocessischeaper and quicker than
permanent or sand mould casting. Most of the
automobile partslike fuel pump, carburettor bodies,
horn, heaters, wipers, brackets, steering wheels, hubs
and crank cases are made with this process. Following are the advantages and disadvantages of die
casting :

Advantages
(a) Theproduction rateis high, ranging up to 700 castings per hour.
(b) It gives better surface smoothness.
(c) Thedimensions may be obtained within tolerances.

(d) Thedieretainsitstrueness and life for longer periods. For example, the life of adie for
zinc base castingsis upto one million castings, for copper base alloys upto 75 000 castings
and for aluminium base alloys upto 500 000 castings.

Aluminium die casting component

Sand Casting Investment Casting

Top



Contents

56 = A Texthook of Machine Design

(e) Itrequireslessfloor areafor equivalent production by other casting methods.
(f) By diecasting, thin and complex shapes can be easily produced.
(g) Theholesup to 0.8 mm can be cast.
Disadvantages
(a) Thedie casting units are costly.
(b) Only non-ferrous alloys are casted more economically.
(c) Itrequires special skill for maintenance and operation of a die casting machine.

5. Centrifugal casting. The casting produced by a processin which molten metal is poured and
allowed to solidify whilethe mouldiskept revolving, isknown as centrifugal casting. The metal thus
poured is subjected to centrifugal force dueto whichit flowsinthe mould cavities. Thisresultsinthe
production of high density castings with promoted directional solidification. The examples of
centrifugal castings are pipes, cylinder liners and sleeves, rolls, bushes, bearings, gears, flywheels,
gun barrels, piston rings, brake drums, etc.

3.4 Casting Design

An engineer must know how to design the castings so that they can effectively and efficiently
render the desired service and can be produced easily and economically. In order to design a casting,
the following factors must be taken into consideration :

1. Thefunction to be performed by the casting,

Soundness of the casting,
Strength of the casting,
Easein its production,
Consideration for safety, and
. Economy in production.

In order to meet these requirements, a design engineer should have a thorough knowledge of
production methods including pattern making, moulding, core making, melting and pouring, etc. The
best designs will be achieved only when one is able to make a proper selection out of the various
available methods. However, afew rules for designing castings are given below to serve as aguide;

1. The sharp corners and frequent use of fillets should be avoided in order to avoid
concentration of stresses.

2. All sections in a casting should be designed of uniform thickness, as far as possible. If,
however, variation is unavoidable, it should be done gradually.

3. Anabrupt change of an extremely thick section into avery thin section should always be
avoided.

4. The casting should be designed as simple as possible, but with a good appearance.

5. Largeflat surfaces on the casting should be avoided because it is difficult to obtain true
surfaces on large castings.

6. Indesigning acasting, the various allowances must be provided in making a pattern.

7. The ability to withstand contraction stresses of some members of the casting may be
improved by providing the curved shapes e.g., the arms of pulleys and wheels.

8. The stiffening members such aswebs and ribs used on a casting should be minimum
possiblein number, asthey may giveriseto various defectslike hot tears and shrinkage,
etc.

9. Thecasting should be designed in such away that it will require asimpler pattern and its
moulding iseasier.

10. In order to design cores for casting, due consideration should be given to provide them

adequate support in the mould.
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11. Thedeepand narrow pocketsinthecasting should invariably be avoided to reduce cleaning
costs.

Manufacturing Considerations in Machine Design

12. Theuse of metal insertsin the casting should be kept minimum.

13. Themarkingssuch asnamesor numbers, etc., should never be provided on vertical surfaces
because they provide a hindrance in the withdrawl of pattern.

14. A tolerance of £ 1.6 mm on small castings (below 300 mm) should be provided. In case
more dimensional accuracy isdesired, atolerance of £ 0.8 mm may be provided.

3.5 Forging
Itisthe process of heating ametal to adesired temperaturein order to acquire sufficient plasticity,
followed by operations like hammering, bending and pressing, etc. to give it a desired shape. The
various forging processes are :
1. Smithforging or hand forging
2. Power forging,
3. Machineforging or upset forging, and
4. Drop forging or stamping
Thesmith or hand for ging is done by means of hand toolsand it isusually employed for small
jobs. When the forging is done by means of power hammers, it isthen known as power forging. Itis
used for medium size and large articlesrequiring very heavy blows. The machinefor gingisdone by
means of forging machines. The drop forging is carried out with the help of drop hammersand is
particularly suitable for mass production of identical parts. The forging process has the following
advantages:

1. It refinesthe structure of the metal.
2. Itrendersthe metal stronger by setting the direction of grains.

3. It effects considerable saving in time, labour and material as compared to the production
of asimilar item by cutting from a solid stock and then shaping it.

4. Thereasonable degree of accuracy may be obtained by forging.

5. Theforgings may be welded.

It may be noted that wrought iron and various types of steels and steel alloys are the common
raw material for forging work. Low carbon steelsrespond better to forging work than the high carbon
steels. The common non-ferrous metals and alloys used in forging work are brass, bronze, copper,
aluminium and magnesium alloys. The following table shows the temperature ranges for forging
some common metals.

Table 3.1. Temperature ranges for forging.

Material Forging Material Forging
temperature (°C) temperature (°C)

Wrought iron 900 — 1300 Stainless steel 940 — 1180

Mild steel 750 — 1300 Aluminium and 350 — 500
magnesium alloys

Medium carbon steel 750 — 1250

High carbon and alloy steel 800 — 1150 Copper, brass 600 — 950
and bronze
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3.6 Forging Design
In designing aforging, the following points should always be considered.

1. The forged components should ultimately be able to achieve a radial flow of grains or
fibres.

2. The forgings which are likely to carry flash, such as drop and press forgings, should
preferably have the parting line in such away that the same will divide them in two equal
halves.

3. Theparting line of aforging should lie, asfar as possible, in one plane.

4. Sufficient draft on surfaces should be provided to facilitate easy removal of forgings from
dies.

5. The sharp corners should always be avoided in order to prevent concentration of stress
and to facilitate ease in forging.

6. The pockets and recesses in forgings should be minimum in order to avoid increased
die wear.

7. Theribs should not be high and thin.
8. Too thin sections should be avoided to facilitate easy flow of metal.

3.7 Mechanical Working of Metals

The mechanical working of metalsisdefined asan intentional deformation of metalsplastically
under the action of externally applied forces.

The mechanical working of metal is described as hot working and cold working depending
upon whether the metal is worked above or below the recrystallisation temperature. The metal is
subjected to mechanical working for the following purposes :

1. Toreducethe original block or ingot into desired shapes,
2. Torefinegrainsize, and 3. To control the direction of flow lines.

3.8 Hot Working

The working of metals above the *recrystallisation temperature is called hot working. This
temperature should not be too high to reach the solidus temperature, otherwise the metal will burn
and become unsuitable for use. The hot working of metals has the following advantages and
disadvantages:
Advantages

1. Theporosity of the metal islargely eliminated.

2. Thegrain structure of the metal isrefined.

3. Theimpuritieslike slag are squeezed into fibres and distributed throughout the metal.

4. Themechanical properties such astoughness, ductility, percentage elongation, percentage
reduction in area, and resistance to shock and vibration areimproved dueto therefinement
of grains.

Disadvantages
1. Itrequires expensivetools.

2. It produces poor surface finish, due to the rapid oxidation and scale formation on the
metal surface.

3. Dueto the poor surface finish, close tolerance cannot be maintained.

*  Thetemperature at which thenew grainsareformed inthe metal isknown asrecrystallisation temper ature.
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3.9 Hot Working Processes
The various * hot working processes are described as below :

1. Hot rolling. The hot rolling
process is the most rapid method of
converting large sections into desired
shapes. It consists of passing the hot ingot
through two rolls rotating in opposite
directions at the same speed. The space
between the rollsis adjusted to conform
to the desired thickness of the rolled
section. The rolls, thus, squeeze the
passing ingot to reduce its cross-section
and increase its length. The forming of
bars, plates, sheets, rails, angles, |-beam
and other structural sectionsare made by

hot rolling. Hoft Rolling : When steel is heated until it glows bright red, it
becomes soft enough to form into elabrate shapes.

2. Hot forging. It consists of
heating the metal to plastic state and then the pressure is applied to form it into desired shapes and
sizes. The pressure applied in thisis not continuous as for hot rolling, but intermittent. The pressure
may be applied by hand hammers, power hammers or by forging machines.

3. Hot spinning. It consists of heating the metal to forging temperature and thenforming it into
the desired shape on aspinning lathe. The parts of circular cross-section which are symmetrical about
the axis of rotation, are made by this process.

4. Hot extrusion. It consists of pressing ametal inside
achamber to forceit out by high pressure through an orifice
which is shaped to provide the desired form of the finished
part. Most commercial metals and their alloys such as steel,
copper, aluminium and nickel aredirectly extruded at elevated
temperatures. Therods, tubes, structural shapes, flooring strips
and lead covered cables, etc., are the typical products of
extrusion.

5. Hot drawing or cupping. It is mostly used for the
production of thick walled seamlesstubesand cylinders. Itis
usualy performed in two stages. The first stage consists of
drawing acup out of ahot circular plate with the help of adie
and punch. The second stage consists of reheating the drawn
cup and drawing it further to the desired length having the
required wall thickness. The second drawing operation is
performed through anumber of dies, which arearrangedina
descending order of their diameters, so that the reduction of
wall thicknessis gradual in various stages. -

6. Hot piercing. This process is used for the coqRolied steel : Many modern prod-
manufacture of seamless tubes. In its operation, the heated ucts are made from easily shaped sheet
cylindrical billets of steel are passed between two conical metal.
shaped rolls operating in the same direction. A mandrel is provided between these rolls which assist
in piercing and controls the size of the hole, asthe billet isforced over it.

*  For complete details, please refer to Authors popular book ‘A Text Book of Workshop Technology’.
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3.10 Cold Working

The working of metals below their recrystallisation temperature is known as cold working.
Most of the cold working processes are performed at room temperature. The cold working distorts
the grain structure and does not provide an appreciable reduction in size. It requires much higher
pressures than hot working. The extent to which ametal can be cold worked depends upon its ductil-
ity. The higher the ductility of the metal, the moreit can be cold worked. During cold working, severe
stresses known as residual stresses are set up. Since the presence of these stresses is undesirable,
therefore, a suitable heat treatment may be employed to neutralise the effect of these stresses. The
cold working is usually used as finishing operation, following the shaping of the metal by hot work-
ing. It also increasestensile strength, yield strength and hardness of steel but lowersitsductility. The
increase in hardness due to cold working is called work-hardening.

In general, cold working produces the following effects :

1. Thestressesare set up inthe metal which remaininthe metal, unlessthey areremoved by
subsequent heat treatment.
A distortion of the grain structure is created.
The strength and hardness of the metal are increased with a corresponding lossin ductility.
Therecrystalline temperature for steel isincreased.
The surface finish isimproved.
6. Theclosedimensional tolerance can be maintained.

oarwbd

3.11 Cold Working Processes
The various cold working processes are discussed below:

1. Coldralling. Itisgenerally employed for bars of all shapes, rods, sheetsand strips, in order
to provide a smooth and bright surface finish. It is also used to finish the hot rolled components to
closetolerances and improve their toughness and hardness. The hot rolled articles arefirst immersed
in an acid to remove the scale and washed in water, and then dried. This process of cleaning the
articlesisknown as pickling. These cleaned articles are then passed through rolling mills. Therolling
millsare similar to that used in hot rolling.

il = 1 "‘L'
Gallium arsenide (GaAs) is now being manufactured as an alternative to silicon for

microchips. This combination of elements is a semiconductor like silicon, but is electronically
faster and therefore better for microprocessors.

Note : This picture is given as additional information and is not a direct example of the current chapter.
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2. Coldforging. Thecold forging isalso called swaging. During this method of cold working,
the metal is allowed to flow in some pre-determined shape according to the design of dies, by a
compressive force or impact. It iswidely used in forming ductile metals. Following are the three,
commonly used cold forging processes :

(@)

(b)

(©

Sizing. Itisthe simplest form of cold forging. It isthe operation of slightly compressing a
forging, casting or steel assembly to obtain close tolerance and aflat surface. Themetal is
confined only in avertical direction.

Cold heading. Thisprocessis extensively used for making bolts, rivets and other similar
headed parts. This is usually done on a cold header machine. Since the cold header is
made from unheated material, therefore, the equi pment must be able to withstand the high
pressuresthat develop. Therod isfed to the machinewhereit is cut off and moved into the
header die. The operation may be either single or double and upon completion, the partis
gjected from the dies.

After making the bolt head, the threads are produced on athread rolling machine. Thisis
also a cold working process. The process consists of pressing the blank between two
rotating rolls which have the thread form cut in their surface.

Rotary swaging. Thismethod isused for reducing the diameter of round barsand tubes by
rotating dies which open and close rapidly on the work. The end of rod is tapered or
reduced in size by a combination of pressure and impact.

3. Cold spinning. The process of cold spinning issimilar to hot spinning except that the metal
isworked at room temperature. The process of cold spinning is best suited for aluminium and other
soft metals. The commonly used spun articles out of aluminum and its alloys are processing kettles,
cooking utensils, liquid containers, and light reflectors, etc.

4. Cold extrusion. Theprinciple of cold extrusion isexactly similar to hot extrusion. The most
common cold extrusion process is impact extrusion. The operation of cold extrusion is performed
with the help of apunch and die. Thework material isplaced in position into adie and struck from top

Making microchips demands extreme conftrol over chemical components. The layers of conducting
and insulating materials that are laid down on the surface of a silicon chip may be only a few atoms
thick yet must perform to the highest specifications. Great care has to be taken in their manufacture
(right), and each chip is checked by test probes to ensure it performs correctly.

Note : This picture is given as additional information and is not a direct example of the current chapter.
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by a punch operating at high pressure and speed. The metal flows up along the surface of the punch
forming a cup-shaped component. When the punch moves up, compressed air is used to separate the
component from the punch. The thickness of the side wall is determined by the amount of clearance
between the punch and die. The process of impact extrusion is limited to soft and ductile materials
such as lead, tin, aluminium, zinc and some of their aloys. The various items of daily use such as
tubes for shaving creams and tooth pastes and such other thin walled products are made by impact
extrusion.

5. Colddrawing. Itisgenerally employed for bars, rods, wires, etc. Theimportant cold drawing
processes are as follows:

(a) Bar or rod drawing. In bar drawing, the hot drawn bars or rods from the mills are first
pickled, washed and coated to prevent oxidation. A draw bench, is employed for cold
drawing. One end of the bar isreduced in diameter by the swaging operation to permit it
to enter adrawing die. Thisend of bar isinserted through the die and gripped by the jaws
of the carriage fastened to the chain of the draw bench. The length of bars which can be
drawn islimited by the maximum travel of the carriage, which may be from 15 metresto
30 metres. A high surface finish and dimensional accuracy is obtained by cold drawing.
The products may be used directly without requiring any machining.

(b) Wiredrawing. In wire drawing, the rolled bars from the mills are first pickled, washed
and coated to prevent oxidation. They are then passed through several dies of decreasing
diameter to provide the desired reduction in size. The dies are usually made of carbide
materials.

(c) Tube drawing. The tube drawing is similar to bar drawing and in most cases it is
accomplished with the use of adraw bench.

6. Coldbending. Thebars, wires, tubes, structural shapes and sheet metal may be bent to many
shapes in cold condition through dies. A little consideration will show that when the metal is bend
beyond the elastic limit, the inside of the bend will be under compression while the outside will be
under tension. The stretching of the metal on the outside makesthe stock thinner. Usually, aflat strip
of metal is bend by roll forming. The materials commonly used for roll forming are carbon steel,
stainless steel, bronze, copper, brass, zinc and auminium. Some of its products are metal windows,
screen frame parts, bicycle wheel rims, trolley rails, etc. Most of the tubing is now-a-days are roll
formed in cold conditions and then welded by resistance welding.

7. Cold peening. Thisprocessis used to improve the fatigue resistance of the metal by setting
up compressive stressesin its surface. Thisisdone by blasting or hurling arain of small shot at high
velocity against the surface to be peened. The shot peeningisdoneby air blast or by some mechanical
means. Asthe shot strikes, small indentationsare produced, causing aslight plastic flow of the surface
metal to a depth of afew hundreds of a centimetre. This stretching of the outer fibresis resisted by
those underneath, which tend to return them to their original length, thus producing an outer layer
having a compressive stress while those below are in tension. In addition, the surface is dlightly
hardened and strengthened by the cold working operation.

3.12 Interchangeability

The term interchangeability is normally employed for the mass production of indentical items
within the prescribed limits of sizes. A little consideration will show that in order to maintain the sizes
of the part within a close degree of accuracy, alot of timeis required. But even then there will be
small variations. If the variations are within certain limits, al parts of equivalent sizewill be equally
fit for operating in machines and mechanisms. Therefore, certain variationsare recognised and allowed
in the sizes of the mating partsto give the required fitting. Thisfacilitates to select at random from a
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large number of partsfor an assembly and resultsin a considerable saving in the cost of production.
In order to control the size of finished part, with due allowancefor error, for interchangeable partsis
called limit system.

It may be noted that when an assembly is made of two parts, the part which entersinto the other,
is known as enveloped surface (or shaft for cylindrical part) and the other in which one entersis
called enveloping surface (or hole for cylindrical part).

Notes: 1. The term shaft refers not only to the diameter of a circular shaft, but it is also used to designate any
external dimension of a part.

2. Theterm hole refers not only to the diameter of a circular hole, but it is also used to designate any
internal dimension of a part.

3.13 Important Terms used in Limit System
The following terms used in limit system l— Tolerance

(or interchangeable system) are important from Allowance
the subject point of view: I Tolerance —

1. Nominal size. It is the size of a part 7y
specified in the drawing as a matter of conve- N
nience.

2. Basicsize. Itisthesizeof aparttowhich Hole Y
all limitsof variation (i.e. tolerances) are applied o

. . . - . Lower limit —
toarriveat final dimensioning of the mating parts. -

. C . Lower limit Uvpper limit —

The nominal or basic size of a part is oftenthe | Upper limit pp

same.
. . Fig. 3.1. Limits of sizes.
3. Actual size. It is the actual measured

dimension of the part. The difference between the basic size and the actual size should not exceed a
certain limit, otherwise it will interfere with the interchangeability of the mating parts.

4. Limits of sizes. There are two extreme permissible sizes for a dimension of the part as
shownin Fig. 3.1. Thelargest permissible size for adimension of the part is called upper or high or
maximum limit, whereas the smallest size of the part is known aslower or minimum limit.

5. Allowance. It is the difference between the basic dimensions of the mating parts. The
allowance may be positive or negative. When the shaft sizeislessthan the hole size, then the allowance
is positive and when the shaft size is greater than the hole size, then the allowance is negative.

6. Tolerance. It is the difference between the upper limit and lower limit of a dimension. In

other words, it isthe maximum permissible variationin adimension. Thetolerance may beunilateral
or bilateral. When all the tolerance is allowed on one side of the nominal size, e.g. 20i8_‘$ , then it
issaid to be unilateral system of tolerance. The unilateral system is mostly used in industries as it

permits changing the tolerance value while still retaining the same allowance or type of fit.

-

+0.000
=0.004

=)
Q

4
(a) Unilateral tolerance. (b) Bilateral tolerance.

Fig. 3.2. Method of assigning tolerances.
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When the tolerance is allowed on both sides of the nominal size, e.g. 2ot8;88§ ,thenitissaidto

be bilateral system of tolerance. Inthiscase + 0.002 isthe upper limit and — 0.002 isthe lower limit.

The method of assigning unilateral and bilateral tolerance is shown in Fig. 3.2 (a) and
(b) respectively.

7. Tolerance zone. It is the zone between the maximum and minimum limit size, as shown in
Fig. 3.3.

—— Upper deviation
Lower deviation

Tolerance

Lower deviaiton
Upper deviation

AL
A *_[ Zero line
/

Min. size — |— Basic size
Max. size

Fig. 3.3. Tolerance zone.

8. Zeroline. Itisastraight line corresponding to the basic size. The deviations are measured
from this line. The positive and negative deviations are shown above and below the zero line
respectively.

9. Upper deviation. It isthe algebraic difference between the maximum size and the basic size.
The upper deviation of a hole is represented by a symbol ES (Ecart Superior) and of a shaft, it is
represented by es.

10. Lower deviation. Itisthealgebraic difference between the minimum sizeand the basic size.
The lower deviation of a hole is represented by a symbol El (Ecart Inferior) and of a shaft, it is
represented by ei.

11. Actual deviation. It isthe algebraic difference between an actual size and the corresponding
basic size.

Y Tolerance
zone

|
—
.

|

l«— Max. size >
leMin. size>]
|

12. Mean deviation. It isthe arithmetical mean between the upper and lower deviations.
13. Fundamental deviation. It is one of the two deviations which is conventionally chosen to
define the position of the tolerance zone in relation to zero line, as shown in Fig. 3.4.

— Tolerance
Tolerance zone v

| U*

A + deviation
Max. Fundamental deViatiOn Lower deviation l
size & 7 .
. ero line
Mip, - \on -————-——— ——— — + +
size o
l Basic size

Fig. 3.4. Fundamental deviation.
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3.14 Fits

The degree of tightness or |ooseness between the two mating partsisknown as afit of the parts.
The nature of fit is characterised by the presence and size of clearance and interference.

The clearanceisthe amount by which the actual size of the shaft islessthan the actua size of
the mating holein an assembly asshownin Fig. 3.5 (a). In other words, the clearanceisthe difference
between the sizes of the hole and the shaft before assembly. The difference must be positive.

Min. interference

XZRRRRXHXHRHAXXHAXN
RRSIRRILLIRLLIRRLIA l
1

f

R

Max.
clearance

T

Max.
Min. clearance interference
R RIIRR) 1

JSsotesetetatotetatotesetotoretatototesel
tetoleletetotetetetoletetotetetutotetete!

DWW

(b) Interference fit. (c¢) Transition fit.

Fig. 3.5. Types of fits.

The interference is the amount by which the actual size of a shaft is larger than the actual
finished size of the mating holein an assembly asshownin Fig. 3.5 (b). In other words, theinterference
isthearithmetical difference between the sizes of the hole and the shaft, before assembly. The difference
must be negative.

(a) Clearance fit.

3.15 Types of Fits

According to Indian standards, the fits are classified into the following three groups:

1. Clearancefit. Inthistype of fit, the size [imitsfor mating parts are so selected that clearance
between them always occur, as shown in Fig. 3.5 (a). It may be noted that in a clearance fit, the
tolerance zone of the holeis entirely above the tolerance zone of the shaft.

Inaclearancefit, the difference between the minimum size of the hole and the maximum size of
the shaft is known as minimum clearance whereas the difference between the maximum size of the
hole and minimum size of the shaft is called maximum clearance as shown in Fig. 3.5 (a).

A Jet Engine : In a jet engine, fuel is mixed with air, compressed, burnt, and exhausted in one smooth,
continuous process. There are no pistons shuttling back and forth to slow it down.
Note : This picture is given as additional information and is not a direct example of the current chapter.
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The clearance fits may be dlide fit, easy diding fit, running fit, slack running fit and loose
running fit.

2. Interference fit. In this type of fit, the size limits for the mating parts are so selected that
interference between them always occur, asshownin Fig. 3.5 (b). It may be noted that inaninterference
fit, the tolerance zone of the holeis entirely below the tolerance zone of the shaft.

In an interference fit, the difference between the maximum size of the hole and the minimum
size of the shaft is known as minimum interference, whereas the difference between the minimum
size of the hole and the maximum size of the shaft is called maximum interference, asshownin Fig.
3.5 (b).

Theinterference fits may be shrink fit, heavy drive fit and light drivefit.

3. Transition fit. In thistype of fit, the size [imitsfor the mating parts are so selected that either
aclearance or interference may occur depending upon the actual size of the mating parts, asshownin
Fig. 3.5 (c). It may be noted that in atransition fit, the tolerance zones of hole and shaft overlap.

The transition fits may be forcefit, tight fit and push fit.

3.16 Basis of Limit System

Thefollowing are two bases of limit system:

1. Holebasissystem. Whenthe holeiskept asaconstant member (i.e. when thelower deviation
of the hole is zero) and different fits are obtained by varying the shaft size, as shown in Fig. 3.6 (a),
then the limit system is said to be on ahole basis.

2. Shaft basissystem. When the shaft iskept asaconstant member (i.e. when the upper deviation
of the shaft is zero) and different fits are obtained by varying the hole size, as shown in Fig. 3.6 (b),
then the limit system is said to be on a shaft basis.

1. Clearance fit. 2. Transition fit. 3. Interference fit.

(a) Hole basis system. (b) Shaft basis system.
Fig. 3.6. Bases of limit system.

The hole basis and shaft basis system may also be shown asin Fig. 3.7, with respect to the
zeroline.

Shaft
v Hole Holes

Hole
N\\X A\N Zero N \‘\l// Zero
Shaft 7777 2 Hole Hg’leTl‘“e O % Shaft line

1

Shafts

i
Basic size Shi‘ﬁ Shaft 2

Hole
1. Clearance fit. 2. Transition fit. 3. Interference fit. 3
(a) Hole basis system. (b) Shaft basis system.
Fig. 3.7. Bases of limit system.
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It may be noted that from the manufacturing point of view, aholebasissystemisaways preferred.
This is because the holes are usually produced and finished by standard tooling like drill, reamers,
etc., whose sizeisnot adjustabl e easily. On the other hand, the size of the shaft (whichisto gointothe
hole) can be easily adjusted and is obtained by turning or grinding operations.

Turbojet

Air intake Compressor Combustion chamber

Turbofan

Air intake Bypass ducts

Exhaust

Turbofan engines are quieter and more efficient than simple turbojet engines. Turbofans drive air
around the combustion engine as well as through it.

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

3.17 Indian Standard System of Limits and Fits

Accordingto Indian standard [IS: 919 (Part 1)-1993], the system of limitsand fits comprises 18
grades of fundamental tolerancesi.e. grades of accuracy of manufacture and 25 types of fundamental
deviationsindicated by letter symbols for both holes and shafts (capital letter A to ZC for holes and
small letters a to zc for shafts) in diameter steps ranging from 1 to 500 mm. A unilateral hole basis
system isrecommended but if necessary aunilateral or bilateral shaft basis system may also be used.
The 18 tolerance grades are designated as IT 01, IT Oand IT 1to IT 16. These are called standard
tolerances. The standard tolerances for grades IT 5to IT 7 are determined in terms of standard
tolerance unit (i) in microns, where

i (microns) =0.45 3/p + 0.001 D, where D isthe size or geometric mean diameter in mm.
The following table shows the relative magnitude for grades between IT 5and I T 16.

Table 3.2. Relative magnitude of tolerance grades.

Tolerance [IT5|IT6 | IT7 [ IT8 | ITO|ITA10| IT11|IT212 | IT13|IT14|IT15| IT 16
grade

Magnitude | 7i | 10i | 16i | 25i | 40i | 64i | 100i| 160i | 250i | 400i | 640i | 1000i
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The values of standard tolerances corresponding to grades IT 01, IT O and IT 1 are as given
below:

For IT 01, i (microns) =0.3+0.008 D,
For IT 0, i (microns) =0.5+0.012 D, and
For IT 1,i (microns) =0.8+0.020 D,

where D isthe size or geometric mean diameter in mm.

The tolerance values of grades IT 2 to IT 4 are scaled approximately geometrically between
IT 1andIT 5. The fundamental tolerances of gradesIT 01, ITOand IT 1to IT 16 for diameter steps
ranging from 1 to 500 mm are given in Table 3.3. The manufacturing processes capabl e of producing
the particular IT grades of work are shown in Table 3.4.

Thealphabetical representation of fundamental deviationsfor basic shaft and basic hole system
isshowninFig. 3.8.
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Fig. 3.8. Fundamental deviations for shafts and holes.
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Table 3.4. Manufacturing processes and IT grades produced.

SNo. | Manufacturing IT grade produced SNo. Manufacturing IT grade produced

process process

1. Lapping 4and5 9. Extrusion 810 10

2. Honing 4and 5 10 Boring 8to13

&, Cylindrical 5to7 11 Milling 10to 13
grinding

4, Surface grinding 5t08 12. Planing and 10to 13

shaping

5, Broaching 5t08 13. Drilling 10to 13

6. Reaming 6to 10 14. Die casting 12t0 14

7. Turning 7t013 15. Sand casting 14t0 16

8. Hot rolling 8to 10 16. Forging 14to 16

For hole, H stands for a dimension whose lower deviation refers to the basic size. The hole H
for which the lower deviation is zero is called a basic hole. Similarly, for shafts, h stands for a
dimension whose upper deviation refersto the basic size. The shaft h for which the upper deviationis
zerois called a basic shaft.

This view along the deck of a liquefied natural gas (LNG) carrier shows the tops of its large, insulated
steel tanks. The fanks contain liquefied gas at-162°C.

A fit isdesignated by its basic size followed by symbols representing the limits of each of its
two components, the hole being quoted first. For example, 100 H6/g5 means basic size is 100 mm
and the tolerance grade for the hole is 6 and for the shaft is 5. Some of the fits commonly used in
engineering practice, for holes and shafts are shown in Tables 3.5 and 3.6 respectively according to
IS: 2709 — 1982 (Reaffirmed 1993).
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Table 3.5. Commonly used fits for holes according to
IS : 2709 - 1982 (Redaffirmed 1993).

Type Class With holes Remarks and uses
of fit of shaft
H6 H7 H8 H11

a — — — all| Largeclearance fit and widely used.
b — — — b1l

c — c8 *c9 c11| Slack runningfit.

d — ds *d8 d 11| Loose running fit—used for plummer
d9, d10 block bearings and loose pulleys.

e er’ e8 |*e8-e9| — | Easy running fit—used for properly
|ubricated bearings requiring appreciable
clearance. In the finer grades, it may be
used on large electric motor and
turbogenerator bearings according to the
working condition.

f “f6 f7 “f8 — | Normal running fit—widely used for
grease lubricated or oil lubricated
bearings where no substantial
temperature differences are
encountered—Typical applications are
gear box shaft bearings and the bearings
of small electric motors, pumps, etc.

g *g5 *g6 g7 — | Closerunningfit or dliding fit—Alsofine
spigot and | ocation fit—used for bearings

for accurate link work and for piston and
slide valves.

Clearance
fit

h “h5 *h6 |*h7-h8 | *h1l) precisiondlidingfit. Alsofinespigotand
location fit—widely used for non-
running parts.

Push fit for very accurate location with

easy assembly and dismantling—Typica

applications are coupling, spigots and

recesses, gear rings clamped to steel hubs,

etc.

Transition Kk *K 5 *Kk6 k7 — | Truetrangitionfit (light keying fit)—used
fit for keyed shaft, non-running locked pins,

etc.

m *m5 *m6 m7 — | Medium keying fit.

n ns N6 n7 __ | Heavy keying fit—used for tight
assembly of mating parts.

*

Second preference fits.
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Type
of fit

Class
of shaft

With holes

H6 H7 H8 H11

Remarks and uses

Interference
fit

pS *p6

r5

*s6 s7

t5 t6 *t7

us u6 *ur

Light press fit with easy dismantling for
non-ferrous parts. Standard press fit with
easy dismantling for ferrous and non-
ferrous parts assembly.

Medium drivefit with easy dismantling for
ferrous parts assembly. Light drivefit with
easy dismantling for non-ferrous parts
assembly.

Heavy drive fit on ferrous parts for
permanent or semi-permanent assembly.
Standard press fit for non-ferrous parts.

Force fit on ferrous parts for permanent
assembly.
Heavy force fit or shrink fit.

Very large interference fits — not
recommended for use

Table 3.6. Commonly used fits

for shafts according to

IS : 2709 - 1982 (Reaffirmed 1993).

Type
of fit

Class
of hole

With shafts

Remarks and uses

*h5 h6 h7 | *h8 h9

h11

Clearance
fit

@ m mooO w »

Js

*D9
*E8

D10
E8*

D10
E9

*F7
G7

F8 | *F8

*G6

*H6 | H7 | H8 | H8 |H8, H9

*Js6 | Js7 | *JB

All | Large clearance fit and widely

used.
B11

C11
*D11

Slack running fit.
Loose running fit.
Easy running fit.

Normal running fit.

Close running fit or sliding fit,
also spigot and location fit.
Precision dliding fit. Also fine
spigot and location fit.

H11

Push it for very accuratelocation
with easy assembly and
disassembly.

*

Second preference fits.
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Type Class

of fit of hole

*h5

h6

With shafts Remarks and uses

h7  *h8 h9 h1l

Transi- K *K6

tion fit

M *M6
N *N6

K7

*M7
N7

*K8 | — | — | — | Light keying fit (true transition)
for keyed shafts, non-running
locked pins, etc.

Medium keying fit.

Heavy keying fit (for tight
assembly of mating surfaces).

M8 | — | — | —
WNe | — | — | —

Interfer- P *P6

encefit

T “T6

P7

R7

T7

Light press fit with easy
dismantling for non-ferrous parts.
Standard press fit with easy
dismantling for ferrous and non-
ferrous parts assembly.

Medium drive fit with easy
dismantling for ferrous parts
assembly. Light drivefit with easy
dismantling for non-ferrous parts
assembly.

Heavy drive fit for ferrous parts
permanent or semi- permanent
assembly, standard press fit for
non-ferrous parts.

Force fit on ferrous parts for
permanent assembly.

3.18 Calculation of Fundamental Deviation for

Shafts

We have already discussed that for holes, the upper
deviation is denoted by ES and the lower deviation by EI.
Similarly for shafts, the upper deviation is represented by es
and thelower deviation by ei. According to Indian standards,
for each letter symbol, the magnitude and sign for one of the
two deviations (i.e. either upper or lower deviation), whichis
known as fundamental deviation, have been determined by
means of formulae given in Table 3.7. The other deviation
may be cal culated by using the absolute val ue of the standard
tolerance (IT) from the following relation:

e=es—IT or

It may be noted for shafts a to h, the upper deviations

es= e +IT

(es)_ are Cor.'Si.dered Wher?as for shafts j to Zc, the lower Computer simulation of stresses on a jet
deviation (ei) isto be considered.

engine blades.

*  Second preferencefits.
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Thefundamental deviation for Indian standard shaftsfor diameter stepsfrom 1 to 200 mm may
be taken directly from Table 3.10 (page 76).

Table 3.7. Formulae for fundamental shaft deviations.

Upper deviation (es) Lower deviation (el)
Shaft designation | In microns (for D in mm) Shaft designation In microns (for D in mm)
a =—(265+1.3D) J5t0j 8 No formula
for D < 120 k4tok7 =+06 3p
=-35D
for D > 120 k for grades =0
<3and<8
b = — (140 + 0.85 D) m =+(IT7-1T6)
for D <160
=-18D n = + 5 (D)0
for D > 160 p =+IT7+0t05
G =—-52(D)%2 r = Geometric mean of values of &
for D <40 for shaftpand s
=—(95+0.8D) S =+ (IT8+1to4) for D <50
for D > 40 =+(IT7+0.4D)forD>50
d =—16 (D)%% t =+ (IT7+0.63D)
e =—11 (D)*4 u =+(IT7+D)
f =—55 (D)4 v =+(IT7+1.25D)
X =+(IT7+1.6D)
g SEUISH) e y =+(IT7+2D)
z =+(IT7+25D)
h =0 za =+ (IT8+3.15D)
zb =+(IT9+4D)
zc =+(IT10+5D)

For js, the two deviations are equal to + 1 T/2.

3.19 Calculation of Fundamental Deviation for Holes

Thefundamental deviation for holesfor those of the corresponding shafts, are derived by using
therule asgivenin Table 3.8.

Top
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Table 3.8. Rules for fundamental deviation for holes.

All deviation except those below

General rule

Holelimitsareidentical with the shaft limits of the
same symbol (letter and grade) but disposed on
the other side of the zero line.

El = Upper deviation es of the shaft of the same
letter symbol but of opposite sign.

For sizes
above
3mm

N 9 and coarser ES=0
grades
Soecial rule
J,K,M Upto grade 8 ES = Lower deviation ei of the shaft of the same
and N inclusive letter symbol but one grade finer and of opposite
sign increased by the difference between the
PtoZC upto grade 7 tolerances of the two grades in question.
inclusive

Thefundamental deviation for Indian standard holes for diameter stepsfrom 1 to 200 mm may

be taken directly from the following table.
Table 3.9. Indian standard ‘H’ Hole
Limits for H5 to H13 over the range 1 to 200 mm as per IS : 919 (Part 1l) -1993.

Diameter steps Deviationsin micron (1 micron = 0.001 mm)
inmm
H5 H6 H7 H8 H9 H10 | H11 | H12| H13 | H5-H13
Over To High | High | High | High | High | High | High | High| High Low
+ + + + + + + + +
1 3 5] 7 9 14 25 40 60 90 | 140 0
3 6 5) 8 12 18 30 48 75 120 | 180 0
6 10 6 9 15 22 36 58 90 150 | 220 0
10 14 8 11 18 27 43 70 110 180 | 270 0
14 18
18 24 9 13 21 33 52 84 130 210 | 330 0
24 30
30 40 11 16 25 39 62 100 | 160 250 | 460 0
40 50
S0 & 13 19 30 46 74 120 | 190 300 | 390 0
65 80
80 100 15 22 35 54 87 140 | 220 350 | 540 0
100 120
120 140 18 25 40 63 100 160 | 250 400 | 630 0
140 160
160 180
20 29 46 72 115 185 | 290 460 | 720 0
180 200
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Example 3.1. The dimensions of the mating parts, according to basic hole system, are given as
follows:

Hole: 25.00 mm Shaft : 24.97 mm
25.02 mm 24.95 mm
Find the hole tolerance, shaft tolerance and allowance.

Solution. Given : Lower limit of hole = 25 mm; Upper limit of hole = 25.02 mm;
Upper limit of shaft = 24.97 mm ; Lower limit of shaft = 24.95 mm

Holetolerance
We know that hole tolerance
= Upper limit of hole— Lower limit of hole
= 25.02—-25=0.02 mm Ans.

Shaft tolerance
We know that shaft tolerance
= Upper limit of shaft — Lower limit of shaft
= 24.97 - 24.95 =0.02 mm Ans.
Allowance
We know that allowance
= Lower limit of hole — Upper limit of shaft
= 25.00-24.97 = 0.03 mm Ans.

Example 3.2. Calculate the tol erances, fundamental deviations and limits of sizesfor the shaft
designated as 40 H8 / f7.

Solution. Given: Shaft designation=40H8/f 7

The shaft designation 40 H8 / f 7 meansthat the basic sizeis40 mm and the tolerance grade for
theholeis8 (i.e. | T 8) and for the shaftis7 (i.e. 1 T 7).

Tolerances
Since 40 mm liesin the diameter steps of 30 to 50 mm, therefore the geometric mean diameter,

D = /30x 50 =38.73 mm

We know that standard tolerance unit,
i =045 3p +0.001D
= 0.45 33373 +0.001 x 38.73
= 0.45x 3.38+0.03873=1.559 73 or 1.56 microns
= 1.56 x 0.001 = 0.001 56 mm ...(*~ L micron = 0.001 mm)
From Table 3.2, we find that standard tolerance for the hole of grade 8 (1 T 8)
=25i =25x0.001 56 = 0.039 mm Ans.
and standard tolerance for the shaft of grade 7 (I T 7)
=161 =16 x 0.001 56 = 0.025 mm Ans.
Note: Thevalueof | T8 and | T 7 may be directly seen from Table 3.3.
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Fundamental deviation
We know that fundamental deviation (lower deviation) for hole H,
El =0
From Table 3.7, we find that fundamental deviation (upper deviation) for shaft f,
es = —5.5(D)*4
= —5.5(38.73)%41 = - 24.63 or — 25 microns
=—25x0.001 =-0.025 mm Ans.
. Fundamental deviation (lower deviation) for shaft f,
e =es—| T=-0.025-0.025=-0.050 mm Ans.
The—-ve sign indicates that fundamental deviation lies below the zero line.
Limits of sizes
We know that lower limit for hole
= Basic size=40 mm Ans.
Upper limit for hole = Lower limit for hole + Tolerance for hole
= 40 + 0.039 = 40.039 mm Ans.
Upper limit for shaft = Lower limit for hole or Basic size — Fundamental deviation
(upper deviation) ...(" Shaft f lies below the zero line)
=40-0.025 = 39.975 mm Ans.
and lower limit for shaft = Upper limit for shaft — Tolerance for shaft
= 39.975-0.025 = 39.95 mm Ans.
Example 3.3. Give the dimensions for the hole and shaft for the following:
(@) A 12 mmelectric motor sleeve bearing;
(b) A medium force fit on a 200 mm shaft; and
(c) A50 mm sleeve bearing on the elevating mechanism of a road grader.
Solution.
(@) Dimensionsfor the hole and shaft for a 12 mm electric motor sleeve bearing

From Table 3.5, wefind that for an el ectric motor sleeve bearing, a shaft e 8 should be used with
H 8 hole.

Since 12 mm size lies in the diameter steps of 10 to 18 mm, therefore the geometric mean
diameter,

D = (J10x18 =13.4mm
We know that standard tolerance unit,
i =045 3p +0.001D

= 0.45 3134 +0.001 x 13.4 = 1.07 + 0.0134 = 1.0834 microns
.. *Standard tolerance for shaft and hole of grade 8 (IT 8)

=25i ...(From Table 3.2)
= 25 x 1.0834 = 27 microns
= 27 x 0.001 =0.027 mm ...(*~ L micron = 0.001 mm)

From Table 3.7, we find that upper deviation for shaft ‘€,
es = —11(D)%* = — 11 (13.4)%41 = — 32 microns
= —32x0.001=-0.032 mm

*  Thetolerance values may be taken directly from Table 3.3.
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We know that lower deviation for shaft ‘€,
e =es—IT=-0.032-0.027 =-0.059 mm
-. Dimensionsfor the hole (H 8)

= 12°5%" Ans.

and dimension for the shaft (e 8)

_ 190032
= 12_5059 ANS.

(b) Dimensionsfor the hole and shaft for a medium force fit on a 200 mm shaft
From Table 3.5, we find that shaft r 6 with hole H 7 gives the desired fit.
Since 200 mm liesin the diameter steps of 180 mm to 250 mm, therefore the geometric mean
diameter,
D = {/180x 250 =212 mm
We know that standard tolerance unit,
i =045 3p +0.001D
= 0.45 3212 +0.001 x 212 = 2.68 + 0.212 = 2.892 microns
. Standard tolerance for the shaft of grade 6 (IT6) from Table 3.2
=10i =10 x 2.892 = 28.92 microns
= 28.92 x 0.001 = 0.02892 or 0.029 mm
and standard tolerance for the hole of grade 7 (1T 7)
=161 =16 x 2.892 = 46 microns
= 46 x 0.001 = 0.046 mm
We know that lower deviation for shaft ‘r’ from Table 3.7

e %[(IT7+ 0.4D) + (IT7+0to5)]

1
3 [(46 + 0.4 x 212) + (46 + 3)] = 90 microns

= 90 x 0.001 = 0.09 mm
and upper deviation for the shaft r,
es = e +1T=0.09+0.029 = 0.119 mm
.. Dimension for thehole H 7
= 200709 Ans.
and dimension for the shaft r 6
= 2007059 Ans.
(c) Dimensionsfor the hole and shaft for a 50 mm sleeve bearing on the elevating mechanism
of aroad grader

From Table 3.5, wefind that for asleeve bearing, aloose running fit will be suitable and a shaft
d 9 should be used with hole H 8.

Since 50 mm size lies in the diameter steps of 30 to 50 mm or 50 to 80 mm, therefore the
geometric mean diameter,

D = ,/30x50 =38.73mm

Top



Contents

Manufacturing Considerations in Machine Design = 81

We know that standard tolerance unit,
i =045 ¥p +0.001D

= 0.45 33873 +0.001 x 38.73
= 1522 +0.03873 = 1.56073 or 1.56 microns
- Standard tolerance for the shaft of grade 9 (IT 9) from Table 3.2
=40i =40 x 1.56 = 62.4 microns
= 62.4 % 0.001 =0.0624 or 0.062 mm
and standard tolerance for the hole of grade 8 (IT 8)
=25i=25x1.56 = 39 microns
= 39 x 0.001 = 0.039 mm
We know that upper deviation for the shaft d, from Table 3.7
es = — 16 (D)%% = — 16 (38.73)%* = — 80 microns
= —-80x 0.001=-0.08 mm
and lower deviation for the shaft d,
e =es—I1T=-0.08—-0.062=-0.142 mm
.. Dimension for the holeH 8

= 50705% Ans.

and dimension for the shaft d 9
= 500%, Ans.

Example3.4. Ajournal of nominal or basic size of 75 mmrunsin a bearing with close running
fit. Find the limits of shaft and bearing. What is the maximum and minimum clearance?

Solution. Given: Nominal or basic size= 75 mm

From Table 3.5, we find that the close running fit is represented by H 8/g 7, i.e. ashaft g 7
should be used with H 8 hole.

Since 75 mm liesin the diameter steps of 50 to 80 mm, therefore the geometric mean diameter,

D = ,/50x80 =63mm
We know that standard tolerance unit,
i =045 3p +0.001D =045 3/g3 +0.001 x 63
=1.79 + 0.063 = 1.853 micron
= 1.853 x 0.001 = 0.001 853 mm
.~. Standard tolerance for hole ‘H’ of grade 8 (IT 8)
= 25i =25x 0.001 853 =0.046 mm
and standard tolerance for shaft ‘g’ of grade 7 (IT 7)
=16i =16 x 0.001 853 =0.03 mm
From Table 3.7, we find that upper deviation for shaft g,
es = —2.5(D)%3* =—- 2.5 (63)%3* = — 10 micron
=-10x 0.001 =-0.01 mm
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.. Lower deviation for shaft g,
e =es—|1 T=-0.01-0.03=-0.04 mm
We know that lower limit for hole
= Basicsize=75mm
Upper limit for hole = Lower limit for hole + Tolerance for hole
= 75+ 0.046 = 75.046 mm
Upper limit for shaft = Lower limit for hole — Upper deviation for shaft
...(" Shaft g liesbelow zero line)
= 75-0.01 = 74.99 mm
and lower limit for shaft = Upper limit for shaft — Tolerance for shaft
= 74.99 — 0.03 = 74.96 mm
We know that maximum clearance
= Upper limit for hole — Lower limit for shaft
= 75.046 — 74.96 = 0.086 mm Ans.
and minimum clearance = Lower limit for hole— Upper limit for shaft
=75-74.99=0.01 mm Ans.

3.20 Surface Roughness and its

Measurement _

A little consideration will show that surfaces e LIRSS CETIES
produced by different machining operations (e.g. * absorbs shock
turning, milling, shaping, planing, grinding and 1 -+ Hydraulic cylinder
superfinishing) are of different characteristics. They ’ A0 folds :Vhee's for
show marked variations when compared with each e - -
other. The variation is judged by the degree of ; .
smoothness. A surface produced by superfinishing -

isthesmoothest, whilethat by planing istheroughest.
In the assembly of two mating parts, it becomes
absolutely necessary to describe the surface finish
in quantitative terms which is measure of micro-
irregularities of the surface and expressed in microns.
In order to prevent stress concentrations and proper
functioning, it may be necessary to avoid or to have
certain surface roughness.

There are many ways of expressing the sur-
face roughness numerically, but the following two
methods are commonly used :

1. Centre line average method (briefly
known as CLA method), and Landing Gear : When an aircraft comes in to

2. Root mean saquare method (brieflv known land, it has to lose a lot of energy in a very
RMS ;?1 d ( y short time. the landing gear deals with this
& metho ) and prevents disaster. First, mechanical or

The centreline average method isdefined as  liquid springs absorb energy rapidly by being

the average value of the ordinates between the compressed. As the springs relax, this energy

- . will be released again, but in a slow

surface and _the mean_ line, measured on both ?"?'% controlled manner in a damper-the second

of it. According to Indian standards, thesurfacefinish - energy absorber. Finally, the tyres absorb
ismeasuredintermsof ‘CLA’ valueand it isdenoted energy, getting hot in the process.

by Ra.

Liquid spring

Tyres absorb
some energy
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Vit Yo+ Y3+ .- W
n
where, y,, y,, ...y, are the ordinates measured on both sides of the mean line and n are the number of
ordinates.
The root mean sgquare method is defined as the sgquare root of the arithmetic mean of the
squares of the ordinates. Mathematically,

CLA valueor Ra (in microns) =

Y12+ Y22+ Y32+ yn2
n
According to Indian standards, following symbols are used to denote the various degrees of
surface roughness:

R.M.S. value (in microns) =

Symbol Surface roughness (Ra) in microns
\% 8t0 25
VA% 16t08
VVVv 0.025t01.6
VVVV Lessthan 0.025

The following table shows the range of surface roughness that can be produced by various
manufacturing processes.

Table 3.11. Range of surface roughness.

SNo. | Manufacturing Surface roughness SNo.| Manufacturing Surface roughness

process in microns process in microns

1. Lapping 0.012 to 0.016 9 | Extrusion 0.16t05

2. Honing 0.025 to 0.40 10. | Boring 0.40t06.3

3. Cylindrical grinding 0.063t0 5 11. | Milling 0.32t0 25

4, Surface grinding 0.063t0 5 12. | Planing and shaping 16t025

5, Broaching 0.40t0 3.2 13. | Drilling 16t020

6. Reaming 0.40t03.2 14. | Sand casting 5to 50

7. Turning 0.32t0 25 15. | Diecasting 0.80t03.20

8. Hot rolling 251050 16. | Forging 1.60to 2.5

3.21 Preferred Numbers

When amachineisto be madein severa sizeswith different powers or capacities, it isnecessary
to decide what capacitieswill cover acertain range efficiently with minimum number of sizes. It has
been shown by experiencethat acertain range can be covered efficiently whenit follows ageometrical
progression with a constant ratio. The preferred numbers are the conventionally rounded off values
derived from geometric seriesincluding theintegral powers of 10 and having as common ratio of the

following factors:
{10, 110, 210 and 410

These ratios are approximately equal to 1.58, 1.26, 1.12 and 1.06. The series of preferred
numbers are designated as * R5, R10, R20 and R40 respectively. These four series are called basic
series. The other series called derived series may be obtained by simply multiplying or dividing the
basic sizesby 10, 100, etc. The preferred numbersin the seriesR5 are 1, 1.6, 2.5, 4.0 and 6.3. Table
3.12 shows basic series of preferred numbers according to IS : 1076 (Part I) — 1985 (Reaffirmed
1990).

*  The symbol R isused as atribute to Captain Charles Renard, the first man to use preferred numbers.
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Notes : 1. The standard sizes (in mm) for wrought metal products are shown in Table 3.13 according to
I1S: 1136 — 1990. The standard G.P. series used correspond to R10, R20 and R40.

2. Thehoisting capacities (in tonnes) of cranes arein R10 series, while the hydraulic cylinder diameters
arein R40 series and hydraulic cylinder capacities arein R5 series.

3. Thebasic thickness of sheet metals and diameter of wires are based on R10, R20 and R40 series. Wire
diameter of helical springs arein R20 series.
Table 3.12. Preferred numbers of the basic series, according to
IS: 1076 (Part 1)-1985 (Reaffirmed 1990).

Basic series Preferred numbers

R5 1.00, 1.60, 2.50, 4.00, 6.30, 10.00

R10 1.00, 1.25, 1.60, 2.00, 2.50, 3.15, 4.00, 5.00, 6.30, 8.00, 10.00

R20 1.00, 1.12, 1.25, 1.40, 1.60, 1.80, 2.00, 2.24, 2.50, 2.80, 3.15, 3.55, 4.00, 4.50,
5.00, 5.60, 6.30, 7.10, 8.00, 9.00, 10.00

R40 1.00, 1.06, 1.12, 1.18, 1.25, 1.32, 1.40, 1.50, 1.60, 1.70, 1.80, 1.90, 2.00, 2.12,
2.24, 2.36, 2.50, 2.65, 2.80, 3.00, 3.15, 3.35, 3.55, 3.75, 4.00, 4.25, 4.50, 4.75,
5.00, 5.30, 5.60, 6.00, 6.30, 6.70, 7.10, 7.50, 8.00, 8.50, 9.00, 9.50, 10.00

Table 3.13. Preferred sizes for wrought metal products
accordingto IS: 1136 - 1990.

Szerange Preferred sizes (mm)
0.01-0.10 mm 0.02, 0.025, 0.030, 0.04, 0.05, 0.06, 0.08 and 0.10
0.10-1mm 0.10, 0.11, 0.12, 0.14, 0.16, 0.18, 0.20, 0.22, 0.25, 0.28, 0.30, 0.32, 0.35,

0.36, 0.40, 0.45, 0.50, 0.55, 0.60, 0.63, 0.70, 0.80, 0.90 and 1

1-10mm 1,11,12,14,15,16, 18,222, 25,28, 3,32, 35,36,4,45,5,55,
5.6, 6,6.3,7,8, 9and 10

10— 100 mm 10to 25 (in steps of 1 mm), 28, 30, 32, 34, 35, 36, 38, 40, 42, 44, 45, 46,
48,50, 52, 53, 55, 56, 58, 60, 62, 63, 65, 67, 68, 70, 71, 72, 75, 78, 80, 82,
85, 88, 90, 92, 95, 98 and 100

100 — 1000 mm 100 to 200 (in steps of 5 mm), 200 to 310 (in steps of 10 mm), 315, 320,
330, 340, 350, 355, 360, 370, 375, 380 to 500 (in steps of 10 mm), 520, 530,550,
560, 580, 600, 630, 650, 670, 700, 710 and 750 — 1000 (in steps of 50 mm)

1000 — 10 000 mm 1000, 1100, 1200, 1250, 1400, 1500, 1600, 1800, 2000, 2200, 2500, 2800,
3000, 3200, 3500, 3600, 4000, 4500, 5000, 5500, 5600, 6000, 6300, 7000,
7100, 8000, 9000 and 10 000

EXERCISES

1. Ajournal of basic size of 75 mm rotates in a bearing. The tolerance for both the shaft and bearing is
0.075 mm and the required allowance is 0.10 mm. Find the dimensions of the shaft and the bearing
bore. [Ans. For shaft : 74.90 mm, 74.825 mm ; For hole: 75.075 mm, 75 mm]

2. A medium force fit on a 75 mm shaft requires a hole tolerance and shaft tolerance each equal to
0.225 mm and average interference of 0.0375 mm. Find the hole and shaft dimensions.

[Ans. 75 mm, 75.225 mm ; 75.2625 mm, 75.4875 mm]
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10.
11.
12.

13.
14.

15.
16.
17.

18.
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Calculate the tolerances, fundamental deviations and limits of size for hole and shaft in the following
cases of fits:

(@ 25H8/d9%and  (b) 60H7/m6

[Ans. (a) 0.033 mm, 0.052 mm; 0,—0.064 mm, —0.116 mm; 25 mm, 25.033 mm, 24.936 mm, 24.884
mm (b) 0.03 mm, 0.019 mm; 0.011 mm, —0.008 mm; 60 mm, 60.03 mm, 59.989 mm, 59.97 mm]

Find the extreme diameters of shaft and holefor atransition fit H7/n6, if the nominal or basic diameter
is12 mm. What is the value of clearance and interference?

[Ans. 12.023 mm, 12.018 mm; 0.006 mm, —0.023 mm]

A gear hasto be shrunk on a shaft of basic size 120 mm. An interference fit H7/u6 is being selected.
Determine the minimum and maximum diameter of the shaft and interference.

[Ans. 120.144 mm, 120.166 mm; 0.109 mm, 0.166 mm]

QUESTIONS

Enumerate the various manufacturing methods of machine parts which a designer should know.
Explain briefly the different casting processes.

Write a brief note on the design of castings?

State and illustrate two principal design rules for casting design.

List the main advantages of forged components.

What are the salient features used in the design of forgings? Explain.

What do you understand by ‘hot working’ and ‘ cold working' processes? Explain with examples.

State the advantages and disadvantages of hot working of metals. Discuss any two hot working
processes.

What do you understand by cold working of metals? Describe briefly the various cold working
processes.

What are fits and tolerances? How are they designated?

What do you understand by the nominal size and basic size?

Write short notes on the following :

(a) Interchangeability; (b) Tolerance; (c) Allowance; and (d) Fits.

What isthe difference in the type of assembly generally used in running fits and interference fits?

Statebriefly unilateral system of tolerances covering the points of definition, application and advantages
over the bilateral system.

What is meant by ‘hole basis system’ and ‘ shaft basis system’ ? Which oneis preferred and why?
Discuss the Indian standard system of limits and fits.
What are the commonly used fits according to Indian standards?

What do you understand by preferred numbers? Explain fully.
OBJECTIVE TYPE QUESTIONS

The castings produced by forcing molten metal under pressureinto apermanent metal mould isknown
as

(@) permanent mould casting (b) slush casting

(c) diecasting (d) centrifugal casting

The metal is subjected to mechanical working for

(@) refining grainsize (b) reducing original block into desired shape
(c) controlling the direction of flow lines (d) all of these
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3.

10.

11

12.

13.

14.

15.

The temperature at which the new grains are formed in the metal is called

(a) lower critical temperature (b) upper critical temperature

(c) eutectic temperature (d) recrystallisationtemperature

The hot working of metalsis carried out

(a) at therecrystallisation temperature (b) below the recrystallisation temperature
(c) abovetherecrystallisation temperature (d) atany temperature

During hot working of metals

(@) porosity of the metal islargely eliminated

(b) grain structure of the metal isrefined

(¢) mechanical properties are improved due to refinement of grains

(d) all of the above

The parts of circular cross-section which are symmetrical about the axis of rotation are made by

(@) hot forging (b) hot spinning

(c) hot extrusion (d) hot drawing

The cold working of metalsis carried ot .............. the recrystallisation temperature.
(a) above (b) below

The process extensively used for making bolts and nutsis

(@) hot piercing (b) extrusion

(c) cold peening (d) cold heading

In aunilateral system of tolerance, the toleranceis allowed on

(@) oneside of the actual size (b) oneside of the nominal size
(c) both sides of the actual size (d) both sides of the nominal size
The algebraic difference between the maximum limit and the basic sizeis called

(a) actua deviation (b) upper deviation

(c) lower deviation (d) fundamental deviation

A basic shaft is one whose

(a) lower deviation iszero (b) upper deviation is zero

(c) lower and upper deviations are zero (d) none of these

A basic holeis one whose

(a) lower deviationiszero (b) upper deviation is zero

(c) lower and upper deviations are zero (d) none of these

According to Indian standard specifications, 100 H 6 / g 5 means that the
(@) actua sizeis100 mm

(b) basic sizeis 100 mm

(c) difference between the actual size and basic size is 100 mm
(d) none of the above

According to Indian standards, total number of tolerance grades are
(@ 8 (b) 12

(c) 18 (d 20
According to Indian standard specification, 100 H6/g5 means that
(a) tolerance grade for the holeis 6 and for the shaft is5

(b) tolerance grade for the shaft is 6 and for the holeis 5

(c) tolerance grade for the shaft is4 to 8 and for the holeis3to 7

(d) tolerance grade for the holeis 4 to 8 and for the shaftis3to 7

ANSWERS
1. (0 2. (d) 3. (d) 4. (0 5. (d)
6. (b) 7. (b) 8. (d) 9. (b) 10. (b)
1. (b) 12. (a) 13. (b) 14. (0) 15. (a)
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Simple Stresses in
Machine Parts

O

10.
7.
128
13.
14.

15.
16.
17
18.
19.

20.
21.

22.

23.
24,

OO N —

. Infroduction.

Load.

. Stress.

., Strain.

. Tensile Stress and Strain.

. Compressive Stress and

Strain.

. Young's Modulus or Modulus

of Elasticity.

. Shear Stress and Strain
. Shear Modulus or Modulus

of Rigidity.

Bearing Stress.
Stress-Strain Diagram.
Working Stress.

Factor of Safety.
Selection of Factor of
Safety.

Stresses in Composite
Bars.

Stresses due to Change
in Temperature—Thermal
Stresses.

Linear and Lateral Strain.
Poisson's Ratio.

Volumetric Strain.

Bulk Modulus.

Relation between Bulk
Modulus and Young's
Modulus.

Relation between Young's
Modulus and Modulus of
Rigidity.

Impact Stress.

Resilience.

4.1 Introduction

In engineering practice, the machine parts are
subjected to variousforces which may be dueto either one
or more of the following:

1. Energy transmitted,

2. Weight of machine,

3. Frictional resistances,

4. Inertiaof reciprocating parts,

5. Change of temperature, and

6. Lack of balance of moving parts.

Thedifferent forces acting on amachine part produces
various types of stresses, which will be discussed in this
chapter.

4.2 Lload

It is defined as any external force acting upon a
machine part. The following four types of the load are
important from the subject point of view:

87

Contents

Top



88 = A Texthook of Machine Design

1. Dead or steady load. A load is said to be adead or steady load, when it does not change in
magnitude or direction.

2. Liveor variableload. Aload issaid to bealiveor variableload, when it changes continually.
3. Suddenly applied or shock loads. A load issaid to be asuddenly applied or shock load, when
it is suddenly applied or removed.

4. Impact load. A load is said to be animpact load, when it isapplied with someinitial velocity.

Note: A machine part resists a dead load more easily than alive load and a live load more easily than a shock
load.

4.3 Stress

When some external system of forces or loads act on a body, the internal forces (equal and
opposite) are set up at various sections of the body, which resist the external forces. This internal
force per unit areaat any section of the body isknown as unit stress or simply astress. It is denoted
by a Greek letter sigma (c). Mathematically,

Stress, ¢ = PIA
where P = Force or load acting on abody, and
A = Cross-sectional area of the body.

In S.I. units, the stress is usually expressed in Pascal (Pa) such that 1 Pa= 1 N/n?. In actual
practice, we use bigger units of stressi.e. megapascal (MPa) and gigapascal (GPa), such that

1 MPa = 1 x 10% N/m? = 1 N/mm?
and 1 GPa = 1 x 10° N/m? = 1 kN/mm?

4.4 Strain

When asystem of forcesor loads act on abody, it undergoes some deformation. Thisdeformation
per unit length is known as unit strain or simply astrain. It is denoted by a Greek |etter epsilon (g).
Mathematically,

Strain, ¢ =3l /1 or dl =el
where 8l = Changein length of the body, and
| = Original length of the body.

4.5 Tensile Stress and Strain

X

! . <
P<———|———>P P 361 6[: —> P

| > -

X

(@) ®)

Fig. 4.1. Tensile stress and strain.

When a body is subjected to two equal and opposite axial pulls P (also called tensile load) as
shownin Fig. 4.1 (a), then the stress induced at any section of the body isknown astensile stress as
shown in Fig. 4.1 (b). A little consideration will show that due to the tensile load, there will be a
decrease in cross-sectional area and an increase in length of the body. The ratio of the increase in
length to the original length isknown astensile strain.
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Let P = Axial tensileforce acting on the body,
A = Cross-sectional area of the body,
| = Original length, and
dl = Increaseinlength.
. Tensllestress, 6, = P/A
andtensilestrain, e, =dl/l

4.6 Compressive Stress and
Strain

When a body is subjected to two
equal and opposite axial pushes P (also
called compressive load) as shown in
Fig. 4.2 (a), then the stressinduced at any
section of the body is known as
compressive stress as shown in Fig. 4.2
(b). A little consideration will show that
dueto the compressiveload, therewill be

an increase in cross-sectiona area and a Shock absorber of a motorcycle absorbs stresses.
decrease in length of the body. The ratio Note : This picture is given as additional information and is
of the decrease in length to the origina not a direct example of the current chapter.
length is known as compressive strain.
X
! - —>
P—>——|—=—" p—> =% 0.3 |le—P
-~ —
X
(a) (b)

Fig. 4.2. Compressive stress and strain.
Let P = Axia compressive force acting on the body,
A = Cross-sectional area of the body,
| = Original length, and
8l = Decreasein length.
Compressive stress, 6, = P/A
and compressive strain, e, =ol/l
Note: In case of tension or compression, the areainvolved is at right angles to the external force applied.

4.7 Young's Modulus or Modulus of Elasticity

Hooke's law* states that when a material is loaded within elastic limit, the stress is directly
proportional to strain, i.e.

G x<g or o=E.
_o_ Pxl
e AxJdl

*  |tisnamed after Robert Hooke, who first established it by experimentsin 1678.
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where E isaconstant of proportionality known as Young's modulus or modulus of elasticity. In S.1.

units, it is usually expressed in GPai.e. GN/m? or KN/mm?2. It may be noted that Hooke's law holds
good for tension as well as compression.

The following table shows the values of modulus of elasticity or Young's modulus (E) for the
materials commonly used in engineering practice.

Table 4.1. Values of E for the commonly used engineering materials.

Material Modulus of elaticity (E) in GPa i.e. GN/m? or kN/mm?

Steel and Nickel 200 to 220

Wrought iron 190 to 200

Cast iron 100 to 160

Copper 90 to 110

Brass 80 to 90

Aluminium 60 to 80

Timber 10

Example 4.1. Acoil chain of a crane required to carry a maximumload of 50 kN, is shown in
Fig. 4.3.

50 kN 50 kN

Fig. 4.3

Find the diameter of the link stock, if the permissible tensile stressin the link material is not to
exceed 75 MPa.

Solution. Given: P =50kN =50 x 103N ; 6, = 75 MPa = 75 N/mm?
Let d = Diameter of thelink stock in mm.

Area, A = 7 xd? = 07854 02
We know that the maximum load (P),
50 x 10° = 6. A=75x 0.7854 d2 = 58.9 d?

d? = 0><1O3/589 850 or d=29.13say 30 mmAns.

Example42 Acastironlink, asshownin Fig. 4.4, isrequired to transmit a steady tensileload
of 45 kN. Find the tensile stress induced in the link material at sections A-A and B-B.

B A B
! ! ! ¥ T
P _—!-—/_4*5__ J - —; 75
| {20k« ' T—L
| I I {20k
B A B

Section at B-B
Fig. 4.4. All dimensionsin mm.
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Solution. Given: P=45kN =45x 10°N
Tensile stressinduced at section A-A
We know that the cross-sectional area of link at section A-A,
A, =45 x 20 =900 mm?
.. Tensile stressinduced at section A-A,

_ P _45x10°
! A1 900
Tensile stress induced at section B-B

o =50 N/mm? =50 MPa Ans.

We know that the cross-sectional area of link at section B-B,
A, = 20 (75-40) = 700 mm?
.. Tensile stress induced at section B-B,
P 45x10°
O, = E =70 " 64.3 N/mm? = 64.3 MPaAns.

Example4.3. Ahydraulic pressexertsatotal load of 3.5 MN. Thisload is carried by two steel
rods, supporting the upper head of the press. If the safe stressis 85 MPa and E = 210 kN/mm?,
find : 1. diameter of the rods, and 2. extension in each rod in a length of 2.5 m.

Solution. Given: P=35MN =35 x 10°N ; 6, = 85 MPa= 85 N/mm?; E = 210 kN/mm?
=210 x 103 N/mm?; | =25 m =25 x 10° mm

1. Diameter of therods

Let d = Diameter of the rodsin mm.
Area, A:% x d2 = 0.7854 d2
Sincetheload P is carried by two rods, therefore load carried by each rod,
P, = Z % =1.75x 10°N

We know that load carried by each rod (P,),
1.75x 10° =¢,. A=85x 0.7854 d? = 66.76 d?
d? =1.75x 10%66.76 = 26 213 or d=162mm Ans.
2. Extension in each rod
Let 8l = Extension in each rod.
We know that Young's modulus (E),
BRxl o, x|l 8x25x10° 2125x10° ,__(.,ﬂ:(,t)

3 = = — =
210 10° =108 T ol ol

8l =212.5 x 10%/(210 x 10%) = 1.012 mm Ans.

Exampl e4.4. Arectangular base plateisfixed at each of itsfour corners by a 20 mm diameter
bolt and nut as shown in Fig. 4.5. The plate rests on washers of 22 mm internal diameter and
50 mm external diameter. Copper washers which are placed between the nut and the plate are of
22 mminternal diameter and 44 mm external diameter.

Top



Contents

92 = A Texthook of Machine Design

If the base plate carries a load of 120 kN (including 44 mm—>
self-weight, which isequally distributed on the four corners),
calculate the stress on the lower washers before the nuts are | g,ggﬁ;r
tightened. L

What could bethe stressin the upper and lower washers, L | ) Base
when the nuts are tightened so as to produce a tension of % | %4_ plate
5 kN on each bolt? % , %'\ ‘I;Ig‘s’f;r

Solution. Given:d=20mm;d, =22mm; d, =50
mm; d; =22mm;d,=44mm; P, =120kN ; P,=5kN | 20 mm
Stress on the lower washers before the nuts are 22 mm [<—
tightened 50 mm

We know that area of lower washers, Fig. 4.5

A = 2@ - @)?] =250 - (22°] = 1583
and area of upper washers,

i T
A, = 2 [(d4)2 - (d3)2J =2 [(44)2 - (22)2} = 1140 mm?
Since the load of 120 kN on the four washers is equally distributed, therefore load on each
lower washer before the nuts are tightened,
120
P, = >y =30kN =30000N
We know that stress on the lower washers before the nuts are tightened,
Oy = % = 325?320 =18.95 N/mm? = 18.95 MPa Ans.
Stress on the upper washers wheén the nuts are tightened
Tension on each bolt when the nut is tightened,
P, =5kN =5000N
.. Stress on the upper washers when the nut is tightened,

G, = B _ 5000 _ 438 N/mm?=4.38 MPa Ans.
A, 1140
Stress on the lower washerswhen the nuts are tightened
We know that the stress on the lower washers when the nuts are tightened,
P, + P, 30000 + 5000

Gy = A = 1583 = 2211 N/mm? = 22.11 MPaAns.

Example 4.5. The piston rod of a steam engine is 50 mm in diameter and 600 mm long. The
diameter of the piston is 400 mm and the maximum steam pressure is 0.9 N/mn¥. Find the compres-
sion of the piston rod if the Young's modulus for the material of the piston rod is 210 kN/mn?.

Solution. Given:d=50mm ;| =600mm ; D =400 mm ; p = 0.9 N/mm?; E = 210 KN/mmn?
=210 x 10% N/mm?

Let 8l = Compression of the piston rod.

We know that cross-sectional area of piston,

- % x D2 = % (400)2 = 125 680 mm?

.. Maximum load acting on the piston due to steam,
P = Cross-sectional area of piston x Steam pressure

=125680x09=113110N
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We also know that cross-sectional area of piston rod,
=T q2=T 2
A 1 xd 2 (50)
= 1964 mm?
and Young's modulus (E),
. PxI
210x10° = 705
~113110x 600 _ 34 555
1964 x ol ol
8l = 34555/ (210 x 10°)
=0.165mm Ans.
4.8 Shear Stress and Strain

This picture shows a jet engine being

When abody is subjected to two equal and opposite .o for bearing high stresses.

forces acting tangentially across the resisting section, asa
result of which the body tends to shear off the section, then the stressinduced is called shear stress.

% :
}%
NN\ R i \ i

(a) (b)
Fig. 4.6. Single shearing of ariveted joint.
The corresponding strain is known as shear strain and it is measured by the angular deformation
accompanying the shear stress. The shear stress and shear strain are denoted by the Greek letterstau
(t) and phi (¢) respectively. Mathematically,

Shear stress, © = Tang.en.tlal force
Resisting area
Consider a body consisting of two plates connected by arivet as shown in Fig. 4.6 (a). In this
case, thetangential force P tendsto shear off therivet at one cross-section asshownin Fig. 4.6 (b). It
may be noted that when the tangential force is resisted by one cross-section of the rivet (or when
shearing takes place at one cross-section of therivet), thentherivetsare said to bein single shear. In
such acase, the arearesisting the shear off therivet,

A = Exd?
4
and shear stress on the rivet cross-section,
_E_ P 4P
T= A g2 md

Now let us consider two plates connected by the two cover plates as shown in Fig. 4.7 (a). In
this case, the tangential force P tendsto shear off therivet at two cross-sections as shownin Fig. 4.7
(b). It may be noted that when the tangential force is resisted by two cross-sections of the rivet (or
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when the shearing takes place at two cross-sections of the rivet), then the rivets are said to be in
double shear. In such a case, the arearesisting the shear off therivet,

T
A = 2><:1'><d2 ... (For double shear)
and shear stress on the rivet cross-section,
P P 2P
T=—= =

2% | | O P | 77223 | V2, »
N\ Yy ~\NX N U/~
2| \77 071 V)

! ! ' N>y
(a) ()

Fig. 4.7. Double shearing of ariveted joint.
Notes: 1. All lap joints and single cover butt joints are in single shear, while the butt joints with double cover
plates are in double shear.
2. In case of shear, the areainvolved is parallel to the external force applied.

3. When the holes are to be punched or drilled in the metal plates, then the tools used to perform the
operations must overcome the ultimate shearing resistance of the material to be cut. If ahole of diameter ‘d’ is
to be punched in ametal plate of thickness ‘t’, then the area to be sheared,

A=mdxt

and the maximum shear resistance of the tool or the force required to punch a hole,
P=Axt =ndxtxt,

where 1, = Ultimate shear strength of the material of the plate.

4.9 Shear Modulus or Modulus of Rigidity

It has been found experimentally that within the elastic limit, the shear stress is directly
proportional to shear strain. Mathematically

T o< oo t=C.¢ or 1/¢=C
where T = Shear stress,
¢ = Shear strain, and
C = Constant of proportionality, known as shear modulus or modulus
of rigidity. It is aso denoted by N or G

The following table shows the values of modulus of rigidity (C) for the materialsin every day
use:

Table 4.2. Values of C for the commonly used materials.

Material Modulus of rigidity (C) in GPai.e. GN/m? or kN/mm?
Steel 80 to 100

Wrought iron 80t0 90

Cast iron 40 to 50

Copper 30to 50

Brass 30 to 50

Timber 10
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Example 4.6. Calculate the force required to punch a circular blank of 60 mm diameter in a
plate of 5 mmthick. The ultimate shear stress of the plate is 350 N/mn?.

Solution. Given: d =60mm;t=5mm; 7, =350 N/mm?
We know that area under shear,
A =ndx7t= 1 x60x5=942.6 mm?
and force required to punch ahole,
P=Ax1 =9426x350=329910N =329.91 kN Ans.

Example 4.7. Apull of 80 kN istransmitted from a bar X to the bar Y through a pin as shown
inFig. 4.8.

If the maximum permissible tensile stress in the barsis 100 N/mn and the permissible shear
stressin the pin is 80 N/mm?, find the diameter of bars and of the pin.

X ONMEEN
80 kN __{_%_i_ls EKN
| éD%
N _L N
I \—Pin
Fig. 4.8

Solution. Given: P =80 kN = 80 x 103 N;
6, = 100 N/mm?; T = 80 N/mm?
Diameter of the bars
Let D, = Diameter of the barsin mm.
T
- Area, A = 2 (Db)2=0.7854 (Db)2
We know that permissibletensile stressin the bar

(S,
P 80x10° 101846

100=—= 2 2
A, 0.7854 (D) (Dy)
(Db)2 =101 846/ 100 = 1018.46 High force injection moulding machine.
or Db =32mm Ans. Note : This picture is given as additional information

. ! and is not a direct example of the current chapter.
Diameter of the pin

Let Dp = Diameter of the pinin mm.

Sincethetensileload P tendsto shear off the pin at two sectionsi.e. at AB and CD, thereforethe
pinisin double shear.
Resisting area,

T
A, =2% 2 (Dp)2 =1571 (Dp)2
We know that permissible shear stressin the pin (1),

P 80x10°  50.9x10°

A, 1571(D,)?  (D,)?
(Dp)2 =50.9 x 10%80 = 636.5 or D,=252mm Ans.
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4.10 Bearing Stress

A localised compressive stress at the surface of contact between two members of a machine
part, that are relatively at rest is known as bearing stress or crushing stress. The bearing stressis
taken into account in the design of riveted joints, cotter joints, knuckle joints, etc. Let us consider a
riveted joint subjected to aload P as shownin Fig. 4.9. In such a case, the bearing stress or crushing
stress (stress at the surface of contact between the rivet and a plate),

P
o.(oroc.) = —
(" Oc) dtn .
where d = Diameter of therivet,

t = Thickness of the plate,
d.t = Projected area of therivet, and
n = Number of rivets per pitch length in bearing or crushing.

Fixed bearing

—>
%’/ Rotating
¥ journal
: %

A

SR
A, d_
T

(a) Journal supported in (b) Distribution of
a bearing. bearing pressure.

Fig. 4.9. Bearing stress in ariveted joint. Fig. 4.10. Bearing pressure in a journal
supported in a bearing.

It may be noted that the local compression which exists at the surface of contact between two
members of a machine part that are in relative motion, is called bearing pressure (not the bearing
stress). Thistermiscommonly used in the design of ajournal supported in abearing, pinsfor levers,
crank pins, clutch lining, etc. Let us consider ajournal rotating in afixed bearing as shown in Fig.
4.10 (a). The journal exerts a bearing pressure on the curved surfaces of the brasses immediately
below it. The distribution of this bearing pressure will not be uniform, but it will be in accordance
with the shape of the surfaces in contact and deformation characteristics of the two materials. The
distribution of bearing pressure will be similar to that as shown in Fig. 4.10 (b). Since the actual
bearing pressureis difficult to determine, therefore the average bearing pressureisusually cal culated
by dividing theload to the projected area of the curved surfacesin contact. Thus, the average bearing
pressure for ajournal supported in abearing is given by

L
®]d
where P, = Average bearing pressure,

P = Radial load on the journal,
| = Length of the journal in contact, and
d = Diameter of the journal.
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Example 4.8. Two plates 16 mm thick are ;> d e
joined by a double riveted lap joint as shown in r -
Fig. 4.11. Therivets are 25 mmin diameter. L 7 /X
Find the crushing stress induced between T \ ! \3 5
|

the plates and the rivet, if the maximum tensile
load on thejoint is 48 kN.

Solution. Given:t=16mm; d=25mm; Fig. 411
P=48kN =48 x 10°N

Since the joint is double riveted, therefore, strength of two rivets in bearing (or crushing) is
taken. We know that crushing stressinduced between the plates and the rivets,

P 48x10°

dtn 25x16x 2

Example 4.9. Ajournal 25 mmin diameter supported in sliding bearings has a maximumend
reaction of 2500 N. Assuming an allowable bearing pressure of 5 N/mm¥, find the length of the
dliding bearing.

Solution. Given: d=25mm; P=2500 N ; p, =5 N/mm?

Let | = Length of the sliding bearing in mm.

We know that the projected area of the bearing,

A=1lxd=1x25=25] mm?
. Bearing pressure ( p,),

L.

=60 N/mm?Ans.

G, =

1
5= —=——="% o I=%O =20 mm Ans.

4.11 Stress-strain Diagram

In designing various parts of amachine, itis
necessary to know how the material will function
in service. For this, certain characteristics or
properties of the material should be known. The
mechanical properties mostly used in mechanical
engineering practice are commonly determined
from a standard tensile test. This test consists of
gradually loading astandard specimen of amaterial
and noting the corresponding values of load and
elongation until the specimen fractures. The load
isapplied and measured by atesting machine. The
stressisdetermined by dividing theload valuesby
the original cross-sectional area of the specimen.
The elongation is measured by determining the
amountsthat two reference points on the specimen
aremoved apart by the action of the machine. The
_origi nal distance between thetwo r_ef_erencep(_)i nts In addition to bearing the stresses, some
isknownasgaugelength. Thestrainisdetermined  machine parts are made of stainless steel to
by dividing the elongation values by the gauge  make them corrosion resistant.
length. Note : This picture is given as additional information

The values of the stress and Correspondi ng and is not a direct example of the current chapter.
strain are used to draw the stress-strain diagram of the material tested. A stress-strain diagram for a
mild steel under tensile test is shown in Fig. 4.12 (a). The various properties of the materia are
discussed below :
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1. Proportional limit. We see from the diagram
that from point O to Aisastraight line, which represents
that the stressiis proportional to strain. Beyond point A,
the curve dlightly deviates from the straight line. It is
thus obvious, that Hooke's law holds good up to point A
and it is known as proportional limit. It is defined as
that stress at which the stress-strain curve beginsto de-
viate from the straight line.

2. Elastic limit. It may be noted that even if the
load is increased beyond point A upto the point B, the
material will regain its shape and size when theload is
removed. This means that the material has elastic
propertiesup to the point B. Thispoint isknown aselastic
limit. It isdefined asthe stress devel oped in the material
without any permanent set.

Note: Sincethe above two limits are very close to each other,
therefore, for all practical purposesthese aretaken to be equal.

3. Yield point. If the material is stressed beyond
point B, the plastic stage will reach i.e. on the removal
of the load, the material will not be able to recover its
original size and shape. A little consideration will show

Stress ———

(b) Shape of specimen after elongation.

Fig. 4.12. Stress-strain diagram
for amild steel.

that beyond point B, the strain increases at afaster rate with any increase in the stress until the point
C is reached. At this point, the material yields before the load and there is an appreciable strain
without any increase in stress. In case of mild steel, it will be seen that a small load drops to D,
immediately after yielding commences. Hence there are two yield points C and D. The points C and
D are called the upper and lower yield points respectively. The stress corresponding to yield point is

known asyield point stress.

4. Ultimate stress. At D, the specimen regains some strength and higher values of stresses are
required for higher strains, than those between Aand D. The stress (or oad) goesonincreasing till the

A crane used on a ship.
Note : This picture is given as additional information and is not a direct example of the current chapter.
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point E isreached. The gradual increasein the strain (or length) of the specimen isfollowed with the
uniform reduction of its cross-sectional area. The work done, during stretching the specimen, is
transformed largely into heat and the
specimen becomes hot. At E, the
stress, which attains its maximum
value isknown as ultimate stress. It
is defined as the largest stress
obtained by dividing thelargest value
of the load reached in a test to the
original cross-sectional area of the
test piece.

5. Breaking stress. After the

specimen has reached the ultimate
stress, a neck is formed, which =
decreases the cross-sectional area of
the specimen, as shown in Fig. 4.12
(b). A little consideration will show
that the stress (or load) necessary to
break away the specimen, islessthan
the maximum stress. The stressis, therefore, reduced until the specimen breaks away at point F. The
stress corresponding to point F is known as breaking stress.
Note: Thebreaking stress (i.e. stressat F whichislessthan at E) appearsto be somewhat misleading. Asthe
formation of a neck takes place at E which reduces the cross-sectional area, it causes the specimen suddenly
tofail at F. If for each value of the strain between E and F, the tensile load is divided by the reduced cross-
sectional areaat the narrowest part of the neck, then the true stress-strain curve will follow the dotted line EG.
However, it is an established practice, to calculate strains on the basis of original cross-sectional area of the
specimen.

6. Percentage reduction in area. It is the difference between the original cross-sectional area
and cross-sectional areaat the neck (i.e. where the fracture takes place). Thisdifferenceis expressed
as percentage of the original cross-sectional area.

A recovery truck with crane.

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

Let A = Original cross-sectional area, and
a = Cross-sectional areaat the neck.
Then reductioninarea = A—a
A-a

x 100

and percentage reductioninarea =

7. Percentage elongation. It isthe percentageincreasein the standard gaugelength (i.e. original
length) obtained by measuring the fractured specimen after bringing the broken parts together.

Let | = Gauge length or original length, and
L = Length of specimen after fracture or final length.
Elongation = L —1
L-1
and percentage elongation = % 100

Note : The percentage elongation gives a measure of ductility of the metal under test. The amount of local
extensions depends upon the material and also on thetransverse dimensions of thetest piece. Sincethe specimens
are to be made from bars, strips, sheets, wires, forgings, castings, etc., therefore it is not possible to make all
specimens of one standard size. Since the dimensions of the specimen influence the result, therefore some
standard means of comparison of results are necessary.
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As aresult of series of experiments, Barba estabilished a law that in tension, similar test pieces deform

similarly and two test pieces are said to be similar if they have the same value of ﬁ where | is the gauge

length and A isthe cross-sectional area. A little consideration will show that the same material will givethe same
percentage elongation and percentage reduction in area.

It has been found experimentally by Unwin that the general extension (up to the maximum load) is
proportional to the gauge length of the test piece and that the local extension (from maximum load to the
breaking load) is proportional to the square root of the cross-sectional area. According to Unwin's formula, the
increase in length,

3l = bl+CyA
. 3l
and percentage elongation = 7 100
where | = Gauge length,

A = Cross-sectional area, and
b and C = Constants depending upon the quality of the material.

The values of b and C are determined by finding the values of 4l for two test pieces of known length (1)
and area (A).

Example 4.10. A mild steel rod of 12 mm diameter was tested for tensile strength with the
gauge length of 60 mm. Following observations were recorded :

Final length = 80 mm; Final diameter = 7 mm; Yield load = 3.4 kN and Ultimateload = 6.1 kN.

Calculate : 1. yield stress, 2. ultimate tensile stress, 3. percentage reduction in area, and
4. percentage elongation.

Solution. Given:D=12mm;I=60mm;L=80mm;d=7mm;Wy=3.4kN
= 3400 N; W, =6.1 kN = 6100 N

We know that original area of therod,

- n 2 - r 2 — 2
A= 4 xD?=7 (12?=113mm
and final area of therod,
a= % xd2= % (7)2 = 385 mm?
1. Yield stress
We know that yield stress

W, 3400
= Y =" =-301N/mm?=30.1MPa Ans.
A 113
2. Ultimate tensile stress

We know the ultimate tensile stress

= Vi—@—MN/mmZ—MMPaAnS
A 113 B '

3. Percentagereduction in area
We know that percentage reduction in area
A-a 113-385
A 13

=0.66 or 66% Ans.
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4. Percentage elongation
We know that percentage elongation
_L-1 _80-60

L 80

=0.25or 25% Ans.

4.12 Working Stress

When designing machine parts, it is desirable to keep the stress lower than the maximum or
ultimate stress at which failure of the material takes place. This stressisknown astheworking stress
or design stress. It isaso known as safe or allowable stress.

Note: By failureit is not meant actual breaking of the material. Some machine parts are said to fail when they
have plastic deformation set in them, and they no more perform their function satisfactory.

4.13 Factor of Safety
Itisdefined, in genera, astheratio of themaximum stresstotheworking stress. Mathematically,

Maximum stress

Working or design stress
In case of ductile materialse.g. mild steel, where theyield point is clearly defined, the factor of

safety isbased upon the yield point stress. In such cases,
Yield point stress
Working or design stress
In case of brittle materials e.g. cast iron, theyield point is not well defined asfor ductile mate-
rials. Therefore, the factor of safety for brittle materials is based on ultimate stress.
Ultimate stress

Working or design stress
Thisrelation may also be used for ductile materials.

Note: The above relations for factor of safety are for static loading.

Factor of safety =

Factor of safety =

Factor of safety =

4.14 Selection of Factor of Safety

The selection of a proper factor of safety to be used in designing any machine component
depends upon anumber of considerations, such asthe material, mode of manufacture, type of stress,
general service conditions and shape of the parts. Before selecting a proper factor of safety, adesign
engineer should consider the following points:

1. The reliability of the properties of the material and change of these properties during
service;
2. Thereliability of test resultsand accuracy of application of theseresultsto actual machine
parts;
Thereliability of applied load ;
The certainty asto exact mode of failure;
The extent of simplifying assumptions;
The extent of localised stresses;
The extent of initial stresses set up during manufacture ;
The extent of loss of lifeif failure occurs ; and
9. Theextent of loss of property if failure occurs.

Each of the above factors must be carefully considered and evaluated. The high factor of safety
results in unnecessary risk of failure. The values of factor of safety based on ultimate strength for
different materials and type of load are given in the following table:

© N O~
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Table 4.3. Values of factor of safety.

Material Seady load Live load Shock load
Cast iron 5t06 810 12 16t0 20
Wrought iron 4 7 10to 15
Steel 4 8 12to 16
Soft materials and 6 9 15
dloys
Leather 9 12 15
Timber 7 10to 15 20

4.15 Stresses in Composite Bars

A composite bar may be defined as a bar made up of two or more different materials, joined
together, in such amanner that the system extends or contracts as one unit, equally, when subjected to
tension or compression. In case of composite bars, the following points should be kept in view:

1. The extension or contraction of the bar being equal, the strain i.e. deformation per unit
length isalso equal.

2. Thetotal external load on the bar is equal to the sum of the loads carried by different
materials.

Consider a composite bar made up of two different materials as shown in Fig. 4.13.
Let P, = Load carried by bar 1,
A, = Cross-sectional areaof bar 1,
6, = Stress produced in bar 1,
E, = Young's modulus of bar 1,
P, A, 6,, E, = Corresponding values of bar 2,
P = Total load on the composite bar,

I = Length of the composite bar, and ¢ P
8l = Elongation of the composite bar. Fig. 4.13. Srmin
Weknowthat P =P, +P, () composite bars.
P
Stressinbar 1, o, = -t
A
d strain in bar 1 o__h
and strainin bar 1, €= — =
E, A.E;
.. Elongation of bar 1,
8, = Pyl
ALEy
Similarly, elongation of bar 2,
5, = Ps.l
A2- E2
Since Sl =8l A Material handling system
1 2

Note : This picture is given as additional information
and is not a direct example of the current chapter.
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Therefore, N P =P, x A5y (1)
ALE, A,E, A,.E,
But P:P1+P2:P2><A1'El+ P,=P, AcB g
_p [Al.El+ A2.E2j
2 A,E
2E2
or b —px AE; (i)
2 ALE;+ AE,
A-Ey [From ion (ii
. _ equation (ii)] ;
Similarly P, =Px AE, + A E, ..(1v)
We know that
Pl.l _ P2.I
AL.E, A,.E,
01_02
El E2
E
or o, = E—lxcz (V)
2
. E, .
Similarly, o, = £ XO1 (Vi)
1

From the above equations, we can find out the stresses produced in the different bars. We also
know that

P=P +P,=0,A +G,A,
From this equation, we can also find out the stresses produced in different bars.
Note : Theratio E, / E, isknown as modular ratio of the two materials.

Example 4.11. A bar 3 mlong is made of two bars, one of copper having E = 105 GN/n? and
the other of steel having E = 210 GN/m?. Each bar is25 mmbroad and 12.5 mmthick. This compound
bar is stretched by a load of 50 kN. Find the increase in length of the compound bar and the stress
produced in the steel and copper. The length of copper as well as of steel bar is 3 m each.

Solution. Given: 1, =1,=3m=3x10°mm; E_ = 105 GN/m? = 105 kN/mm?; E_ = 210 GN/m?
=210kN/mm? ; b=25mm;t=125mm; P =50 kN :

Increasein length of the compound bar

Copper Steel

Let 4l = Increaseinlength of the
compound bar.

The compound bar is shown in Fig. 4.14. We know that
cross-sectional area of each bar,

A, =A=bxt=25x125= 312.5mm?

¢ 50 kN
Fig. 4.14
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*. Load shared by the copper bar,
A E E.
P,=Px ———————=PX—"— (A =A)
¢ A E + AE E. +E,
x&=16.67kN
105 + 210

and load shared by the steel bar,
P, =P-P,=50-16.67 = 33.33 kN
Since the elongation of both the barsis equal, therefore
5 - Rl _Pls _16.67x3x10°
AE. ALE 312.5x 105
Stress produced in the steel and copper bar
We know that stress produced in the steel bar,

=1.52 mm Ans.

E, 210
6. = — X0, =——X0,=20,
s E; 105
and total load, P=P+P.=0,A+0_ A,
50 =206,%x3125+06,%x3125=93750,
or o, = 50/937.5 = 0.053 kN/mm? = 53 N/mm? = 53 MPaAns.
and 6, =206,=2x53=106 N/mm?2 =106 MPa  Ans.

Example4.12. Acentral steel rod 18 mmdiameter passes through a copper tube 24 mminside
and 40 mm outside diameter, asshown in Fig. 4.15. It is provided with nuts and washers at each end.
The nuts are tightened until a stress of 10 MPa is set up in the steel.

Washer —1 T Copper tube Nut

7%

- ——tr———Steelrod ————71——

Fig. 4.15

The whole assembly is then placed in a lathe and turned along half the length of the tube
removing the copper to a depth of 1.5 mm. Calculate the stress now existing in the steel. Take
E,= 2E.

Solution. Given: d;= 18 mm; d, =24 mm; d, =40 mm ; 6, = 10 MPa =10 N/mm?

We know that cross-sectional area of steel rod,

T 2 T 2 2
= — (dg) =— (18)° = 254.5 mm
A= 5 (d)° =7 (9)
and cross-sectional area of copper tube,

A = g[(dcz)2 — (dw)?] = g [(40)? - (24)? ] = 804.4 mm?

We know that when the nuts are tightened on the tube, the steel rod will be under tension and the
copper tubein compression.

Let o, = Stressin the copper tube.
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Since the tensile load on the steel rod is equal to the compressive load on the copper tube,
therefore

Og X Ay = G X A
10 x 2545 = o, x 804.4
G = 10X 2545 _ 5 16 N/mm?
¢ 804.4

When the copper tube is reduced in the area for half of its length, then outside diameter of
copper tube,

=40-2x15=37mm
.. Cross-sectional area of the half length of copper tube,
A, = g (372 — 24%) = 623 mm?
The cross-sectional areaof the other half remainssame. If A, bethe areaof the remainder, then
A, = A, =804.4 mm?
Let 6., = Compressive stressin the reduced section,
6., = Compressive stressin the remainder, and
o, = Stressintherod after turning.
Since the load on the copper tube is equal to the load on the steel rod, therefore
ACl XG, = AC2 Xo,= Asx o

A 2545

Gy = E X Oy = 623 X 04 =041loy (i)

254.5 .

and O, = %xcsl =@X031 =03204y4 (i)
Let 8l = Changein length of the steel rod before and after turning,

| = Length of the steel rod and copper tube between nuts,
dl, = Change in length of the reduced section (i.e. |/2) before and after

turning, and
dl, = Changein length of the remainder section (i.e. I/2) before and after
turning.
Since ol =3l +oal,
Gs—Gslxl =Gc1_cc X|_+Gcz_cc w —
E, E. 2 E. 2
or 10 - Oq _ 0.41 Cgq — 3.16 n 0.32 GCgq — 3.16 ...(Cancelling | throughout)
2E, 2E, 2E,

Oy = 9.43N/mm?=9.43 MPaAns.

4.16 Stresses due to Change in Temperature—Thermal Stresses

Whenever thereis someincrease or decrease in the temperature of abody, it causesthe body to
expand or contract. A little consideration will show that if the body is alowed to expand or contract
freely, withtheriseor fal of thetemperature, no stressesareinduced inthe body. But, if the deformation
of the body is prevented, some stresses are induced in the body. Such stresses are known asthermal
stresses.
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Let | = Original length of the body,
t = Riseor fall of temperature, and
o = Coefficient of thermal expansion,
-. Increase or decreasein length,
ol =1 ot
If the ends of the body are fixed to rigid supports, so that its expansion is prevented, then
compressive strain induced in the body,

_ o l.out ¢
R R
Thermal stress, o, =¢ E=0o.t.E

Notes : 1. When a body is composed of two or different materials having different coefficient of thermal
expansions, then due to therisein temperature, the material with higher coefficient of thermal expansionwill be
subjected to compressive stress whereas the material with low coefficient of expansion will be subjected to
tensile stress.

2. When athin tyre is shrunk on to awheel of diameter D, itsinternal diameter d is alittle less than the
wheel diameter. When the tyre is heated, its circumferance © d will increase to w D. In this condition, it is
slipped on to the wheel. When it cools, it wantsto return to its original circumference nt d, but the wheel if itis
assumed to be rigid, preventsit from doing so.

nD-nd D-d
nd Td
This strain is known as circumferential or hoop strain.
. Circumferential or hoop stress,
E (D -d)
d

Strain, & =

c =Ee=

Steel tyres of a locomotive.

Example 4.13. Athin steel tyreis shrunk on to a locomotive wheel of 1.2 mdiameter. Find the
internal diameter of the tyre if after shrinking on, the hoop stressin the tyreis 100 MPa. Assume
E = 200 kN/mm?. Find also the least temperature to which the tyre must be heated above that of the
wheel beforeit could be dipped on. The coefficient of linear expansion for thetyreis6.5 x 1076 per °C.

Solution. Given : D = 1.2 m = 1200 mm ; ¢ = 100 MPa = 100 N/mm?; E = 200 kN/mm?
=200 x 108 N/mm?; oo = 6.5 x 108 per °C
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Internal diameter of thetyre

Let d = Interna diameter of thetyre.
We know that hoop stress (c),
E(D-d) 200x10° (D - d)
100 = =
d d
D-d 100 1 ;
= == 5 ()
d 200x10° 2x10
b =1+ 1 =1.0005
d 2x10°
= _b_ = 20 =1199.4 mm =1.1994 m Ans.
1.0005 1.0005
L east temperature to which the tyre must be heated
Let t = Least temperature to which the tyre must be heated.

We know that
nD =nd+nd.ot=nd(1l+a.l)
nD D-d 1
—_— 1 = —=
nd d 2x10°
t = 1 5= 61 = =77°C Ans.
ax2x10 6.5x107° x 2x10

Example 4.14. A composite bar made of aluminium and steel is held between the supports as
shown in Fig. 4.16. The bars are stress free at a temperature of 37°C. What will be the stressin the
two bars when the temperature is 20°C, if (a) the supports are unyielding; and (b) the supportsyield
and come nearer to each other by 0.10 mm?

It can be assumed that the change of temperature is uniform all along the length of the bar.
TakeE,= 210GPa; E,= 74GPa; o, = 11.7 x 10/ °C; and o, = 23.4 x 105/ °C.

ot = ...[From equation (i)]

Steel Aluminium
A ———50mm ————~25mm- — —B
' A
—— 600 mm —>|'<—300 mm-—>
Fig. 4.16

Solution. Given : t, = 37°C; t, = 20°C; E, = 210 GPa = 210 x 10° N/m?; E, = 74 GPa
=74 x 10°N/m?; 0, = 11.7 x 10/ °C; o, = 23.4x 10/ °C, d;=50 mm = 0.05m; d, = 25 mm
=0.025m;1,=600mm=0.6m;l|,=300mm=0.3m

L et usassumethat theright support at Bisremoved and the bar isallowed to contract freely due
to the fall in temperature. We know that the fall in temperature,

t=t-t,=37-20=17°C
.. Contraction in steel bar
= ol t=117 % 10°x 600 x 17 = 0.12 mm
and contraction in aluminium bar
=a,.l,.t=234x10°x300x 17 = 0.12 mm
Total contraction = 0.12+ 0.12=0.24 mm = 0.24 x 103 m

It may be noted that even after this contraction (i.e. 0.24 mm) inlength, the bar isstill stressfree
asthe right hand end was assumed free.
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Let an axial force P is applied to the right end till this end is brought in contact with the right
hand support at B, as shown in Fig. 4.17.

Steel Aluminium

~—— After contraction in length 44

Fig. 4.17
We know that cross-sectional area of the steel bar,

A = 7 (0)° =7 (009 =1964x10°° m?
and cross-sectional area of the aluminium bar,
A= 5 (0)° =7 (0025 = 0.491x10°° m?

We know that elongation of the steel bar,
5 = Pxly Px 0.6 B 0.6P

s AXE, 1964x10°x210x10° 412.44 x 10°
1.455x 109 P m

and elongation of the aluminium bar,

_ Pxl, Px0.3 _ 03P
2 A xE, 0491x103x74x10° 36.334x10°

8.257x 10°Pm

ol

... Total elongation, 3l =al +dl,
=1.455x10°P +8.257 x 10°P =9.712x 10° P m
Let o, = Stressin the steel bar, and

6, = Stressin the auminium bar.
(a) When the supports are unyielding
When the supports are unyielding, the total contraction is equated to the total elongation,i.e.
0.24x10° =9712x10°P  or P=24712N
. Stressin the steel bar,
o, = PIA,=24712/(1.964 x 1073) = 12 582 x 10° N/m?
= 12582 MPa Ans.
and stressin the aluminium bar,
o, = PIA,= 24712/ (0.491 x 10-%) = 50 328 x 10° N/m?
=50.328 MPa  Ans.
(b) When the supportsyield by 0.1 mm

When the supports yield and come nearer to each other by 0.10 mm, the net contraction in
length

=024-01=014mm=0.14%103m
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Equating this net contraction to the total elongation, we have
0.14x10° =9712x10°P or P=14415N
. Stressin the steel bar,
o, = PIA,= 14 415/ (1.964 x 1073) = 7340 x 10° N/m?
= 7.34 MPa Ans.
and stressin the auminium bar,
0, = PIA,=14415/(0.491 x 10~3) = 29 360 x 10° N/m?
= 29.36 MPa Ans.

Example 4.15. A copper bar 50 mmin diameter is placed within a steel tube 75 mm external
diameter and 50 mminternal diameter of exactly the same length. The two pieces are rigidly fixed
together by two pins 18 mmin diameter, one at each end passing through the bar and tube. Calculate
the stress induced in the copper bar, steel tube and pins if the temperature of the combination is
raised by 50°C. Take E,= 210 GN/n?; E_ = 105 GN/n?; ot = 11.5x 10%/°C and o, = 17 x 1079/°C.

Solution. Given: d, = 50 mm ; d, = 75 mm ; dg = 50 mm ; dp =18 mm = 0.018 m;
t = 50°C; E; = 210 GN/m? = 210 x 10° N/m?; E_ = 105 GN/m? = 105 x 10° N/m?;
o, =11.5x 10°%/°C; a, =17 x 10°%/°C

The copper bar in asteel tubeisshownin Fig. 4.18.

Y %)
T
Copper bar 50 mm 75 mm
.
% Z

L -
Steel tub
{ pin eel tube

Fig. 4.18
We know that cross-sectional area of the copper bar,

C

A = % (d,)? = % (50)2 = 1964 mm? = 1964 x 107® m?

and cross-sectional area of the steel tube,

A = %[(dse)z —(dg)?] = % [(75)? - (50)? ] = 2455 mm?
= 2455 x 105 m?
Let | = Length of the copper bar and steel tube.
We know that free expansion of copper bar
=o. . t=17x10% x| x50=850x 10|
and free expansion of steel tube
=og.l.t=115x10°x | x50=575x 10°|
-. Differencein free expansion
=850x 10°1 -575x 10°1=275x 1079 ()
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Since the free expansion of the
copper bar ismorethan thefree expansion
of the steel tube, therefore the copper bar
is subjected to a *compressive stress,
while the steel tube is subjected to a
tensile stress.

Let a compressive force P newton
on the copper bar opposes the extra
expansion of the copper bar and an equal
tensile force P on the steel tube pullsthe
steel tube so that the net effect of
reduction in length of copper bar and the
increase in length of steel tube equalises
the difference in free expansion of the
two.

Reduction in length of copper Main wheels on the undercarraige of an airliner. Air plane

bar due to force P landing gears and wheels need to bear high stresses and
shocks.
= P—I Note : This picture is given as additional information and is
A E; not a direct example of the current chapter.
P.l P.l

= — m
1964 x 10° x 105 x 10° ~ 206.22 x 10°

and increasein length of steel bar due to force P

Pl P.l Pl
T A.E, 2455x10° x210x10°  515.55x 10°

P.l P.l
6 + 6
206.22x10°  515.55x 10

. Net effect in length =

=4.85x10°P.I+1.94x 10°P.1=6.79x 10°P.|
Equating this net effect in length to the difference in free expansion, we have
6.79x 10°P. =275x10°] or P=40500N
Stressinduced in the copper bar, steel tube and pins
We know that stress induced in the copper bar,
o, = P/A,=40500/ (1964 x 107) = 20.62 x 10° N/m? = 20.62 MPaAns,
Stressinduced in the steel tube,
o, = P/A,=40500/ (2455 x 10°) = 16.5x 10° N/ m? = 16.5 MPa Ans.

* Inother words, we can also say that since the coefficient of thermal expansion for copper (o) ismorethan
the coefficient of thermal expansionfor steel (o), therefore the copper bar will be subjected to compressive
stress and the steel tube will be subjected to tensile stress.
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and shear stressinduced in the pins,

P 40500

- = 79.57 x 10° N/m? = 79.57 MPa Ans.
2h 5 x% (0.018)?

Tp—

...(*~ Thepinisin double shear)

4.17 Linear and Lateral Strain

Consider acircular bar of diameter d and length |, subjected to atensile force P as shown in
Fig. 4.19 (a).

y ,
<_( v/ (% L(d‘&’ ( -

(@) (b)

Fig. 4.19. Linear and |ateral strain.

A little consideration will show that due to tensile force, the length of the bar increases by an
amount &l and the diameter decreases by an amount 8d, asshownin Fig. 4.19 (b). Similarly, if the bar
issubjected to acompressiveforce, thelength of bar will decrease which will befollowed by increase
in diameter.

Itisthus obvious, that every direct stressisaccompanied by astrainin itsown direction which
is known as linear strain and an opposite kind of strain in every direction, at right anglesto it, is
known aslateral strain.

4.18 Poisson's Ratio
It has been found experimentally that when a body is stressed within elastic limit, the lateral
strain bears a constant ratio to the linear strain, Mathematically,
—L_ateral stram = Constant
Linear strain

This constant is known as Poisson'sratio and is denoted by /mor .

Following are thevalues of Poisson'sratio for some of the materials commonly used in engineering
practice.

Table 4.4. Values of Poisson’s ratio for commonly used materials.

SNo. Material Poisson’s ratio (I/mor )
1 Steel 0.25t0 0.33
2 Cast iron 0.23t0 0.27
3 Copper 0.31t00.34
4 Brass 0.32t00.42
5 Aluminium 0.32t0 0.36
6 Concrete 0.081t0 0.18
7 Rubber 0.45t0 0.50
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4.19 Volumetric Strain

When abody is subjected to asystem of forces, it undergoes some changesinitsdimensions. In
other words, the volume of the body is changed. The ratio of the change in volume to the original
volume is known as volumetric strain. Mathematically, volumetric strain,

g, =0V/IV
where 8V = Changeinvolume, and V = Origina volume.

Notes: 1. Volumetric strain of arectangular body subjected to an axial forceisgiven as

&V 2). ) )
e, = + =€|1-—]: wheree = Linear strain.
\% m
2. Volumetric strain of arectangular body subjected to three mutually perpendicular forcesis given by
g, =g te te,

wheree,, g, and e, are the strains in the directions x-axis, y-axis and z-axis respectively.

4.20 Bulk Modulus

When abody is subjected to three mutually perpendicular stresses, of equal intensity, then the
ratio of the direct stress to the corresponding volumetric strain is known as bulk modulus. It is
usually denoted by K. Mathematically, bulk modulus,

_ Directstress ~ ©
"~ Volumetric strain 8V /V

4.21 Relation Between Bulk Modulus and Young’s Modulus
The bulk modulus (K) and Young's modulus (E) are related by the following relation,

mE E

K= 3m-2 3a-2p

4.22 Relation Between Young’s Modulus and Modulus of Rigidity
The Young's modulus (E) and modulus of rigidity (G) are related by the following relation,

mE E
2(m+1) 21+ W

G =

Example 4.16. A mild steel rod supports a tensile load of 50 kN. If the stress in the rod is
limited to 100 MPa, find the size of the rod when the cross-section is 1. circular, 2. square, and
3. rectangular with width = 3 x thickness.

Solution. Given: P=50kN =50 x 10°N ; 6, = 100 MPa = 100 N/mm?
1. Size of therod when itiscircular
Let d = Diameter of therod in mm.

- Area, A = gx d? = 0.7854 d2

We know that tensile load (P),
50 x 10° = 6, x A= 100 x 0.7854 d? = 78.54 d?
d? =50x 103/ 78.54 =636.6 or d=25.23 mm Ans.
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2. Size of therod when it issquare
Let X = Each side of the square rod in mm.
. Area, A=xXxXX=x?
We know that tensile load (P),
50 x 10% = 6, x A= 100 x X2
. x2 =50x%10%100=500 or x=22.4mmAns.
3. Size of therod when it isrectangular

Let t = Thickness of the rod in mm, and
b = Width of therodinmm=3t ...(Given)
.. Area, A=bxt=3txt=3t2

We know that tensile load (P),
50x 10° = 6, x A=100x3t2=300t?2

t2 =50 x 103/ 300=166.7 or t=12.9 mm Ans.
and b =3t=3%x129=38.7mm Ans.

Example 4.17. A steel bar 2.4 mlong and 30 mm square is elongated by a load of 500 kN. If
poisson'sratio is 0.25, find the increase in volume. Take E = 0.2 x 10% N/mn?.

Solution. Given:1=24m=2400mm; A= 30 x 30=900mm?; P = 500 kN = 500 x 10°N ;
1/m= 0.25; E = 0.2 x 108 N/mm?

Let OV = Increaseinvolume.

We know that volume of the rod,

V = Areax length = 900 x 2400 = 2160 x 10° mm?

Stress P/A
and  Young's modulus, E=—gF—-—"—"
Strain €
P 500 x 10°

=28x1073

€= .
AE 900x 0.2 x10°
We know that volumetric strain,
3V _. (1— Ej =28x107° (1-2x0.25) =1.4x10°
V m
8V =V x1.4x103=2160 x 103 x 1.4 x 103 = 3024 mm3 Ans.

4.23 Impact Stress .

|
i
Sometimes, machine members are subjected to the load | B A
withimpact. The stressproduced inthe member dueto thefalling Lo
load is known asimpact stress. !
Consider abar carrying aload W at aheight h and falling W |
on the collar provided at the lower end, as shown in Fig. 4.20. T !
Let A = Cross-sectiona areaof the bar, ' i '
E = Young's modulus of the material of the bar, _}t_ |
| = Length of the bar, L |
4l = Deformation of the bar, ' Y
P-F . . . Collar ____| ________ 5 l--%m.
= Force at which the deflection 3l is produced, — { e P —>
o; = Stressinduced in the bar due to the application L ___|____'
of impact load, and
h = Height through which theload falls. Fig. 4.20. Impact stress.

Contents

Top



Contents

114 = A Textbook of Machine Design
We know that energy gained by the system in the form of strain energy

= l>( P x dl
2

and potential energy lost by the weight
=W(h+3l)
Sincethe energy gained by the systemisequal to the potential energy lost by the weight, therefore

%x Px 8l =W (h+ 8l)

E(5i><A><Gi—XI=W(h+(5i—x|J _,,[-.-onixA,andSIz—cin
2 E E E

Al 2 W
—(6;)" —— (0;) -Wh=0
g (@) % ()

From this quadratic equation, we find that

W 2h AE
G A 1+ 1+ W1 ... [Taking +ve sign for maximum value]

Note : When h =0, then ; = 2W/A. This means that the stress in the bar when the load in applied suddenly is
double of the stress induced due to gradually applied load.

Example 4.18. An unknown weight falls through 10 mm on a collar rigidly attached to the
lower end of a vertical bar 3 mlong and 600 mn¥ in section. If the maximuminstantaneous extension
is known to be 2 mm, what is the corresponding stress and the value of unknown weight? Take
E = 200 kN/mm?.

Solution. Given : h =10 mm ; | =3 m = 3000 mm ; A = 600 mm?; &l =2 mm ;
E = 200 kN/mm? = 200 x 10 N/mm?
Stressin the bar

Let 6 = Stressin the bar.

We know that Young's modulus,

Stress 6 ol

Strain ¢ _g
3
o= E.3l = 200> 10" x 2 =@=133.3 N/mm? Ans.
| 3000 3

These bridge shoes are made to bear high compressive stresses.
Note : This picture is given as additional information and is not a direct example of the current chapter.
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Value of the unknown weight
Let W = Value of the unknown weight.

Wek h —ﬂ[1+ 1+ ZhAE}
‘e know that o= A ,/ W

400 W 2x 10 x 600 x 200 x 10°
—=—11+ 1+
3 600 W x 3000

400 x 600 800 000

T s+ 1+

3W

80000 , _ |, 800000

W

Squaring both sides,

6400 x 10° 160000 800000
/= 41— =1+
W2 w w
2 2
6400 x 10 ~16=80 or 6400 x 10 _ 9%

W = 6400 x 10°/ 96 = 6666.7 N Ans.

4.24 Resilience

When abody isloaded within elastic limit, it changesits dimensions and on the removal of the
load, it regainsitsorigina dimensions. So long asit remains|oaded, it has stored energy initself. On
removing the load, the energy stored is given off as in the case of a spring. This energy, which is
absorbed in abody when strained within elastic limit, isknown as strain energy. The strain energy is
always capable of doing some work.

The strain energy stored in a body due to external loading, within elastic limit, is known as
resilience and the maximum energy which can be stored in a body up to the elastic limit is called
proof resilience. The proof resilience per unit volume of a material is known as modulus of resil-
ience. It is an important property of a material and gives capacity of the material to bear impact or
shocks. Mathematically, strain energy stored in a body due to tensile or compressive load or resil-

2
ience, U= 0" XV
2E
02
and Modulus of resilience = E
where o = Tensile or compressive stress,

V = Volume of the body, and
E = Young's modulus of the material of the body.

Notes: 1. When abody is subjected to a shear load, then modulus of resilience (shear)
‘CZ
2c
where T = Shear stress, and
C = Modulus of rigidity.
2. When the body is subjected to torsion, then modulus of resilience

T

4C
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Example4.19. Awrought iron bar 50 mmin diameter and 2.5 mlong transmits a shock energy
of 100 N-m. Find the maximum instantaneous stress and the elongation. Take E = 200 GN/n?.

Solution. Given:d=50mm; | =2.5m=2500 mm; U =100 N-m = 100 x 103 N-mm;
E = 200 GN/m?2 = 200 x 10% N/mm?
Maximum instantaneous stress

Let 6 = Maximum instantaneous stress.

We know that volume of the bar,

V:.%xd2x|:%(axzxzan=49x1d5mm3
We also know that shock or strain energy stored in the body (U),

o> xV 0% x49x10°
2E 2 x 200x 10°

100 x 10%/ 12.25=8163 or ¢ =90.3 N/mm?Ans.

=12.25 62

100 x 10° =

i o?
Elongation produced

Let 8l = Elongation produced.

We know that Young's modulus,

Stress 6 ©

E = =
Strain ¢ dl/l

ox| _90.3x 2500

3l = =113 mm Ans.

E  200x10°

A double-decker train.

EXERCISES

1. A reciprocating steam engine connecting rod is subjected to a maximum load of 65 kN. Find the
diameter of the connecting rod at its thinnest part, if the permissible tensile stress is 35 N/mm?2.

[Ans. 50 mm]
2. Themaximum tension in the lower link of a Porter governor is580 N and the maximum stressin the
link is 30 N/mm?. If the link is of circular cross-section, determine its diameter. [Ans.5mm]
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A wrought iron rod is under acompressive load of 350 kN. If the permissible stressfor the material is

52.5 N/mm?, calculate the diameter of the rod. [Ans. 95 mm]
A load of 5 kN isto be raised by means of a steel wire. Find the minimum diameter required, if the
stress in the wire is not to exceed 100 N/mm?2. [Ans. 8 mm]

A sguare tie bar 20 mm x 20 mm in section carries a load. It is attached to a bracket by means
of 6 bolts. Calculate the diameter of the bolt if the maximum stressin thetie bar is 150 N/mm?2 and in
the boltsis 75 N/mm?2. [Ans. 13 mm]

The diameter of a piston of the steam engine is 300 mm and the maximum steam pressure

is 0.7 N/mm2. If the maximum permissible compressive stress for the piston rod material is
40 N/mm?, find the size of the piston rod. [Ans. 40 mm]
Two circular rods of 50 mm diameter are connected by aknucklejoint, asshownin Fig. 4.21, by apin
of 40 mm in diameter. If apull of 120 kN acts at each end, find the tensile stressin the rod and shear
stress in the pin. [Ans. 61 N/mm?; 48 N/mm?|

S
|
L\ﬁ&Pin

Fig. 421

Find the minimum size of a hole that can be punched in a 20 mm thick mild steel plate having an
ultimate shear strength of 300 N/mm?2. The maximum permissible compressive stress in the punch
material is 1200 N/mm2, [Ans. 20 mm]
The crankpin of an engine sustains a maximum load of 35 kN due to steam pressure. If the allowable
bearing pressureis 7 N/mm?, find the dimensions of the pin. Assume the length of the pin equal to 1.2
times the diameter of the pin. [Ans. 64.5 mm; 80 mm]
The following results were obtained in a tensile test on a mild steel specimen of original diameter
20 mm and gauge length 40 mm.

Rod (1) [

Rod (2)

i

'"T_'"

(

Load at limit of proportionality = 80kN
Extension at 80 kN load = 0.048 mm
Load at yield point = 85kN
Maximum load = 150 kN

When the two parts were fitted together after being broken, the length between gauge length was
found to be 55.6 mm and the diameter at the neck was 15.8 mm.
Calculate Young's modulus, yield stress, ultimate tensile stress, percentage el ongation and percentage
reduction in area. [Ans. 213 kN/mm?; 270 N/mm?; 478 N/mm?; 39%; 38%]
A steel rod of 25 mm diameter is fitted inside a brass tube of 25 mm internal diameter and 375 mm
external diameter. The projecting ends of the steel rod are provided with nuts and washers. The nuts
aretightened up so asto produce apull of 5 kN in therod. The compound isthen placed in alathe and
the brass is turned down to 4 mm thickness. Calculate the stresses in the two materials.

[Ans. 7 N/mm?, 7.8 N/mm?]
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13.

14.

15.
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A composite bar made up of aluminium bar and stedl bar, is firmly held between two unyielding
supports as shown in Fig. 4.22.

2 . B Steel C
A Aluminium
3 200 kN
- Z4—-1000 mm*~ ———>»—— — — — — %~
1500 mm?

l<— 100 mm —}*=——150 mm —>]

Fig. 4.22

An axia load of 200 kN is applied at B at 47°C. Find the stresses in each material, when the
temperature is 97°C. Take E, = 70 GPa; E = 210 GPa; o, = 24 x 107%/°C and o =12 x 108/°C.
[Ans. 60.3 MPa; 173.5 MPa]
A steel rod of 20 mm diameter passes centrally through a copper tube of external diameter 40 mm and
internal diameter 20 mm. Thetubeis closed at each end with the help of rigid washers (of negligible
thickness) which are screwed by the nuts. The nuts are tightened until the compressive load on the
copper tube is 50 kN. Determine the stresses in the rod and the tube, when the temperature of whole
assembly falls by 50°C. Take E, = 200 GPa; E, = 100 GPa; o, = 12 x 10%°Cand o, = 18 x 10%/°C.
[Ans. 99.6 M Pa; 19.8 M Pa]
A bar of 2 m length, 20 mm breadth and 15 mm thickness is subjected to a tensile load of 30 kN.
Find the final volume of the bar, if the Poisson’s ratio is 0.25 and Young's modulus is 200 GN/m?2.
[Ans. 600 150 mm?]
A bar of 12 mm diameter gets stretched by 3 mm under a steady load of 8 kN. What stress would be
produced in the bar by aweight of 800 N, which falls through 80 mm before commencing the stretch-
ing of the rod, which isinitially unstressed. Take E = 200 kN/mm?.

[Ans. 170.6 N/mm?]
QUESTIONS

Define the termsload , stress and strain. Discuss the various types of stresses and strain.
What is the difference between modulus of elasticity and modulus of rigidity?

Explain clearly the bearing stress developed at the area of contact between two members.
What useful informations are obtained from the tensile test of a ductile material?

What do you mean by factor of safety?

List the important factors that influence the magnitude of factor of safety.

What is meant by working stress and how it is calculated from the ultimate stress or yield stress of a
material? What will be the factor of safety in each case for different types of loading?

Describe the procedure for finding out the stresses in a composite bar.

Explain the difference between linear and lateral strain.

Define the following :

(@) Poisson'sratio, (b) Volumetric strain, and (c) Bulk modulus

Derive an expression for the impact stress induced due to afalling load.

Write short noteson :

(@) Resilience (b) Proof resilience, and (c) Modulus of resilience

OBJECTIVE TYPE QUESTIONS

Hooke's law holds good upto

(a) yield point (b) easticlimit

(c) plastic limit (d) breaking point
Theratio of linear stressto linear strain is called

(@) Modulus of elasticity (b) Modulus of rigidity
(c) Bulk modulus (d) Poisson'sratio
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The modulus of elasticity for mild steel is approximately equal to

(@) 80kN/mm? (b) 100 KN/mm?

() 110 KN/mm? (d) 210 kN/mm?

When the material isloaded within elastic limit, then the stressiis.......... to strain.
(@) equd (b) directly proportional  (c) inversely proportional

When a hole of diameter ‘d' is punched in ametal of thickness “t', then the force required to punch a
holeis equa to

(@ dtrz, (o) mdtr,
T T
(© 2% d? 1, (d) 2% d’t.t,

where 7, = Ultimate shear strength of the material of the plate.
The ratio of the ultimate stress to the design stress is known as

(@) elasticlimit (b) strain

(c) factor of safety (d) bulk modulus

The factor of safety for steel and for steady load is

(@ 2 (b) 4

(c) 6 (d 8

An aluminium member is designed based on

(a) yieldstress (b) elastic limit stress
(c) proof stress (d) ultimate stress

In abody, athermal stressis one which arises because of the existence of

(a) latent heat (b) temperature gradient
(c) tota heat (d) specific heat

A localised compressive stress at the area of contact between two membersis known as
(@) tensilestress (b) bending stress

(c) bearing stress (d) shear stress

The Poisson’sratio for steel varies from

(@ 0.21t00.25 (b) 0.25t00.33

(c) 0.33t00.38 (d) 0.38t00.45

The stressin the bar when load is applied suddenly is.............. as compared to the stress induced due
to gradually applied load.

(@) same (b) double

(c) threetimes (d) fourtimes

The energy stored in abody when strained within elastic limit is known as
(@) resilience (b) proof resilience

(c) strain energy (d) impact energy

The maximum energy that can be stored in a body due to external loading upto the elastic limit is
caled

(@) resilience (b) proof resilience
(c) strain energy (d) modulus of resilience
The strain energy stored in a body, when suddenly loaded, is.............. the strain energy stored when
same load is applied gradually.
(@) equal to (b) one-haf
(c) twice (d) fourtimes
ANSWERS

1. (b) 2. (a) 3. (d) 4. (b) 5 (b

6. (¢ 7. (b) 8. (1 9. (b) 10. (c)

11. (b) 12. (b) 13. (c) 14. (b) 15. (d)
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14.

15.

16.

. Infroduction.

. Torsional Shear Stress.

. Shafts in Series and Parallel.
. Bending Stress in Straight

Beams.

. Bending Stress in Curved

Beams.

. Principal Stresses and

Principal Planes.

. Determination of Principal

Stresses for a Member
Subjected to Biaxial Stress.

. Application of Principal

Stresses in Designing
Machine Members.

. Theories of Failure under

Static Load.

. Maximum Principal or

Normal Stress
(Rankine’s Theory).

Theory

. Maximum Shear Stress

Theory (Guest’s or Tresca’s
Theory).

. Maximum Principal Strain

Theory (Saint Venant’s
Theory).

. Maximum Strain Energy

Theory (Haigh'’s Theory).
Maximum Distortion Energy
Theory (Hencky and Von
Mises Theory).

Eccentric Loading—Direct
and Bending Stresses
Combined.

Shear Stresses in Beams.

5.1 Introduction

Sometimes machine parts are subjected to pure
torsion or bending or combination of both torsion and
bending stresses. We shall now discuss these stresses in
detail in the following pages.

5.2 Torsional Shear Stress

When a machine member is subjected to the action
of two equal and opposite couplesacting in parallel planes
(or torque or twisting moment), then the machine member
issaid to be subjected totorsion. The stressset up by torsion
isknown astorsional shear stress. It iszero at the centroidal
axis and maximum at the outer surface.

Consider ashaft fixed at one end and subjected to a
torque (T) at the other end asshowninFig. 5.1. Asaresult
of thistorque, every cross-section of the shaft is subjected
to torsional shear stress. We have discussed above that the

120
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torsional shear stress is zero at the centroidal axis and maximum at the outer surface. The
maximum torsional shear stressat the outer surface of the shaft may be obtained from thefollowing
equation:

% _ % _ ? 0,
where T = Torsional shear stressinduced at the outer surface of the shaft or maximum
shear stress,

r = Radius of the shaft,
T = Torque or twisting moment,
J = Second moment of area of the section about its polar axis or polar moment of
inertia,
C = Modulus of rigidity for the shaft material,
| = Length of the shaft, and
0 = Angleof twistinradianson alength .

Y

A
Y

Fig. 5.1. Torsional shear stress.

The equation (i) is known astorsion equation. It is based on the following assumptions:

1. Thematerial of the shaft is uniform throughout.

2. Thetwist along the length of the shaft isuniform.

3. Thenormal cross-sections of the shaft, which were plane and circular before twist, remain
plane and circular after twist.

4. All diameters of the normal cross-section which were straight before twist, remain straight
with their magnitude unchanged, after twist.

5. The maximum shear stressinduced in the shaft due to the twisting moment does not exceed
itselastic limit value.

Notes: 1. Sincethetorsional shear stress on any cross-section normal to the axisis directly proportional to the
distance from the centre of the axis, therefore thetorsional shear stress at adistance x from the centre of the shaft
isgiven by

A

X

= |la

x
2. From equation (i), we know that
T

=X o T:rxi
J r r
For a solid shaft of diameter (d), the polar moment of inertia,
‘]:|XX+|Y\(:£Xd4+£Xd4=£Xd4
64 64 32
T = ixExdin 2= wrxd?
32 d 16
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In case of a hollow shaft with external diameter (d,) and internal diameter (d;), the polar moment of
inertia,

[
|

d
= o [[@)*~ (@) andr = 2

-
1]

T g 2T [ (dg) = (d)*
rxﬁt(do)—(du]xd—o—mx{ T ]

% X T (dg)? (1— k)

(Substituting, k=3 j
do
3. Theexpression (C x J) iscaled torsional rigidity of the shaft.

4. The strength of the shaft means the maximum torque transmitted by it. Therefore, in order to design a
shaft for strength, the above equations are used. The power transmitted by the shaft (in watts) is given by

27 N.T ( 27 N)
P = =T.0 o=
60 60
where T = Torque transmitted in N-m, and

o = Angular speed in rad/s.

Example 5.1. A shaft is transmitting 100 kW at 160 r.p.m. Find a suitable diameter for the
shaft, if the maximum torque transmitted exceeds the mean by 25%. Take maximum allowable shear
stressas 70 MPa.

Solution. Given: P =100 kW = 100 x 103 W ; N=160r.p.m; Toax=125T i T=70MPa
=70 N/mm?

Let Trean = Mean torque transmitted by the shaft in N-m, and

d = Diameter of the shaft in mm.
We know that the power transmitted (P),

2N . Toean 271X 160 X Ty

100 x 10° = =16.76T, .,

60 60
T, = 100 x 10%16.76 = 5966.6 N-m

A Helicopter propeller shaft has fo bear torsional, tensile, as well as bending stresses.
Note : This picture is given as additional information and is not a direct example of the current chapter.
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and maximum torque transmitted,
Toex = 1.25 % 5966.6 = 7458 N-m = 7458 x 10° N-mm
We know that maximum torque (T,,),

I
7458 x 108 = — xtxd3 :_6 x70xd3=13.75d3

T 16 1
d3 = 7458 x 103/13.75 =542.4 x 10° or d=81.5mm Ans.

Example 5.2. A steel shaft 35 mmin diameter and 1.2 m long held rigidly at one end has a
hand wheel 500 mmin diameter keyed to the other end. The modulus of rigidity of steel is 80 GPa.
1. What |load applied to tangent to the rim of the wheel produce a torsional shear of 60 MPa?

2. How many degrees will the wheel turn when thisload is applied?
| =1.2 m= 1200 mm; D = 500 mm or

Solution. Given : d =35 mmorr = 17.5 mm;
R =250 mm ; C = 80 GPa= 80 kN/mm? = 80 x 103 N/mm?; t = 60 MPa= 60 N/mm?

1. Load applied to the tangent to the rim of the wheel
Let W =Load applied (in newton) to tangent to the rim of the wheel.

We know that torque applied to the hand wheel,
T = WR=Wx 250 = 250 W N-mm

and polar moment of inertia of the shaft,

T
J= 2 ><d4— - (35)4—14734>< 10% mm*
We know that % = %
250 W 60 3
W 9D, _ 60 x 147.34 x 10 — 2020 N Ans.
147.34x10° 175 17.5x 250

2. Number of degreeswhich the wheel will turn when load W = 2020 N is applied
0 = Required number of degrees.
We know that % = g
o = T _  250x2020x1200 _ 0.05° Ans.
C.J 80x10°x147.34x10°
Example 5.3. A shaft istransmitting 97.5 kW at 180 r.p.m. If the allowable shear stressin the
material is 60 MPa, find the suitable diameter for the shaft. The shaft is not to twist morethat 1° in

Let

a length of 3 metres. Take C = 80 GPa.
Solution. Given : P =97.5 kW = 97.5 x 103 W ; N = 180 r.p.m. ; T = 60 MPa = 60 N/mm?

0=1°=n/180=0.0174rad ;| =3 m=3000 mm ; C =80 GPa= 80 x 10° N/m?2 = 80 x 103 N/mm?
T = Torque transmitted by the shaft in N-m, and

Let
d = Diameter of the shaft in mm.

We know that the power transmitted by the shaft (P),

27 N.T 2rnx180xT
3 = = =
97.5x 10 60 &0 18.852T
T = 97.5 x 10%18.852 = 5172 N-m = 5172 x 10° N-mm

Now let usfind the diameter of the shaft based on the strength and stiffness.
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1. Considering strength of the shaft
We know that the torque transmitted (T),

5172 % 10° = — xTx = — x 60 x d® = 11.78 o
16 16 '
d3® = 5172 x 10%/11.78 =439 x 10° or d=76mm ()

2. Considering stiffness of the shaft
Polar moment of inertia of the shaft,

T
- — 4 — 4
=3 x d*=0.0982d
T C.8
We know that 3 = T
3 3 6
5172 x 10 _ 80 x10°x 0.0174 or 52.7>:10 — 0464
0.0982 d* 3000 d
d* = 527 x10%0.464 = 113.6 x 10° or d =103 mm ..(ii)

Taking larger of the two values, we shall provide d = 103 say 105 mm Ans.

Example5.4. A hollow shaft isrequired to transmit 600 kW at 110 r.p.m., the maximum torque
being 20% greater than the mean. The shear stressis not to exceed 63 MPa and twist in a length of
3 metres not to exceed 1.4 degrees. Find the external diameter of the shaft, if theinternal diameter to
the external diameter is 3/8. Take modulus of rigidity as 84 GPa.

Solution. Given : P = 600 kW = 600 x 103W; N=110rp.m.; T, =12T . ;1=63MPa
=63 N/mm?; | =3m=3000mm; 6=14xn/180=0.024rad; k=d/d, =3/8;C=284GPa
=84 x 10° N/m? = 84 x 10° N/mm?

Let T ean = Mean torque transmitted by the shaft,
External diameter of the shaft, and
Internal diameter of the shaft.

o o
non

Conveyor belt
carries soil away

Control cab houses
operator

Powerful hydraulic rams

Cutting head push cutting head forward

roller

Cutting teeth made Archimedean screw lifts soil onto
fo tungsten carbide conveyer belt

A tunnel-boring machine can cut through rock at up fo one kilometre a month. Powerful hydraulic
rams force the machine’s cutting head fowards as the rock is cut away.

Note : This picture is given as additional information and is not a direct example of the current chapter.
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We know that power transmitted by the shaft (P),
20 N.Tren 27X 110X T ean
= =1152T
60 60 mean
. Tpean = 600 x 10%/11.52 = 52 x 10 N-m = 52 x 10° N-mm
and maximum torque transmitted by the shaft,
Toex = 12T, = 1.2 x 52 x 106 = 62.4 x 10° N-mm
Now let usfind the diameter of the shaft considering strength and stiffness.
1. Considering strength of the shaft
We know that maximum torque transmitted by the shaft,

600 x 10° =

T = 1_’:3 x 7 (d,)3 (1— K4
T 3 3 4 3
62.4% 10° = 3 - X 63x (dy)* |1~ | | | =1212(d)
(d)® =624 x10%12.12=5.15 x 10° or d,=172.7 mm

2. Considering stiffness of the shaft
We know that polar moment of inertia of ahollow circular section,

4
_ T 4 4 T 4 di
J=—|(d)" -(d) |=—(d 1-| 1+
X [0 - @)*] 32<0){ (dH
4
L 4 4 T 4 3 4
=—(d 1-k)=—(d 1-|-— = 0.0962 (d
2 (@) -k 32<0){ [8” (do)
We also know that
T_Co
J |
6 3 6
62.4x10 :84><10 x 0.024 or 648.6><410 — 0672
0.0962 (d,)* 3000 (do)

. (d)* = 648.6 x 106/0.672 = 964 x 10° or d =176.2mm
Taking larger of the two values, we shall provide
d, = 176.2 say 180 mm Ans.

5.3 Shafts in Series and Parallel

()

(i)

When two shafts of different diameters are connected together to form one shaft, it is then
known as composite shaft. If the driving torque is applied at one end and the resisting torque at the
other end, then the shafts are said to be connected in series as shown in Fig. 5.2 (). In such cases,
each shaft transmits the same torque and the total angle of twist is equal to the sum of the angle of

twists of the two shafts.
Mathematically, total angle of twist,
Gl GJ,
If the shafts are made of the same material, thenC, = C, = C.

oo Th Tl _T[h 1
cy cCl, clJ I,

0=0,+6,

Contents
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Z /T
® > 9 @ < @ (-

Tle— |} ———te—— 1, ——> T,
lj ——

[, ——>
(a) Shafts in series. (b) Shafts in parallel.

Fig. 5.2. Shaftsin series and parallel.
When thedriving torque (T) isapplied at thejunction of the two shafts, and the resi sting torques
T, and T, at the other ends of the shafts, then the shafts are said to be connected in parallel, as shown
in Fig. 5.2 (b). In such cases, the angle of twist is same for both the shafts, i.e.

0, =6,
o Tl =T2I2 E=|_2x&xﬁ
Cl‘Jl C2 ‘J2 T2 Il CZ ‘JZ
and T=T,+T,
If the shafts are made of the same material, then C, = C,.
T_b,
T2 Il ‘JZ

Example 5.5. A steel shaft ABCD having a total length of 3.5 m consists of three lengths
having different sections as follows:

AB is hollow having outside and inside diameters of 100 mmand 62.5 mmrespectively, and BC
and CD are solid. BC has a diameter of 100 mm and CD has a diameter of 87.5 mm. If the angle of
twist isthe same for each section, determine the length of each section. Find the val ue of the applied
torque and thetotal angle of twist, if the maximum shear stressin the hollow portionis47.5 MPa and
shear modulus, C = 82.5 GPa.

Solution. Given: L =3.5m; d, =100 mm; d = 625 mm; d, = 100 mm; d, = 87.5 mm;
T =47.5MPa=47.5N/mm?; C =825 GPa= 82.5 x 10° N/mm?

The shaft ABCD isshown in Fig. 5.3.

A B C D
T — T i
103mm'J____________'10$mm__—————87.:mm———

~— < —SE R

< 35m -

Fig. 5.3

Length of each section
Let [, I, and |, = Length of sections AB, BC and CD respectively.
We know that polar moment of inertia of the hollow shaft AB,
T T
J = 2 [(d)*—(d)T = 2 [(100)* - (62.5)4] = 8.32 x 106 mm*
Polar moment of inertia of the solid shaft BC,

= gy & 4_ 6 mm?
J, = 35 (@)*= 55 (100)*= 982 x 10°mm
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and polar moment of inertia of the solid shaft CD,

T
J, = 3_"2 (dy)* = =5 (87.5)*=5.75 x 10° mm*

32
We also know that angle of twist,
6=T.1/C.J

Assuming the torque T and shear modulus C to
be samefor all the sections, we have

Angle of twist for hollow shaft AB,

6, =T.1,/C.J,
Similarly, angle of twist for solid shaft BC,
0, =T.1,/C.J,
and angle of twist for solid shaft CD,
6, =T.1,/C.J, ' _—-_
Sincetheangle of twist issamefor each section, Machine part of a jet engine. _
therefore Notg : This plgture is given as additional information
and is not a direct example of the current chapter.
0, =6,
T.I T.l L 3 832x10°
—L = 2 o == =0847 ()
c.J, C.J, l, J, 9.82x10
Also 0, = 6,
6
T Ty |_1:i:8.32><10621_447 i)
C. Jl C. J3 |3 J3 575%x10
Weknow that |, + 1, +1,=L=3.5m=3500 mm
l, |1+ L + ks = 3500
bl
I1(1+ 1 + 1 j=3500
0.847 1.447
|, x2.8717 = 3500 or |, =3500/2.8717 = 1218.8 mm Ans,

From equation (i),

|, =1,/0.847 =1218.8/ 0.847 = 1439 mm Ans.
and from equation (ii), |, =1,/1.447=1218.8/ 1.447 = 842.2 mm Ans.
Value of the applied torque
We know that the maximum shear stressin the hollow portion,
T = 47.5 MPa = 47.5 N/mm?
For a hollow shaft, the applied torque,

LI [(do)“ - <di)4} _ T s [(100)“ - <62.5)4}
16 d, 16 100

7.9 x 106 N-mm = 7900 N-m Ans.

T

Total angle of twist
When the shafts are connected in series, the total angle of twist is equal to the sum of angle of
twists of theindividual shafts. Mathematically, the total angle of twist,
0 =6,+6,+0,
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T.I . .
Sk T Tl Tk s
c.J, C.J, C.J ClJ)y 3 I

7.9><106{ 1218.8 . 1439 . 842.2 }

825x10° | 832x10° 9.82x10° 5.75x10°
7.9x10°
= = [1465 + 1465 + 146.5] = 0.042 rad
82.5x 10°x 10

= 0.042 x 180/ T = 2.406° Ans.

5.4 Bending Stress in Straight Beams
In engineering practice, the machine parts of structural members may be subjected to static or
dynamic loads which cause bending stress in the sections besides other types of stresses such as
tensile, compressive and shearing stresses.
Consider astraight beam subjected to abending moment M as shown in Fig. 5.4. Thefollowing
assumptions are usually made while deriving the bending formula.
1. Themateria of the beam is perfectly homogeneous (i.e. of the same material throughout)
and isotropic (i.e. of equal elastic propertiesin all directions).
2. Thematerial of the beam obeys Hooke's law.
3. The transverse sections (i.e. BC or GH) which were plane before bending, remain plane
after bending also.
4.  Each layer of the beam is free to expand or contract, independently, of the layer, above or
below it.

5. TheYoung's modulus (E) isthe samein tension and compression.
6. Theloadsare applied in the plane of bending.

Fig. 5.4. Bending stressin straight beams.

A little consideration will show that when abeam is subjected to the bending moment, the fibres
on the upper side of the beam will be shortened due to compression and those on the lower side will
be elongated due to tension. It may be seen that somewhere between the top and bottom fibres there
isasurface at which the fibres are neither shortened nor lengthened. Such asurfaceiscalled neutral
surface. The intersection of the neutral surface with any normal cross-section of the beam is known
asneutral axis. The stress distribution of abeamisshowninFig. 5.4. The bending equationisgiven

by

M _S_E
TV R
where M = Bending moment acting at the given section,
6 = Bending stress,
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I = Moment of inertia of the cross-section about the neutral axis,
y = Distance from the neutral axisto the extreme fibre,
E = Young's modulus of the material of the beam, and
R = Radius of curvature of the beam.
From the above equation, the bending stressis given by

cs—y><E
- R

Since E and R are constant, therefore within elastic limit, the stress at any point is directly
proportional toy, i.e. the distance of the point from the neutral axis.

Also from the above equation, the bending stress,

My M_ M
o= 'y z

Theratio I/y isknown as section modulus and is denoted by Z.

Notes: 1. The neutral axis of a
section always passes through its
centroid.

2. In case of symmetrical
sections such as circular, sguare or
rectangular, the neutral axis passes
through its geometrical centre and
the distance of extreme fibre from
the neutral axisisy=d/ 2, whered
is the diameter in case of circular
section or depth in case of square or
rectangular section.

3. Incase of unsymmetrical
sections such as L-section or T-
section, the neutral axis does not
pass through its geometrical centre.
In such cases, first of al the centroid
of the section is calculated and then
the distance of the extremefibresfor Parts in a machine.
both lower and upper side of the
section is obtained. Out of these two values, the bigger value is used in bending equation.

Table 5.1 (from pages 130 to 134) shows the properties of some common cross-sections.

Hammer strikes cartridge to make it

explode .
Revolving

chamber holds ~
bullets

—

Barrel X
Blade foresight

Vulcanized
rubber handle”

This is the first revolver produced in a production line using intferchangeable parts.
Note : This picture is given as additional information and is not a direct example of the current chapter.

- Trigger
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Example5.6. A pump lever rocking shaft is shown in Fig. 5.5. The pump lever exerts forces of
25 kN and 35 kN concentrated at 150 mm and 200 mm from the left and right hand bearing respec-
tively. Find the diameter of the central portion of the shaft, if the stressis not to exceed 100 MPa.

25 kN
J:i 600 mm
C D
B

Fig. 5.5
Solution. Given : 6, = 100 MPa= 100 N/mm?
Let R, and R; = Reactionsat A and B respectively.
Taking moments about A, we have
R % 950 = 35 x 750 + 25 x 150 = 30 000
R, = 30000/ 950 = 31.58 kN = 31.58 x 10° N

and R, = (25+ 35) —31.58 = 28.42 kN = 28.42 x 10° N

-. Bending moment at C
= R, x 150 = 28.42 x 10% x 150 = 4.263 x 10° N-mm

and bendingmomentat D = Ry x 200 = 31.58 x 10% x 200 = 6.316 x 10° N-mm

We see that the maximum bending moment
isat D, therefore maximum bending moment, M
= 6.316 x 10° N-mm.

Let d = Diameter of the

Contents

shaft.
.. Section modulus,
T
Z=—xd3
32
=0.0982d3
We know that bending stress ,
9 (Gb) The picture shows a method where sensors are
M used to measure torsion
100 = - Note : This picture is given as additional information
and is not a direct example of the current chapter.

_ 6316x10°  64.32x10°

0.0982d® = d®
d3 = 64.32 x 108/100 = 643.2 x 10% or d = 86.3 say 90 mm Ans.

Example5 7. Anaxle 1 metrelong supported in bearingsat itsends carriesa fly wheel weighing
30 kN at the centre. If the stress (bending) is not to exceed 60 MPa, find the diameter of the axle.
Solution. Given: L =1 m= 1000 mm; W=30kN =30 x 10*N ; o, = 60 MPa= 60 N/mm?

The axlewith aflywheel isshownin Fig. 5.6.
Let d = Diameter of the axlein mm.
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.. Section modulus, Flywheel

- 3 3 _Z Axle
Z 32 x d?=0.0982d J
Maximum bending moment at the centre of the axle,
3
M :W.L=30><10 X1000:7.5><106N-mm L

4 4 lm ———
We know that bending stress (c,),

60 M _ 75x10° _ 76.4x10°
~Z 0.0982d3 d3
d® =76.4x10860=1.27 x 10 or d=108.3 say 110 mm Ans.

Example 5.8. A beam of uniform rectangular cross-section is fixed at one end and carries an
electric motor weighing 400 N at a distance of 300 mm 400 N
from the fixed end. The maximum bending stressinthe 7 J«—300 mm 4,&
beamis 40 MPa. Find the width and depth of the beam,

if depth is twice that of width. —hf %
Solution. Given: W =400 N ; L = 300 mm; ¥ %
=40 MPa=40 N/mm?; h=2b
The beam isshown in Fig. 5.7. Fig. 5.7
Let b = Width of the beam in mm, and
h = Depth of the beam in mm.
.. Section modulus,

b

b.h* b(2b)? 2b% 4
Z= = = mm
6 6 3
Maximum bending moment (at the fixed end),
M = WL =400 x 300 = 120 x 10°* N-mm

We know that bending stress (c,),
M 120x10°x3 180 x10°

z 200 b
b3 = 180 x 10340 = 4.5 x 10% or b=16.5mm Ans.
and h=2b=2x16.5=33mmAns.

Example5.9. A castiron pulley transmits 10 kW at 400 r.p.m. The diameter of the pulleyis 1.2
metre and it has four straight arms of elliptical cross-section, in which the major axisis twice the
minor axis. Determine the dimensions of the arm if the allowable bending stressis 15 MPa.

Solution. Given: P=10kW =10 x 103 W ; N=400r.p.m; D = 1.2 m = 1200 mm or
R =600 mm; ¢, = 15 MPa= 15 N/mm?

Let T = Torque transmitted by the pulley.

We know that the power transmitted by the pulley (P),

10 % 10° = 2nN.T =21t><400><T —oT
60 60

10 x 10%/42 = 238 N-m = 238 x 10° N-mm

T
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Since the torque transmitted is the product of the tangential load and the radius of the pulley,
therefore tangential load acting on the pulley

3
- T _Z8X10_ a967 N
R 600

Since the pulley has four arms, therefore tangential 1oad on each arm,
W = 396.7/4=99.2 N
and maximum bending moment on the arm,
M = Wx R=99.2 x 600 = 59 520 N-mm
Let 2b = Minor axisin mm, and
2a = Mgoraxisinmm=2x 2b=4b ...(Given)
.. Section modulus for an élliptical cross-section,

zZ = % xazbzg (2b)2 x b = 1 b® mm?

We know that bending stress (c,),
M 59520 18943

=70 5
or b3 =18943/15=1263 or b=10.8mm
Minor axis, 2b =2x10.8=21.6 mmAns.
and major axis, 2a =2x2b=4x10.8=43.2mmAns.

5.5 Bending Stress in Curved Beams

We have seen in the previous article that for the straight beams, the neutral axis of the section
coincideswithits centroidal axisand the stressdistribution in the beamislinear. But in case of curved
beams, the neutral axis of the cross-section is shifted towards the centre of curvature of the beam
causing anon-linear (hyperbolic) distribution of stress, asshownin Fig. 5.8. It may be noted that the
neutral axisliesbetween the centroidal axisand the centre of curvature and always occurswithin the
curved beams. The application of curved beam principle is used in crane hooks, chain links and
frames of punches, presses, planers etc.

Stress
distribution Cross-section
R at X-X
! R
Ri Rn : !
|
|
(Centre of curvature) _v__v__Jl______L__

(0]

Fig. 5.8. Bending stress in a curved beam.

Consider acurved beam subjected to a bending moment M, as shownin Fig. 5.8. In finding the
bending stress in curved beams, the same assumptions are used as for straight beams. The general
expression for the bending stress (c,) in a curved beam at any fibre at a distance y from the neutral
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axis, isgiven by

My
%~ AelR -y
where M = Bending moment acting at the given section about the centroidal
axis,

A = Areaof cross-section,
e = Distance from the centroidal axisto the neutral axis=R-R,
R = Radius of curvature of the centroidal axis,
R, = Radiusof curvature of the neutral axis, and
y = Distancefrom the neutral axisto thefibreunder consideration. Itis
positive for the distances towards the centre of curvature and
negative for the distances away from the centre of curvature.
Notes: 1. The bending stress in the curved beam is zero at a point other than at the centroidal axis.
2. If thesectionissymmetrical such asacircle, rectangle, 1-beam with equal flanges, then the maximum
bending stress will always occur at the inside fibre.
3. If the section isunsymmetrical, then the maximum bending stress may occur at either theinside fibre
or the outside fibre. The maximum bending stress at the inside fibre is given by

_ M.y
% ~ Ale.R
where y, = Distance from the neutral axisto theinside fiore=R —R , and

R = Radiusof curvature of the inside fibre.
The maximum bending stress at the outside fibre is given by

M.y,
% =~ A.e.R
where y, = Distance from the neutral axisto the outside fibore=R - R, and

R, = Radius of curvature of the outside fibre.

It may be noted that the bending stress at the inside fibre istensile while the bending stress at the outside
fibre is compressive.

4. If thesection hasan axial load in addition to bending, then the axial or direct stress (c,,) must be added
algebraically to the bending stress, in order to obtain the resultant stress on the section. In other words,

Resultant stress, 6 =040,

Thefollowing table showsthe values of R and Rfor various commonly used cross-sectionsin
curved beams.

Table 5.2. Values of R, and R for various commonly used
cross-section in curved beams.

Section Values of R and R

h

|<_hT|_|N_>| Rn:loge[Ro]

R

R=R +—

|
. h
! 2

e ]
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Section Values of R, and R

Rﬁ[f:ﬁ]

|
|
|
!
= R=R +93
R

(252

| fe
/—>||/+T | A (AL R Jioge (o) -
|

| h(g + 20)
—— R.—> —R 4+ \1 " “0/
Wz 5| *R*3hen)
Ale— R———»
<—Ro
— }
e | | gt
D]
; |
[ H_LR—>| R—F?,+g
|A R,—»
Al gl
Py —

(b-t) +t;) +t.h

| .

[] e || el
| |
|

|
|
1 1. 1
| R, Zh2t+ = t2(b—t) + (b —t) to (h——t,)
| R=R+2 2 2
. ht+(b —t)(t +t,)
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Section Values of R and R
——— h —>
CN_Hi<:T_ I R, = ti(lg—t)+th
| B-1 |°9e[R+t‘J+t.Ioge[R°j
1 | | :
Il
T | | _|<—R—>i %h2t+%ti2(h—t)
A S T
e|<— >
}‘*R —
<—R0 4>|
= h iy |
e _HtiL_ | R,= t (B —t) +ty (b, —t)+th
_ C N | R+t Rt =
bT - _f | e TR s R e R
L |
|| | 1 N 1
aa |<_R—’I R:R+Eh2t+§ti (h_t)+(b°_t)to(h—§to)
}-— Lq t(g—t) +t, (b —t) + th
R
< R, =:

Example 5.10. The frame of a punch pressis shown in Fig. 5.9. Find the stresses at the inner
and outer surface at section X-X of the frame, if W= 5000 N.

Solution. Given : W =5000 N ; b; =18 mm; b, =6 mm; h =40 mm; R =25 mm;
R, =25+ 40=65mm
We know that area of section at X-X,

1
A= = (18 + 6) 40 = 480 mm?
2
The various distances are shown in Fig. 5.10. / fW
We know that radius of curvature of the neutral X

/
axis, % 10 VV
o) N
2 |

A (Wj log, (Roj ~ (b - b)) 10—
R vt
(500
i (]'8><65_6><25) I (65) - (18-16) Secti 40t X—j(_
40 “\25 cenond /;11 dimensions in mm.
480 —13883mm Fig. 5.9

~ (255x 0.9555) — 12
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and radius of curvature of the centroidal axis,
R=R+ h (b + 2b,) _ o5, 40 (18 + 2x 6) mm
3@ +hby) 3(18+ 6)
=25+ 16.67 = 41.67 mm
Distance between the centroidal axisand neutral axis,
e =R-R =41.67-38.83=284mm
and the distance between the load and centroidal axis,
X =100 + R=100 + 41.67 = 141.67 mm
.. Bending moment about the centroidal axis,
M = W.x=5000 x 141.67 = 708 350 N-mm

The section at X-X is subjected to adirect tensile load of W= 5000 N and a bending moment of
M = 708 350 N-mm. We know that direct tensile stress at section X-X,

o = W 300 _ 1645 Njmm? =10.42 MPa
A 0
w
[e—— 40 —> :
< | x >
CN |
/ i: 100 N
| | Vi I w
< Vo —pre—> |
—
|1 fe— R—>
~—— &, —!
le——R ——>
- R, :I
All dimensions in mm.
Fig. 5.10
Distance from the neutral axisto theinner surface,
Y, =R, —R =38.83-25=13.83 mm
Distance from the neutral axisto the outer surface,
Y, = R,—R,=65-38.83=26.17mm
We know that maximum bending stress at the inner surface,
M.y .
o, = Yi _ 708350x13.83 _ 287 4 N/mm?
' A.e.R 480x284x25
= 287.4 MPa (tensile)
and maximum bending stress at the outer surface,
_ M.y, _708350x26.17 _ 209.2 N/mm?

%0~ Ae.R  480x 2.84x 65

= 209.2 MPa (compressive)
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.. Resultant stress on the inner surface
=0, + o = 10.42 + 287.4 = 297.82 MPa (tensile) Ans.

and resultant stress on the outer surface,
=0,—-0,,=10.42-209.2 =-198.78 MPa
= 198.78 M Pa (compressive) Ans.

A big crane hook

Example 5.11. The crane hook carries a load of 20 kN as shown in Fig. 5.11. The section at
X-Xisrectangular whose horizontal sideis 100 mm. Find the stressesin theinner and outer fibres at

the given section.
Solution. Given: W=20kN=20x 103N ; R=50mm ;R =150mm;h=100mm;b=20mm
We know that area of section at X-X,
A = b.h =20 x 100 = 2000 mm?
The various distances are shown in Fig. 5.12.
We know that radius of curvature of the neutral axis,
h 100 100

R, = o [ = og (150) " 1098
e R e 50
and radius of curvature of the centroidal axis,

R=R +g=50+%=100mm

=91.07 mm

-. Distance between the centroidal axis and neutral axis,
e =R-R =100-91.07=8.93 mm
and distance between the load and the centroidal axis,
X = R=100 mm
*. Bending moment about the centroidal axis,
M =Wxx=20x10%x100=2 x 106 N-mm
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The section at X-X issubjected to adirect tensileload of W= 20 x 10° N and abending moment
of M =2 x 108 N-mm. We know that direct tensile stress at section X-X,

W 20x10°
c,=—=

= 2:
\ A 2000 10 N/mm¢ = 10 MPa

_+_ 100_’ All dimen}:ioons in mm.
20 V77

Section at X-X
All dimensions in mm.

Fig. 5.11 Fig. 5.12
We know that the distance from the neutral axisto theinside fibre,
y, = R,—R =9107-50=41.07 mm
and distance from the neutral axisto outside fibre,

Y, = R,—R,=150-91.07 = 58.93 mm

. Maximum bending stress at theinside fibre,
M.y 2x10°x41.07
oy =

i ~ A.e.R  2000x893x50
and maximum bending stress at the outside fibre,

M.y,  2x10°x5893
A.e.R, 2000x8.93x150
= 44 MPa (compressive)

=92 N/mm? = 92 MPa (tensile)

Cpp = = 44 N/mm?

.. Resultant stress at the inside fibre
=0, +06,; =10+ 92 =102 MPa (tensile) Ans.
and resultant stress at the outside fibre

= 6,— 0, = 10— 44 = — 34 MPa = 34 MPa (compressive) Ans.

Example 5.12. A C-clamp is subjected to a maximum load of W, as shown in Fig. 5.13. If the
maximumtensile stressin the clamp is limited to 140 MPa, find the value of load W.
Solution. Given : O(max) = 140 MPa = 140 N/mm?; R=25mm;R =25+25=50mm;
b =19mm;t=3mm;t=3mm;h=25mm
We know that area of section at X-X,
A =3x22+3%x19=123mm?
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Thevarious distances are shown in Fig. 5.14. We know that radius

of curvature of the neutral axis, X X W
(b — .h
- JCRDES } p”«so
(b —1)log, [ B ] 1 t10g.[ P 0
h Oe R Je E 25

_ 3(19-3)+3x25 \
(19 - 3) log, (252; 3) + 3109, (ggj N |
3 119
=31.64 mm T 22 [Z
<
and radius of curvature of the centroidal axis, Section of X-X
% Wt 4 % tiz (b —1t) All dlmz?;msni :;n mm.
h.t+t({-t)
Ix25°x3+1xF(19-3) 9375+ 72
25%x 3+ 3(19 - 3) T 5 a8
=25+82=33.2mm
Distance between the centroidal axisand neutral axis,
e =R-R =332-3164=156 mm
and distance between the load W and the centroidal axis,
X =50+R=50+33.2=83.2mm
Bending moment about the centroidal axis,
M =Wx=W=x83.2=83.2 WN-mm

le—25 —>

20— »y3le—25 o 50 .

CN 7
e i

B 123 123
T16x0.113+3x 0.693  3.887

R=R+

=25+

All dimensions in mm.

Fig. 5.14

The section at X-X is subjected to adirect tensile load of W and a bending moment of 83.2 W.
The maximum tensile stresswill occur at point P (i.e. at the inner fibre of the section).

Distance from the neutral axisto the point P,
y; = R,—R =31.64-25=6.64 mm
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Direct tensile stress at section X-X,
o, = W_W _ 0008w Nmm?
A 123
and maximum bending stress at point P,
_ M.y  832Wx664

O.. =
® A.e.R 123x156x25
We know that the maximum tensile stress O max?

140 = ¢, + 0, =0.008 W+ 0.115W=0.123 W
W = 140/0.123 = 1138 N Ans.
Note : We know that distance from the neutral axis to the outer fibre,
Y, = R,—R,=50-31.64 = 18.36 mm

. Maximum bending stress at the outer fibre,

=0.115W N/mm?

"~ A.e.R 123x156x50

M.y, 832Wx18.36

=016W

and maximum stress at the outer fibre,

= 6,~G,, = 0.008 W—0.16 W= — 0.152 W N/mm?

= 0.152 W N/mm? (compressive)

From above we see that stress at the outer fibreislarger in this case than at theinner fibre, but this stress

at outer fibreis compressive.

5.6 Principal Stresses and Principal Planes

In the previous chapter, we have discussed about the direct tensile and compressive stress as
well assimple shear. Also we have alwaysreferred the stressin aplanewhich is at right anglesto the

line of action of the force.
But it has been observed
that at any point in a
strained material, thereare
three planes, mutually
perpendicular to each
other which carry direct
stresses only and no shear
stress. It may be noted that
out of these three direct
stresses, one will be
maximum and the other
will be minimum. These
perpendicular planes
which have no shear stress
are known as principal
planes and the direct
stresses along these planes
are known as principal
stresses. The planes on
which the maximum shear

Field structure
(magnet)

Armature con-
taining several
coils

The ends of the coils

are arranged round
the shaft

Big electric generators undergo high forsional stresses.

stress act are known as planes of maximum shear.
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5.7 Determination of Principal Stresses for a Member Subjected to Bi-axial
Stress

When amember is subjected to bi-axial stress (i.e. direct stressin two mutually perpendicular
planes accompanied by a simple shear stress), then the normal and shear stresses are obtained as
discussed below:

Consider arectangular body ABCD of uniform cross-sectional areaand unit thickness subjected
to normal stresses ¢, and ¢, as shown in Fig. 5.15 (a). In addition to these normal stresses, a shear
stress T also acts.

It has been shown in books on * Strength of Materials that the normal stress across any oblique
section such as EF inclined at an angle 6 with the direction of 6,,, asshown in Fig. 5.15 (), isgiven by

o, = %1 7;02 o ;GZ c0s 20 + T sin 20 ()

and tangential stress (i.e. shear stress) across the section EF,
1
w5 (6,—0,) SN 20 -1 cos26 (i)

Since the planes of maximum and minimum normal stress (i.e. principa planes) have no
shear stress, therefore theinclination of principal planesis obtained by equating T, = 0in the above
equation (ii), i.e.

% (6,—0,)SN20-1cos260=0

21
tan 20 = (i)
61— 63
G2
AAAAA
D T F C D T<e—F—— F C
T T T
P | 1 S > P\ T Sy .
Gl§ R — ;Gl Gl% T T T §61
= c, K6 T = = o, K0 =
2 My ol By
B M E T
A >t B A _ 1 o1 B
YYYYY
02
(@) Direct stress in two mutually (b) Direct stress in one plane accompanied
prependicular planes accompanied by by asimple shear stress.

asimple shear stress.

Fig. 5.15. Principal stresses for amember subjected to bi-axial stress.

We know that there are two principal planes at right angles to each other. Let 6, and 6, be the
inclinations of these planes with the normal cross-section.

From Fig. 5.16, we find that

2
sn2o =
\/((51— 0,)%+ 41
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F
. 27
sin26, = +
(06,—0,)%+ 417
. 27
and sin20, = —
\/(csl— 0,)%+ 41
Also cos20 = + 91~ %
(6,—0,)%+ 417
c0s20, = + 01_(:2 -
(op—0,) +4r1 Fig. 5.16
6,— O
and cos 20, = 1 2

Yoy~ 0,)2+ 47
The maximum and minimum principal stresses may now be obtained by substituting the values
of sin 26 and cos 26 in equation (i).
. Maximum principal (or normal) stress,
oy = LZGZ + % (6,— G,)%+ 412 (V)
and minimum principal (or normal) stress,

0;+0 1
Oy = ¥—5\1(61—62)2+41:2 (V)

2
The planes of maximum shear stress are at right angles to each other and areinclined at 45° to
the principal planes. The maximum shear stressisgiven by one-half thealgebraic difference between
theprincipal stresses, i.e.

_Su-0%p_1

(6,—0,)° + 4 1° (Vi)

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

Contents
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Notes: 1. When amember is subjected to direct stressin one plane accompanied by asimple shear stress as shown
in Fig. 5.15 (b), then the principal stresses are obtained by substituting 6, = 0 in equation (iv), (v) and (vi).

o, = %+%[\/(01)2+ 41:2}
oy = %—%[\/(cl)ﬁ 412}
and Toox = %[\/(01)%412}

1T r—2 2 o
2. Intheabove expression of o, thevalueof - [ (0)*+41° J ismorethan 31 . Therefore the nature

of o, will be oppositeto that of 6,,, i.e. if 6,, istensile then 6, will be compressive and vice-versa.

5.8 Application of Principal Stresses in Desighing Machine Members

Therearemany casesin practice, in which machine members are subjected to combined stresses
due to simultaneous action of either tensile or compressive stresses combined with shear stresses. In
many shafts such as propeller shafts, C-frames etc., there are direct tensile or compressive stresses
due to the external force and shear stress due to torsion, which acts normal to direct tensile or com-
pressive stresses. The shaftslike crank shafts, are subjected simultaneously to torsion and bending. In
such cases, the maximum principal stresses, dueto the combination of tensile or compressive stresses
with shear stresses may be obtained.

The results obtained in the previous article may be written asfollows:

1. Maximum tensile stress,

Otmag = %*%[V(Gt)2+ a7

2. Maximum compressive stress,

Cotra) = G—2C+%[1/(cc)2+ 412]

3. Maximum shear stress,

e = 5 (007 47

where o, = Tensile stress due to direct load and bending,
o, = Compressive stress, and
T = Shear stress due to torsion.
Notes: 1. When 1 = 0 asin the case of thin cylindrical shell subjected in internal fluid pressure, then

Ot max) — Ot
2. When the shaft is subjected to an axial load (P) in addition to bending and twisting moments asin the
propeller shafts of ship and shaftsfor driving worm gears, then the stress due to axial load must be added to the
bending stress(c,). Thiswill givethe resultant tensile stress or compressive stress (c, or 6,) depending upon the

type of axia load (i.e. pull or push).

Example5.13. A hollow shaft of 40 mm outer diameter and 25 mminner diameter is subjected
to a twisting moment of 120 N-m, simultaneously, it is subjected to an axial thrust of 10 kN and a
bending moment of 80 N-m. Cal culate the maximum compressive and shear stresses.

Solution. Given: d; =40 mm; d =25 mm; T = 120 N-m = 120 x 103 N-mm; P = 10 kN
=10x 10°N ; M = 80 N-m = 80 x 10° N-mm

We know that cross-sectional area of the shaft,

T

A= %[(do)z_ (d)?]= A [ (40)% - (25)% ] = 766 mm?
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.. Direct compressive stress due to axial thrust,
_ P _10x10°

%= AT 766
Section modulus of the shaft,

. _{M} _{M} _ 5325 mm’

=13.05 N/mm? = 13.05 MPa

T3 d, 32 40
Bending stress due to bending moment,
3
o, = M _80x10° _ 15.02 N/mm? = 15.02 MPa (compressive)

P77z 5325
and resultant compressive stress,

o, = 0, + 6, = 15.02 + 13.05 = 28.07 N/mm? = 28.07 MPa
We know that twisting moment (T),

L ECH I CHN :1X{M}:10650T

16 d, 16 40
120 x 10%10 650 = 11.27 N/mm? = 11.27 MPa

120 x 10°

. T
M aximum compressive stress
We know that maximum compressive stress,

(¢ 1 2 2
Oomg = ?C-FEI:\/(GC) +4r1 }

28.07

+ % [ J@son?+ 4 @127/ ]
14,035 + 18 = 32.035 MPa Ans.

Maximum shear stress
We know that maximum shear stress,

T = 2[00 +47 | = 1] (28.07)2 + 411277 | = 18 MPa Ans.

Example5.14. Ashaft, asshowninFig. 5.17, is subjected to a bending load of 3 kN, puretorque

of 1000 N-mand an axial pulling force of 15 kN. 3KN
Calculate the stresses at A and B. 7
Solution. Given : W = 3 kN = 3000 N : A ¥ .
T =1000 N-m = 1 x 108 N-mm; P = 15 kN ~Z-—— 50 mm Dia - — — — — — - |
=15x%x 10N ; d = 50 mm; x = 250 mm 1000 e
i B
We know that cross-sectional area of the shaft, 950 mm
i :
A==xd? Fig. 5.17
4
T
=2 (50)2 = 1964 mm?
.. Tensile stressdue to axial pulling at points A and B,
P 15x10°
6, = —=—2"" =764N/mm?=7.64MPa
A 1964

Bending moment at points A and B,
M = Wx =3000 x 250 = 750 x 10% N-mm

Contents
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Section modulus for the shaft,
-
3R
=12.27 x 103 mm3

3= T 3
z xd*= = (50

. Bending stress at points A and B,
M 750x10°

6. =— =72
b7 1227x10°
=61.1 N/mm?=61.1 MPa
Thisbending stressistensileat pointAand |
compressive at point B.
.. Resultant tensile stress at point A,
G, =0,+0,=611+7.64

This picture shows a machine component inside a

crane
=68.74 MPa Note : This picture is given as additional information and
and resultant Compl‘eSSive stress at poi ntB is not a direct example of the current chapter.

Gy = 6,—0,=61.1-7.64 =53.46 MPa
We know that the shear stress at points A and B due to the torque transmitted,
_ 16T  16x1x10°

T=—3 3
nd 7 (50)
Stresses at point A
We know that maximum principal (or normal) stress at point A,

o 1
Cpmag = 7’* +3 [,/(GA)2+ 4‘C2]

% ¥ % [ J(e8.74)2+ 4 (4074 |

= 34.37 + 53.3 = 87.67 MPa (tensile) Ans.
Minimum principal (or normal) stress at point A,

c 1
i) = 7’* -3 [\/(GA)Z +4 172] =34.37-53.3=-18.93 MPa

= 18.93 MPa (compressive) Ans.
and maximum shear stress at point A,

Tamag = 3 [\/(GA)2+ 4 rz] =1 [\/(68.74)2 +4 (40.74)2]

53.3MPaAns.

= 40.74 N/mm? = 40.74 MPa ( T=116><1:><d3)

Stresses at point B
We know that maximum principal (or normal) stress at point B,

_og 1 2 2
Oy = 7+§[ (og)°+4r1 ]
5346 1
—_— + —
2
26.73 + 48.73 = 75.46 MPa (compressive) Ans.

[ J(53.46)2+ 4 (40.74)? |
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Minimum principal (or normal) stress at point B,

Og(min) ~ 678 - % [\/ (0g)° + 4172]

26.73 -48.73 = - 22 MPa
= 22 MPa((tensile) Ans.
and maximum shear stress at point B,

Toomg = 3 [(0a)?+ 477 | = 1| (5346 + 4 (40.747? |
48.73 MPaAns.

Example 5.15. An overhang crank with pin and shaft is shown in Fig. 5.18. A tangential load
of 15 kN acts on the crank pin. Determine the maximum principal stress and the maximum shear
stress at the centre of the crankshaft bearing.

Crank pin ] /—I—\
15 kN_%_ | .
) /— Crank web @
|
140 mm i\Crank shaft |
N -T
+ / A \
—_—a——-—t— —— 80mm — —(— 4 —|— 3 —|—
| + \ | /
N I /
p
<—120 mmJ '

Fig. 5.18
Solution. Given: W=15kN =15x 103N ; d=80 mm ; y =140 mm ; x = 120 mm
Bending moment at the centre of the crankshaft bearing,
M = Wxx=15x 10%x 120 = 1.8 x 105 N-mm
and torque transmitted at the axis of the shaft,
T =Wxy=15x10%x 140 = 2.1 x 106 N-mm
We know that bending stress due to the bending moment,

M 32M T 3)
_M_ wZ=—xd
o 7 T ( 32><
32x1.8x10°
= —_— =35.8 N/mm2=358 MPa
7 (80)

and shear stress due to the torque transmitted,
16T  16x21x10°

T re 20 N/mm?2 = 20.9 MPa
n T

Maximum principal stress
We know that maximum principal stress,

Cyra) = G—zt + % [«/(Gt)2+ 412}

38 1
5t [\/(35.8)2 +4 (20.9)2] ... (Substituting o, = ,)

179+ 27.5=454 MPaAns.
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Maximum shear stress
We know that maximum shear stress,

1. = )2+ a7 |=1](35872+4(209)
2 2

= 27.5MPaAns.

5.9 Theories of Failure Under Static Load

It has already been discussed in the previous chapter that strength of machine membersisbased
upon the mechanical properties of the materials used. Since these properties are usually determined
from simple tension or compression tests, therefore, predicting failure in members subjected to uni-
axial stressisboth simple and straight-forward. But the problem of predicting the failure stressesfor
members subjected to bi-axial or tri-axial stressesis much more complicated. In fact, the problemis
so complicated that alarge number of different theories have been formulated. The principal theories
of failure for amember subjected to bi-axial stress are asfollows:

1. Maximum principal (or normal) stress theory (also known as Rankine's theory).

2. Maximum shear stress theory (also known as Guest’s or Tresca' s theory).

3. Maximum principal (or normal) strain theory (also known as Saint Venant theory).

4. Maximum strain energy theory (also known as Haigh'stheory).

5. Maximum distortion energy theory (also known as Hencky and Von Mises theory).

Since ductile materials usually fail by yielding i.e. when permanent deformations occur in the
material and brittle materials fail by fracture, therefore the limiting strength for these two classes of
materialsisnormally measured by different mechanical properties. For ductile materials, thelimiting
strength is the stress at yield point as determined from simple tension test and it is, assumed to be
equal in tension or compression. For brittle materials, the limiting strength is the ultimate stress in
tension or compression.

5.10 Maximum Principal or Normal Stress Theory (Rankine’s Theory)

According to thistheory, thefailure or yielding occursat apoint in amember when the maximum
principal or normal stressin abi-axial stress system reaches the limiting strength of the material ina
simpletension test.

Since the limiting strength for ductile materials is yield point stress and for brittle materials
(which do not havewell defined yield point) thelimiting strength isultimate stress, therefore according

Limestone Iron ore Oxygen is
Coke blown into
Pig iron and molten metal The molten steel can
scrap steel then be tapped off.
are poured
into converter

Waste gases
are removed

Converter pours out

____f"- ~.. molten steel

i

Mixed raw
maerials

Hot air |
blasted into’,
furnace

Molten steel fluid can be poured
by into moulds or cast while fuild
Molten slag removed " . Oxygen burns off carbon to

Iron Molten pig iron 4, the pig iron into steel

Pig iron is made from iron ore in a blast furnace. It is a brittle form of iron that contains 4-5 per cent carbon.
Note : This picture is given as additional information and is not a direct example of the current chapter.

Ladle
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to the abovetheory, taking factor of safety (F.S.) into consideration, the maximum principa or normal
stress (o,,) in abi-axial stress system s given by

Oyt . .
——, for ductile materials
F.S

Oy =
oy . .
= Es , for brittle materials
where Oy = Yield point stressin tension as determined from simple tension

test, and
6, = Ultimatestress.

Sincethe maximum principal or normal stresstheory isbased onfailureintension or compression
and ignoresthe possihility of failure dueto shearing stress, thereforeit isnot used for ductile materials.
However, for brittle materialswhich arerelatively strongin shear but weak intension or compression,
thistheory is generally used.

Note : The value of maximum principal stress (c,,) for a member subjected to bi-axial stress system may be
determined as discussed in Art. 5.7.

5.11 Maximum Shear Stress Theory (Guest’s or Tresca’s Theory)

Accordingtothistheory, thefailureor yielding occursat apoint in amember when the maximum
shear stress in a bi-axial stress system reaches a value equal to the shear stress at yield point in a
simpletension test. Mathematically,

Trox = ryt/F.S ()
where Trax = Maximum shear stressin abi-axial stress system,
Ty = Shear stress at yield point as determined from simple tension test,
and

F.S. = Factor of safety.
Since the shear stress at yield point in asimple tension test is equal to one-half the yield stress
in tension, therefore the equation (i) may be written as
(¢
_ wt

T = 5L FS
Thistheory ismostly used for desi g'jn'i ng members of ductile materials.

Note: The value of maximum shear stressin abi-axial stress system (t,,,,) may be determined as discussed in
Art. 5.7.

5.12 Maximum Principal Strain Theory (Saint Venant’s Theory)

Accordingtothistheory, thefailureor yielding occursat apoint in amember when the maximum
principal (or normal) strainin abi-axial stresssystem reachesthelimiting valueof strain (i.e. strain at
yield point) as determined from asimple tensile test. The maximum principal (or normal) strainina
bi-axial stress systemisgiven by

_%u_ %2

. fx T E Tl E
.. According to the above theory,

Ou _ Sw Oyt .
= — - =&€=
fr T E T m.E ExFS. ®
where 6, ad 6, = Maximumand minimum principal stressesin abi-axia stresssystem,

€ = Strain at yield point as determined from simple tension test,
1/m = Poisson’sratio,

E = Young'smodulus, and
F.S. = Factor of safety.
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From equation (i), we may write that
Oz _ Ont
m F.S
Thistheory is not used, in general, because it only gives reliable resultsin particular cases.

Oy —

5.13 Maximum Strain Energy Theory (Haigh’s Theory)

According to this theory, the failure or yielding occurs at a point in amember when the strain
energy per unit volumein abi-axial stress system reachesthelimiting strain energy (i.e. strain energy
at theyield point ) per unit volume as determined from simple tension test.

This double-decker A 380 has a passenger capacity of 5655. Its engines and parts should be robust
which can bear high torsional and variable stresses.

We know that strain energy per unit volume in abi-axial stress system,

1 20yX0
U, = 2E [(th)z +(02)* - %}

and limiting strain energy per unit volume for yielding as determined from simple tension test,

2
o
U2 = i (_ytj
2E \F.S.

According to the above theory, U, = U,

2
e i [(th)z + (6t2)2 - —2 O Gtz} = i [G—ytj

2E m 2E \ F.S.
2
204X0 o
or 6. )2+ (c.)2— £9ux O =[ yt J
(6" * (0) m F.S.

Thistheory may be used for ductile materials.

5.14 Maximum Distortion Energy Theory (Hencky and Von Mises Theory)

According to thistheory, thefailure or yielding occurs at apoint in amember when the distortion
strain energy (also called shear strain energy) per unit volumein abi-axial stress system reachesthe
limiting distortion energy (i.e. distortion energy at yield point) per unit volume as determined from a
simpletension test. Mathematically, the maximum distortion energy theory for yielding is expressed
as

2
(o
_ yt
(62 +(0,)* 20, %0, = ( F.S.j

Thistheory ismostly used for ductile materialsin place of maximum strain energy theory.

Note: The maximum distortion energy isthe difference between the total strain energy and the strain energy due
to uniform stress.
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Example 5.16. Theload on a bolt consists of an axial pull of 10 kN together with a transverse
shear force of 5 kN. Find the diameter of bolt required according to

1. Maximum principal stress theory; 2. Maximum shear stress theory; 3. Maximum principal
strain theory; 4. Maximum strain energy theory; and 5. Maximum distortion energy theory.

Take permissible tensile stress at elastic limit = 100 MPa and poisson’sratio = 0.3.
Solution. Given: P, =10kN ; P,=5kN ; Oya) = 100 MPa= 100 N/mm?; 1/m=0.3
Let d = Diameter of the bolt in mm.

.. Cross-sectional area of the bolt,

'
A= " x 02 = 0.7854 d2 mm?
We know that axial tensile stress,

10 == 12'273 kN/mm?
1 A 0.7854d d

and transverse shear stress,
T = EZ > 5= 63265 kN/mm2
A 07854 d d
1. According to maximum principal stresstheory

We know that maximum principal stress

01+ 0 1
Ou = 12 2+E[\/(01_02)2+4‘52]
+

1273 1 12.73}2 £6.365j2
= +- +4
2d? 2 d? d?
1
2

6.365
+ —
d2
6.365 1 15.365 2 - 15365 )
= 1+ =4+ 4 kN/m N/mm
d? { 2 } d? d?
According to maximum principal stresstheory,

Oy = Oyey OF % =100

d?2 = 15365/100 = 153.65 or d=12.4 mm Ans.
2. Accordmg to maximum shear stresstheory
We know that maximum shear stress,

R IL CEEA L EE MR BRCERL

1 (12.73)1 4(6.365j2 _1 6365
2 d? d? 2 d?

2 knimm? = 20
d? d?

According to maximum shear stress theory,

_ Se) 9000 _ 100
e = or IR =50
d? =9000/50=180 or d=13.42mmAns.
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3. According to maximum principal strain theory
We know that maximum principal stress,

o, 1 15 365
o, = 71 + 3 [J (csl)2 +4 12} = e ...(As calculated before)

and minimum principal stress,

o, =5 5L+ 47

_1273 1] [(1273)" ,(6365)
- 2 5 2 | T 2
2d? 2 d d

_ 6.365 —%x 6.365 [\/mJ

d? d?
_ 6.3265 [1 : \/E] _- 2.2335 KN/mm?2
d d
=_ 2235 N/mm2 Front view of a jet engine. The rotors un-
d

dergo high torsional and bending stfresses.
We know that according to maximum principal strain theory,

c c Ot(a S
16 156
15 365 N 2635x% 0.3 —100 or — = 100

d? =16156/100=161.56 or d=12.7 mmAns.
4. According to maximum strain energy theory
We know that according to maximum strain energy theory,

204X 0O
(th)z + (Gtz)z _ tl t2 — [Gt(el)]z

2 2
[15;;65} {— 3235} Cou 15d?;65 T 3235 % 0.3 = (100)?
236x10° 6.94x10° 24.3x10°
+ +
d* d* d*
23600 694 2430 26724
-t —+ ——=1 or =
d* d*  d* d*
. d*4 =26724 or d=12.78 mm Ans.
5. According to maximum distortion energy theory
According to maximum distortion energy theory,
(th)z + (GIZ)Z - 26t1 X Gpp= [Gt(el)]z

=10x10°

1

2 2
15365]" , [-2635]° , 15365 —2635_ (1002
d? d? d? d?
6 6 6
236(;1 10° 6.94d>‘<1 10° 80.92 :< 10° _ 10y 10?
23600 694 8097 _, 32301
R I

d* =32391 or d=13.4mmAns.
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Example5.17. Acylindrical shaft made of steel of yield strength 700 MPais subjected to static
loads consisting of bending moment 10 kN-mand a torsional moment 30 kN-m. Determinethe diameter
of the shaft using two different theories of failure, and assuming a factor of safety of 2. Take E = 210
GPa and poisson'sratio = 0.25.

Solution. Given: 6,, = 700 MPa= 700 N/mm?; M = 10 kKN-m =10 x 106 N-mm ; T=30kN-m
=30 x 105 N-mm ; FS =2; E =210 GPa= 210 x 10° N/mm?; 1/m= 0.25

Let d = Diameter of the shaft in mm.

First of all, let us find the maximum and minimum principal stresses.

We know that section modulus of the shaft

zZ= % x d 3 = 00982 d® mm®
-, Bending (tensile) stress due to the bending moment,
M  10x10° 101.8x10° )
6, =—- = 3= 3 N/mm
Z 0.0982d d
and shear stress due to torsional moment,

16T _16x30x10° 152.8x10° N
T = = —
nd3 nd3
We know that maximum principal stress,

/mm?

oy = LZGZ+%[\/(01—02)2+ 412]

- %Jr%[w/(cl)zwrz} A 0,=0)

2 2
101.8x10° 1 (101.8 x 10° j (152.8 x 10 j
=+ = —_ | +4| =
2d°® 2 d3 d3

509x10° 1 10°
d® 2 dd

50.9x10° = 161x10° 211.9x10°
FE RS

[JaoL8?+ 4 (15287 |

N/mm?

and minimum principal stress,

O, = LZGZ—%[\/((H—GZ)AL 41:2]

= %_%[1/(01)%412} A~ 6,=0)

50.9x10° 161x10° —110.1x10° )
= — = N/mm

BT RE iE
Let us now find out the diameter of shaft (d) by considering the maximum shear stress theory
and maximum strain energy theory.

1. According to maximum shear stresstheory
We know that maximum shear stress,
Gu—6p 1 {211.9 x10° 110.1x 106} _ 161x 10°

R R R R o
We also know that according to maximum shear stresstheory,
Oyt 161x10° 700
= = =175
T 5Fs U T T ox2

d3 = 161 x 108/ 175=920 x 10% or d=97.2 mm Ans.
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Note: The value of maximum shear stress (., ) may aso be obtained by using the relation,

Ty = %[1/ (0)%+ 412J

1] |(1008x10°)"  (152.8x10°)’
N e )T e

- %xg[\/(1018)2+4(1528) ]

6 6
= 1,20 s gpp  1OXIO" e
27 d

...(Same as before)
2. According to maximum strain energy theory
We know that according to maximum strain energy theory,

2
1 20t1><0t2} 1 (cytj
O + (G - —
B A e

20.,X0O o
or 6.)2+ (5.)2 — 17 V12 =[ vt j
(0" + (o) m F.S.
2 2
211.9% 10° —-110.1x10° 211.9x10° -110.1x10° 700
e + e —-2X e X e x 0.25 =
44902 x 10 12122x 102 11665 x 107

or 40 + e + e =122 500

68 689 x 10
d6
d 6 = 68 689 x 10'%/122 500 = 0.5607 x 10'? or d =90.8 mm Ans.
Example 5.18. Amild steel shaft of 50 mm diameter is subjected to a bending moment of 2000
N-mand a torque T. If the yield point of the steel in tension is 200 MPa, find the maximum val ue of

thistorque without causing yielding of the shaft according to 1. the maximum principal stress; 2. the
maximum shear stress; and 3. the maximum distortion strain energy theory of yielding.

Solution. Given: d =50 mm ; M = 2000 N-m = 2 x 106 N-mm ; o,, = 200 MPa= 200 N/mm?

Let T = Maximum torque without causing yielding of the shaft, in N-mm.
1. According to maximum principal stresstheory

We know that section modulus of the shaft,

=122 500

Z= 32 xd®=—- (50)3— 12 273 mm?®
*. Bending stress due to the bending moment,
6
o = M _2X10° 163 Njmm?
oz 12273

and shear stress due to the torque,
16T 16T
nd® & (50)

T = 7 =0.0407 x 102 T N/mm?

{T :%xrxdﬂ
We know that maximum principal stress,

c 17 -2 . 2
Oy = 21+2|: ((51)2+4‘Cz:|

- 123 111637+ 4 (00407 x 10°T)? |
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= 815+ 6642.5+ 1.65x 10° T2 N/mm?

o = G 5[ av]
_ 1_6233 _% /(1637 + 4 (0.0407 x10°T)? |

= 815 —  6642.5 + 1.65x 10 T2 N/mm?

Minimum principal stress,

and maximum shear stress,

T = 3 [ (007 + 477 | = 1 [/ 163 + 4 (00407 x 10°°T)? |

= /66425 + 1.65x 10° T2 N/mm?
We know that according to maximum principal stress theory,

Gy = Oy ..(TakingF.S =1)

815 + / 6642.5 + 1.65x 102 T2 = 200
66425+ 1.65+ 102 T2 = (200 — 81.5)2 = 14 042
, 14042 — 66425

1.65x107°
or T = 2118 x 108 N-mm = 2118 N-m Ans.

2. According to maximum shear stresstheory
We know that according to maximum shear stress theory,

= 4485 x 10°

Trex = Tyt = GTyt
- /66425 +165x10°T? = % =100
6642.5+ 1.65 x 10-° T 2= (100)2 = 10 000
ro o 1000066025 0 1o
1.65x 10

o T =1426 x 10° N-mm = 1426 N-m Ans.
3. According to maximum distortion strain energy theory
We know that according to maximum distortion strain energy theory
(th)z + (GtZ)Z —Gy XO0p = (Gyt)z

[81.5 +/6642.5 + 1.65x 109 T2 T + [81.5 — /66425 + 1.65x 1077 T2 ]2

- [81.5 +|/6642.5+ 1.65x 109 T2 } [81.5 — |/6642.5+ 1.65x 107 T2 } = (200)

2[(81.5)%+ 6642.5 + 1.65x 10° T2 | — [ (81.5)> — 6642.5+ 1.65 x 10° T | = (200)?

(8L.5)% + 3 x 6642.5 + 3 x 1.65 x 10 T 2 = (200)2
26 570 + 4.95 x 10- T 2 = 40 000

T2_4OOOO—26570

4.95x107°
T =1647 x 108 N-mm = 1647 N-m Ans.

= 2713 x10°
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5.15 Eccentric Loading - Direct and Bending Stresses Combined

An external load, whose line of action is parallel but does not coincide with the centroidal axis
of the machine component, is known as an eccentric load. The distance between the centroidal axis
of the machine component and the eccentric load is called eccentricity and is generally denoted by e.
The examples of eccentric loading, from the subject point of view, are C-clamps, punching machines,
brackets, offset connecting links etc.

Y P Y P Y Y P Y P
—>|e¢<— Pl, e < ¢P1=P —>|e¢<— ﬂer—
I |
P
! T ? ! Py=P P2|
|
| | | | '
| | | ! |
T T T T
Y Y Y Y Y
C I A | I |
| | |P1=H N
P | P p
T AR T IRz
| P\=pP, | h
D ! B I [
_L Tensile
Tt
o+,
Direct compressive _ Compressive _L
stress diagram. Bending stress '
diagram. Combined direct and
bending stress diagram.
(a) (b) () (d) (e)

Fig. 5.19. Eccentric loading.

Consider ashort prismatic bar subjected to acompressiveload P acting at an eccentricity of eas
shown in Fig. 5.19 (a).

Let usintroducetwo forces P, and P, along the centre line or neutral axis equal in magnitudeto
P, without altering the equilibrium of the bar as shown in Fig. 5.19 (b). A little consideration will
show that the force P, will induce adirect compressive stress over the entire cross-section of the bar,
asshown in Fig. 5.19 (c).

The magnitude of this direct compressive stressis given by

P P
c, = Kl or A where A isthe cross-sectional area of the bar.

The forces P, and P, will form a couple equal to P x e which will cause bending stress. This
bending stress is compressive at the edge AB and tensile at the edge CD, as shown in Fig. 5.19 (d).
The magnitude of bending stress at the edge AB is given by

P.e.y, .
o, = — (compressive)
and bending stress at the edge CD,
P.e.
o, = ——N (tensile)
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where y, andy, = Distancesof the extremefibreson the compressive and tensilesides,

from the neutral axis respectively, and

I = Second moment of area of the section about the neutral axisi.e.

Y-axis.
According to the principle of superposition, the maximum or the resultant compressive stress at
the edge AB,
%= T A~z A T

and the maximum or resultant tensile stress at the edge CD,

_Pey P.M P__
%= T Az A b7

The resultant compressive and tensile stress diagram is shown in Fig. 5.19 (e).

“Turbines

™ Turbine shaft
Combustion chamber

~™= Spark plug

Fuel line

Compressor

In a gas-turbine system, a compressor forces air info a combustion chamber. There, it mixes with fuel.
The mixture is ignited by a spark. Hot gases are produced when the fuel burns. They expand and drive

a series of fan blades called a turbine.

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

Notes: 1. When the member is subjected to a tensile load, then the

Load
point

above equations may be used by interchanging the subscripts c and t.

stress 6, then the compressive stress shall be present all over the
Ccross-section.

3. Whenthedirect stress o, isless than the bending stress o, Xq———-
then the tensile stress will occur in the left hand portion of the cross- I

section and compressive stress on the right hand portion of the cross- —ry—

section. In Fig. 5.19, the stress diagrams are drawn by taking o, less |

2. Whenthedirect stress o, isgreater than or equal to bending i l/
| |

than o,
In case the eccentric |oad acts with eccentricity about two axes, Y

asshown in Fig. 5.20, then the total stress at the extreme fibre Fig. 5.20. Eccentric load with

_P,.P.e.x _P.&.y

A IXX IYY

eccentricity about two axes.

| |
* We know that bending moment, M = P.e and section modulus, Z = v yeor Wi
c

Bending stress, 6, =M/ Z
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Example5.19. A rectangular strut is 150 mmwide and 120 mm thick. It carries a load of 180
kN at an eccentricity of 10 mmin a plane bisecting the thickness as shown in Fig. 5.21. Find the
maximum and minimum intensities of stressin the section.

Solution. Given : b =150 mm; d = 120 mm; P = 180 kN

=180x 108N ; e=10mm 10 mm ~_ 0 KN
We know that cross-sectional area of the strut, e
A =b.d =150 x 120
= 18 x 10° mm?

:
.. Direct compressive stress, !
P 180x10° |

6. = —=—"—%
° A 18x10° l
10 N/mm?2 = 10 MPa |
Section modulus for the strut, I

lyy d.b*/12 d.b?
/= —= =
y b/2 6
120 (150)2
6
450 x 10° mm3
Bending moment, M = Pe=180x 10° x 10
= 1.8 x 105 N-mm

: M 18x10° .
Bending stress, 6, = —-=——— .

Z 450%10 Fig. 5.21
= 4 N/mm?=4MPa

Since o, is greater than o, therefore the entire cross-section of the strut will be subjected to
compressive stress. The maximum intensity of compressive stress will be at the edge AB and

minimum at the edge CD. 20 kKN
. Maximum intensity of compressive stress at the edge AB
L—f— 500 —
|

=0,+0,=10+4=14MPaAns. !
and minimum intensity of compressive stress at the edge CD |
|
|

=0,-0,=10-4=6MPaAns.
Example5.20. Ahollow circular column of external diameter

250 mmand internal diameter 200 mm, carriesa projecting bracket
onwhich aload of 20 kN rests, as shown in Fig. 5.22. The centre of @,\/

the load fromthe centre of the column is 500 mm. Find the stresses <200
at the sides of the column. [ 250 >
Solution. Given : D = 250 mm; d = 200 mm; |
P=20kN =20x 10°N ; e=500 mm r
We know that cross-sectional area of column, _ * ~
v
A=— (D?-d?
4 L |
T Tensil
= 7 [(2502~ (2002 9.91 MPa enste y
= 17 674 mm? 317 MPa
. Direct compressive stress, Compressive '
P 20x10° 2 S
6. = —=———=113N/mm All dimensions in mm.
° A 17674 Eic 525
= 113 MPa 'g- >
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Section modulus for the column,
T 4 4 b
1D _d Rl 4_ 4
L1 at?] g [0 - 0]

y D/2 250/2
=905.8 x 10° mm?3

Bending moment,

Positioning

M = Pe gears Transmission
=20 x 10® x 500 Turbine head
=10 x 10° N-mm | :
. i Contro - el
. Bending stress, clectronics '\l y _%: -t Drive shatt
6 adjust position ™= -
_ M = & of wind turbine :
% T Z 0058x10°  head :

5 Internal ladder

11.04 N/mm allow access to

11.04 MPa wind turbine
. . . head

Since o, is less than o, therefore right

hand side of the column will be subjected to

compressive stressand theleft hand side of the

column will be subjected to tensile stress.

" Vents for cooling
air

Turbine blade
. Maximum compressive stress,

6, =0,+0,=11.04+ 113

= 12.17MPaAns. Note : This picture is given as additional information and
and maximum tensile stress, is not a direct example of the current chapter.
6, =6,-0,=11.04-1.13=9.91 MPaAns.

Example 5.21. A masonry pier of width 4 m and thickness 3 m, supports a load of 30 kN as
shown in Fig. 5.23. Find the stresses devel oped at each corner of the pier.

Solution. Given: b=4m;d=3m;P=30kN;eX=0.5m;ey=1m
We know that cross-sectional area of the pier,
A=bxd=4x3=12n?

Wind turbine.

Load point
Moment of inertia of the pier about X-axis, C Y / Aoa pom
b.d® 4x3 4 < _f T
| = = = 9 m lm'H Im x
ST S 4 1
and moment of inertia of the pier about Y-axis, o _|_ _05m 1y i
d.b® 3x4 . ' 1
lyy = = =16 m |
12 12 y
Distance between X-axis and the corners A and B, |
Xx=3/2=15m D N B
< |
Distance between Y-axis and the corners A and C, 4m -

We know that stress at corner A,

P.e.
GA:E+P.eX.x+ &y
A Ixx

..[ At A both xandy are +ve]
lvy
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@4_ 30X0'5X1'5+ 0x1x2
12 9 16

=25+25+3.75=8.75kN/m? Ans.
Similarly stressat corner B,

P.e.
E+P.ex.x_ &y

Og = ..[ AtB,xis+veandyis-ve]
A IXX IYY
_ @Jr 30x05x15 30x1x2
T 12 9 16
=25+25-375=1.25kN/m2Ans.
Stress at corner C,
P P.e.x P.g.y
Oc= 7~ & + el ... [AtC, xis—veand yis+ve]
A IXX IYY
_ §—3OXO'SX1'5+ 30x1x 2
12 9 16
=25-25+375=3.75kN/m2Ans.
and stress at corner D,
P P.e.x P.e.y
Op = ~ — & - ey ... [At D, both xand y are — ve]
A lXX IYY
_ @_30><0.5><1.5 B 0x1x2
T 12 9 16

2.5—-25-3.75=—3.75 KN/m?= 3.75 KN/m? (tensile) Ans.

Example 5.22. A mild steel link, as shown in Fig. 5.24 by full lines, transmits a pull of 80 kN.
Find the dimensions b and t if b = 3t.
Assume the permissible tensile stress as /___f_ - T TS
|l

Ve
70 MPa. If the original link is replaced
by an unsymmetrical one, as shown by

/
= f b \
dotted linesin Fig. 5.24, having the same A r
thickness t, find the depth b,, using the P - - P
same permissible stress as before.
P | "I ! I‘_T

Solution. Given : P = 80 kN

=80 x 103N ; 5,= 70 MPa= 70 N/mm? =0 G2
When the link isin the position shown by full linesin Fig. 5.24, the area of cross-section,
A=bxt=3txt=3t2 (v b=3t)

We know that tensile load (P),
80x10%® =6, x A=70 x 312 = 210 t?
. t2 = 80 x 103/ 210=381 or t=19.5say 20 mm Ans.
and b=3t=3x20=60mmAns

When thelink isin the position shown by dotted lines, it will be subjected to direct stressaswell
as bending stress. We know that area of cross-section,

A =Db xt
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Direct tensile stress,

_P__P
%~ A bxt
d bendi _M_P.e_6P.e [ . t(bl)zj
and bending stress, o, =7 Z t (by)? 2=
.~ Total stress due to eccentric loading
6P.e P P (6e
= Op + 0y = >+ = —+1
t(b)? bxt t.b (b
Since the permissible tensile stress is the same as 70 N/mm?, therefore
3 3
_ 80x10° (6xb, +1) = 16x10 ( Eccentricity, ezgl)
20b; \byx2 b, 2

b, = 16 x 103/ 70 = 228.6 say 230 mm Ans.

Example5 23. Acast-iron link, as shown in Fig. 5.25, isto carry aload of 20 kN. If thetensile
and compressive stresses in the link are not to exceed 25 MPa and 80 MPa respectively, obtain the
dimensions of the cross-section of the link at the middle of its length.

2a
—>{3
A
1 3a i 1
20 kN - — :i::a - 20 kN
i |<_3a_>| ) .
Fig. 5.25
Solution. Given: P=20kN =20 x 103N ; Oymax) = 25 MPa=25 N/mm?; o, ( =80 MPa
= 80 N/mm? 2a

Sincethelink issubjected to eccentric loading, thereforethere —»| 3 |<_ —>| 3 |<—
will be direct tensile stress as well as bending stress. The bending
stress at the bottom of thelink istensile and in the upper portionis
compressive. _L :

We know that cross-sectional area of thelink, N

A:3a><a+2><2—::1 X 2a

= 5.67 a2 mm?
-. Direct tensile stress,

3
_P_20x10°_353%0

%~ A se7a?  a
Now let us find the position of centre of gravity (or neutral axis) in order to find the bending

stresses.

Let 9 = Distanceof neutral axis(N.A.) from the bottom of thelink asshown
inFig. 5.26.
. 3ax % + 2% 4% x 2a
= =12amm
Y 5.67 a?
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Moment of inertiaabout N.A.,

2 3
, , 3 ax (2a) 452
+3a“(l.2a—0.5a8)“ |+ 2

+— (2a-1.2a)°
3 ( )

|- [Sa xa’
12
= (0.25 a* + 1.47 a% + 2 (0.44a* + 0.85 a*) = 4.3 a* mm*
Distance of N.A. from the bottom of the link,
y, =y =1l2amm
Distance of N.A. from the top of thelink,
y. =3a-1l2a=18amm
Eccentricity of theload (i.e. distance of N.A. from the point of application of the load),
e=12a-05a=0.7amm
We know that bending moment exerted on the section,
M = Pe=20x10%x 0.7a= 14 x 10°aN-mm
. Tensile stressin the bottom of the link,

oM M M.y, 14x10®ax12a 3907
vtz ly, I 43a* a?

and compressive stress in the top of thelink,

M _ M _ M.y _14x10°ax18a _ 5860
%z T 1ly, | 434" a’

We know that maximum tensile stress [, (max)] ;

3907 5860 9767

25 =0+ 0 = 2 2 2
a® =9767/25=390.7 or a=19.76mm (1)
and maximum compressive stress [co(mx)],
80 = o, — 0, = 58(230 3 3530 _ 2330
a a a
a? =2330/80=29.12 or a=54mm (1)

We shall take the larger of thetwo values, i.e.
a = 19.76 mm Ans.

Example5.24. Ahorizontal pull P= 5kN isexerted by the belting on one of the cast iron wall
brackets which carry a factory shafting. At a point 75 mm from the wall, the bracket has a T-section
asshown in Fig. 5.27. Cal culate the maximum stressesin the flange and web of the bracket dueto the
pull.
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All dimensions in mm.

Fig. 5.27

Solution. Given : Horizontal pull, P =5kN =5000 N

Sincethe sectionis subjected to eccentric loading, therefore there will be direct tensile stressas
well as bending stress. The bending stress at the flange istensile and in the web is compressive.

We know that cross-sectional area of the section,

A =60 x 12+ (90— 12)9 = 720 + 702 = 1422 mn?
.. Direct tensile stress,c, = P _ 5000 =3.51 N/mm? = 3.51 MPa
O A 1422

Now let us find the position of neutral axis in order to determine the bending stresses. The

neutral axis passes through the centre of gravity of the section.

Let y = Distanceof centreof gravity (i.e. neutral axis) fromtop of theflange.
_ 60><12><12+78><9(12+78)
y = 2 27 _ 282 mm
720 + 702
Moment of inertia of the section about N.A.,

+720 (28.2 - 6)2} + [%28)3 + 702 (51— 28.2)2}

. {60(12)3
- 12

= (8640 + 354 845) + (355 914 + 364 928) = 1 084 327 mm*

. ST - L LT
= f‘_._ . ; ——
This picture shows a reconnoissance helicopter of air force. Its dark complexion absorbs light that falls
on its surface. The flat and sharp edges deflect radar waves and they do not return back to the radar.
These factors make it difficult to detect the helicopter.
Note : This picture is given as additional information and is not a direct example of the current chapter.
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Distance of N.A. from the top of theflange,
y, = y =282mm
Distance of N.A. from the bottom of the web,
Y, = 90-282=61.8mm
Distance of N.A. from the point of application of the load (i.e. eccentricity of the load),
e = 50+282=782mm
We know that bending moment exerted on the section,
M = P xe=5000x 78.2=391 x 10°N-mm
. Tensile stressin the flange,
M M M.y 391x10°x 28.2

6, = —= = =10.17 N/mm?
oz 1y I 1084 327
= 10.17 MPa
and compressive stressin the web,
3
o = M_ M _M.y _391x10°x618 _ 29 28 N/mm>
¢ Z, Iy, I 1084 327
= 22.28 MPa

We know that maximum tensile stressin the flange,
Oimaxy = Op+ 0, =0+ 0, = 10.17 + 3.51 = 13.68 MPaAns.
and maximum compressive stressin the flange,
Ogmax) = Op —0p =0, =0 = 22.28 —3.51 =18.77 MPa Ans.
Example 5.25. A mild steel bracket as shown in Fig. 5.28, is subjected to a pull of 6000 N
acting at 45° to its horizontal axis. The bracket has a rectangular section whose depth is twice the

thickness. Find the cross-sectional dimensions of the bracket, if the permissible stressin the material
of the bracket is limited to 60 MPa.

Solution. Given: P =6000N ; 6 =45°; ¢ =60 MPa= 60 N/mm?
Let t = Thickness of the section in mm, and
b = Depth or width of the section=2t ...(Given)

We know that area of cross-section,
A=bxt=2txt=2t2mm?

t x b? L
and section modulus, Z= 5 T Py
t (20)° ’ 75 mm 45°
= 6 —>| t |<— |
i p 6000 N
41° 3 % * v
=—mm® T T T T
6 y
Horizontal component of the load, —b
P,, = 6000 cos45°
= 6000x0.707 e 130mm——"—>

= 4242N Fig. 5.28

. Bending moment due to horizontal
component of the load,

M,, = P, x 75=4242 x 75 = 318 150 N-mm
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A little consideration will show that _ ——,
the bending moment duetothe horizontal ~ TUine
component of the load induces tensile "3t
stress on the upper surface of the bracket Generator_ ==
and compressive stress on the lower ™
surface of the bracket.

~. Maximum bending stress on
the upper surface due to horizontal

Component' Curved =
blades
_My

o Z Water
318150 % 6 Schematic of a hydel turbine.

3 Note : This picture is given as additional information
4t and is not a direct example of the current chapter.

Water =

477 225
t3

N/mm? (tensile)

Vertical component of the load,
P, = 6000 sin 45° = 6000 x 0.707 = 4242 N
.~. Direct stress due to vertical component,

_ R 4242 2121 2 .
Oy = VN N/mm< (tensile)
Bending moment due to vertical component of the load,
M, = P, x 130 = 4242 x 130 = 551 460 N-mm

This bending moment induces tensile stress on the upper surface and compressive stress on the
lower surface of the bracket.

.. Maximum bending stress on the upper surface due to vertical component,

G = M, 551460x6 827190
v T 7 413 3
and total tensile stress on the upper surface of the bracket,
477225 2121 827190 1304 415 N 2121

N/mm? (tensile)

T t2 t3 t3 t2
Since the permissible stress (o) is 60 N/mm?, therefore
1304 415 2121 21740 354
3 + > = 60 or 3 + —2 = 1
t t t t
o t =284 mmAns. ... (By hit and trial)
and b =2t =2x284=56.8mm Ans.

Example 5.26. A C-clamp as shown in Fig. 5.29, carriesaload P = 25 kN. The cross-section
of the clamp at X-X isrectangular having width equal to twice thickness. Assuming that the clamp is
made of steel casting with an allowable stress of 100 MPa, find its dimensions. Also determine the
stresses at sections Y-Y and Z-Z.

Solution. Given: P=25kN =25x 103N ; ¢ =100 MPa= 100 N/mm?

t(max)
Dimensions at X-X
Let t = Thickness of the section at X-X in mm, and
b = Width of the sectionat X-Xinmm= 2t ...(Given)
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We know that cross-sectional areaat X-X, Y 140 mm —s-
A =bxt=2txt=2t2mm? b Z
. Direct tensile stress at X-X, 45f X’__!__ -
7
P 25x10° TN
T | Y
2t | 40
125%x10° i
= === N/mm® X—-—I—-——-X
t > b €
Bending moment at X-X dueto theload P, | 02 P
M = Pxe=25x10°x 140 | —j—
_ N
= 35x 10°N-mm 1
t.b? t()? 4t
Section modulus, Z= 5 - (6) = mm? <— 150 mm —>
Fig. 5.29
(v b=2Y

. Bending stress at X-X,
M 35x10°x6 5.25x10°

o, = — = N/mm? (tensile
N 4¢3 2 (tensle)
We know that the maximum tensile stress[c, (max)] ,
125x10®° 525x10°
100 =o,+0, = 2 + a
3
or @+52.5><10 _1-0
t2 t3
o t = 38.5mmAns. ...(By hit and trial)
and b=2t=2x385=77mmAns.

Stresses at section Y-Y

Since the cross-section of frame is uniform throughout, therefore cross-sectional area of the
frame at section Y-Y,

A =Dbsec45° xt =77 x 1.414 x 38.5 = 4192 mm?
Component of the load perpendicular to the section
= Pcos45° =25x 103 x 0.707 = 17 675N
This component of the load produces uniform tensile stress over the section.
. Uniform tensile stress over the section,
o = 17675/ 4192 = 4.2 N/mm? = 4.2 MPa
Component of the load parallel to the section
= Psin45° =25x10%x 0.707 =17 675N
This component of the load produces uniform shear stress over the section.
-~ Uniform shear stress over the section,
T = 17675/ 4192 = 4.2 N/mm? = 4.2 MPa
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We know that section modulus,
t (b sec 45°)> 385 (77 x 1.414)?
Z= =
6 6
Bending moment dueto load (P) over the section Y-Y,

M = 25x10°x 140=3.5x 10°N-mm
-. Bending stress over the section,

M 35x10° 5
=SS5 =——3 =46 N/mm? =46 MPa
Z 76x10

Dueto bending, maximum tensile stress at theinner corner and the maximum compressive stress
at the outer corner is produced.

. Maximum tensile stress at the inner corner,
0, = 0,+0,=46+4.2=502MPa
and maximum compressive stress at the outer corner,
0, = 0,—0,=46-4.2=41.8MPa
Since the shear stress acts at right angles to the tensile and compressive stresses, therefore
maximum principal stress (tensile) on the section Y-Y at the inner corner

= G+ sbleteart |22 202t ax e Jwea

= 25.1+25.4=50.5MPaAns.
and maximum principal stress (compressive) on section Y-Y at outer corner

- %+%[,/(oc)2+4rz]=£2'8+%[\/(41.8)2+ 4% (42?2 | MPa
= 209+21.3=42.2 MPaAns.
Maximumshear stress = 3[ /(02 + 472 | =3[ /(5027 + 4x (42)? | = 25.4 MPa Ans

Stresses at section Z-Z

=76 x 103 mm?®

Op

We know that bending moment at section Z-Z,
= 25x 10° x 40 = 1 x 105 N-mm

t.b?> 385(77)°
6 6
.. Bending stress at section Z-Z,
M 1x10°
O, = 5 =— 3 = 263N/mm?=263MPaAns.
Z 38x10

Thebending stressistensile at theinner edge and compressive at the outer edge. The magnitude
of both these stressesis 26.3 MPa. At the neutral axis, thereisonly transverse shear stress. The shear
stress at the inner and outer edges will be zero.

We know that * maximum transverse shear stress,

=38 x 103 mm3

and section modulus, Z =

P 25x 10°
Toax = 1.5 % Average shear stress= 1.5x— =15

X —
b.t 77 % 38.5
= 12.65 N/mm? = 12.65 MPa Ans.

*  Refer Art. 5.16
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h Sluice gate Dam Spillway

-—

\

Water fromthe  The flow of Turbinesdrive  Cables carry Excess water
reservoir water makes generator to away the flows over
passes through  the turbine shaft  produce electricity for spillway

a gate turn electricity use

General layout of a hydroelectric plant.

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

5.16 Shear Stresses in Beams

In the previous article, we have assumed that no shear force is acting on the section. But, in
actual practice, when abeam isloaded, the shear force at a section always comesinto play along with
the bending moment. It has been observed that the effect of the shear stress, as compared to the
bending stress, is quite negligible and is of not much importance. But, sometimes, the shear stress at
asection is of much importance in the design. It may be noted that the shear stressin abeam is not
uniformly distributed over the cross-section but varies from zero at the outer fibresto a maximum at
the neutral surface as shown in Fig. 5.30 and Fig. 5.31.

- A

I h
y 2
N Yy

SN

Fig. 5.30. Shear stressin arectangular beam. Fig. 5.31. Shear stressin acircular beam.

The shear stressat any section actsin aplane at right angleto the plane of the bending stressand
itsvalueisgiven by

F —
T = WXAy
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where F = Vertical shear force acting on the section,
I = Moment of inertiaof the section about the neutral axis,
b = Width of the section under consideration,
A = Areaof the beam above neutral axis, and

y = Distance between the C.G. of the areaand the neutral axis.

Thefollowing values of maximum shear stressfor different cross-section of beamsmay be noted

1. For abeam of rectangular section, as shown in Fig. 5.30, the shear stressat adistancey from
neutral axisisgiven by

F (h? zj 3F { b.hﬂ
= —|—- = h2 — 4y? I XN =
2l (4 y 2b.hd ( y) 12
and maximum shear stress,

3F ( " h)

= — Substituting y=—

T 5 h gy 5

o _F _F

=15 T(average) .| © “(average) — Area_ b.h

The distribution of stressis shownin Fig. 5.30.
2. For abeam of circular section as shown in Fig. 5.31, the shear stress at a distance y from

neutral axisisgiven by
F (d? 2) 16F > , >
=—|—- = d--4
T ( 2V ) g @)

and the maximum shear stress,

T = L ...| Substituting y = 9
max T 2 2
3x 4 d
4 .. ‘[ = 7': = F
= § T(average) | e Area % d?

The distribution of stressisshownin Fig. 5.31.

3. For abeam of I-section asshownin Fig. 5.32, the maximum shear stressoccurs at the neutral
axisandisgiven by

FlB, , b.hz}
=—|—=(H“=h —_—
T I.b[S( ) 8
s ——]
T b |
H PR
H?2 % h
| 2R I
—3 p a—
Flange
N /Web
| |
Fig. 5.32
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Shear stress at the joint of the web and the flange

= = (H2-1)
and shear stress at the junction of the top of the web and bottom of the flange

F
= —x— (H2-h?
=3 ( )
The distribution of stress |sshown inFig. 5.32.

Example 5.27. A beam of |-section 500 mm deep and 200 mm wide has flanges 25 mm
thick and web 15 mmthick, as shownin Fig. 5.33 (a). It carries a shearing force of 400 kN. Find
the maximum intensity of shear stress in the section, assuming the moment of inertia to be
645 x 108 mm*. Also find the shear stress at the joint and at the junction of the top of the web
and bottom of the flange.

Solution. Given : H =500 mm; B =200 mm; h =500 — 2 x 25 = 450 mm; b = 15 mm;
F =400kN =400 x 103N ; | = 645 x 10 mm*

3.7 MPa

15 —

h
N =— \ 500
2

Flange

0
|<—200 —>|

All dimensions in mm.

(b)

Fig. 5.33
Maximum intensity of shear stress
We know that maximum intensity of shear stress,

F B, , ., b.hz}
= 2 HZ-n?) + 2
Tmex I.b[S( )+ 73
3 2
= 20x10 [200 (5002 — 4507) + 12X 4507 }N/mmz
645 x 10° x 15

= 64.8 N/mm? = 64.8 MPaAns.
The maximum intensity of shear stress occurs at neutral axis.

Note : The maximum shear stress may also be obtained by using the following relation :

_ F.A.y

max I .b

We know that area of the section above neutra axis,

450
A =200 x 25+ Y x 15 = 8375 mm?
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Distance between the centre of gravity of the areaand neutral axis,

v = 200x25(225+12.5) + 225x15%x112.5

y =187 mm
8375
400x 10°x 8375 x 187 )
Trax = 5 =64.8 N/mm? = 64.8 MPaAns.
645% 10°%x 15

Shear stress at thejoint of the web and the flange
We know that shear stress at the joint of the web and the flange

3
_ F (n2_pp) - _400x10 :

8l 8x 645x%x 10
= 3.7N/mm?2=3.7MPaAns.

[ (500) - (450)? | N/mm?

Shear stress at the junction of the top of the web and bottom of the flange
We know that shear stress at junction of the top of the web and bottom of the flange

3
- P Bmrm =&m6
8 b 8x 645x10

= 49 N/mm? = 49 MPaAns.

x % [ (500)2— (450)2 | N/mm?

The stress distribution is shown in Fig. 5.33 (b)

EXERCISES

A steel shaft 50 mm diameter and 500 mm long is subjected to a twisting moment of 1100 N-m, the
total angle of twist being 0.6°. Find the maximum shearing stress devel oped in the shzaft and modulus
of rigidity. [Ans. 44.8 M Pa; 85.6 kN/m?|

A shaft istransmitting 100 kW at 180 r.p.m. If the allowable stressin the material is 60 MPa, find the
suitable diameter for the shaft. The shaft is not to twist more than 1° in a length of 3 metres.
Take C = 80 GPa. [Ans. 105 mm]

Design a suitable diameter for a circular shaft required to transmit 90 kW at 180 r.p.m. The shear
stress in the shaft is not to exceed 70 MPa and the maximum torque exceeds the mean by 40%. Also
find the angle of twist in alength of 2 metres. Take C = 90 GPa. [Ans. 80 mm; 2.116°]

Design a hollow shaft required to transmit 11.2 MW at a speed of 300 r.p.m. The maximum shear
stress allowed in the shaft is 80 MPa and the ratio of the inner diameter to outer diameter is 3/4.
[Ans. 240 mm; 320 mm]

Compare theweights of equal lengths of hollow shaft and solid shaft to transmit agiven torque for the
same maximum shear stress. The material for both the shafts is same and inside diameter is 2/3 of
outside diameter in case of hollow shaft. [Ans. 0.56]

A spindle as shown in Fig. 5.34, isapart of an industrial brake and is loaded as shown. Each load P
isequal to 4 kN and is applied at the mid point of its bearing. Find the diameter of the spindle, if the

maximum bending stress is 120 MPa. [Ans. 22 mm]
—> 25mm |«——— 125 mm » 25 mm le—
y P yP
I” I*
Fig. 5.34

7. A castiron pulley transmits 20 kW at 300 r.p.m. The diameter of the pulley is 550 mm and has four

straight arms of elliptical cross-section in which the major axis is twice the minor axis. Find the
dimensions of the arm, if the allowable bending stressis 15 MPa. [Ans. 60 mm; 30 mm]
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8. A shaftissupported in bearings, the distance between their centresbeing 1 metre. It carriesapulley in
the centre and it weighs 1 kN. Find the diameter of the shaft, if the permissible bending stress for the
shaft material is 40 MPa. [Ans. 40 mm]

9. A punch press, used for stamping sheet metal, has a punching capacity of 50 kN. The section of the
frameis as shown in Fig. 5.35. Find the resultant stress at the inner and outer fibre of the section.
[Ans. 28.3 MPa (tensile); 17.7 M Pa (compressive)]

A
X (0]
| 100 ¥
N
l I
|
I
| | - I
= 200 ¢St
7
100 300
Section at X-X
Section at A-A
All dimensions in mm. All dimensions in mm.
Fig. 5.35 Fig. 5.36
10. A crane hook has a trapezoidal section at A-A as shown in Fig. 5.36. Find the maximum stress at
points P and Q. [Ans. 118 M Pa (tensile); 62 M Pa (compressive)]

11. A rotating shaft of 16 mm diameter is made of plain carbon steel. It is subjected to axial 1oad of 5000
N, asteady torque of 50 N-m and maximum bending moment of 75 N-m. Calculatethe factor of safety
available based on 1. Maximum normal stress theory; and 2. Maximum shear stress theory.

Assume yield strength as 400 MPa for plain carbon steel. If al other data remaining same, what
maximum yield strength of shaft material would be necessary using factor of safety of 1.686 and
maximum distortion energy theory of failure. Comment on the result you get.

[Ans. 1.752; 400 M Pa]

12. A hand cranking lever, as shown in Fig. 5.37, is used to start a truck engine by applying a force
F =400 N. The material of the cranking lever is 30C8 for which yield strength = 320 MPa; Ultimate
tensile strength = 500 MPa ; Young's modulus = 205 GPa ; Modulus of rigidity = 84 GPaand poisson’s

ratio=0.3.
, F
e
|
|
X : 200 mm
|
| Y / |
e
!-44 400 mm —»!

Fig. 5.37
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Assuming factor of safety to be 4 based onyield strength, design thediameter ‘d’ of thelever at section
X-X near the guide bush using : 1. Maximum distortion energy theory; and 2. Maximum shear stress
theory. [Ans. 28.2 mm; 28.34 mm]
An offset bar is loaded as shown in Fig. 5.38. The weight of the bar may be neglected. Find the
maximum offset (i.e., the dimension x) if allowable stressin tension is limited to 70 MPa.

[Ans. 418 mm]

10 kN

All dimensions in mm. All dimensions in mm.

Fig. 5.38 Fig. 5.39

A crane hook made from a50 mm diameter bar is shown in Fig. 5.39. Find the maximum tensile stress
and specify itslocation. [Ans. 35.72 MPaat A]
An overhang crank, as shown in Fig. 5.40 carries a tangential load of 10 kN at the centre of the
crankpin. Find the maximum principal stress and the maximum shear stress at the centre of the crank-

shaft bearing. [Ans. 29.45 M Pa; 18.6 M Pa]
e
R et
T 50

I

}ioﬂz_sk— e 1(;0 —

All dimensions in mm. All dimensions in mm.

Fig. 5.40 Fig. 5.41

A steel bracket is subjected to a load of 4.5 kN, as shown in Fig. 5.41. Determine the required
thickness of the section at A-A in order to limit the tensile stress to 70 MPa. [Ans. 9 mm]

Contents

Top



178 = A Textbook of Machine Design

17.

A wall bracket, as shownin Fig. 5.42, is subjected to apull of P =5 kN, at 60° to the vertical. The
cross-section of bracket isrectangular having b = 3t . Determine the dimensions b and t if the stress
in the material of the bracket is limited to 28 MPa. [Ans. 75 mm; 25 mm]

18.

19.

20.

< 120
160
—>| 40
7
60
—{t | |
7 A L _|_ _
I —— — b R —
7R \ '
{30 [=—
|
All dimensions in mm. All dimensions in mm.
Fig. 5.42 Fig. 5.43

A bracket, as shown in Fig. 5.43, isbolted to the framework of a machine which carriesaload P. The
cross-section at 40 mm from the fixed end is rectangular with dimensions, 60 mm x 30 mm. If the
maximum stressis limited to 70 MPa, find the value of P.
[Ans. 3000 N]
A T-section of abeam, as shown in Fig. 5.44, is subjected to avertical shear force of 100 kN. Calcu-
late the shear stress at the neutral axis and at the junction of the web and the
flange. The moment of inertia at the neutral axisis 113.4 x 106 mm*.
[Ans. 11.64 MPa; 11 MPa; 2.76 M Pa]

e—200—~ y le—60—> ¥

—»>» <15

250 ~— Web 120

4
—50 e— 15

— 60— 1
All dimensions in mm. All dimensions in mm.
Fig. 5.44 Fig. 5.45

A beam of channel section, asshown in Fig. 5.45, is subjected to avertical shear force of 50 kKN. Find
the ratio of maximum and mean shear stresses. Also draw the distribution of shear stresses.
[Ans. 2.22]

QUESTIONS

Derive arelation for the shear stress developed in a shaft, when it is subjected to torsion.
State the assumptions made in deriving a bending formula.
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Torsional and Bending Stresses in Machine Parts = 179

Provetherelation: M/l =cly = E/R

where M = Bending moment; | = Moment of inertia; 6 = Bending stressin afibre at adistancey from
the neutral axis; E = Young's modulus; and R = Radius of curvature.

Write the relations used for maximum stress when a machine member is subjected to tensile or com-
pressive stresses along with shearing stresses.

Write short note on maximum shear stress theory verses maximum strain energy theory.
Distinguish clearly between direct stress and bending stress.
What is meant by eccentric loading and eccentricity?

Obtain a relation for the maximum and minimum stresses at the base of a symmetrical column,
when it is subjected to

(a) an eccentric load about one axis, and (b) an eccentric load about two axes.

OBJECTIVE TYPE QUESTIONS

When a machine member is subjected to torsion, the torsional shear stress set up in the member is
(@) zero at both the centroidal axis and outer surface of the member

(b) Maximum at both the centroidal axis and outer surface of the member

(c) zero at the centroidal axisand maximum at the outer surface of the member

(d) none of the above

Thetorsional shear stress on any cross-section normal to the axisis......... the distance from the centre
of the axis.

(a) directly proportional to (b) inversely proportional to

The neutral axis of abeam is subjected to

(@) zerostress (b) maximum tensile stress

() maximum compressive stress (d) maximum shear stress

At the neutral axis of abeam,

(a) thelayers are subjected to maximum bending stress

(b) thelayers are subjected to tension (c) thelayers are subjected to compression
(d) thelayersdo not undergo any strain

The bending stressin a curved beam is

(a) zero at the centroidal axis (b) zero at the point other than centroidal axis
(c) maximum at the neutral axis (d) none of the above

The maximum bending stress, in a curved beam having symmetrical section, always occur, at the
(a) centroidal axis (b) neutral axis

(c) insidefibre (d) outsidefibre

If d = diameter of solid shaft and t = permissible stress in shear for the shaft material, then torsional
strength of shaft iswritten as

@) %d“r (b) dlog,t

© %d3f ) %d"‘r

If d; and d, are the inner and outer diameters of a hollow shaft, then its polar moment of inertiais
(@) 55 (do)*=(0)*] () 55(@0)°~(@)°]

(© 55 (@)~ @)’ (@) 55 do—d)
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9. Two shafts under pure torsion are of identical length and identical weight and are made of same
material. The shaft A is solid and the shaft B is hollow. We can say that

(a) shaft Bis better than shaft A
(b) shaft Ais better than shaft B
(c) both the shafts are equally good
10. A solid shaft transmits atorque T. The allowable shear stressis t. The diameter of the shaft is

o 16T 4327
@ §rt ®) {7t
64T 16T
3 —— 3=

© g (d) .

11.  When amachine member is subjected to atensile stress (c,) due to direct load or bending and a shear
stress (1) due to torsion, then the maximum shear stress induced in the member will be

@ 3[J?+ad] ® 1[J©e)—av]
© [Jo?+ai?] (d) (0)?+47

12. Rankin€'stheory isused for

(@) brittle materials (b) ductile materials
(c) elastic materials (d) plastic materials
13. Guest'stheory is used for
(@) brittle materials (b) ductile materials
(c) elasticmaterias (d) plastic materials
14. At the neutral axisof abeam, the shear stressis
(@) zero (b) maximum
(c) minimum
15. The maximum shear stress developed in a beam of rectangular section is ........ the average shear
stress.
(@) equd to (b) 3 times
() 1.5times
ANSWERS
1. (b 2. (8 3. (@ 4. (d) 5. (b)
6. (¢ 7. (¢ 8. (@ 9. (@ 10. (a)
11. (a) 12. (a) 13. (b) 14. (b) 15. (o)
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Variable Stresses in
Machine Parts

A L N=

Infroduction.

Completely Reversed or
Cyclic Stresses.

Fatigue and Endurance
Limit.

Effect of Loading on
Endurance Limit—Load
Factor.

Effect of Surface Finish on
Endurance Limit—Surface
Finish Factor.

Effect of Size on Endurance
Limit—Size Factor.
Relation Between
Endurance Limit and
Ultimate Tensile Strength.
Factor of Safety for Fatigue
Loading.

Stress Concentration.

. Theoretical or Form Stress

Concentration Factor.
Stress Concentration due fo
Holes and Notches.
Factors to be Considered
while Designing Machine
Parts to Avoid Fatigue
Failure.

Stress Concentration
Factor for Various Machine
Members.

Fatigue Stress
Concentration Factor.
Notch Sensitivity.
Combined Steady and
Variable Stresses.

Gerber Method  for
Combination of Stresses.

., Goodman Method for

Combination of Stresses.

. Soderberg Method for

Combination of Stresses.

6.1 Introduction

We have discussed, in the previous chapter, the
stresses due to static loading only. But only afew machine
parts are subjected to static loading. Since many of the
machine parts (such asaxles, shafts, crankshafts, connecting
rods, springs, pinion teeth etc.) are subjected to variable or
alternating loads (also known as fluctuating or fatigue
loads), therefore we shall discuss, in this chapter, the
variable or alternating stresses.

6.2 Completely Reversed or Cyclic Stresses

Consider arotating beam of circular cross-section
and carrying a load W, as shown in Fig. 6.1. This load
induces stresses in the beam which are cyclic in nature. A
little consideration will show that the upper fibres of the
beam (i.e. at point A) are under compressive stress and the
lower fibres (i.e. at point B) are under tensile stress. After
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half a revolution, the point B occupies the position of

point A and the point A occupiesthe position of point B. ¢ A
Thus the point B is now under compressive stress and
the point A under tensile stress. The speed of variation
of these stresses depends upon the speed of thebeam. A | W

From above we see that for each revolution of the
beam, thestressesare reversed from compressivetotensile.
The stresseswhich vary from onevalue of compressiveto
the same value of tensile or vice versa, are known as completely reversed or cyclic stresses.

Notes: 1. The stresses which vary from aminimum val ue to amaximum value of the same nature, (i.e. tensile or
compressive) are called fluctuating stresses.

2. The stresses which vary from zero to a certain maximum value are called repeated stresses.

3. The stresses which vary from aminimum value to amaximum value of the opposite nature (i.e. from a
certain minimum compressive to acertain maximum tensile or from aminimum tensileto amaximum compressive)
are called alternating stresses.

Fig. 6.1. Reversed or cyclic stresses.

6.3 Fatigue and Endurance Limit

It has been found experimentally that when amaterial issubjected to repeated stresses, it failsat
stresses below the yield point stresses. Such type of failure of a material is known as fatigue. The
failureiscaused by meansof aprogressive crack formation which are usually fine and of microscopic
size. The failure may occur even without any prior indication. The fatigue of material is effected by
the size of the component, relative magnitude of static and fluctuating loads and the number of load
reversals.

875 mm 5 ! Gmax
2 /\ ] /\
= o,
= o
2 Oy
g
R=251 mm § AN G in

(a) Standard specimen. (b) Completely reversed stress.

Tension
—»

A

} ; L
7 2 ﬁ
[ I ? L e
« 'z
i | ! 1

{ | :

o) — > ©)
— No. of cycles —> Gin=0  Time

(¢) Endurance or fatigue limit. (d) Repeated stress. (e) Fluctuating stress.

Fig. 6.2. Time-stress diagrams.

In order to study the effect of fatigue of a material, a rotating mirror beam method is used. In
this method, a standard mirror polished specimen, as shown in Fig. 6.2 (a), is rotated in a fatigue
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testing machine while the specimen is loaded
in bending. As the specimen rotates, the
bending stress at the upper fibres varies from
maximum compressive to maximum tensile
while the bending stress at the lower fibres
varies from maximum tensile to maximum
compressive. In other words, the specimen is
subjected to acompletely reversed stresscycle.
This is represented by a time-stress diagram
as shown in Fig. 6.2 (b). A record is kept of
the number of cycles required to produce
failure at a given stress, and the results are
plotted in stress-cycle curve as shown in Fig.
6.2 (¢). A little consideration will show that if
the stressiskept bel ow acertain valueasshown
by dotted linein Fig. 6.2 (c), the material will not fail whatever may be the number of cycles. This
stress, as represented by dotted line, is known as endurance or fatigue limit (c,). It is defined as
maximum value of the completely reversed bending stresswhich apolished standard specimen can
withstand without failure, for infinite number of cycles (usually 107 cycles).

It may be noted that the term endurance limit is used for reversed bending only while for other
types of loading, theterm endurance strength may be used when referring the fatigue strength of the
material. It may be defined as the safe maximum stress which can be applied to the machine part
working under actual conditions.

We have seen that when a machine member is subjected to a completely reversed stress, the
maximum stressin tension isequal to the maximum stressin compression asshowninFig. 6.2 (b). In
actual practice, many machine members undergo different range of stress than the completely
reversed stress.

The stress verses time diagram for fluctuating stress having values 6, ;, and ., isshown in
Fig. 6.2 (e). Thevariable stress, in general, may be considered as acombination of steady (or mean or
average) stress and a completely reversed stress component 6. The following relations are derived
from Fig. 6.2 (e):

1. Mean or average stress,

_ - -
A machine part is being turned on a Lathe.

_ 0-max + Gmin
m - 2
2. Reversed stress component or alternating or variable stress,

(¢}

_ Smax ~ Omin
o, = - 5
Note: For repeated |oading, the stress varies from maximum to zero (i.e. 6,,;,, = 0) in each cycleas shownin Fig.
6.2 (d).

Gmax
Oy = 0,= 2

c
3. Stressratio, R= cﬂ . For completely reversed stresses, R=—1 and for repeated stresses,

min
R = 0. It may be noted that R cannot be greater than unity.
4. The following relation between endurance limit and stress ratio may be used
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where

¢', = Endurance limit for any stress range represented by R.
6, = Endurance limit for completely reversed stresses, and
R = Stressratio.

6.4 Effect of Loading on Endurance Limit—Load Factor
The endurance limit () of a material as determined by the rotating beam method is for
reversed bending load. There are many machine members which are subjected to loads other than

reversed bending loads. Thus the endurance limit will
also be different for different types of loading. The
endurance limit depending upon the type of loading may
be modified as discussed below:

Let K,

= Load correction factor for the
reversed or rotating bending |oad.
Itsvalueisusually taken as unity.

= Load correction factor for the
reversed axial load. Its value may
be taken as 0.8.

= Load correction factor for the
reversed torsional or shear load. Its
value may be taken as 0.55 for
ductile materialsand 0.8 for brittle
materials.

.. Endurance limit for reversed bending load, Oy, = 0K, =0, (e Kp=1)
Endurance limit for reversed axial load, Gy = 0K,
and endurance limit for reversed torsiona or shear load, 1, = 6K

6.5 Effect of Surface Finish on Endurance Limit—Surface Finish Factor

When a machine member is subjected to variable loads, the endurance limit of the material for
that member depends upon the surface conditions. Fig. 6.3 shows the values of surface finish factor
for the various surface conditions and ultimate tensile strength.

Surface finish factor —>

o Mirror polished
. —— IP T T
0.9 I ——— S ohlshed I A
0.8 b \\\\\Machined I
Wi —
0.7 = Yith g, —
o N arp Cich']a u ——
. \ T Otcb
0.5 ™ Wftb| m 1| \!\\ -
0.4 ~_lu, dor ! scaje ~
OI‘([I‘Ha ~l I~
0.3 L Watey -
0.2 ~nder Salt watey —
0.1 N B e —
0

280 420 560 700 840 980 1120 1260 1400 1540
——— Ultimate tensile strength, MPa ——
Fig. 6.3. Surface finish factor for various surface conditions.

When the surfacefinish factor isknown, then the endurance limit for the material of the machine
member may be obtained by multiplying the endurance limit and the surface finish factor. We see that
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for amirror polished material, the surface finish factor isunity. In other words, the endurancelimit for
mirror polished material is maximum and it goes on reducing due to surface condition.

Let Ky, = Surfacefinish factor.
Endurancelimit,

Variable Stresses in Machine Parts

Oy = 04Ky, = 0K, Ky, =0.K,, (0 Kp=1)
...(For reversed bending load)

=0, Ky, = 0K K, ...(For reversed axial load)

= 1.Ky, = 0. KK, ...(For reversed torsional or shear load)

Note: The surface finish factor for non-ferrous metals may be taken as unity.

6.6 Effect of Size on Endurance Limit—Size Factor

A little consideration will show that if the size of the standard specimen asshowninFig. 6.2 (a)
isincreased, then the endurance limit of the material will decrease. Thisisdueto thefact that alonger
specimen will have more defects than asmaller one.

Let K = Sizefactor.

Endurance limit,

Oy, = 0y XK, ...(Considering surface finish factor also)

= 04Ky Ky = 0K Ky, Ky = 0K K, (- K,=1)
= O, KSur Ko =0.K, Ky, Ky ...(For reversed axial load)
= 1Ky Ky = 0. KoK K, ... (For reversed torsional or shear load)

Notes: 1. The value of size factor is taken as unity for the standard specimen having nominal diameter of
7.657 mm.

2. When the nominal diameter of the specimen is more than 7.657 mm but less than 50 mm, the value of
size factor may be taken as 0.85.

3. When the nominal diameter of the specimen is more than 50 mm, then the value of size factor may be
taken as 0.75.

6.7 Effect of Miscellaneous Factors on
Endurance Limit
In addition to the surface finish factor (K,),
sizefactor (K_) and load factors K, K, and K, there
are many other factorssuch asrel |ab|I|ty factor (K),
temperature factor (K,), impact factor (K;) etc. which
has effect on the endurance limit of amaterial. Con-
sidering al thesefactors, the endurancelimit may be
determined by using the following expressions :
1. For the reversed bending load, endurance
limit,
0'y = Oy Ky K KKK
2. For thereversed axial load, endurance limit,
0’ = 0 Ky, K KKK
3. For the reversed torsional or shear Ioad,
endurancelimit,

In addition to shecrr tensile, compressive and
torsional stresses, temperature can add its own
stress (Ref. Chapter 4)

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

= 1K, K KKK
In solving probI ems, if the value of any of the

above factorsis not known, it may be taken as unity.
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6.8 Relation Between Endurance Limit and Ultimate Tensile Strength

It has been found experimentally that endurance limit (c,) of a material subjected to fatigue
loading is a function of ultimate tensile strength (c,). Fig. 6.4 shows the endurance limit of steel
corresponding to ultimate tensile strength for different surface conditions. Following are some
empirical relations commonly used in practice :

840
T 700
&

—

= 560 Grownd | ——
g —
g L~ ed
8 420 Mach\“ |
5 ] —
= | — . !
< 280 L T Hot riolled .
= /i — — As forged ——

140 —F — e

— I
0

420 560 700 840 830 920 960 1000 1040 1080
—— Ultimate tensile strength, MPa ——

Fig. 6.4. Endurance limit of steel corresponding to ultimate tensile strength.
For steel, o, =050,;
For cast steel, o, =0.40;
For cast iron, o, =0350;
For non-ferrous metals and alloys, 6,=0.3¢,

6.9 Factor of Safety for Fatigue Loading

When acomponent is subjected to fatigue loading, the endurance limit isthe criterion for faliure.
Therefore, the factor of safety should be based on endurance limit. Mathematically,

Endurance limit stress o,

Factor of safety (F.S) = - - =
Design or working stress o
Note:  For steel, o, = 0810090,
where 6, = Endurance limit stress for completely reversed stress cycle, and
o, = Yield point stress.

Example 6.1. Determine the design stress for a piston rod where the load is completely
reversed. The surface of the rod is ground and
the surfacefinishfactor is0.9. Thereisno stress
concentration. The load is predictable and the
factor of safety is 2.

Solution. Given: K, =09 ;FS =2

The piston rod is subjected to reversed
axial loading. We know that for reversed axial
loading, the load correction factor (K,) is 0.8.

Piston rod
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If o, is the endurance limit for reversed bending load, then endurance limit for reversed axial
load,
Oy = 0. XK, XK, =06,%x08x09=0.72¢,
We know that design stress,
G 0720,

0y = —== =0.36 6 Ans.
F.S. 2

6.10 Stress Concentration
Whenever a machine component changes the shape of its cross-section, the simple stress
distribution no longer holds good and the neighbourhood of the discontinuity is different. This
irregularity inthe stress distribution caused by abrupt changes of formiscalled stress concentration.
It occursfor all kinds of stressesin the presence of fillets, notches, holes, keyways, splines, surface
roughness or scratches etc.
Inorder to understand fully theideaof stress
concentration, consider amember with different K
cross-section under a tensile load as shown in
Fig. 6.5. A little consideration will show that the

nominal stressintheright and left hand sideswill (
be uniform but in the region where the cross-
section is changing, are-distribution of theforce Fig. 6.5. Stress concentration.

within the member must take place. The material
near the edgesis stressed considerably higher than the average value. The maximum stress occurs at
some point on the fillet and is directed parallel to the boundary at that point.

6.11 Theoretical or Form Stress Concentration Factor

Thetheoretical or form stress concentration factor isdefined astheratio of the maximum stress
in a member (at a notch or afillet) to the nominal stress at the same section based upon net area.
Mathematically, theoretical or form stress concentration factor,

_ Maximum stress
' Nominal stress

The value of K, depends upon the material and geometry of the part.
Notes: 1. In static loading, stress concentration in ductile materials is not so serious as in brittle materials,
becausein ductile materialslocal deformation or yielding takes place which reduces the concentration. In brittle
materials, cracks may appear at theselocal concentrations of stresswhich will increasethe stress over therest of
the section. It is, therefore, necessary that in designing parts of brittle materials such as castings, care should be
taken. In order to avoid failure due to stress concentration, fillets at the changes of section must be provided.

2. Incyclicloading, stress concentration in ductile materialsis always serious because the ductility of the
material is not effective in relieving the concentration of stress caused by cracks, flaws, surface roughness, or
any sharp discontinuity in the geometrical form of the member. If the stressat any point in amember isabovethe
endurance limit of the material, a crack may develop under the action of repeated load and the crack will lead to
failure of the member.

6.12 Stress Concentration due to Holes and Notches

Consider a plate with transverse elliptical hole and subjected to atensile load as shown in Fig.
6.6 (a). We seefrom the stress-distribution that the stress at the point away from the holeispractically
uniform and the maximum stresswill beinduced at the edge of the hole. The maximum stressisgiven

by
2a
=0|l+—
© ( bj
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and the theoretical stress concentration factor,

Ormax 2a
o= =)
When a/b is large, the ellipse approaches a crack transverse to the load and the value of K,
becomesvery large. When a/bissmall, the ellipse approaches alongitudinal slit [asshowninFig. 6.6

(b)] and theincreasein stressis small. When the holeiscircular asshown inFig. 6.6 (¢), thena/b=1
and the maximum stressis three times the nominal value.

Gmax
max

—>q
~fa j~

alb=1/2 alb=1
G pax = 20 G ppax = 30
(0) (o)
Fig. 6.6. Stress concentration due to holes.
The stress concentration in the notched tension member, as
shownin Fig. 6.7, isinfluenced by the depth a of the notch and radius
r at the bottom of the notch. The maximum stress, which applies to
members having notches that are small in comparison with the width

|
of the plate, may be obtained by the following equation, | L,
| a

2a
Opox = G(l-i- Tj

6.13 Methods of Reducing Stress Concentration Fig. 6.7. Stress concentration
We have already discussed in Art 6.10 that whenever thereis a due to notches.
changein cross-section, such as shoulders, holes, notches or keyways and wherethereisan interfer-
ence fit between ahub or bearing race and a shaft, then stress concentration results. The presence of
4 -

Crankshaft

stress concentration can not be totally eliminated but it may be reduced to some extent. A device or
concept that is useful in assisting a design engineer to visualize the presence of stress concentration
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and how it may be mitigated isthat of stressflow lines, asshownin Fig. 6.8. The mitigation of stress
concentration means that the stress flow lines shall maintain their spacing asfar as possible.

"// \
= =

7
'IIIIIIIIIIIIIII A
(a) Poor (b) Good

(c) Preferred (d) Preferred
Fig. 6.8

InFig. 6.8 (a) we seethat stresslinestend to bunch up and cut very closeto the sharp re-entrant
corner. In order to improve the situation, fillets may be provided, as shownin Fig. 6.8 (b) and (c) to
give more equally spaced flow lines.

Figs. 6.9t0 6.11 show the several ways of reducing the stress concentration in shafts and other
cylindrical members with shoulders, holes and threads respectively. It may be noted that it is not
practicable to use large radius fillets asin case of ball and roller bearing mountings. In such cases,
notches may be cut as shown in Fig. 6.8 (d) and Fig. 6.9 (b) and (c).

o

prs 7l

\
\
N
N

7
v

v, hEm  Awme A
) () (T

(a) Poor (b) Good (c) Preferred
Fig. 6.9. Methods of reducing stress concentration in cylindrical members with shoulders.

Ll —— b7 ny wow

(a) Poor (b) Preferred

Fig. 6.10. Methods of reducing stress concentration in cylindrical members with holes.

(b) Good (c) Preferred

Fig. 6.11. Methods of reducing stress concentration in cylindrical members with holes.
The stress concentration effects of apressfit may be reduced by making more gradual transition
from therigid to the more flexible shaft. The various ways of reducing stress concentration for such
cases are shown in Fig. 6.12 (a), (b) and (c).
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6.14 Factors to be Considered while Designing Machine Parts to Avoid
Fatigue Failure
Thefollowing factors should be considered while designing machine partsto avoid fatiguefailure:
1. Thevariation in the size of the component should be as gradual as possible.
2. The holes, notches and other stress raisers should be avoided.

3. The proper stress de-concentrators such as fillets and notches should be provided
wherever necessary.

| ]
_E___B_ _____B _é__?_g%_%_

(a) (0) (c)
Fig. 6.12. Methods of reducing stress concentration of a press fit.
4. The parts should be protected from corrosive atmosphere.
5. A smooth finish of outer surface of the component increases the fatigue life.
6. Themateria with high fatigue strength should be selected.
7. Theresidual compressive stresses over the parts surface increases its fatigue strength.

6.15 Stress Concentration Factor for Various Machine Members

The following tables show the theoretical stress concentration factor for various types of
members.

Table 6.1. Theoretical stress concentration factor (K;) for a plate with hole
(of diameter d) in tension.

0.05 0.1 0.15 | 020 | 0.25 0.30 0.35 0.40 0.45 0.50 | 0.55

ola

A

283 |269 | 259 | 250 | 243 2.37 2.32 2.26 2.22 217 | 213

—
S B L e s

oy X
i 9% [ (;ﬁ;ﬂ)"@—‘@“%

Fig. for Table 6.1 Fig. for Table 6.2

Table 6.2. Theoretical stress concentration factor (K,) for a shaft
with transverse hole (of diameter d) in bending.

002 | 004 | 008 | 0.10 | 0.12 0.16 0.20 0.24 0.28 0.30

OUla

7

270 | 252 | 233 | 226 | 220 211 2.03 1.96 192 1.90
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Table 6.3. Theoretical stress concentration factor (K,) for stepped

shaft with a shoulder fillet (of radius r) in tension.

Theoretical stress concentration factor (K,)
D
E r/d
0.08 0.10 | 0.12 0.16 0.18 0.20 0.22 0.24 0.28 0.30
1.01 1.27 1.24 121 1.17 1.16 1.15 1.15 1.14 1.13 1.13
1.02 1.38 1.34 1.30 1.26 1.24 1.23 1.22 1.21 1.19 1.19
1.05 1.53 1.46 1.42 1.36 134 1.32 1.30 1.28 1.26 1.25
1.10 1.65 1.56 1.50 1.43 1.39 1.37 1.34 1.33 1.30 1.28
1.15 1.73 1.63 1.56 1.46 1.43 1.40 1.37 1.35 1.32 1.31
1.20 1.82 1.68 1.62 1.51 147 144 141 1.38 1.35 1.34
1.50 2.03 1.84 1.80 1.66 1.60 1.56 153 1.50 1.46 1.44
2.00 2.14 1.94 1.89 1.74 1.68 1.64 1.59 1.56 1.50 1.47

T 2
A=—x
7 d

Fig. for Table 6.3

Table 6.4. Theoretical stress concentration factor (K,) for a stepped
shaft with a shoulder fillet (of radius r) in bending.

Fig. for Table 6.4

L 3
7= —X
32 d

Theoretical stress concentration factor (K))
D
H r/d
0.02 0.04 | 0.08 0.10 0.12 0.16 0.20 0.24 0.28 0.30
1.01 1.85 1.61 1.42 1.36 1.32 1.24 1.20 1.17 1.15 1.14
1.02 1.97 1.72 1.50 1.44 1.40 1.32 1.27 1.23 121 1.20
1.05 2.20 1.88 1.60 1.53 1.48 1.40 1.34 1.30 1.27 1.25
1.10 2.36 199 | 1.66 1.58 153 1.44 1.38 1.33 1.28 1.27
1.20 2.52 2.10 1.72 1.62 1.56 1.46 1.39 1.34 1.29 1.28
1.50 2.75 220 | 1.78 1.68 1.60 1.50 1.42 1.36 131 1.29
2.00 2.86 2.32 1.87 1.74 1.64 153 1.43 1.37 1.32 1.30
3.00 3.00 245 | 1.95 1.80 1.69 1.56 1.46 1.38 134 1.32
6.00 3.04 2.58 2.04 1.87 1.76 1.60 1.49 1.41 1.35 1.33
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Table 6.5. Theoretical stress concentration factor (K) for a stepped shaft
with a shoulder fillet (of radius 1) in torsion.

Theoretical stress concentration factor (K,)
2 /d
d r
0.02 0.04 | 0.08 0.10 0.12 0.16 0.20 0.24 0.28 0.30
1.09 1.54 1.32 1.19 1.16 1.15 112 111 1.10 1.09 1.09
1.20 1.98 1.67 1.40 1.33 1.28 1.22 1.18 1.15 1.13 1.13
1.33 2.14 1.79 1.48 1.41 1.35 1.28 1.22 1.19 1.17 1.16
2.00 2.27 1.84 153 1.46 1.40 1.32 1.26 1.22 1.19 1.18
r
-1 _Ed — _%'
- A= xq?
a2 1 4
Flg for Table 6.5 Flg for Table 6.6
Table 6.6. Theoretical stress concentration factor (K;)
for a grooved shaft in tension.
Theoretical stress concentration (K, )
2 /d
d r
0.02 0.04 | 0.08 0.10 0.12 0.16 0.20 0.24 0.28 0.30
1.01 1.98 1.71 147 1.42 1.38 1.33 1.28 1.25 1.23 1.22
1.02 2.30 1.94 1.66 1.59 154 1.45 1.40 1.36 1.33 1.31
1.03 2.60 2.14 1.77 1.69 1.63 153 1.46 1.41 1.37 1.36
1.05 2.85 2.36 1.94 1.81 1.73 1.61 154 1.47 1.43 1.41
1.10 . 2.70 2.16 2.01 1.90 1.75 1.70 1.57 1.50 1.47
1.20 . 2.90 2.36 2.17 2.04 1.86 1.74 1.64 1.56 1.54
1.30 . . 2.46 2.26 2.11 1.91 1.77 1.67 1.59 1.56
1.50 . . 2.54 2.33 2.16 1.94 1.79 1.69 1.61 1.57
2.00 . . 2.61 2.38 2.22 1.98 1.83 1.72 1.63 1.59
oo . . 2.69 2.44 2.26 2.03 1.86 1.74 1.65 1.61
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Table 6.7. Theoretical stress concentration factor (K,) of
a grooved shaft in bending.

Theoretical stress concentration factor (K,)
D /d
o I
d
0.02 0.04 0.08 0.10 0.12 0.16 0.20 0.24 0.28 0.30
1.01 1.74 168 | 1.47 1.41 1.38 1.32 1.27 1.23 1.22 1.20
1.02 2.28 1.89 1.64 1.53 1.48 1.40 1.34 1.30 1.26 1.25
1.03 2.46 204 | 168 1.61 1.55 1.47 1.40 1.35 1.31 1.28
1.05 2.75 222 | 1.80 1.70 1.63 1.53 1.46 1.40 1.35 1.33
1.12 3.20 250 | 1.97 1.83 1.75 1.62 1.52 1.45 1.38 1.34
1.30 3.40 270 | 204 191 1.82 1.67 157 1.48 1.42 1.38
1.50 3.48 274 | 211 1.95 1.84 1.69 1.58 1.49 1.43 1.40
2.00 3.55 278 | 214 1.97 1.86 1.71 1.59 1.55 1.44 1.41
oo 3.60 285 | 217 1.98 1.88 1.71 1.60 1.51 1.45 1.42
r r
TF f
A Iy A Iy N\
+4—D — —4+-+d — — —H— +—D— —+—+d — — —
S Ly b
3
7= x g J _nd
32 dr 16
Fig. for Table 6.7 Fig. for Table 6.8
Table 6.8. Theoretical stress concentration factor (K;) for a grooved
shaft in torsion.
Theoretical stress concentration factor (K,
D /d
o r
d
0.02 0.04 0.08 0.10 0.12 0.16 0.20 0.24 0.28 0.30
1.01 1.50 103 | 122 1.20 1.18 1.16 1.13 1.12 1.12 1.12
1.02 1.62 145 | 131 1.27 1.23 1.20 1.18 1.16 1.15 1.16
1.05 1.88 161 | 1.40 1.35 1.32 1.26 1.22 1.20 1.18 1.17
1.10 2.05 1.73 | 147 1.41 1.37 1.31 1.26 1.24 1.21 1.20
1.20 2.26 183 | 153 1.46 1.41 1.34 1.27 1.25 1.22 1.21
1.30 2.32 1.89 1.55 1.48 1.43 1.35 1.30 1.26 — —
2.00 2.40 193 | 158 1.50 1.45 1.36 1.31 1.26 — —
oo 2.50 196 | 1.60 151 1.46 1.38 1.32 1.27 1.24 1.23
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Example6.2. Find themaximum
stress induced in the following cases
taking stress concentration into
account:

1. Arectangular plate 60 mm x
10 mm with a hole 12 diameter as
shown in Fig. 6.13 (a) and subjected
to atensileload of 12 kN.

2. A stepped shaft as shown in
Fig. 6.13 (b) and carrying a tensile
load of 12 kN.

Stepped shaft

r=5mm

2 kN D =50 mm 12 kN
d=25mm

1
12 kN 12 kN

4

10 mm —>| |<—
(@) (0)

Fig. 6.13
Solution. Case 1. Given: b=60mm;t=10mm;d=12mm; W=12kN =12 x 108N
We know that cross-sectional area of the plate,
A = (b—d) t=(60-12) 10 = 480 mm?

W  12x10° )
i =—="—""""—=25N/mm" =25 MPa
Nominal stress A 280

Ratio of diameter of hole to width of plate,
d_12_ 0.2

b 60
From Table 6.1, we find that for d / b = 0.2, theoretical stress concentration factor,
K =25
o Maximumstress = K, x Nominal stress = 2.5 x 25 = 62.5 MPaAns.
Case2.Given:D=50mm;d=25mm;r=5mm;W=12kN =12 x 103N
We know that cross-sectional areafor the stepped shaft,

T 2 _ T 2 2
= —xd° == (25° =491 mm
A= 4()

, W 12x10°
Nominal stress = AT a0
Ratio of maximum diameter to minimum diameter,
D/d =50/25=2
Ratio of radius of fillet to minimum diameter,
r/ld =5/25=0.2
From Table 6.3, wefind that for D/d = 2 and r/d = 0.2, theoretical stress concentration factor,
K, =1.64.

= 24.4 N/mm? = 24.4 MPa

Maximumstress = K, x Nominal stress = 1.64 x 24.4 = 40 MPaAns.
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6.16 Fatigue Stress Concentration Factor

When a machine member is subjected to cyclic or fatigue loading, the value of fatigue stress
concentration factor shall be applied instead of theoretical stress concentration factor. Since the
determination of fatigue stress concentration factor is not an easy task, therefore from experimental
testsit isdefined as

Fatigue stress concentration factor,

Endurance limit without stress concentration
Endurance limit with stress concentration

Kf:

6.17 Notch Sensitivity

In cyclic loading, the effect of the notch or the fillet isusually less than predicted by the use of
the theoretical factors as discussed before. The difference depends upon the stress gradient in the
region of the stress concentration and on the hardness of the material. The term notch sensitivity is
applied to this behaviour. It may be defined as the degree to which the theoretical effect of stress
concentration isactually reached. The stress gradient depends mainly on the radius of the notch, hole
or fillet and on the grain size of thematerial . Sincethe extensive datafor estimating the notch sensitivity
factor (q) is not available, therefore the curves, as shown in Fig. 6.14, may be used for determining
the values of g for two steels.

1.2
2 [TTTT 1]
1'0 Stleel, Iquenched and tempered
T 0.9 Steel, normlaliztlzd | —TT | I —
: 71_ or anneated ]
= 0.8 I / K—Aluminium, wrought alloys
2 07
£ ol
S 05 | / // ' $ "
o -6
0.2 ! A
0:1 ! Based on data for i/r <3
of HEEEEEN

1 2 3 4 5 6 7 8 9
Notch radius (r) mm —

Fig. 6.14. Notch sensitivity.

When the notch sensitivity factor qis used in cyclic loading, then fatigue stress concentration
factor may be obtained from the following relations:

K; -1

9T K
or Ki=1+q(K, -1 ...[For tensile or bending stress]
and Kfs =1l+q (Kts_ 1) ...[For shear stress]
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where

K, = Theoretical stress concentration factor for axial or bending

loading, and

K

ts

= Theoretical stress concentration factor for torsional or shear

loading.

6.18 Combined Steady and
Variable Stress

The failure points from fatigue

tests made with different steels and
combinations of mean and variable
stresses are plotted in Fig. 6.15 as
functions of variable stress (o) and
mean stress (o,,,). The most significant
observation is that, in general, the
failurepointislittlerelated to the mean
stresswhenitiscompressive butisvery
much afunction of themean stresswhen
itistensile. In practice, thismeansthat
fatiguefailuresarerare when the mean
stress is compressive (or negative).
Therefore, the greater emphasismust be
given to the combination of avariable
stress and a steady (or mean) tensile

Protective colour coatings are added to make components
it corrosion resistant. Corrosion if not taken care can magnify
other sfresses.
Note : This picture is given as additional information and is not a
direct example of the current chapter.

stress.

Failure points
[ Gerber parabola
Ge [ Goodman line

,t} ‘

~ Soderberg line
wn

5

=

wa

2

s

<

0 oy Ou
~—— Mean stress (G,,) —>
Compressive Tensile

Fig. 6.15. Combined mean and variable stress.

Thereare several waysinwhich problemsinvolving thiscombination of stresses may be solved,
but the following are important from the subject point of view :

1. Gerber method, 2. Goodman method, and 3. Soderberg method.
We shall now discuss these methods, in detail, in the following pages.

Top



6.19 Gerber Method for
Combination of Stresses

The relationship between variable
stress (c,) and mean stress (o, ) for axial and
bending loading for ductile materials are
shown in Fig. 6.15. The point 6, represents
thefatigue strength corresponding to the case
of complete reversal (c,,, = 0) and the point
o, represents the static ultimate strength
corresponding to ¢, = 0.

A parabolic curve drawn between the
endurance limit (o) and ultimate tensile
strength (c,) was proposed by Gerber in
1874. Generally, the test data for ductile
material fall closer to Gerber parabola as
shownin Fig. 6.15, but because of scatter in
thetest points, astraight linerelationship (i.e.
Goodman lineand Soderberg line) isusually
preferred in designing machine parts.

According to Gerber, variable stress,

or FS \o,

where F.S. = Factor of safety,

Contents
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Evaporator
_--__-._ =
Gas flow

Fins radiate heat

Liquid flow

-
Liquid refrigerant absorbs heat as it vaporizes inside the

evaporator coil of a refrigerator. The heat is released
when a compressor turns the refrigerant back to liquid.

Condenser

= COmpressor

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

Fed

1 Om
% =% |Fs \o,

2
L [G—mj FS+ v
Ge

(i)

6, = Mean stress (tensile or compressive),
o, = Ultimate stress (tensile or compressive), and
6, = Endurancelimit for reversal loading.

Considering the fatigue stress
concentration factor (K;), the equation (i) may
be written as

< (3
—=|—| FS+
FS \o,
6.20 Goodman Method for
Combination of Stresses
A straight line connecting the endurance
limit (o) and the ultimate strength (c), as
shown by line AB in Fig. 6.16, follows the
suggestion of Goodman. A Goodman line is
used when the design is based on ultimate
strength and may be used for ductile or brittle
meaterials.
InFig. 6.16, line AB connecting ¢, and

o, X K¢

O¢

s LA
¢ Goodman line

T (Failure stress line)
I} Safe stress line
=

7]

=

w

2 o

T Rl

s FES

s

ES.

—— Mean stress (c,,) ——>

Fig. 6.16. Goodman method.
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o, iscalled Goodman'sfailurestressline. If asuitable factor of safety (F.S) isapplied to endurance
limit and ultimate strength, asafe stressline CD may bedrawn parallel totheline AB. Let usconsider
adesign point P on the line CD.

Now from similar triangles COD and PQD,

PQ QD OD-0Q 00
co oD =1-—— . = —
CO OD oD oD ..(~- QD =0D -0Q)
kS GV _a Gm
o./ F.S o,/ F.S
GV = Ge 1 — Gm = GE —1 —_ G_m
F.S. o,/ F.S FS o,
or 1 _%m, % (i)
FS o, o,

This expression does not include the effect of stress concentration. It may be noted that for
ductile materials, the stress concentration may be ignored under steady loads.

Since many machine and structural parts that are subjected to fatigue loads contain regions of
high stress concentration, therefore equation (i) must be altered to include this effect. In such cases,
thefatigue stress concentration factor (K,) isused to multiply the variable stress (o, ). The equation (i)
may now be written as

K .
1 _Om, OvXPt (i)
FS o, Ce
where F.S. = Factor of safety,

o, = Mean stress,
6, = Ultimatestress,
o, = Variable stress,
6, = Endurance limit for reversed loading, and
K; = Fatigue stress concentration factor.
Considering the load factor, surface finish factor and size factor, the equation (ii) may be
written as

1 Om ., o, X K¢ _ O o, X K

= = (i)

FS o, 0gxKg XKy 06, 0exKpxKg, XKg
Om N o, X K;

T 0, OgxKg xKg ~(n 0y =0 X Ky and K, =1)

where K, = Load factor for reversed bending load,
K, = Surfacefinish factor, and
K = Sizefactor.

*  Herewe have assumed the same factor of safety (F.S) for the ultimate tensile strength (o) and endurance
limit (o). In case the factor of safety relating to both these stressesis different, then the following relation
may be used :

Oy a4 Sm
ce/(F.S)e oyu!(FS)y
where (F.S), = Factor of safety relating to endurance limit, and

(F.S), = Factor of safety relating to ultimate tensile strength.
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Notes: 1. The equation (iii) is applicable to ductile materials subjected to reversed bending loads (tensile or
compressive). For brittle materials, the theoretical stress concentration factor (K,) should be applied to the mean
stress and fatigue stress concentration factor (K;) to the variable stress. Thus for brittle materials, the equation
(iii) may be written as

1 _omxKe,  OvxKy (i)
F.S. oy Ogp X Kgyr XKy
2. When a machine component is subjected to a load other than reversed bending, then the endurance
limit for that type of loading should be taken into consideration. Thus for reversed axial loading (tensile or
compressive), the equations (iii) and (iv) may be written as
1 _om,  OvxKi
FS o, 0OgxKg xKg

1 _omxKe  _ OvxK;

...(For ductile materials)

...(For brittle materials)

and FS Oy Oea X Kgr X Kg
Similarly, for reversed torsional or shear loading,
1 _tm, WXKi ...(For ductile materials)
FS 1, 1TexKgr xKg
1 1, xKg T, X Ky
and s T + T x Koy X Ko ...(For brittle materials)

where suffix ‘s’ denotes for shear.

For reversed torsional or shear loading, the values of ultimate shear strength (t,) and endurance shear
strength (1) may be taken as follows:

1, = 080,andt,=080,

6.21 Soderberg Method for Combination of Stresses

A straight line connecting the endurance limit (c,) and the yield strength (cy), asshown by the
line AB in Fig. 6.17, follows the suggestion of Soderberg line. Thisline is used when the design is
based on yield strength.

Overflow pipe

Boiler Insulation

Hot water
cylinder

o=

~ Radiator

Gas burner

Heat exchanger

In this central heating system, a furnace burns fuel fo heat water in a boiler. A pump forces the hot
water through pipes that connect to radiators in each room. Water from the boiler also heats the hot
water cylinder. Cooled water returns to the boiler.

Note : This picture is given as additional information and is not a direct example of the current chapter.
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Proceeding in the sameway as discussed
inArt 6.20, theline AB connecting o and 6,, as
showninFig. 6.17,iscalled Soderberg'sfailure
stressline. If asuitablefactor of safety (F.S) is
appliedtotheendurancelimit and yield strength,
asafe stress line CD may be drawn parallel to
theline AB. L et us consider adesign point P on
theline CD. Now from similar triangles COD
and PQD,

PQ_Qb _0D-0Q

CO ObD OD
21—k
oD
..(*» QD = OD - 0Q)
Oy _1_ Om
c./F.S c,/F.S.
Oe Om 1
o, = 1- =0g| ——
o ""Fs { Gy/F.S} {F.S.

1 c c
m+v

F.S.=cs o,

y Oe

Variable stress (5,) —

Contents

Soderberg line
(Failure stress line)

Safe stress line

o, -G,
Fs. R=—=—~ |
|
|
|
! B
O c, Q G,
ES.
—— Mean stress (c,,) ——>
Fig. 6.17. Soderberg method.
o
o

For machine parts subjected to fatigue loading, the fatigue stress concentration factor (K
should be applied to only variable stress (6, ). Thus the equations (i) may be written as

(i)

Considering the load factor, surface finish factor and size factor, the equation (ii) may be

1 Oy OvX Ks
FS o, Ce
written as
1 _Sm
FS o

o, X K

y  Ow X Kgr XxKg

...(iii)

Sincec,, = o, x K, and K, = 1for reversed bending load, therefore o, = 6, may be substituted

in the above equation.

Notes: 1. The Soderberg method is particularly used for ductile materials. The equation (iii) is applicable to
ductile materials subjected to reversed bending load (tensile or compressive).

2. When a machine component is subjected to reversed axial loading, then the equation (iii) may be

written as

1 o,

o, X K;

FS 0y 0guXxKg xKg

3. When a machine component is subjected to reversed shear loading, then equation (iii) may be

written as
1 =,

F.S T,

T, X Ko

T X Koy X Kg

where K is the fatigue stress concentration factor for reversed shear loading. The yield strength in shear (‘Cy)
may be taken as one-half the yield strength in reversed bending (csy).
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Example 6.3. A machine component is Y R AR R PR S P8t emim e
subjected to a flexural stress which fluctuates
between + 300 MN/m? and — 150 MN/m?.
Deter mine the value of minimum ultimate strength
according to 1. Gerber relation; 2. Modified
Goodman relation; and 3. Soderberg relation.

Takeyield strength = 0.55 Ultimate strength;
Endurance strength = 0.5 Ultimate strength; and gL,
factor of safety = 2.

Solution. Given : 6, = 300 MN/m?;
0, = — 150 MN/m?; 6,=0550,;0,=050,;

L .':'r’f""."""f"l'lh'"i'l'- T T

-

- T
1l - I

Springs often undergo variable stresses.

FS =2
Let 6, = Minimum ultimate strength in MN/m?.
We know that the mean or average stress,
. 0 +0, _ 300+ (- 150) = 75 MN/m?
2 2
0, —O 300 — (— 150
and variable stress, o, = 5 2 - é ) _ 205 MN/m?
1. According to Gerber relation
We know that according to Gerber relation,
2
i = G_m ES + &
F.S o Oe
1_(75Y ,, 225 11250 450 _ 11250+ 4506,
2 oy, 056, (0,)° oy (0,)°
(6,)? =22500+9000,
or (6.)*-90005,—-22500 =0
900+ /(900) + 4x1x 22500 900 + 948.7
Ou = 2x1 T2
= 924.35 MN/m? Ans. ...(Taking +ve sign)

2. According to modified Goodman relation
We know that according to modified Goodman relation,
_1 = G_m + &
FS o, o,
1_75 N 225 525
2

or o, 050, o,

o 6, = 2x525=1050 MN/m? Ans.
3. According to Soderberg relation
We know that according to Soderberg relation,

i = Om + Sv
FS o, o
1 75 255  586.36
or P + =
2 05506, 050, oy

0, = 2x586.36 = 1172.72 MN/m? Ans.
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Example 6.4. A bar of circular cross-section is subjected to alternating tensile forces varying
from a minimum of 200 kN to a maximum of 500 kN. It is to be manufactured of a material with an
ultimate tensile strength of 900 MPa and an endurance limit of 700 MPa. Determine the diameter of
bar using safety factors of 3.5 related to ultimate tensile strength and 4 related to endurance limit
and a stress concentration factor of 1.65 for fatigue load. Use Goodman straight line as basis for
design.

Solution. Given: W, =200kN ; W =500kN ; 5, =900 MPa=900 N/mm?; 6= 700 MPa
=700 N/mm?; (FS),=35; (FS),=4;K,= 165

Let d = Diameter of bar in mm.

Area, A = %x d? = 0.7854 d? mm?

We know that mean or average force,
Wiax + Wi 500 + 200

W, = o= = 350 kN = 350 10° N
3 3
Mean stress, o, = W _ 350X102 = 446);10 N/ mm?
A 07854d d
Variable force, W, = W ;W""” = 500; 200 _ 150 kN =150 x 10° N

W, _ 150x10° _191x10°
A 07854 d? d?
We know that according to Goodman's formula,

N/ mm?

Variable stress, ¢,

o, _ Om-Ks
6./ (F.S). o,/ (F.S),
191x10° 446 x 10°
o 2 x 1.65
700/4 900/35
B = Oil and resin
blended Paint Manufacture : A typical gloss paint is made by first mixing
together natural oils and resins called alkyds. Thinner is added to make

the mixture easier fo pump through a filter that removes any
) solid particles from the blended liquids. Pigment is mixed info
Thinner the binder blend in a powerful mixer called a disperser.
added

Disperser Bead mill Holding tank

Mixing
tank

] Filter tank Pigment and paint thin- Final adjustments made
Setting tank ner added

Note : This picture is given as additional information and is not a direct example of the current chapter.
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1100 2860 1100 + 2860 _
e T T
d? =3960 or d=629say 63mm Ans.

Example 6.5. Determine the thickness of a 120 mm wide uniform plate for safe continuous
operation if the plate is to be subjected to a tensile load that has a maximum value of 250 kN and a
minimum value of 100 kN. The properties of the plate material are as follows:

Endurance limit stress = 225 MPa, and Yield point stress= 300 MPa.
The factor of safety based on yield point may be taken as 1.5.

Solution. Given: b=120mm ;W,__ =250kN; W,; = 100kN ; 6, =225 MPa= 225 N/mm?;
o, = 300 MPa = 300 N/mm?2;, FS. =15

Let t = Thickness of the plate in mm.
Area, A = bxt=120tmm?
We know that mean or average load,

Wi +Woin 250 + 100

W, = 5 =175kN =175x10° N
3
Mean stress, Gm = % = M N/I’TII’TI2

A 120t

Variableload, W, = W ;W"‘” _ %0 ; 100 _ 75 kN = 75x10° N
3

Variable stress, 6, = W, _ 75107 2

A 120t

According to Soderberg’s formula,
1 %, %
FS o, o
1 175x10° . 75x10°  4.86 L 278 _764
15 120tx300 120tx225 t t t
t=764x15=1146say 11.5mm Ans.

Example 6.6. Determinethe diameter of a circular rod made of ductile material with a fatigue
strength (complete stress reversal), 6, = 265 MPa and a tensile yield strength of 350 MPa. The
member is subjected to a varying axial load fromW . = —300x 10*NtoW__ = 700 x 103N and
has a stress concentration factor = 1.8. Use factor of safety as 2.0.

Solution. Given: 6= 265 MPa= 265 N/mm?; 6, =350MPa= 350N/mm?; W . =—300x 10°N ;
W =700x 103N ; Kf 18:FS =2

Let d = Diameter of thecircular rod in mm.

Area, A = %xd2 = 0.7854 d? mm?
We know that the mean or average load,
W + Wiin 700 10% + (— 300 x 10%)

W, = = =200x10° N
2 2
W, 200x10° 254.6x10° )
Mean stress, 6, = —= = 7= > N/mm
A 07854d d
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_ . 3 3
Varicbleload, W= e ZW”"” - 10010 ; 300107) _ 500 10° N
W, 500x10° 636.5x10°
~. Variablestress, 6, =—* = 5= . N/mm?
A 0.7854d d
We know that according to Soderberg's formula,
o, xK
1 _Om  OvXRs
FS o, Ce
1 2546x10° 6365x10°x1.8 727 4323 5050
2  d?x3%0 d? x 265 d>  d? d?

o d? =5050x2=10100 or d=100.5mmAnNS.

Example 6.7. A steel rod is subjected to a reversed axial load of 180 kN. Find the diameter of
the rod for a factor of safety of 2. Neglect column action. The material has an ultimate tensile
strength of 1070 MPa and yield strength of 910 MPa. The endurance limit in reversed bending
may be assumed to be one-half of the ultimate tensile strength. Other correction factors may be
taken as follows:

For axial loading = 0.7; For machined surface = 0.8 ; For size = 0.85; For stress
concentration = 1.0.

Solution. Given : W, =180 kN ; W =—-180 kN ; F.S = 2; ¢, = 1070 MPa = 1070
N/mm?; o, =910 MPa=910 N/mm?; 6,=050,;K,=07; K, =08;K,=085;K=1
Let d = Diameter of therod in mm.

Area, A = %x d? = 0.7854 d? mm?

We know that the mean or average load,
Wiax + Wein 180+ (- 180)

W= 0
m 2 2
W
Mean stress, 6, = T“‘=0
Variableload, W, = Wi ;Wmi” _ 180~ ;‘ 180) _ 180 kN = 180x 10° N
Variable st W, 180x10® 229x10° N/mm?
- Variablestress, 6, = — = =
v A 07854 d? d?
Endurance limit in reversed axial loading,
G, =0,xK, =0506,%x0.7=0350, (v 06,=050)

= 0.35 x 1070 = 374.5 N/mm?
We know that according to Soderberg's formulafor reversed axial loading,

1 gm+ o, X K

FS 0, 0gXxKg XKg
1 4. 229 % 10% x 1 _ 900
2 d?x3745%x0.8x0.85 d?
d2 =900x2=1800 or d=42.4mm Ans.
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Shells for Loader Engine

main gun

Sighting equipment

Commander
Driving

sprocket
Gunner

Driver
Main gun
Machine gun

Rubber tyres

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

Example 6.8. A circular bar of 500 mm length is supported freely at its two ends. It is acted
upon by a central concentrated cyclic load having a minimum value of 20 kN and a maximum value
of 50 kN. Determine the diameter of bar by taking a factor of safety of 1.5, size effect of 0.85, surface
finish factor of 0.9. The material properties of bar are given by : ultimate strength of 650 MPa, yield
strength of 500 MPa and endurance strength of 350 MPa.

Solution.Given:I=500mm;Wmm=20kN=20><103N;Wmax=50kN=50><103N;
FS=15;K,=085; K, =09; ¢, =650 MPa= 650 N/mm?; o, = 500 MPa = 500 N/mm?;
G, = 350 MPa = 350 N/mm?

Let d = Diameter of the bar in mm.

We know that the maximum bending moment,

v o W X! _ 50x10° x 500
e 4

and minimum bending moment,

= 6250 x 10° N-mm

Wiin x| 20x10° x 500
Iv'min = =
4 4
.. Mean or average bending moment,

3 3
M :Mm;an _ 6250x10 ;2500><10 — 4375% 10° N-mm

and variable bending moment,

= 2550 x 10° N-mm

v =M = Muin _ 6250 x 10° — 2500 x 10°
v 2 2
Section modulus of the bar,

=1875%10° N-mm

7 = X« d®=0.0982 d® mm?
32

.. Mean or average bending stress,

3 6
%= 4375x 10 _ 44.5x 10 N/mm2

= z = 0.0982d3 d3
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and variable bending stress,

3 6
M, _1875x10° _101x10° &

Tz T ooes2d® P

We know that according to Goodman'sformula,
1 Om 4 Oy X K f

FS o, 0exKg XKg
5

6 6
_ 443.‘5><10 b 19.1x10° x1 (Taking K, = 1)
d®x650 d°x350x0.9x0.85
68x10° 71x10° 139x10°
= + =
d® d® d?
d3=139%x103x1.5=209x% 10 or d=59.3mm
and according to Soderberg'sformula,
o, X K
1 on + v f

1

FS o, 0.xKg xKg
6 6
1 445x10 N 19.1x10° x1 .(Taking K, = 1)

15 d®x500 d®x350x09x0.85

89x10° 71x10° 160x10°
= + =
d? d? d?
o d3=160x103x 1.5=240x10° or d=62.1mm
Taking larger of thetwo values, wehaved = 62.1 mm Ans.
Example 6.9. A 50 mm diameter shaft is made from carbon steel having ultimate tensile
strength of 630 MPa. It is subjected to a torque which fluctuates between 2000 N-m to — 800 N-m.
Using Soderberg method, calculate the factor of safety. Assume suitable values for any other data

needed.
Solution. Given:d=50mm; cu=630MPa=630N/mm2 s Trax = 2000N-m; T . =—800N-m

We know that the mean or average torque,
= oo * Toun _ 2000+ (2800) _ g5 iy — 600 x 20% N-mm

T

L 2 2
. Mean or average shear stress,
16T, 2
t, = om  10X000XI0T_ 50 4 Ny mm? ( T=£xrxd3)
nd 7(50) 16
Variable torque,
T, = T ;Tm'” = 2000_2(_ 800) _ 1400 N-m = 1400 x 10° N-mm
16 T, 16 x1400x 10° )
e _ = =57 N/mm
. Variable shear stress, 1, dd 7(50)°

Since the endurance limit in reversed bending (c,) is taken as one-half the ultimate tensile
strength (i.e. 6, = 0.5 6,)) and the endurance limit in shear (1) istaken as 0.55 ¢, therefore

1, =0550,=055%x0506,=02750,
= 0.275 x 630 = 173.25 N/mm?
Assumetheyield stress (cy) for carbon steel in reversed bending as 510 N/mm?, surface finish
factor (K,) as 0.87, size factor (K_) as 0.85 and fatigue stress concentration factor (K, as 1.
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Army Tank
Note : This picture is given as additional information and is not a direct example of the current chapter.

Since the yield stress in shear (‘Cy) for shear loading is taken as one-half the yield stress in
reversed bending (O'y), therefore

7, = 0.50,=05x510=255 N/mm?

Let F.S. = Factor of safety.
We know that according to Soderberg's formula,
1 Tm T XK 244 57x1

[ = +
FS 1, ToxKg xKg 255 17325x 0.87 x 0.85

= 0.096 + 0.445 = 0.541

FS =1/0541=1.85 Ans.

Example6.10. A cantilever beam made of cold drawn carbon steel of circular cross-section as

shown in Fig. 6.18, is subjected to a load which varies _F

from — F to 3 F. Determine the maximum load that this A
member can withstand for an indefinite life using a factor [e——-150 >
of safety as 2. Thetheoretical stressconcentration factor 7 I‘ﬁm -
is 1.42 and the notch sensitivity is 0.9. Assume the $
following values : 20— -—- 13-
Ultimate stress = 550 MPa ¢ B )
Yield stress = 470 MPa v
Endurance limit = 275 MPa All dimensionsin mm. 3F
Size factor =0.85 Fig. 6.18

Surface finish factor = 0.89
Solution. Given: W, =—F;W_ =3F;FES=2;K =142;q9=0.9; c,=550 MPa
= 550 N/mn?; o, =470 MPa=470 N/mm?; 6, = 275 MPa= 275 N/mm?; K_=0.85; K_, =0.89
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The beam as shown in Fig. 6.18 is subjected to areversed bending load only. Since the point A
at the change of cross section is critical, therefore we shall find the bending moment at point A.
We know that maximum bending moment at point A,
M ok = Wiy X 125 = 3F x 125=375 F N-mm
and minimum bending moment at point A,
M in = Wy, X 125=—F x 125=—125F N-mm
-. Mean or average bending moment,
Mux + Mpin 375 F +(-125F)

M_ = = =125F N-mm
m 2 2

and variable bending moment,
Mupax = Mpyin 375 F —(-125F)

M, = > > =250F N-mm
Section modulus, Z-= % xd® = % @3°=2157mm® (.. d=13mm)
Mean bending stress, o, = % = % =058 F N/mm?
and variable bending stress, o, = % = % =1.16 F N/mm?

Fatigue stress concentration factor,K; =1+ q (K, —1) =1+ 0.9 (1.42-1) = 1.378
We know that according to Goodman’s formula
1 Om i Oy X Kf

FS o, 0.xKg XxKg
1_058F N 1.16F x1.378
2 550 275%x 0.89% 0.85
= 0.00105F +0.007 68 F =0.008 73 F
F = _r 57.3N
2 x 0.00873
and according to Soderberg’s formula,
1 o, X Kj

S. oy 0exKg xKg

1 _058F N 116F x1.378

2 470 275x 0.89x 0.85
=0.00123F +0.007 68 F =0.008 91 F

F = 1 56 N
2x0.008 91

Taking larger of the two values, we have F = 57.3 N Ans.

Example6.11. Asimply supported beam hasa concentrated |oad at the centre which fluctuates
from a value of P to 4 P. The span of the beam is 500 mm and its cross-section is circular with a
diameter of 60 mm. Taking for the beam material an ultimate stress of 700 MPa, a yield stress of 500
MPa, endurance limit of 330 MPa for reversed bending, and a factor of safety of 1.3, calculate the
maximum value of P. Take a size factor of 0.85 and a surface finish factor of 0.9.

Solution.Given:Wmin=P;Wmax=4P;L=500mm;d=60mm;cu=700MPa=7OON/mm2;
o, = 500 MPa= 500 N/mm?; 6, = 330 MPa= 330 N/mm?; FS = 1.3; K_=0.85;K_, =0.9
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We know that maximum bending moment,
~ W xL 4P x500

Mo = =500P N-mm
4
and minimum bending moment,
M. = M XL PXS00_ 1o0p Nmm

min 4
-. Mean or average bending moment,
Miex + Myin  500P +125P

M, = = =3125P N-mm
2 2

and variable bending moment,

M — Myin _ 500P — 125P

M = = =187.5P N-mm
v 2 2
I T
Section modulus, 7 = —xd®=—(60)° = 21.21x 10°* mm®
32 32
Mean bending stress,
G = My _ 8125P _ 0.0147P N/mm?

mT Z  2121x10°
and variable bending stress,

o = v o 1875P _ 5 0088p Nimms?
vTZ T 2121x10

We know that according to Goodman’s formula,
1 o, o, x Ky

FS o, 0exKg xKg
1 00147P 4 0.0088P x 1
13 700 330x 0.9x0.85
21P 348P 558P
]
10 10 10
1 _10°

P=-—x——=13785N =13.785 kN
13 558

and according to Soderberg's formula,

.(Taking K, = 1)

1 _Om,  OuxKy
F.S. Oy O X Kar X Ky

1 _00147P  00088Px1 _294P  348P _64.2P
1. 500 330x09x0.85 10° 108 106

6
P = ix£ =11982 N =11.982 kN
13 642

From the above, we find that maximum valueof P =13.785kN  Ans.

w

6.22 Combined Variable Normal Stress and Variable Shear Sitress

When amachine part is subjected to both variable normal stressand avariable shear stress; then
it isdesigned by using the following two theories of combined stresses:

1. Maximum shear stress theory, and 2. Maximum normal stress theory.
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We have discussed in Art. 6.21, that according to Soderberg's formula,
1 _on N oy X Ky,

= — ...(For reversed bending | oad)
FS o

y O X Kgp XKg
Multiplying throughout by o, We get
Oy oy X 0y X Ky

—— =0
F.S T g X Kgy X Kg
The term on the right hand side of the above expression is known as equivalent normal stress
due to reversed bending.

-, Equivalent normal stress due to reversed bending,
Oy X Gy X Ky )
Opy =0+ ——— (i)

Cep X Koy X Ky
Similarly, equivalent normal stress dueto reversed axial loading,
o, X o, X K .
Onea =Om T A A . (i)
Cea X Kgyr X Ky

and total equivalent normal stress,

Sy
O = Gneb+6nea: E ...(|||)
We have a'so discussed in Art. 6.21, that for reversed torsional or shear loading,
1 Ty T, X Ky
FS 1y TexKg XKy
Multiplying throughout by T,, Weget
Ty T, X Ty X Kgg

E_Tm Te X Koy X Kg
The term on the right hand side of the above expression is known as equivalent shear stress.
-, Equivalent shear stress due to reversed torsional or shear loading,
Tes =Ty + M (V)
Te X Kgy X Kg
The maximum shear stress theory is used in designing machine parts of ductile materials.
According to this theory, maximum equivalent shear stress,

_1 sy 2 _ Yy
Tesmay = o (One)” + 4 (Tes) “Fs

The maximum normal stress theory is used in designing machine parts of brittle materials.
According to this theory, maximum equivalent normal stress,

1 1\/%_ Gy
Onemay) ~ E (One) + E (One)” + 4 (Te)” = E

Example 6.12. A steel cantilever is 200 mmlong. It is subjected to an axial load which varies
from 150 N (compression) to 450 N (tension) and also a transverse load at its free end which varies
from 80 N up to 120 N down. The cantilever is of circular cross-section. It is of diameter 2d for the
first 50 mm and of diameter d for the remaining length. Determine its diameter taking a factor of
safety of 2. Assume the following values :

Yield stress

Endurance limit in reversed loading

Correction factors

330 MPa
300 MPa
0.7 in reversed axial loading

1.0 in reversed bending
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Stress concentration factor = 1.44 for bending
= 1.64 for axial loading
Sze effect factor = 0.85
Surface effect factor = 0.90
Notch sensitivity index = 0.90

Solution. Given : | = 200 mm; W, .,y = 450 N; W, = =150 N Wy = 120N
Wy(iny = = 80 N; F.S. =2 6, = 330 MPa = 330 N/mm?; 6, = 300 MPa = 300 N/mm?;
K,=0.7;K,=1; K, =144; K_=1.64;K_,=0.85; K, =0.90;q=0.90

First of al, let us find the equiva

ASON
lent normal stress for point A which is 200 mm _
critical asshowninFig.6.19. Itisassumed  —» 50 mm 150 mm '
that the equivalent normal stress at this A
point will be the algebraic sum of the A IS0N 450N
equivalent normal stressdueto axial load- B i
ing and equivalent normal stress due to ¢ B A
bending (i.e. due to transverse load act-
ing at the free end). 12‘(;N
Let us first consider the reversed Fig. 6.19
axial loading. We know that mean or 9. ©.
average axial load,
W, + W, i —
Wm _ a(max) . a(min) _ 450 + ( 150) —150 N
and variable axial load,
= Moo St 0= (10
. Mean or average axial stress,
N Y
- %:150x4_£1N/mm2 ...(-A—4xdj

m> A nd?2  d2
and variable axial stress,
W, 300x4 _ﬁ

KR T

N/mm?
We know that fatigue stress concentration factor for reversed axial loading,
K, =1+q(K,-1)=1+0.9(1.64-1)=1576
and endurance limit stressfor reversed axial loading,
Gy, = O, % K, =300 x 0.7 = 210 N/mm?
We know that equivalent normal stress at point A dueto axial loading,

, OuX0oyX Kia _101  382x330x1576
— 5 _2
nea M g x Kgy XKy d? d?x210x0.9x0.85

Q
|

191 1237 1428

2
@ e T
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Now let us consider the reversed bending dueto
transverse load. We know that mean or average bend-
ing load,

w, = Wi (max) JZF\M(min)
_120+(-80) _ g\
and variable bending load,
W, = W (max) ; (min)
_120-(-80) _, 00N

Machine transporter

*. Mean bending moment at point A,
M., =W, (I —50) = 20 (200 — 50) = 3000 N-mm
and variable bending moment at point A,
M, =W, (I —50) = 100 (200 - 50) = 15 000 N-mm
We know that section modulus,

7 = = % d® = 0.0982 d® mm?
32

.. Mean or average bending stress,

- = My _ 3000 = 30 5350 N/mm2
m Z 0.0982d d
and variable bending stress,

M, 15 000 152 750 2
c,= —-= 3= 3 N/mm
Z 0.0982d d

We know that fatigue stress concentration factor for reversed bending,

Ko =1+0(Ky,—-1)=1+09(144-1) =139
Since the correction factor for reversed bending load is 1 (i.e. K, = 1), therefore the endurance

limit for reversed bending load,

Oy = O, . Ky = c,=300 N/mm?

We know that the equivalent normal stress at point A due to bending,

Oy X0y xKp _ 30550 152 750 x 330x 1.396
Oy X Kgy xKg  d® d® x 300 0.9 x 0.85

Gheb =Gm+

30550 306618 337168
= q° + FER
.. Total equivalent normal stress at point A,

337168 | 1428

ea d3 + d2

N/mm?

_ 2 .
Gpo = Opp * O, N/mm (i)

Top



c,=410M N/m? = 410 x 106 N/m?

Variable Stresses in Machine Parts

= 213

We know that equivalent normal stress at point A,

(¢}
= 9 30165 Nimm?
e FS 2

Equating equations (i) and (ii), we have

33(7]' 168 , 1;‘_58 ~165 or 337168 +1428d = 165d°

o

(i)

236.1+d =0.116d3ord=12.9 mm Ans. ...(By hit and trial)

Example 6.13. A hot rolled steel shaft is subjected to a torsional moment that varies from
330 N-m clockwiseto 110 N-m counterclockwise and an applied bending moment at a critical section
varies from 440 N-mto — 220 N-m. The shaft is of uniform cross-section and no keyway is present at
the critical section. Determine the required shaft diameter. The material has an ultimate strength of
550 MN/m¥? and a yield strength of 410 MN/n?. Take the endurance limit as half the ultimate strength,
factor of safety of 2, size factor of 0.85 and a surface finish factor of 0.62.
Solution. Given: T =330 N-m(clockwisg) ; T.;,= 110 N-m (counterclockwise) =— 110 N-m
(clockwise) ; M, ., = 440 N-m; M, = — 220 N-m; ¢, = 550 MN/m? = 550 x 10° N/m?;

2
Let d = Required shaft diameter in metres.

We know that mean torque,
~ Toex + Tin 330 + (- 110)

T, = > =110 N-m
Toox — T 330 - (- 110
and variabletorque, T, = 5 m = é ) _ 200 N-m
. Mean shear stress,
16T, 16x110 560 2
’I:m = ﬂdg _—’ndg —F N/m
and variable shear stress,
_ 16T, _ 16 x 220 _ 1120 N/m?

and

YT o ndd RE

1
;6,= 5 6,=275x 10N/m? ; F.S = 2;K_=085; K_, =0.62

Since the endurance limit in shear (1) is 0.55 ¢, and yield strength in shear (‘Cy) is0.5 o,
therefore

T, = 0.55 x 275 x 106 = 151.25 x 10° N/m?
T, = 0.5x 410 x 10° = 205 x 10°% N/m?
We know that equivalent shear stress,
T, X Ty Ky

T =Tt ~ ww o w
s mo o7, X Ky, X Kg

d® " d®x151.25x10° x 0.62 % 0.85
560 2880 3440
@ e E
Mean or average bending moment,
v = Mum + My _ 440+ (= 220)
m 2

N/m?

=110 N-m

560 1120 x 205x 10° x 1 .(Taking K, = 1)
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and variable bending moment,

M :Mmax_Mm'n =44O—(—220)_330Nrn
v 2 2
Section modulus, Z = % x d% =0.0082 d° m®
.. Mean bending stress,
M, 110 1120 .
c = = I3 N/m
mZ 0.0982 d d -
and variable bending stress, &
5, :ﬂ: 330 . 3320 N/m2
Z 0.0982 d d

Since there is no reversed axial loading, therefore the
equivalent normal stress due to reversed bending load, _;
e —e 4 6, X0y, X Kg, :
Gneb = One = Om e X Kgy X K Machine parts are offen made

of alloys to improve their
mechanical properties.

e

1120 3360 x 410 x 10° x 1
d3 d3 x 275 x 10° x 0.62 x 0.85

..(TekingK,, =lando, =0c)

1120 9506 10626 )
= + = N/m
d3 d® dd

We know that the maximum equivalent shear stress,

_ T 1
Teg(max) ~ F_yS =3 (One)? + 4 (tes)’

205x10° 1 \/[10 625)2 . 4(3440j2

2 2 d3 d3

205x10°xd® = \[113x 10° + 4 x 11.84 x 10° =12.66 x 10°
12.66 x10°  0.0617

3 _ =
d°= So5x10° 107
or d= % =0.0395 m=395say 40mm  Ans.

Example 6.14. A pulley iskeyed to a shaft midway between two bearings. The shaft is made of
cold drawn steel for which the ultimate strength is 550 MPa and the yield strength is 400 MPa. The
bending moment at the pulley varies from— 150 N-mto + 400 N-m as the torque on the shaft varies
from — 50 N-m to + 150 N-m. Obtain the diameter of the shaft for an indefinite life. The stress
concentration factorsfor thekeyway at the pulley in bendingandintorsion are 1.6 and 1.3 respectively.
Take the following values:

Factor of safety =15

Load correction factors = 1.0in bending, and 0.6 in torsion
S ze effect factor = 0.85

Surface effect factor = 0.88
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Solution. Given : ¢, = 550 MPa = 550 N/mm? ; o, = 400 MPa = 400 N/mm?2 ;

Mo =—150N-m; M __ =400 N-m; T . =-50N-m; T =150 N-m; Ky, =16; K =13;
FS=15;K =1;K,=06;K_=0.85; K, =0.88
Let d = Diameter of the shaft in mm.

First of al, let usfind the equivalent normal stress due to bending.
We know that the mean or average bending moment,

M, = e Z Munin _ 400+ (2150) _ 155 N = 125 % 10° N-mm
and variable bending moment,
M, = Mo . Muin _ 400‘; 150) _ 575 N-m = 275x 16° N-mm

Sectionmodulus, Z % x d® = 0.0982 d® mm?

Mean bending stress,

Mp _125x10° _1273x10°
z

= == . /mm?
0.0982d d

=

and variable bending stress,
M, 275x10° 2800 x 10°

vz oo92d®  dd
Assuming the endurance limit in reversed bending as one-half the ultimate strength and since
the load correction factor for reversed bendingis 1 (i.e. K, = 1), therefore endurance limit in reversed
bending,

N/mm?

550
Oy = 0,= 7”=7: 275 N/mm?

Since thereisno reversed axial loading, therefore equivalent normal stress due to bending,

oy X 0y X Ky

O =0 =0+
e = e %mT 5 x Ky, x Kg

1273x 10° . 2800 x 10° x 400 x 1.6
d3 d® x 275% 0.88 x 0.85

1273x10°  8712x10°  9985x 10°
e T e @
Now let us find the equivalent shear stress due to torsional moment. We know that the mean
torque,

N/mm?

Trex + Tmin _ 150 + (- 50)

T, = 5 =50 N-m = 50 x 10° N-mm
andvariabletorque, T, = Trrex ;Tmi” = 150=(50) _ 160 Nm = 100 x 10° N-mm
*. Mean shear stress,
16T, 3 3
T = g]=16x50;<10 =255>;1O N/mm?
nd nd d
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and variable shear stress,

16T, 16x100x10° 510x10° )
T = 3 = 3 = 3 N/mm
' nd nd d®

Endurance limit stress for reversed torsional or shear loading,

T, = 6, % K =275 x 0.6 = 165 N/mm?
Assuming yield strength in shear,

1, = 0.506,=0.5 x 400 = 200 N/mm?
We know that equivalent shear stress,

T, X Ty X Ky
Tes = T ™ Te X Koy X Ky

255 x 10° . 510 x 10° x 200 x 1.3

d3 d® x 165 x 0.88 x 0.85
_ 255x10° 1074x10° 1329x10° )
= 3 + e = e N/mm
and maximum equivalent shear stress,

T 1
Ty = Eg = 5 Vo) 4 ()’

2 2
200 1 \/[9985>< 103] 4 (1329>< 1o3j _ 5165x 10°

E_ 2 d3 d3 d3
3
43 = W=387400r d=3384say 35 mm Ans

6.23 Application of Soderberg’s Equation
We have seen in Art. 6.21 that according to Soderberg's equation,
1 _on, oxK; =0
FS o,

This equation may also be written as

Oe

1 _ OmX0Oe+0, X0y xKs

Gy X O
G, X G, c ,
or FS = £ " ! (i)
O X G + G, X G, X c
moTe TEATY AR o+ 2L | K x o,
Ge

Since the factor of safety based on yield strength is the ratio of the yield point stress to the
working or design stress, therefore from equation (ii), we may write

Working or design stress

- (Zyj K, X, (i)

e
Let us now consider the use of Soderberg's equation to a ductile material under the following
loading conditions.

1. Axial loading
In case of axial loading, we know that the mean or average stress,
c,=W,/A
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and variable stress,c, = W, /A
where W, = Mean or average load,
W, = Variableload, and
A = Cross-sectional area.

The equation (iii) may now bewritten asfollows:

Working or design stress,
Oy
W s W, + o
A O¢
o, X A
FS = Y

Oy
W+ | YK, W,

e
2. Simple bending
In case of ssimple bending, we know that the
bending stress,

My M ol
o M2 [y
. Mean or average bending stress,

6, =M,/Z
and variable bending stress,

o, =M/Z
where M., = Mean bending moment,

M, = Variable bending moment,

and
Z = Section modulus.

The equation (iii) may now be written as ;
follows: a4 e
Working or design bending stress, A large disc- shaped electromagnet hangs from

jib of this scrapyard crane. Steel and iron objects

M M fly towards the magnet when the current is

o, = —_m 4| X Ki X — switched on. In this way, iron and steel can be
Y4 O¢ 4 separated for recycling.

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

32 o
:—{Mm +(G—VJKf X MV} ( For circular shaftsz=%xd3)
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3. Simpletorsion of circular shafts
In case of simple torsion, we know that the torque,

T= lxrx d3 0rr=—16T
16 nd?
.. Mean or average shear stress,
16T,
LLERE
. 16T,
and variable shear dtress, 1, = FE
v
where T, = Mean or average torque,

T, = Variabletorque, and
d = Diameter of the shaft.
The equation (iii) may now be written asfollows:
Working or design shear stress,

6T, (7T 16T, 16 Ty
+| = | Kiggx —2F =— | T +| = |Kis XT,
TCd3 (Tej fs T|:d3 TCd3 { m [Tej fs v:|

a
1

T
FS = Y
16 T,

e {Tm + (TJ K X T\,}

where K, = Fatigue stress concentration factor for torsional or shear loading.
Note : For shafts made of ductile material, T, = 0.5 Oy and t, = 0.5 6, may be taken.
4. Combined bending and torsion of circular shafts

In case of combined bending and torsion of circular shafts, the maximum shear stress theory
may be used. According to this theory, maximum shear stress,

Y 1o 2
Tex = Fg 2 (0,)" + 41
R ’ 16 ’
o T
= M | LKy xM o | 4| 1T +| 2 | K xT,
TCd Ge TCd Te
16 o 2 R 2
— {Mm{—yij xMV} +|:Tm+£—yJ KfsxTv}
ntd O¢ Te

Themajority of rotating shafts carry asteady torque and the loads remain fixed in spacein both
direction and magnitude. Thus during each revolution every fibre on the surface of the shaft under-
goesacompletereversal of stress dueto bending moment. Therefore for the usual casewhenM, =0,
M,=M,T_=TandT, =0, the above equation may be written as

T 16 [|(oy) ?
L == k_yJ Ki xM | +T?
FS nd Ce
Note: The aboverelations apply to asolid shaft. For hollow shaft, the left hand side of the above equations must
be multiplied by (1 —k*), where k isthe ratio of inner diameter to outer diameter.
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Example 6.15. A centrifugal blower rotates at 600 r.p.m. A belt drive is used to connect the
blower to a 15 kW and 1750 r.p.m. electric motor. The belt forces a torque of 250 N-m and a force of
2500 N on the shaft. Fig. 6.20 shows the location of bearings, the steps in the shaft and the planein
which the resultant belt force and torque act. Theratio of the journal diameter to the overhung shaft
diameter is1.2 and theradiusof thefillet is 1/10th of overhung shaft diameter. Find the shaft diameter,
journal diameter and radius of fillet to have a factor of safety 3. The blower shaft isto be machined
from hot rolled steel having the following values of stresses:

Endurance limit = 180 MPa; Yield point stress= 300 MPa; Ultimatetensile stress= 450 MPa.

Solution. Given: *Ng =600 r.p.m. ; *P =15kW; *N,, = 1750 r.p.m. ; T =250 N-m = 250 x 103
N-mm; F = 2500 N ; F.S = 3; o, = 180 MPa = 180 N/mm?; o, = 300 MPa= 300 N/mm?; o, = 450

MPa = 450 N/mm?
100 mm
25 mm b’<—10 mm / Keyway
. WA
— .- —_——— - -—— Dt HA———F——H-d
L

2500 N

Fig. 6.20
Let D = Journal diameter,
d = Shaft diameter, and r = Fillet radius.
*. Ratio of journal diameter to shaft diameter,

D/d = 1.2 ...(Given)
and radius of thefillet, r = 1/10 x Shaft diameter (d) =0.1d
rid = 0.1 ...(Given)
From Table 6.3, for D/d = 1.2 and r/d = 0.1, the theoretical stress concentration factor,
K, = 162

Thetwo pointsat which failure may occur are at the end of the keyway and at the shoul der fillet.
Thecritical sectionwill be the one with larger product of K, x M. Since the notch sensitivity factor g
is dependent upon the unknown dimensions of the notch and since the curves for notch sensitivity
factor (Fig. 6.14) are not applicable to keyways, therefore the product K, x M shall be the basis of
comparison for the two sections.

-. Bending moment at the end of the keyway,
K, x M = 1.6 x 2500 [100 — (25 + 10)] =260 x 10°* N-mm
.. K, for key ways = 1.6)
and bending moment at the shoulder fillet,
K, x M = 1.62 x 2500 (100 — 25) = 303 750 N-mm
SinceK, x M at the shoulder filletislarge, therefore considering the shoulder fillet asthe critical

section. We know that
2
T o
_Vzﬁ -y K xM +T2
FS ndd Ce

*  Superfluous data
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2
05x300 _ 16 [(@ x 303750j + (250 10°)?
3 nd? 180

... (Substituting, T, = 0.5 Gy)

16

50 = —— x 565x 10° _ 2877x10°
nd®

d3
d3 = 2877 x 10°%50 =57 540 or d=38.6say 40 mmAns.

Note: Sincer isknown (because r/d = 0.1 or r = 0.1d = 4 mm), therefore from Fig. 6.14, the notch sensitivity
factor (g) may be obtained. For r = 4 mm, we have g = 0.93.

. Fatigue stress concentration factor,
Ki=1+q(K,—1)=1+0.93(1.62-1)=158
Using thisvalue of K; instead of K;, anew value of d may be cal culated. We see that magnitudes of K, and
K, are very close, therefore recalculation will not give any improvement in the results already obtained.

EXERCISES
1. Arectangular plate 50 mm x 10 mm with ahole 10 mm diameter is subjected to an axial load of 10 kN.
Taking stress concentration into account, find the maximum stress induced. [Ans. 50 M Pg]

2. A stepped shaft has maximum diameter 45 mm and minimum diameter 30 mm. The fillet radiusis 6
mm. If the shaft is subjected to an axial load of 10 kN, find the maximum stress induced, taking stress
concentration into account. [Ans. 22 M Pg]

3. Aleaf spring in an automobileis subjected to cyclic stresses. The average stress = 150 MPg; variable
stress = 500 M Pg; ultimate stress = 630 M Pg; yield point stress = 350 M Paand endurance limit = 150

M Pa. Estimate, under what factor of safety the spring isworking, by Goodman and Soderberg formulae.
[Ans. 1.75, 1.3]

4. Determine the design stress for bolts in a cylinder cover where the load is fluctuating due to gas
pressure. The maximum load on the bolt is 50 kN and the minimum is 30 kN. The load is unpredict-
able and factor of safety is 3. The surface of the bolt is hot rolled and the surface finish factor is 0.9.

During asimple tension test and rotating beam test on ductile materials (40 C 8 steel annealed), the
following results were obtained :

Diameter of specimen =12.5 mm; Yield strength = 240 M Pa; Ultimate strength = 450 M Pa; Endurance
limit = 180 MPa. [Ans. 65.4 MPq]

5. Determine the diameter of atensile member of acircular cross-section. The following datais given :

Maximum tensile load = 10 kN; Maximum compressive load = 5 kN; Ultimate tensile strength = 600
MPg; Yield point = 380 MPa; Endurance limit = 290 M Pa; Factor of safety = 4; Stress concentration
factor = 2.2 [Ans. 24 mm]

6. Determinethe size of apiston rod subjected to atotal load of having cyclic fluctuationsfrom 15 kN in
compression to 25 kN in tension. The endurance limit is 360 M Paand yield strength is400 MPa. Take
impact factor = 1.25, factor of safety = 1.5, surface finish factor = 0.88 and stress concentration factor
=2.25. [Ans. 35.3 mm]

7. A steel connecting rod is subjected to acompletely reversed axial load of 160 kN. Suggest the suitable
diameter of the rod using a factor of safety 2. The ultimate tensile strength of the material is 1100
MPa, and yield strength 930 MPa. Neglect column action and the effect of stress concentration.

[Ans. 30.4 mm]

8. Findthediameter of ashaft made of 37 Mn 2 steel having the ultimate tensile strength as 600 MPaand
yield stress as 440 MPa. The shaft is subjected to completely reversed axial load of 200 kN. Neglect
stress concentration factor and assume surface finish factor as 0.8. The factor of safety may be taken
asl15. [Ans. 51.7 mm]

Contents

Top



10.

11

12.

13.

14.

Variable Stresses in Machine Parts = 221

Find the diameter of a shaft to transmit twisting moments varying from 800 N-m to 1600 N-m. The
ultimate tensile strength for the materia is 600 MPa and yield stress is 450 MPa. Assume the stress
concentration factor = 1.2, surface finish factor = 0.8 and size factor = 0.85. [Ans. 27.7 mm]

A simply supported shaft between bearings carries a steady load of 10 kN at the centre. The length of
shaft between bearings is 450 mm. Neglecting the effect of stress concentration, find the minimum
diameter of shaft. Given that

Endurance limit = 600 M Pa; surface finish factor = 0.87; size factor = 0.85; and factor of safety = 1.6.
[Ans. 35 mm]

Determine the diameter of a circular rod made of ductile material with a fatigue strength (complete
stress reversal) o, = 280 MPa and atensile yield strength of 350 MPa. The member is subjected to a
varying axial load from 700 kN to — 300 kN. Assume K, =1.8and FS. = 2. [Ans. 80 mm]

A cold drawn steel rod of circular cross-section is subjected to a variable bending moment of 565 N-
m to 1130 N-m as the axia load varies from 4500 N to 13 500 N. The maximum bending moment
occurs at the sameinstant that the axial load is maximum. Determine the required diameter of the rod
for a factor of safety 2. Neglect any stress concentration and column effect. Assume the following
values:

Ultimate strength = 550 MPa

Yield strength = 470 MPa

Sizefactor = 0.85

Surface finish factor = 0.89

Correction factors = 1.0for bending
= 0.7 for axia load

The endurance limit in reversed bending may be taken as one-half the ultimate strength. [Ans. 41 mm]

A steel cantilever beam, as shown in Fig. 6.21, is subjected to a transverse load at its end that varies
from 45 N up to 135 N down as the axial load varies from 110 N (compression) to 450 N (tension).
Determine the required diameter at the change of section for infinite life using afactor of safety of 2.
The strength properties are as follows:

Ultimate strength = 550 MPa
Yield strength = 470 MPa
Endurance limit = 275 MPa
45N
Z Lﬁ 125 mm
A ¢ 110N 450N
2d d - —
! x 0.2d +
< - 180 mm
135N

Fig. 6.21
The stress concentration factors for bending and axial loads are 1.44 and 1.63 respectively, at the
change of cross-section. Take size factor = 0.85 and surface finish factor = 0.9. [Ans. 12.5mm]

A steel shaft is subjected to completely reversed bending moment of 800 N-m and a cyclic twisting
moment of 500 N-m which varies over arange of £+ 40%. Determinethe diameter of shaft if areduction
factor of 1.2 is applied to the variable component of bending stress and shearing stress. Assume
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15.
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(a) that the maximum bending and shearing stresses are in phase;
(b) that thetensile yield point is the limiting stress for steady state component;
(c) that the maximum shear strength theory can be applied; and
(d) that the Goodman relationisvalid.
Take the following material properties:
Yield strength = 500 MPa ; Ultimate strength = 800 MPa ; Endurance limit = + 400 MPa.
[Ans. 40 mm]

A pulley is keyed to a shaft midway between two anti-friction bearings. The bending moment at the
pulley varies from — 170 N-m to 510 N-m and the torsional moment in the shaft varies from 55 N-m
to 165 N-m. The frequency of the variation of the loads is the same as the shaft speed. The shaft is
made of cold drawn steel having an ultimate strength of 540 MPa and ayield strength of 400 MPa.
Determine the required diameter for an indefinite life. The stress concentration factor for the keyway
in bending and torsion may be taken as 1.6 and 1.3 respectively. The factor of safety is 1.5. Take size

factor = 0.85 and surface finish factor = 0.88. [Ans. 36.5mm]
[Hint. Assumec,=0.56,,17,=050,;7,= 0556
QUESTIONS

Explain the following terms in connection with design of machine members subjected to variable
loads:

(@) Endurance limit, (b) Sizefactor,

(o) Surfacefinish factor, and (d) Notch sensitivity.

What is meant by endurance strength of a material? How do the size and surface condition of a
component and type of load affect such strength?

Write a note on the influence of various factors of the endurance limit of a ductile material.

What ismeant by "stress concentration'? How do you take it into consideration in case of acomponent
subjected to dynamic loading?

Illustrate how the stress concentration in a component can be reduced.

Explain how thefactor of safety isdetermined under steady and varying loading by different methods.
Write Soderberg's equation and state its application to different type of loadings.

What information do you obtain from Soderberg diagram?

OBJECTIVE TYPE QUESTIONS

The stress which vary from a minimum value to a maximum value of the same nature (i.e. tensile or
compressive) iscalled

(@) repeated stress (b) yieldstress

(c) fluctuating stress (d) alternating stress

The endurance or fatigue limit is defined as the maximum value of the stress which a polished
standard specimen can withstand without failure, for infinite number of cycles, when subjected to

(a) staticload (b) dynamicload

(c) static aswell asdynamic load (d) completely reversed load
Failure of amaterial is called fatigue when it fails

(a) attheelastic limit (b) below the elastic limit
(c) attheyield point (d) below theyield point
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Theresistance to fatigue of amaterial is measured by

(@) easticlimit (b) Young's modulus
(c) ultimate tensile strength (d) endurance limit
Theyield point in static loading is ............... as compared to fatigue loading.
(@) higher (b) lower (c) same

Factor of safety for fatigue loading is the ratio of

(a) elasticlimit to the working stress

(b) Young's modulus to the ultimate tensile strength

(c) endurance limit to the working stress

(d) elasticlimit totheyield point

When a material is subjected to fatigue loading, the ratio of the endurance limit to the ultimate
tensile strength is

(@) 0.20 (b) 0.35
(c) 0.50 (d) 0.65
The ratio of endurance limit in shear to the endurance limit in flexureis
(@) 0.25 (b) 0.40
(c) 0.55 (d) 0.70

If the size of astandard specimen for afatigue testing machineisincreased, the endurancelimit for the
material will

(@) have same value asthat of standard specimen (b) increase (c) decrease

The residential compressive stress by way of surface treatment of a machine member subjected to
fatigue loading

(@) improvesthefatiguelife (b) deterioratesthefatiguelife

(c) doesnot affect the fatiguelife (d) immediately fracturesthe specimen
The surface finish factor for amirror polished material is

(& 0.45 (b) 0.65

(c) 0.85 (d 1

Stress concentration factor is defined as the ratio of

(@) maximum stress to the endurance limit (b) nominal stressto the endurance limit
(c) maximum stressto the nominal stress (d) nominal stress to the maximum stress
In static loading, stress concentration is more seriousin

(@) brittle materials (b) ductile materials

(c) brittleaswell asductile materials (d) elastic materias

In cyclic loading, stress concentration is more seriousin

(@) brittle materials (b) ductile materials

(c) brittleaswell asductile materials (d) elastic materias

The notch sensitivity g is expressed in terms of fatigue stress concentration factor K, and theoretical
stress concentration factor K, as

Kf +1 Kf -1
K¢ +1 ® k-1
K +1 K -1
Ky +1 @ k; -1
ANSWERS
1. (¢ 2. (d) 3. (d) 4. (d) 5. (a)
6. (¢) 7. (¢ 8. (0 9. (0 10. (a)
11. (d) 12. (c) 13. (a) 14. (b) 15. (b)
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Pressure Vessels

o

. Stresses

. Infroduction.
. Classification of Pressure

Vessels.

. Stresses in a Thin Cylindrical

Shell due to an Internal
Pressure.

. Circumferential or Hoop

Stress.

. Longitudinal Stress.

Change in Dimensions of a
Thin Cylindrical Shell due to
an Internal Pressure.

Thin  Spherical Shells
Subjected to an Internal
Pressure.

Change in Dimensions of a
Thin Spherical Shell due to
an Internal Pressure.

Thick Cylindrical Shell
Subjected to an Internal
Pressure.

Compound Cylindrical
Shells.

in Compound
Cylindrical Shells.

Cylinder Heads and Cover
Plates.

7.1 Infroduction

Thepressurevessels(i.e. cylindersor tanks) are used
to store fluids under pressure. The fluid being stored may
undergo a change of state inside the pressure vessel asin
case of steam boilersor it may combinewith other reagents
asin achemical plant. The pressure vessels are designed
with great care because rupture of apressure vessel means
an explosion which may cause loss of life and property.
Thematerial of pressure vesselsmay be brittle such as cast
iron, or ductile such as mild steel.

7.2 Classification of Pressure Vessels

The pressure vessels may be classified asfollows:

1. According to the dimensions. The pressure
vessels, according to their dimensions, may be classified
asthin shell or thick shell. If thewall thickness of the shell
(t) islessthan 1/10 of the diameter of the shell (d), thenitis
called athin shell. Onthe other hand, if thewall thickness

224
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of the shell is greater than 1/10 of the
diameter of the shell, thenitissaidto
be a thick shell. Thin shells are used
in boilers, tanks and pipes, whereas
thick shells are used in high pressure
cylinders, tanks, gun barrels etc.

Note: Another criterion to classify the
pressure vessels asthin shell or thick shell
is the internal fluid pressure (p) and the
alowable stress (o). If the internal fluid
pressure (p) islessthan 1/6 of theallowable
stress, then it is called athin shell. On the
other hand, if theinternal fluid pressureis
greater than 1/6 of thealowable stress, then
itissaid to be athick shell.

2. According to the end
construction. The pressure vessels,

Pressure Vessels ® 225

Pressure vessels.

according to the end construction, may be classified as open end or closed end. A simple cylinder
with a piston, such as cylinder of apressisan example of an open end vessel, whereas atank isan
example of aclosed end vessel. In case of vessels having open ends, the circumferential or hoop
stresses are induced by the fluid pressure, whereas in case of closed ends, longitudinal stressesin
addition to circumferential stresses are induced.

7.3 Stresses in a Thin Cylindrical Shell due to an Internal Pressure
The analysis of stresses induced in a thin cylindrical shell are made on the following

assumptions:

1. Theeffect of curvature of the cylinder wall is neglected.
2. Thetensile stresses are uniformly distributed over the section of the walls.
3. Theeffect of therestraining action of the heads at the end of the pressure vessel isneglected.

(a) Failure of a cylindrical shell
along the longitudinal section.

Q”\)

(b) Failure of a cylindrical shell
along the transverse section.

Fig. 7.1. Failure of acylindrical shell.
When athin cylindrical shell issubjected to aninternal pressure, itislikely tofail inthefollowing

twoways:

1. It may fail along the longitudinal section (i.e. circumferentially) splitting the cylinder into
two troughs, asshownin Fig. 7.1 (a).

2. It may fail across the transverse section (i.e. longitudinally) splitting the cylinder into two
cylindrical shells, asshownin Fig. 7.1 (b).
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Thus the wall of a cylindrical shell subjected to an internal pressure has to withstand tensile
stresses of the following two types:

(a) Circumferential or hoop stress, and (b) Longitudinal stress.
These stresses are discussed, in detail, in the following articles.

7.4 Circumferential or Hoop Stress

Consider athin cylindrical shell subjected to an internal pressure as shownin Fig. 7.2 (a) and
(b). A tensile stress acting in adirection tangential to the circumferenceis called circumferential or
hoop stress. In other words, it isatensile stress on *longitudinal section (or on the cylindrical walls).

z T

(a) View of shell. (b) Cross-section of shell.

Fig. 7.2. Circumferential or hoop stress.
Let p = Intensity of internal pressure,
d = Internal diameter of the cylindrical shell,
| = Length of the cylindrical shell,
t = Thickness of the cylindrical shell, and

o,, = Circumferential or hoop stress for the material of the
cylindrical shell.

We know that thetotal force acting on alongitudinal section (i.e. along the diameter X-X) of the

shell
= Intensity of pressure x Projected area=p x d x | ()
and the total resisting force acting on the cylinder walls
=0, X2t x| ...(- of two sections) (i)
From equations (i) and (ii), we have
_ _ pxd p=Pxd i)
Oy X2tx|l =pxdxl o oy= o or 2 0q

Thefollowing points may be noted:
1. Inthe design of engine cylinders, a value of 6 mm to 12 mm is added in equation (iii) to
permit reboring after wear has taken place. Therefore

pxd

t = +6t012 mm

(¢
2. Inconstructing large pressure vesélels like steam boilers, riveted joints or welded joints are
used in joining together the ends of steel plates. In case of riveted joints, the wall thickness
of the cylinder,
_ _bxd
263 X",
where n, = Efficiency of thelongitudinal riveted joint.

* A section cut from a cylinder by a plane that contains the axisis called longitudinal section.
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3. Incaseof cylindersof ductilematerial, the value of circumferential stress(c,,) may betaken
0.8 timestheyield point stress (cy) and for brittle materials, 6, may betaken as0.125times
the ultimate tensile stress ().

4. In designing steam boailers, the wall thickness calculated by the above equation may be
compared with the minimum plate thickness as provided in boiler code as given in the
following table.

Table 7.1. Minimum plate thickness for steam boilers.

Boiler diameter Minimum plate thickness (t)
0.9 mor less 6 mm
Above 0.9 m and upto 1.35 m 7.5mm
Above 1.35 m and upto 1.8 m 9mm
Over 1.8 m 12 mm

Note: If the calculated value of t islessthan the code requirement, then the latter should be taken, otherwise the
calculated value may be used.

The boiler code also provides that the factor of safety shall be at least 5 and the steel of the
plates and rivets shall have as a minimum the following ultimate stresses.

Tensile stress, o, = 385 MPa
Compressive stress, o, = 665 MPa
Shear stress, T = 308 MPa

7.5 Longitudinal Stress

Consider aclosed thin cylindrical shell subjected to aninternal pressureasshowninFig. 7.3 (a)
and (b). A tensile stressacting in the direction of theaxisiscalled longitudinal stress. In other words,
it is atensile stress acting on the *transverse or circumferential section Y-Y (or on the ends of the
vessdl).

» =,
O L

(a) View of shell. (b) Cross-section of shell.

f

Fig. 7.3. Longitudinal stress.

Let 6., = Longitudinal stress.
In this case, the total force acting on the transverse section (i.e. along Y-Y)
= Intensity of pressure x Cross-sectional area

- T g2 :
= px 2 (d) (i)

and total resisting force =0, xmdt (i)

* A section cut from a cylinder by a plane at right angles to the axis of the cylinder is caled transverse
section.
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From equations (i) and (ii), we have

O, Xmdt = px%(d)z

_ pxd (- Ppxd
c, = or =
2 4t 46y,
If n, isthe efficiency of the circumferential joint, then
_ pxd
40—t2ch

From above we see that the longitudinal stress is half of the circumferential or hoop stress.
Therefore, the design of a pressure vessel must be based on the maximum stressi.e. hoop stress.

Example 7.1. A thin cylindrical pressure vessel of 1.2 m diameter generates steam at a
pressure of 1.75 N/mn?. Find the minimum wall thickness, if (a) the longitudinal stress does not
exceed 28 MPa; and (b) the circumferential stress does not exceed 42 MPa.

Cylinders and tanks are used to store fluids under pressure.

Solution. Given : d = 1.2 m = 1200 mm ; p = 1.75 N'mm?; 6, = 28 MPa = 28 N/mm?;
6,, = 42 MPa = 42 N/mm?

(@ When longitudinal stress (o,,) does not exceed 28 MPa
We know that minimum wall thickness,
p.d 175x1200
t= 45, 4x28
(b) When circumferential stress (o,,) does not exceed 42 MPa
We know that minimum wall thickness,

(= p.d 1.75x1200
20, 2x 42

Example7.2. Athin cylindrical pressure vessel of 500 mm diameter is subjected to aninternal
pressure of 2 N/mm?. I the thickness of the vessel is 20 mm, find the hoop stress, longitudinal stress
and the maximum shear stress.

Solution. Given : d =500 mm; p = 2 N/mm?; t=20 mm

=18.75say 20 mm Ans.

=25mm Ans.
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Hoop stress
We know that hoop stress,

o, = P94 _2X500 _ o0\ mm? = 25 MPaAns

g2t 2% 20

Longitudinal stress
We know that longitudinal stress,

.d _2x500
G, = 2=

= =125 N/mm?=12.5 MPaAns.
@2 41 4x 20

Maximum shear stress

We know that according to maximum shear stress theory, the maximum shear stressis one-half
the algebraic difference of the maximum and minimum principal stress. Since the maximum principal
stressis the hoop stress (c,,) and minimum principal stressisthe longitudinal stress (c,,), therefore
maximum shear stress,

i =% % 2 _212‘5 = 6.25 N/mm?2 = 6.25 MPa Ans.

e 2

Example 7.3. An hydraulic control for a straight line motion, as shown in Fig. 7.4, utilisesa
spherical pressuretank ‘A’ connected to a working cylinder B. The pump maintains a pressure of
3 N/mn? in the tank.

1. If the diameter of pressure tank is 800 mm, determine its thickness for 100% efficiency of
the joint. Assume the allowable tensile stress as 50 MPa.

F

Pressure tank @

&

Working cylinder _/

Fig. 7.4

2. Determine the diameter of a cast iron cylinder and its thickness to produce an operating
force F = 25 kN. Assume (i) an allowance of 10 per cent of operating force F for friction in the
cylinder and packing, and (ii) a pressure drop of 0.2 N/mn? between the tank and cylinder. Take safe
stressfor cast iron as 30 MPa.

3. Determinethe power output of the cylinder, if the stroke of the piston is450 mmand thetime
required for the working stroke is 5 seconds.

4. Find the power of the motor, if the working cycle repeats after every 30 seconds and the
efficiency of the hydraulic control is 80 percent and that of pump 60 percent.

Solution. Given : p =3 N/mm?; d = 800 mm ; = 100% = 1; 6,, = 50 MPa =50 N/mm?;
F=25kN=25x 10°N ; 5,. = 30 MPa= 30 N/mm?: 11, = 80% = 0.8 ; 1}, = 60% = 0.6
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1. Thickness of pressure tank
We know that thickness of pressure tank,

_ p.d _ 3x800

© 204.m 2x50x1
2. Diameter and thickness of cylinder

Let D = Diameter of cylinder, and
t, = Thicknessof cylinder.

Since an allowance of 10 per cent of operating force F is provided for friction in the cylinder
and packing, therefore total force to be produced by friction,

=24 mm Ans.

F F+ 10 F=11F=11x25x103=27500N
= —_— = = X X =
1 100 . .

Jacketed pressure vessel.

We know that there is a pressure drop of 0.2 N/mm? between the tank and cylinder, therefore
pressure in the cylinder,

p, = Pressurein tank — Pressure drop = 3—0.2 = 2.8 N/mm?
and total force produced by friction (F,),

27500 = % x D2 x p, = 0.7854 x D? x 2.8= 2.2 D?
D? =27500/2.2=12500 or D =112 mm Ans.
We know that thickness of cylinder,
p.D  28x112

t, = = =5.2 mm Ans.
20 2x30

3. Power output of the cylinder
We know that stroke of the piston

=450mm=0.45m ...(Given)
and time required for working stroke
=5s ...(Given)
.~. Distance moved by the piston per second
= % =0.09m
5
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We know that work done per second
= Force x Distance moved per second
= 27 500 x 0.09 = 2475 N-m
-, Power output of the cylinder
= 2475 W = 2.475 kW Ans. (o IN-m/s=1W)
4. Power of the motor

Since the working cycle repeats after every 30 seconds, therefore the power which is to be
produced by the cylinder in 5 seconds is to be provided by the motor in 30 seconds.

:. Power of the motor

Power of the cylinder 5 2.475 XE:O.SG kW Ans.

N X Mo 30 08x06 30

7.6 Change in Dimensions of a Thin Cylindrical Shell due to an Internal
Pressure

When athin cylindrical shell issubjected to aninternal pressure, therewill beanincreaseinthe
diameter as well asthe length of the shell.

Let | = Length of the cylindrical shell,
d = Diameter of the cylindrical shell,
t = Thickness of the cylindrical shell,
p = Intensity of internal pressure,
E = Young's modulusfor the material of the cylindrical shell, and
u = Poisson’sratio.
Theincrease in diameter of the shell dueto an internal pressureisgiven by,

pd? ( u)
- 1-2
0=l 2

Theincrease in length of the shell due to aninternal pressureis given by,

_ pdl (1_ )
ol = 2tel2

It may be noted that theincreasein diameter and length of the shell will also increaseitsvolume.
Theincrease in volume of the shell dueto an internal pressureis given by

8V = Final volume— Original volume = % (d+ 8d)2 (I + 8l) — % x d2|

= % (d28l +2d..5d) ...(Neglecting small quantities)

Example7.4. Find the thicknessfor a tube of internal diameter 100 mm subjected to an internal
pressure which is 5/8 of the value of the maximum permissible circumferential stress. Also find the
increase in internal diameter of such a tube when the internal pressure is 90 N/mm?.
Take E = 205 kN/mm? and p = 0.29. Neglect longitudinal strain.

Solution. Given: p=5/8 x 6, = 0.625 6, ; d = 100 mm ; p, = 90 N/mm?; E = 205 kN/mm?
=205 x 10% N/mm?; u = 0.29

Thickness of a tube

We know that thickness of atube,
p.d _0.6250,x100
20y B 20y

t= =31.25 mm Ans.
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Increasein diameter of a tube
We know that increase in diameter of atube,

2 2
p,d (1_ Ej _ 90 (100) : [1_ 0.29} -
2tE 2) 2x31.25x 205% 10 2

0.07 (1 - 0.145) = 0.06 mm Ans.

od =

7.7 Thin Spherical Shells Subjected to an Internal Pressure
Consider athin spherical shell subjected to an internal pressure as shown in Fig. 7.5.
Let V = Storage capacity of the shell,
p = Intensity of internal pressure,

d = Diameter of the shell, Y

t = Thickness of the shell, —T

o, = Permissibletensilestressforthe  _ _p _ !
shell material. A

In designing thin spherical shells, we have to determine

1. Diameter of the shell, and 2. Thickness of the shell.

We know that the storage capacity of the shell,

4 P Vl/S
V=gxnrd=—< xd® or dz(G—J

3 6 T
2. Thickness of the shell

Asaresult of theinternal pressure, the shell islikely to rupture along the centre of the sphere.
Therefore force tending to rupture the shell along the centre of the sphere or bursting force,

= Pressure x Area= p x % x d?2 ()
and resisting force of the shell
= Stress x Resisting area= o, x 1 d.t (i)
Equating equations (i) and (ii), we have

px% x 02 = o, xmdt

p.d
4 o,
If n is the efficiency of the circumferential
joints of the spherical shell, then

f = p.d
4 0,.Mm
Example 7.5. A spherical vessel 3 metre
diameter is subjected to an internal pressure of
1.5 N/mm?. Find the thickness of the vessel required The Trans-Alaska Pipeline carries crude oil 1, 284
if the maximum stressis not to exceed 90 MPa. Take kilometres through Alaska. The pipeline is 1.2
- St ot a ) metres in diameter and can transport 318 million
efficiency of the joint as 75%. litres of crude oil a day.
Solution. Given: d = 3 m = 3000 mm ;
p=1.5N/mm?; 6, = 90 MPa= 90 N/mm?; n = 75% = 0.75

or t=
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We know that thickness of the vessel,

- _pd _ 15x3000
4c6,.m 4x90x0.75

7.8 Change in Dimensions of a Thin Spherical Shell due to an Internal

=16.7 say 18 mm Ans.

Pressure
Consider athin spherical shell subjected to an internal pressure as shown in Fig. 7.5.
Let d = Diameter of the spherical shell,

t = Thickness of the spherical shell,
p = Intensity of internal pressure,
E = Young's modulus for the material of the spherical shell, and
u = Poisson’'sratio.
Increasein diameter of the spherical shell dueto an internal pressureis given by,

_ pd® .
5 = 2= (1-w) ()

and increase in volume of the spherical shell dueto aninternal pressureisgiven by,

T T
8V = Final volume - Original volume = 5 (d+ &d)®— i d3

T
i (3d? x &d) ...(Neglecting higher terms)
Substituting the value of 6d from equation (i), we have

3nd?| pd? n pd?
V=% {4t.E a “)} g W

Example 7.6. A seamless spherical shell, 900 mmin diameter and 10 mmthick is being filled
with a fluid under pressure until its volume increases by 150 x 10% mm?. Calculate the pressure
exerted by the fluid on the shell, taking modulus of elasticity for the material of the shell as
200 kN/mm? and Poisson’s ratio as 0.3.

Solution. Given : d = 900 mm; t = 10 mm; 8V = 150 x 102 mm?; E = 200 kN/mm?
=200 x 10° N/mm?; u=0.3

Let p = Pressure exerted by the fluid on the shell.
We know that the increase in volume of the spherical shell (8V),
150 x 103 = mpd’ 1 = 7 p (900)° =
= 8te M7 gr10x200x207 (1709 =901%0p

p = 150 x 10%/90 190 = 1.66 N/mm? Ans.

7.9 Thick Cylindrical Shells Subjected to an Internal Pressure

When acylindrical shell of apressurevesseal, hydraulic cylinder, gunbarrel and apipeis subjected
toavery highinternal fluid pressure, then thewalls of the cylinder must be made extremely heavy or
thick.

In thin cylindrical shells, we have assumed that the tensile stresses are uniformly distributed
over the section of thewalls. But in the case of thick wall cylindersasshowninFig. 7.6 (a), the stress
over the section of the walls cannot be assumed to be uniformly distributed. They develop both
tangential and radial stresses with values which are dependent upon the radius of the element under
consideration. Thedistribution of stressin athick cylindrical shell isshowninFig. 7.6 (b) and (c). We
seethat thetangential stressis maximum at theinner surface and minimum at the outer surface of the
shell. Theradial stressis maximum at the inner surface and zero at the outer surface of the shell.
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In the design of thick cylindrical shells, the following equations are mostly used:
1. Lame's equation; 2. Birnie's equation; 3. Clavarino’s equation; and 4. Barlow’s equation.
The use of these equations depends upon the type of material used and the end construction.

(a) Thick cylindrical shell. (b) Tangential stress distribution. (c) Radial stress distribution.
Fig. 7.6. Stress distribution in thick cylindrical shells subjected to internal pressure.
Let r, = Outer radius of cylindrical shell,
r, = Inner radius of cylindrical shell,
t = Thicknessof cylindrical shell =r —r;,
p = Intensity of internal pressure,
| = Poisson’sratio,
o, = Tangential stress, and
o, = Radid stress.
All the above mentioned equations are now discussed, in detail, as below:

1. Lame's equation. Assuming that the longitudinal fibres of the cylindrical shell are equally
strained, Lame has shown that the tangential stress at any radiusx s,

G, = & (ri)z_ po(ro)2 + (ri)z(ro)2 |: B — Po :|

)= () X2 [ ()2 = (r)?

While designing a tanker, the pressure added by movement of the vehicle also should be
considered.
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and radial stress at any radius x,

B (s X ()7 = (1)?
Sinceweare concerned with theinternal pressure( p; = p) only, therefore substituting the value
of external pressure, p, = 0.
. Tangential stressat any radiusx,

G, = p| (ri)z_ po (ro)2 _ (ri)z(ro)2 |: p| - po :|

_p@)? (r,)? | _
T2 ()2 [“ < | (0

t

and radial stress at any radius x,

__pm®* [, ) )
- 2 2 2 ...(ll)
()" = () x=

We seethat thetangentia stressisalwaysatensile stresswhereastheradial stressisacompressive
stress. We know that the tangential stress is maximum at the inner surface of the shell (i.e. when
X = r;) anditisminimum at the outer surface of the shell (i.e. whenx=r ). Substituting the val ue of
x=r,andx=r_inequation (i), wefind that the * maximum tangentia stressat theinner surface of the
shell,

r

_ PI()*+ (1)

Ot(max) =
)= ()
and minimum tangential stress at the outer surface of the shell,
2p (r)?
Simn) =72, 2
)= ()

We also know that the radial stressis maximum at the inner surface of the shell and zero at the
outer surface of the shell. Substituting the value of x = r; and x = r  in equation (ii), we find that
maximum radial stress at the inner surface of the shell,

Or(maxy =~ P (compressive)
and minimum radial stress at the outer surface of the shell,
Gr(min) =0

In designing a thick cylindrical shell of brittle material (e.g. cast iron, hard steel and cast
aluminium) with closed or open ends and in accordance with the maximum normal stress theory
failure, the tangential stressinduced in the cylinder wall,

_ _ PI(r)* + (1)
Ot = O may = T 2 (N2
(ro)” = (1)
Sincer, =r, +1, therefore substituting this value of r  in the above expression, we get
o =PI+ D+ ()]
(r+ )%= (1)
o (+12—o (> =p( +?+p(r)
(r,+ 92 (0,—p) = (r)* (o, +p)
(i+t* _o+p
(ri)2 o—Pp

*  The maximum tangential stressis always greater than the internal pressure acting on the shell.
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f+t_ [o+p Lt [otp
fi o — P o fi 6 — P
o, +
t_Jo+P_ 4 o t=ri[/—t p—l} ...(iiil)
r o,— P 6 — P

The value of o, for brittle materials may be taken as 0.125 times the ultimate tensile
strength (G ).

We have discussed above the design of athick cylindrical shell of brittle materials. In case of
cylinders made of ductile material, Lame’s equation is modified according to maximum shear stress
theory.

According to this theory, the maximum shear stress at any point in a strained body is equal to
one-half the algebraic difference of the maximum and minimum principal stresses at that point. We
know that for athick cylindrical shell,

Maximum principal stress at theinner surface,

_ PI(r)* + (1)*]

Ot (max) ~ 2_ 12
()" — (1)
and minimum principal stress at the outer surface,
Oimin) = —P
*. Maximum shear stress,
p [(r0)2+ (ri)z] _ (_ p)
ce o 2Ot = Sy | ()° — (1)°
e 2 2
_ P+ ()1 + PL() = ()] _ 2p(r)°

2[(r,)% - ()2 2[(r,)% - (1)

p(r+1)?
:m w (U= )
or T(r; +t)2—1(r)2 = p(r; + t)?
(ri+ D2 (v —p) =1(r)?
G+1)> 1
(? TP
i+t T t_ T
R R D I R
o1 o t:ri|: . _1} (V)
r T—-p T-p

The value of shear stress (7) is usually taken as one-half the tensile stress (c,). Therefore the
above expression may be written as

c
t=r { s —t2p - } (V)

From the above expression, we see that if theinternal pressure (p) isequal to or greater than
the allowable working stress (o, or 1), then no thickness of the cylinder wall will prevent failure.
Thus, it is impossible to design a cylinder to withstand fluid pressure greater than the allowable
working stress for a given material. This difficulty is overcome by using compound cylinders (See
Art. 7.10).
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2. Birnie's equation. In
case of open-end cylinders (such
as pump cylinders, rams, gun
barrels etc.) made of ductile
material (i.e. low carbon steel,
brass, bronze, and aluminium
alloys), the allowable stresses
cannot be determined by means of
maximum-stresstheory of failure.
In such cases, themaximum-strain
theory is used. According to this
theory, thefailure occurswhen the
strain reaches alimiting value and
Birnie's equation for the wall
thickness of acylinder is

tzF{hﬁa—mp_q
"Woe-@+wp

Thevalueof 6, may betaken
as 0.8 timestheyield point stress
(o,)-

3. Clavarino’s equation.
Thisequationisalso based on the
maximum-strain theory of failure,

but it isapplied to closed-end cyl-

inders (or cylinders fitted with Oilis frequently fransported by ships called tankers. The larger tank-

heads) made of ductile material ers, such as this Acrco Alaska oil fransporter, are known as super-
" fankers. They can be hundreds of metres long.

According to this eguation, the

thickness of acylinder,
t=r /0t+(1—21«l) P_4
6 —(1+wp

In this case a'so, the value of 6, may be taken as 0.8 o,

4. Barlow's equation. This equation is generally used for high pressure oil and gas pipes.
According to this equation, the thickness of acylinder,
t=pr,/o,
For ductile materials, 6, = 0.8 o, and for brittle materialso, = 0.125 ¢, where 6 isthe ultimate
stress.

Example 7.7. A cast iron cylinder of internal diameter 200 mm and thickness 50 mm is
subjected to a pressure of 5 N/mme2. Calculate the tangential and radial stresses at the inner, middle
(radius = 125 mm) and outer surfaces.

Solution. Given: d, =200 mmor r; =100 mm; t=50mm; p=5 N/mm?
We know that outer radius of the cylinder,
r, =r,+t=100+ 50 = 150 mm
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Tangential stresses at theinner, middle and outer surfaces
We know that the tangential stress at any radiusx,
p (1)’ {1 . (ro)z}

RTINS

- Tangential stress at the inner surface (i.e. when x =r; = 100 mm),

o _Pl)’+ (1) _5[(150°+ (100)°]
M ()2 = (0)? (150)* - (100)?
Tangential stress at the middle surface (i.e. when x = 125 mm),
5 (100)? (150)?
O, . = 1+
t(middle) (150)2 _ (100)2 (125)2
and tangential stress at the outer surface (i.e. when x =r = 150 mm),

c, = 2p (ri)z = 2X5(100)2 =8 N/mm? =8 MPaAns
(e ()2~ (n)® (150)° - (100)* '
Radial stresses at the inner, middle and outer surfaces

We know that the radial stress at any radiusx,
p (n)? {1_ (ro)z}

TS RO RS

-.Radial stress at the inner surface (i.e. when x = r; = 100 mm),

=13 N/mm? = 13 MPaAns.

} =9.76 N/mm? = 9.76 MPaAns.

Or(innery = ~P=—95 N/mm? = 5 MPa (compressive) Ans.

Radial stress at the middle surface (i.e. when x = 125 mm)
__5(100* |, (@150’

Gr(m’ddle) - (150)2 _ (100)2 (125)2

= 1.76 MPa (compressive) Ans.

} =—1.76 N/mm? = - 1.76 MPa

and radial stress at the outer surface (i.e. when x =r =150 mm),
Oy (outer) = OAns.

Example 7.8. A hydraulic press has a maximum
capacity of 1000 kN. The piston diameter is 250 mm.
Calculate the wall thickness if the cylinder is made of
material for which the permissible strength may be
taken as 80 MPa. This material may be assumed as a
brittle material.

Solution. Given: W= 1000 kN = 1000 x 10°N ;
d =250 mm ; 6, = 80 MPa = 80 N/mm?

First of all, let us find the pressure inside the
cylinder (p). Weknow that load on the hydraulic press
(VV)' Hydraulic Press

1000 x 10° = % xd2x p= % (250)2 p = 49.1 x 10%p

o p = 1000 x 10%/49.1 x 10% = 20.37 N/mm?
Let r, = Insderadius of the cylinder = d/2=125mm

Contents

Top



Pressure Vessels = 239

We know that wall thickness of the cylinder,

t:ri Gt—+p_1 =125 M_l mm
c,—Pp 80 — 20.37
= 125(1.297 - 1) = 37 mm Ans.

Example 7.9. A closed-ended cast iron cylinder of 200 mm inside diameter is to carry an
internal pressure of 10 N/mm? with a permissible stress of 18 MPa. Determine the wall thickness by
means of Lame’ s and the maximum shear stress equations. What result would you use? Give reason
for your conclusion.

Solution. Given: d, = 200 mmor r,; = 100 mm ; p = 10 N/mm?; 6, = 18 MPa = 18 N/mm?

According to Lame’s equation, wall thickness of a cylinder,

t=r /Gt—”’—l}zloo{ :8+18— }:87mm
[VOoi—P -

According to maximum shear stress equation, wall thickness of acylinder,

T
= / -1
t=" T-p :|

We have discussed in Art. 7.9 [equation (iv)], that the shear stress (t) is usually taken one-half
thetensilestress (o). In the present case, T = 6,/ 2= 18/2=9 N/mn?. Sincet islessthan theinternal
pressure ( p = 10 N/mm?), therefore the expression under the square root will be negative. Thus no
thickness can prevent failure of the cylinder. Hence it isimpossible to design a cylinder to withstand
fluid pressure greater than the allowable working stress for the given material. This difficulty is
overcome by using compound cylinders as discussed in Art. 7.10.

Thus, we shall use acylinder of wall thickness, t = 87 mm Ans.

Example 7.10. Thecylinder of a portable hydraulic riveter is220 mmin diameter. The pressure
of the fluid is 14 N/mn? by gauge. Determine suitable thickness of the cylinder wall assuming that
the maximum permissible tensile stressis not to exceed 105 MPa.

Solution. Given : d. =220 mmor r; = 110 mm ; p = 14 N/mm?; 6, = 105 MPa = 105 N/mm?

Since the pressure of the fluid is high, therefore thick cylinder equation is used.

Assuming the material of the cylinder as steel, the thickness of the cylinder wall (t) may be
obtained by using Birni€e’s equation. We know that

r. M _1
t="1
\ O — @+wp
_110| [195+@-0314 1 eeim Ans
105— (1+ 0.3) 14

...(Taking Poisson’'sratio for steel, u = 0.3)

Example 7.11. The hydraulic cylinder 400 mm bore operates at a maximum pressure of

5 N/mn?. The piston rod is connected to theload and the cylinder to the frame through hinged joints.
Design: 1. cylinder, 2. piston rod, 3. hinge pin, and 4. flat end cover.

The allowable tensile stress for cast steel cylinder and end cover is 80 MPa and for piston rod
is 60 MPa.

Draw the hydraulic cylinder with piston, piston rod, end cover and O-ring.
Solution. Given : d, = 400 mm or r; = 200 mm; p = 5 N/mm?; 6, = 80 MPa = 80 N/mm?;
o, = 60 MPa= 60 N/mm?
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1. Design of cylinder

Let d, = Outer diameter of the cylinder.
We know that thickness of cylinder,

t=r | [OFP _q|-200| [30F5 4] mm
G- p 805

=200 (1.06—-1) =12 mm Ans.
.. Outer diameter of the cylinder,
d, =d +2t=400+ 2 x 12 =424 mm Ans.
2. Design of piston rod
Let d_ = Diameter of the piston rod.
p . ;
We know that the force acting on the piston rod,

F= % (d)2p= % (400)2 5 = 628 400 N ()
We also know that the force acting on the piston rod,

F = % (d? th:% (d)? 60=47.13(d)? N (i)
From equations (i) and (ii), we have
(d, 2 = 628 400/47.13 = 13 333.33 or d, = 115.5 say 116 mm Ans.
3. Design of the hinge pin
Let d, = Diameter of the hinge pin of the piston rod.

Since the load on the pin is equal to the force acting on the piston rod, and the hinge pinisin
double shear, therefore

T
F=2x Z (dh)z’l?

628 400 = 2 x % (d,)2 45=70.7 (d} )2 ..(Taking T = 45 N/mm?)

(dh)2 =628400/70.7=28888.3 or d, =94.3say 95mmAns.

When the cover ishinged to the cylinder, we can use two hinge pinsonly diametrically opposite
to each other. Thus the diameter of the hinge pinsfor cover,

_dy 95 _
dhc = 7 = 7 =47.5mm Ans.
A Socket head screw
O /rmg Y Cylinder ;

——————— s =l

\— Piston L Fgfiton Z .
] Piston rod

end cover

A

I

Cylinder head
end cover

Fig. 7.7
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4. Design of theflat end cover

Let t, = Thickness of the end cover.
We know that force on the end cover,
F=dxt. xo,

628 400 = 400 x t_ x 80 =32 x 103,
. t. = 628 400/32 x 10° = 19.64 say 20 mm Ans.
The hydraulic cylinder with piston, piston rod, end cover and O-ring isshownin Fig. 7.7.

7.10 Compound Cylindrical Shells
According to Lame's equation, the thickness of acylindrical shell isgiven by

(- [/—le
o — P

|

|

From this equation, we see that if the internal pressure |

(p) acting on the shell isequal to or greater than the allowable |
|

I

working stress(c,) for thematerial of the shell, then no thickness

of the shell will prevent failure. Thusitisimpossibleto design /4 N
a cylinder to withstand internal pressure equal to or greater Outer ;
than the allowable working stress. cylinder Cyﬁ?ger

This difficulty is overcome by inducing an initial
compressive stress on the wall of the cylindrical shell. This
may be done by the following two methods:

1. By using compound cylindrical shells, and

2. By using thetheory of plasticity. I

In a compound cylindrical shell, as shown in Fig. 7.8,
the outer cylinder (having inside diameter smaller than the
outside diameter of theinner cylinder) isshrunk fit over theinner cylinder by heating and cooling. On
cooling, the contact pressure is developed at the junction of the two cylinders, which induces
compressive tangential stressin the material of the inner cylinder and tensile tangential stressin the
material of the outer cylinder. When the cylinder isloaded, the compressive stresses arefirst relieved
and then tensile stresses are induced. Thus, a compound cylinder is effective in resisting higher
internal pressurethan asingle cylinder with the same overall dimensions. The principle of compound
cylinder isused in the design of gun tubes.

In the theory of plasticity, atemporary high internal pressureis applied till the plastic stageis
reached near the inside of the cylinder wall. This results in a residual compressive stress upon the
removal of the internal pressure, thereby making the cylinder more effective to withstand a higher
internal pressure.

Fig. 7.8. Compound cylindrical shell.

7.11 Stresses in Compound Cylindrical Shells

Fig. 7.9 (a) showsacompound cylindrical shell assembled with ashrink fit. We have discussed
in the previous article that when the outer cylinder is shrunk fit over the inner cylinder, a contact
pressure (p) isdeveloped at junction of the two cylinders (i.e. at radiusr, ) asshownin Fig. 7.9 (b)
and (c). The stressesresulting from this pressure may be easily determined by using Lame's equation.

According to this equation (See Art. 7.9), the tangentia stressat any radiusxis

_ b (ri)z_ Po (ro)2 (ri)2 (ro)2 B — Po .
o i {(rof—(ri)z} -0

t () = (1)° x?
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and radial stress at any radius x,

- Pi (ri)z_ Po (ro)2 _ (ri)2 (ro)2 Pi — Po (“)

' (ro)2 - (ri)2 Xz (ro)2 - (r| )2

Considering the external pressure only,

_ =P [ ()]
= ()2 (1) 1+ 2 (i)
...[Substituting p, = 0 in equation (i)]

- - po(ro)2 I (ri)z_ :
and o, = = (1) 1- 2 (V)

Outer cylinder
Tensile

Compressive

(a) Compound cylinder. (b) Inner cylinder. (¢) Outer cylinder.

Outer
cylinder

Inner ]
cylinder Tensile

stress

Compressive
stress

(d) Tangential stress distribution due to (¢) Resultant tangential stress distribution
shrinkage fitting and internal fluid pressure. across a compound cylindrical shell.

Fig. 7.9. Stresses in compound cylindrical shells.
Considering the internal pressure only,

p(r)? {“ (ro)z} W

ATl S

...[Substituting p, = 0 in equation (i)]
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. r 2 r 2

and 6, = o1y (o) (i)
() () X

Sincetheinner cylinder is subjected to an external pressure (p) caused by the shrink fit and the

outer cylinder is subjected to internal pressure (p), therefore from equation (iii), we find that the

tangential stress at the inner surface of the inner cylinder,

- p () {H (rl)z} _—2p ()’

1= =
TP - ] ()P - (w)?
... [Substituting p, = p, x=r,, ry=r,andr, =r]

This stressis compressive and is shown by abin Fig. 7.9 (b).

(compressive) ...(vii)

Radial stress at the inner surface of the inner cylinder,

2 [ 2

—-p(r r

— 1_(1)2}0
() =) ()

Similarly from equation (iii), we find that tangential stress at the outer surface of the inner

cylinder,

...[From equation (iv)]

(compressive) ...(viii)

-p) [, (rl)z} _ = PI(R)’+ ()]

, =
- ) (2)? = (r)?
...[Substituting p, = p, X=r,, r,=r,andr, =r,]

This stressis compressive and is shown by cd in Fig. 7.9 (b).
Radial stress at the outer surface of the inner cylinder,

— p (r)? {1_ (rl)z}

72T - ()

=-p

Air out
Submarine

Ballast tanks

Submarines consist of an airtight compartment surrounded by ballast tanks. The submarine dives by
filling these tanks with water or air. Its neutral buoyancy ensures that it neither floats nor sinks.

Note : This picture is given as additional information and is not a direct example of the current chapter.
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Now let us consider the outer cylinder subjected to internal pressure ( p). From equation (V),
we find that the tangentia stress at the inner surface of the outer cylinder,

p ()’ {“ <r3)2} _ P+ ()]

R (2 Sy (9 Sl I (2 S B (Y e (9

...[Substituting p, = p, x=r,, r,=ryandr, =r,]
Thisstressistensile and is shown by cein Fig. 7.9 (¢).
Radial stress at the inner surface of the outer cylinder,

__ b (rp) _ (r3)?

3~ 2 > (1 2
() =(r)" | ()]
Similarly from equation (v), we find that the tangential stress at the outer surface of the outer
cylinder,

(tensile) ..(IX)

=—p ...[From equation (vi)]

G = p (rz)z _1+ (rs)z_ _ 2p (rz)z
“ (ra)z—(rz)z L (ra)z_ (r3)2—(r2)

...[Substituting p, = p, x=r5, r o =rgandr, =r,

> (tensile) (%)

Thisstressistensile and is shown by fg in Fig. 7.9 (c).
Radial stress at the outer surface of the outer cylinder,

p (r))° {1_ (rs)z} -0

TP W]

Theequations (vii) to (x) cannot be solved until the contact pressure ( p) isknown. In obtaining
a shrink fit, the outside
diameter of theinner cylinder
ismade larger than theinside
diameter of the outer cylinder.
Thisdifferencein diametersis
caledtheinterferenceandis
the deformation which thetwo
cylinders must experience. .
Since the diameters of the [ LB, 2 7 I-'qqf-g R
cylinders are usually known, ; '

therefore the deformation o
should be calculated to find Submarine is akin a to pressure vessel. CAD and CAM were used fo

design and manufacture this French submarine.

- e

the contact pressure.
Let 8, = Increasein inner radius of the outer cylinder,
8, = Decreasein outer radius of the inner cylinder,
E, = Young's modulus for the material of the outer cylinder,
E, = Young's modulus for the material of theinner cylinder, and
| = Poisson’sratio.
We know that the tangential strain in the outer cylinder at theinner radius (r,),
_ Changein circumference _ 27 (r,+ 8,) =211, 3,

e = — - (xi
" Origina circumference 21, r, 6d)

Also the tangential strain in the outer cylinder at theinner radius(r,),
St _EO (xii)

8t0: E E0
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We have discussed above that the tangential stress at the inner surface of the outer cylinder (or

at the contact surfaces),
P [(r)* + (r2)°] o
=0 ,= 55— ...[From equation (ix)]
R ()= ()
and radial stress at the inner surface of the outer cylinder (or at the contact surfaces),
O =0;3=—P
Substituting the value of 6, and 6, in equation (xii), we get

Pl + ()], wp_ P {(r3)2+(r2)2 }
T B - B B (-mP )
From equations (xi) and (xiii),
_ bz (r3)°+ (rp)° :
%7 E, Lrs)z—(mz o } -
Similarly, we may find that the decrease in the outer radius of the inner cylinder,
_ —bn (r)*+ (n)? _ }
- {(rz)z—(rl)z 0

..Differencein radius,

2 2 2 2
Iy | () + (r o | (R)+(r
5 =60_8i=u{(3)2 ()° +u}+h{(2)2 ()’ _u}
B [(r3)7 = (1) B [(p)°=(n)
If both the cylinders are of the same material, then E_ = E; = E. Thusthe above expression may
be written as

OB [()P-()° () ()P
_pr, {[(rg)% (r)?11(r)% = ()] + [(r)* + ()21 [(r5)° - (fz)zl}
E [(r3)2 - (rz)z] [(rz)z - (rl)z]

_pn { 2(r)%1(rs)* = ()] }
E |[()° - ()21 [(2)? - (r)?]

o ES {[(rs)z — ()1 ()~ (rl)zl}

5 _PD {(rs)% () | ()°+ (rl)z}

or r, 2(r,)?[(r3)* = ()]

Substituting thisvalue of p in equations (vii) to (X), we may obtain the tangential stressesat the
various surfaces of the compound cylinder.

Now let us consider the compound cylinder subjected to an internal fluid pressure ( p). We
have discussed above that when the compound cylinder is subjected to interna pressure (p, ), then
the tangential stress at any radius (X) isgiven by

Pi (ri)2 _1+ (ro)z‘

t 2 2 2
() - L x|
. Tangential stress at the inner surface of the inner cylinder,

P 1y, () | Rl @)

© (r3)2 - (r1)2 L (r1)2 ] (r3)2 - (r1)2
... [Substitutingx=r,, r =ryandr, =r]
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Thisstressistensile and is shown by ab' in Fig. 7.9 (d).
Tangential stress at the outer surface of theinner cylinder or inner surface of the outer cylinder,

p ()’ {H (@1 R’ {(rg)% (r)?

T -’ )] ()2 | (m)P- ()’

... [Substituting x =r,, r =r andr, =r]

} (tensile)

Thisstressistensile and is shown by ce' in Fig. 7.9 (d),
and tangential stress at the outer surface of the outer cylinder,

p ()’ {H (rs)z} __2p(w)’

T mP-m? T W] (-

...[Substituting x =15, r =ryandr; =r,]

5 (tensile)

Thisstressistensile and is shown by fg' in Fig. 7.9 (d).
Now the resultant stress at the inner surface of the compound cylinder,
C; =0,+0; or ab—ab
Thisstressistensile and is shown by ab" in Fig. 7.9 (e).
Resultant stress at the outer surface of the inner cylinder
=o,+0, Or c€e—cdorcc
Resultant stress at the inner surface of the outer cylinder
=0,t0, O ce+ceorce'
.~ Total resultant stress at the mating or contact surface,
Otm = Orp 7 Oig + Oz + Oy
Thisstressistensile and is shown by ce" in Fig. 7.9 (),
and resultant stress at the outer surface of the outer cylinder,
6, =0,+0, or fg+fg
Thisstressistensile and is shown by fg" in Fig. 7.9 (e).

Example 7.12. The hydraulic press, having a working pressure of water as 16 N/mm¥ and
exerting a force of 80 kN is required to press materials upto a maximum size of 800 mm x 800 mm
and 800 mm high, the stroke length is 80 mm. Design and draw the following parts of the press :
1. Design of ram; 2. Cylinder; 3. Pillars; and 4. Gland.

Solution. Given: p=16 N/mm?; F =80 kN =80 x 10N
The hydraulic pressis shown in Fig. 7.10.
1. Design of ram

Let d, = Diameter of ram.
We know that the maximum force to be exerted by the ram (F),

' T
80 10° = - (d)?p = 7 (4)?16=1257 (d)?

(d)? = 80 x 10%12.57 = 6364 or d, = 79.8 say 80 mm Ans,

In case the ram is made hollow in order to reduce its weight, then it can be designed as a thick
cylinder subjected to external pressure. We have already discussed in Art. 7.11 that according to
Lame's equation, maximum tangential stress (considering external pressure only) is
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_ - po (dro)2 (dri)2
Oi(max) ~ 2 7 |1t 2

(dro) - (dri) (dro)
and maximum radial stress,

_ po{wm)% (d)?

(dho)2 - <dri)2} (compressive)

Ormax) =~ Po (compressive)
where d., = Outer diameter of ram=d_=80mm
d; = Inner diameter of ram, and
p, = External pressure = p = 16 N/mm? ...(Given)

Now according to maximum shear stress theory for ductile materials, maximum shear stressis
h {(d)(d)} )
0 0
_ St(mex) ~ Sr(max) _ (dro)® = (dy)?

Trnax 2 2

_ (dri )2
- p"[(dmf— (d,i)z}

(xﬁ?w /— Top plate (W

AN Y

~«—— Supporting columns —>

Gland

|
|
|
'/— Sliding platform !
|
|
|

|
|
[ | ! [T 1
NN % A Y
. -
|
|

™\ U-leather packing

%//' ~& Cylinder
Ram

r Base plate < Water in

Fig. 7.10. Hydraulic press.
Sincethe maximum shear stressisone-half the maximum principal stress(whichiscompressive),
therefore
) ) (dri )2
% = #max = Po | (d5)? - (dy)?

The ram is usually made of mild steel for which the compressive stress may be taken as
75 N/mm?2. Substituting this value of stress in the above expression, we get
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. { (di)’ }: 32 (dy)?
> =27 38 | (@02~ (d, )] 6400 - (d,)?
(dri )2 _ E
x 6400 - (d;)° 32
(d,)? = 2.34[6400 — (d,;)?] = 14 976 — 2.34 (d,,)?
334(d,)? = 14976 or (d,,)? =14 976/3.34 = 4484
. d;, = 67mmAns.
and d, =d =80mmAns.
2. Design of cylinder
Let dy = Inner diameter of cylinder, and

d,, = Outer diameter of cylinder.

Assuming a clearance of 15 mm between the ram and the cylinder bore, therefore inner
diameter of the cylinder,

d; =d,+ Clearance =80+ 15=95mmAns.

The cylinder isusually made of cast iron for which the tensile stressmay betaken as 30 N/mm?.
According to Lame's equation, we know that wall thickness of acylinder,

_dg 0t+p_1_§ 30+16_1 mm
=% Wo—p 2|V 30-16

=475 (1.81-1) =38.5say 40 mm

% Air supply tube
. Nozzle
__.-'

Knobs to adjust
flow of air and -
paint !

Paint supply

Cutaway of
air supply

Paint is drawn up the

tube tube and broken into
Reduced tiny droplets
pressure
Cutaway of
“, paint supply
Compressed ! tube

air supply

Paint .,
reservoir

In accordance with Bernoulli's principle, the fast flow of air creates low pressure above the paint
tube, sucking paint upwards into the air steam.
Note : This picture is given as additional information and is not a direct example of the current chapter.
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and outside diameter of the cylinder,
dy, =dy+2t=95+2x40=175mm Ans.
3. Design of pillars
Let dp = Diameter of thepillar.

The function of the pillarsis to support the top plate and to guide the sliding plate. When the
material isbeing pressed, the pillarswill be under direct tension. Let therearefour pillarsand theload
isequally shared by these pillars.

-, Load on each pillar
=80x10%4=20x 103N (i)
We know that load on each pillar

= % ()20, = g (d)275=589 (d,)> (i)
From equations (i) and (ii),

(dp)2 =20x10%58.9=340 or dp =18.4mm

From fine series of metric threads, let us adopt the threads on pillarsasM 20 x 1.5 having major
diameter as 20 mm and core diameter as 18.16 mm. Ans.

4. Design of gland

TheglandisshowninFig 7.11. Thewidth (w) of the i‘ PDCFD . =i
U-leather packing for aramisgiven empirically as2 /d, — %ng
t025 /d, ,whered, isthediameter (outer) of theraminmm. gla/nd ' W.@F )

an c c
L et ustake width of the packing as 2.2 \/a & 0 |<—d, AT ¥
. Width of packing, «~—— D; —>
w =22 /80 =19.7 say 20mm Ans. Fig. 7.11

and outer diameter of gland,
Dg =d +2w=80+2x20=120 mmAns.
We know that total upward load on the gland
= Areaof gland exposed to fluid pressure x Fluid pressure
=n (d, +w) wp=mr (80 +20) 20 x 16 = 100 544 N
Let us assume that 8 studs equally spaced on the pitch circle of the gland flange are used for
holding down the gland.
. Load on each stud = 100 544 / 8 = 12 568 N

If d. isthe core diameter of the stud and o, isthe permissibletensile stress for the stud material,
then

Load on each stud,
T T _
12568 = 2 (d)?o, = 2 (d)?75=58.9(d.)? .. (Taking 6, = 75 N/mm?)
(d)? = 12568/58.9=2134 or d.=14.6 mm

From fine series of metric threads, let us adopt the studs of size M 18 x 1.5 having major
diameter as 18 mm and core diameter (d,) as 16.16 mm. Ans.

The other dimensions for the gland are taken as follows:
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Pitch circle diameter of the gland flange,
PCD. =Dg+3d.=120+3x16.16= 16848 or 168.5mmAns.
Outer diameter of the gland flange,
D =Dg+6d,=120+6x16.16=216.96 or 217 mmAns.
and thickness of the gland flange = 1.5d, = 1.5x 16.16 = 24.24 or 24.5mmAns.

A long oil tank.

Example7.13. A steel tube 240 mmexternal diameter is shrunk on another steel tube of 80 mm
internal diameter. After shrinking, the diameter at the junction is 160 mm. Before shrinking, the
difference of diameters at the junction was 0.08 mm. If the Young's modulus for steel is 200 GPa,
find: 1. tangential stress at the outer surface of the inner tube; 2. tangential stress at the inner
surface of the outer tube ; and 3. radial stress at the junction.

Solution. Given: d; =240 mmor r,=120mm; d, =80 mmor r, =40 mm; d, = 160 mm or
r,=80mm;3d,=0.08 mmor§ =0.04 mm; E = 200 GPa= 200 kN/mm? = 200 x 10° N/mm?

First of al, let us find the pressure developed at the junction. We know that the pressure
developed at the junction,

_ E§ {[(ra)z — (1)1 [(r2)* - (rl)zl}
2(r2)2 [(ra)2 - (r1)2]

P

80 2 x (80)?[(120)? — (40)?]
=100 x 0.234 = 23.4 N/mm? Ans.
1. Tangential stress at the outer surface of theinner tube
We know that the tangential stress at the outer surface of the inner tube,
_ =PI+ ()] _ —234[(80)°+ (40)%] _

% ) - () (80)% - (40)?
= 39 MPa (compressive) Ans.

200 x 10° x 0.04 {[(120)2 — (80)2][(80)% - (40)2]}

— 39 N/mm?
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2. Tangential stress at the inner surface of the outer tube
We know that the tangential stress at the inner surface of the outer tube,

_ = P(r)?+ ()] _ 234[(120)° + (80)’]
%0 T (L) - (1)’ (120)% - (80)?

60.84 MPa Ans.
3. Radial stress at the junction
We know that the radial stress at the junction, (i.e. at the inner radius of the outer tube),
0,, = —Pp =—23.4N/mm? = 23.4 MPa (compressive) Ans.

Example7.14. Ashrink fit assembly, formed by shrinking one tube over another, is subjected to
aninternal pressure of 60 N/mn. Beforethefluid isadmitted, theinternal and the external diameters
of theassembly are 120 mmand 200 mmand the diameter at thejunctionis 160 mm. If after shrinking
on, the contact pressure at thejunction is8 N/m?, determine using Lame’ s equations, the stresses at
the inner, mating and outer surfaces of the assembly after the fluid has been admitted.

Solution. Given: p, =60 N/mm?; d, =120 mmor r, =60 mm ; d, = 200 mmor r, =100 mm ;
d, =160 mmorr, =80 mm; p=8N/mm?

First of all, let us find out the stresses induced in the assembly due to contact pressure at the
junction ( p).

We know that the tangential stress at the inner surface of the inner tube,

_ =2p(r,)® _-2x8(80)° ,
T -7 @ (e | ooNmT
= 36.6 MPa (compressive)

Tangential stress at the outer surface of the inner tube,

_ =P+ ()] _ —8[(80)*+ (60)°] _

= 60.84 N/mm?

o, = —28.6 N/mm?
2 () -(n)? (80) - (60)
= 28.6 MPa (compressive)
Tangential stress at the inner surface of the outer tube,
r3)”+ (r)*] _ 8[(100)? + (80)*
_ PIr)"+ (rp)7°] _ 8[(100)" + ( )]=36.4N/mm2

8T ()?-(,) (100 (80)°

= 36.4 MPa (tensile)
and tangential stress at the outer surface of the outer tube,

_2p(rp)® _ 2x8(80)
" ()?-(p)?  (100) - (80)
28.4 MPa (tensile)

Now let usfind out the stresses induced in the assembly due to internal fluid pressure ().
We know that the tangential stress at the inner surface of the inner tube,

= 28.4 N/mm?

_ pl(s)*+ (n)?] _ 60[(100)>+ (60)*]
()7 —(n)? (100)? - (60)°
127.5 MPa (tensile)

=127.5 N/mm?
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Tangential stress at the outer surface of the inner tube or inner surface of the outer tube (i.e.,
mating surface),

_ P | (m)°+ (1) | _ 60 (60)” | (100)% + (80)2
T m)? [ -m)?] (807 [ (200)° - (60)*
86.5 MPa (tensile)

and tangential stress at the outer surface of the outer tube,

2p (r)? 2 % 60 (60)2
%77 ()2 ~(0)” (@00 - (60)°
3 1
We know that resultant stress at the inner surface of the assembly
O, = Oy + Gg=—36.6 + 127.5 = 90.9 N/mm? =90.9 MPa (tensile) Ans.
Resultant stress at the outer surface of the inner tube
=0, + 0, =—28.6 +86.5=57.9 N/mm? = 57.9 MPa (tensile)
Resultant stress at the inner surface of the outer tube
= O3+ 0, = 36.4 + 86.5 = 122.9 N/mm? = 122.9 MPa (tensile)
-~ Total resultant stress at the mating surface of the assembly,
Oy, = 57.9 +122.9 = 180.8 N/mm? = 180.8 MPa (tensile) Ans.
and resultant stress at the outer surface of the assembly,
6, = Oy t+ O = 28.4+67.5=95.9 N/mm? = 95.9 MPa (tensile) Ans.

to

} = 86.5 N/mm?

=67.5 N/mm? = 67.5 MPa (tensile)

7.12 Cylinder Heads and Cover Plates

Theheads of cylindrical pressure vessels and the sides of rectangular or square tanks may have
flat platesor slightly dished plates. Theplates
may either be cast integrally with the cylinder
walls or fixed by means of bolts, rivets or
welds. The design of flat plates forming the
heads depend upon the following two factors:

(a) Type of connection between the
head and the cylindrical wall, (i.e.
freely supported or rigidly fixed);
and

(b) Nature of loading (i.e. uniformly
distributed or concentrated).

Since the stress distribution in the
cylinder heads and cover plates are of .
complex nature, therefore empirical relations This 250Q—Ton hydraulic press is used to forge machine
based on the work of Grashof and Bach are ’:\lartfs GTngh _Tfmp_e' ature. sditional information and

. . ote : IS picture Is given as aaaitional information ana Is
used_c;n :Eefdﬁﬂgn of flat plates. Let us not a direct example of the current chapter.
consider the following cases:

1. Circular flat plate with uniformly distributed load. The thickness (t, ) of a plate with a
diameter (d ) supported at the circumference and subjected to a pressure ( p) uniformly distributed
over the areais given by

_ P
t=kd | o

where o, = Allowable design stress.
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The coefficient k; depends upon the material of the plate and the method of holding the edges.
The vaues of k, for the cast iron and mild steel are givenin Table 7.2.

2. Circular flat plate loaded centrally. The thickness (t,) of aflat cast iron plate supported
freely at the circumference with adiameter (d) and subjected to aload (F) distributed uniformly over

an area % (dy)? isgiven by

N e
Ot

If the plate with the above given type of loading isfixed rigidly around the circumference, then
F d
=165 |— o —_—
tl Gt ge [ do j

3. Rectangular flat plate with uniformly distributed load. The thickness (t,) of arectangular
plate subjected to a pressure (p) uniformly distributed over the total areais given by

P
tl = abk2 o, (a2+ bZ)
where a = Length of the plate; and

b = Width of the plate.
The values of the coefficient k, are given in Table 7.2.

Table 7.2. Values of coefficients k,, k,, k, and k,.

Material of the Type of Circular plate Rectangular plate Elliptical
cover plate connection plate
Ky K Ks Ky
Cast iron Freely supported 0.54 0.75 43 15
Fixed 0.44 0.62 4.0 12
Mild Steel Freely supported 0.42 0.60 3.45 1.2
Fixed 0.35 0.49 3.0 0.9

4. Rectangular flat plate with concentrated load. The thickness (t,) of a rectangular plate
subjected to aload (F) at the intersection of the diagonalsis given by

ab.F

t, = kg [——————
*\ o, (a2 + b?)

1
The values of coefficient k, are givenin Table 7.2.

5. Elliptical plate with uniformly distributed load. The thickness (t,) of an elliptical plate
subjected to a pressure ( p) uniformly distributed over the total area, is given by

P
tl = a.b.k4 o, (a2+ b2)
where aand b = Mgjor and minor axes respectively.

The values of coefficient k, are given in Table 7.2.
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6. Dished head with uniformly distributed |oad. L et us consider the following cases of dished

head:

(a) Riveted or welded dished head. When the cylinder head has a dished plate, then the
thickness of such aplate that isriveted or welded as shown in Fig. 7.12 (a), is given by

_ 416 pR
= 415PR

c
where p = Pressureinside the cylinder,
R = Inside radius of curvature of the plate, and
6, = Ultimate strength for the material of the plate.
When thereisan opening or manholein the head, then the thickness of the dished plateisgiven by
_ 48 pR
1~ (5—
u

It may be noted that the inside radius of curvature of the dished plate (R) should not be greater

than the inside diameter of the cylinder (d).

t

t

Dished head

Dished head
—Ltl .
c I

d —>| | d \
Ll Y lv\/_\__Jv—/\L
|
(a) Riveted or welded dished head. (D) Integral or welded dished head.

Fig. 7.12. Dished plate with uniformly distributed load.

(b) Integral or welded dished head. When the dished plate is fixed integrally or welded to the
cylinder as shown in Fig. 7.12 (b), then the thickness of the dished plateis given by

- (d?+ 4c?)
17 160,xcC
where ¢ = Camber or radius of the dished plate.

Mostly the cylindrical shells are provided with hemispherical heads. Thus for hemispherical

d
heads, c = > Substituting the value of ¢ in the above expression, we find that the thickness of the
hemispherical head (fixed integrally or welded),

d2
P [d2+ o 4J pd
t, = =— ...(Same as for thin spherical shells)

16(5t><9 46,
2
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7. Unstayed flat plate with uniformly distributed load. The minimum thickness (t;) of an
unstayed steel flat head or cover plateis given by

%1

4
Pressure

() 9] (h)
Fig. 7.13. Types of unstayed flat head and covers.

The following table shows the value of the empirical coefficient (k) for the various types of
plate (or head) connection as shownin Fig. 7.13.

Table 7.3. Values of an empirical coefficient (k).

SNo. Particulars of plate connection Value of ‘K
1. | Plateriveted or bolted rigidly to the shell flange, as shown in 0.162
Fig. 7.13 (a).
2. | Integral flat head as shown in Fig. 7.13 (b), d < 600 mm, 0.162
t, >0.05d.
3. | Flanged plate attached to the shell by alap joint as shown in 0.30
Fig. 7.13 (¢), r = 3t,.
4. | Plate butt welded as shownin Fig. 7.13 (d), r > 3, 0.25
5. | Integral forged plate as shown in Fig. 7.13 (€), r > 3, 0.25
6. | Plate fusion welded with fillet weld as shownin Fig. 7.13 (), 0.50
t,21.25t,
7. | Boltstend to dish the plate as shown in Fig. 7.13 (g) and (h). 03+ LOAWRs
W = Tota Igoﬂ load, and
H = Total load on
area bounded by
the outside diameter
of the gasket.
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Example 7.15. A cast iron cylinder of inside diameter 160 mm is subjected to a pressure of
15 N/mm?. The per missible wor king stress for the cast iron may be taken as 25 MPa. |f the cylinder
isclosed by a flat head cast integral with the cylinder walls, find the thickness of the cylinder wall
and the flat head.

Solution. Given: d, = 160 mmor r, = 80 mm ; p = 15 N/mm?; ¢, = 25 MPa = 25 N/mm?
Thickness of the cylinder wall

We know that the thickness of the cylinder wall,

{= r{ /Q—Jrg—l}zso{ ;:Jri: —1}=80mm Ans.
Gt_ -

Thickness of the flat head

Sincethe head is cast integral with the cylinder walls, therefore from Table 7.2, we find that
k, =0.44.

.. Thickness of theflat head,

/ p f15
t, =k.d G_t =0.44 x 160 5 =54.5 say 60 mm Ans.

Example 7.16. The steam chest of a
steamengineiscovered by aflat rectangular
plate of size 240 mm by 380 mm. Theplateis
made of cast iron and is subjected to a steam
pressureof 1.2 N/mn?. If the plateisassumed |
to be uniformly loaded and freely supported
at the edges, find the thickness of plate for
an allowable stress of 35 N/mn.

Solution. Given: b =240 m ; a= 380
mm ; p = 1.2 N/mm?; 6, = 35 N/mm?

From Table 7.2, we find that for a
rectangular plate freely supported, the Steam engine.
coefficient k, = 0.75.

We know that the thickness of arectangular plate,

— 2
t, = abk, \/E =380 % 240x 0.75 \/ 35[(380)° + (240)]

= 68400 x 0.412 x 1073 = 28.2 say 30 mm Ans.

Example 7.17. Determine the wall thickness and the head thickness required for a 500 mm
fusion-welded steel drumthat isto contain ammonia at 6 N/mn pressure. Theradius of curvature of
the head is to be 450 mm.

Solution. Given: d =500 mm ; p=6 N/mm?; R=450 mm
Wall thicknessfor a steel drum

For the chemical pressure vessels, steel Fe 360 is used. The ultimate tensile strength () of the
steel is 360 N/mm?. Assuming afactor of safety (F.S) as 6, the allowable tensile strength,

o, 360

G, = === = 60 N/mm?
F.S 6
We know that the wall thickness,
- Pd_6x500 .0 m Ans
26, 2x60
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Head thickness for a steel drum
We know that the head thickness,
_ 416 pR _4.16x6x450
hE T 360
Example 7.18. A pressure vessel consists of a cylinder of 1 metreinside diameter and is closed
by hemispherical ends. The pressure intensity of the fluid inside the vessel is not to exceed 2 N/mm?.
The material of the vessel is steel, whose ultimate strength in tension is 420 MPa. Calculate the
required wall thickness of the cylinder and the thickness of the hemispherical ends, considering a
factor of safety of 6. Neglect localised effects at the junction of the cylinder and the hemisphere.
Solution. Given: d =1 m=1000 mm; p = 2N/mm?; 6, = 420 MPa= 420 N/mm?; F.S. = 6
We know that allowable tensile stress,
o, = Su__ 420 _ 76 Njmm?
F.S. 6
Wall thickness of the cylinder
We know that wall thickness of the cylinder,

pd _ 2x1000

t= &/
2, 2x 70
Thickness of hemispherical ends
We know that the thickness of hemispherical ends,
_ pd _ 2x1000
17 46, 4x70

=31.2 say 32 mm Ans.

=14.3say 15mm Ans.

=7.15say 8mm Ans.

Example 7.19. A cast steel cylinder of 350 mm inside
diameter is to contain liquid at a pressure of 13.5 N/mn?. It is
closed at both ends by flat cover plates which are made of alloy
steel and are attached by bolts.

1. Determine the wall thickness of the cylinder if the
maximumhoop stressin the material islimited to 55 MPa.

2. Calculate the minimum thickness necessary of the cover
platesif the working stressis not to exceed 65 MPa.

Solution. Given : d, =350 mmor r; =175mm; p = 13.5
N/mm?; ¢, = 55 MPa = 55 N/mm?; &,, = 65 MPa= 65 N/mm?
1. Wall thickness of the cylinder

We know that the wall thickness of the cylinder,

/6t+p f55+13.5
=r| | —— =1|=175| | ———— —1|=49. A
t .{ P } { 55135 } 49.8 say 50 mm Ans.

2. Minimum thickness of the cover plates

From Table 7.3, we find that for aflat cover plate bolted to the shell flange, the value of coeffi-
cient k = 0.162. Therefore, minimum thickness of the cover plates

f k.p f 0.162x 13.5
t, =d, G_u =350 e = 64.2 say 65 mm Ans.

Steel drumes.
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10.

11.

12.

EXERCISES

A steel cylinder of 1 metre diameter is carrying afluid under a pressure of 10 N/mm?. Calculate the
necessary wall thickness, if the tensile stressis not to exceed 100 MPa. [Ans. 50 mm]
A steam boiler, 1.2 metre in diameter, generates steam at a gauge pressure of 0.7 N/mm?2. Assuming
the efficiency of theriveted joints as 75% , find the thickness of the shell. Given that ultimate tensile

stress = 385 MPa and factor of safety = 5. [Ans. 7.3 mm]
Find the thickness of a cast iron cylinder 250 mm in diameter to carry apressure of 0.7 N/mm?. Take
maximum tensile stress for cast iron as 14 MPa. [Ans. 6.25 mm]

A pressure vessel hasan internal diameter of 1 m and isto be subjected to an internal pressure of 2.75
N/mm? above the atmospheric pressure. Considering it as athin cylinder and assuming the efficiency
of itsriveted joint to be 79%, calculate the plate thickness if the tensile stress in the material is not to

exceed 88 MPa. [Ans. 20 mm]
A spherical shell of 800 mm diameter is subjected to an internal pressure of 2 N/mm2. Find the
thickness required for the shell if the safe stressis not to exceed 100 MPa. [Ans. 4 mm]

A bronze spherical shell of thickness 15 mm isinstalled in achemical plant. The shell is subjected to
aninternal pressure of 1 N/mm2. Find the diameter of the shell, if the permissible stressfor the bronze
is 55 MPa. The efficiency may be taken as 80%. [Ans. 2.64 m]
The pressurewithin the cylinder of ahydraulic pressis8.4 N/mm?2. Theinside diameter of the cylinder
is 25.4 mm. Determine the thickness of the cylinder wall, if the allowable tensile stressis 17.5 MPa.

[Ans. 8.7 mm]
A thick cylindrical shell of internal diameter 150 mm hasto withstand an internal fluid pressure of 50
N/mm?. Determine its thickness so that the maximum stress in the section does not exceed 150 MPa.

[Ans. 31 mm]
A steel tank for shipping gasisto have an inside diameter of 30 mm and alength of 1.2 metres. The
gas pressure is 15 N/mm?. The permissible stressisto be 57.5 MPa. [Ans. 4.5 mm]

The ram of a hydraulic press 200 mm internal diameter is subjected to an internal pressure of
10 N/mn?. If the maximum stressin the material of thewall isnot to exceed 28 MPa, find the external
diameter. [Ans. 265 mm]
The maximum force exerted by a small hydraulic pressis 500 kN. The working pressure of the fluid
is 20 N/mm?. Determine the diameter of the plunger, operating the table. Also suggest the suitable
thickness for the cast steel cylinder in which the plunger operates, if the permissible stress for cast

steel is 100 MPa. [Ans. 180 mm ; 20 mm]

Find the thickness of theflat end cover platesfor a1 N/mm? boiler that has adiameter of 600 mm. The

limiting tensile stress in the boiler shell is 40 MPa. [Ans. 38 mm]
[ 1 ’ y T are

This vessel holds oil at high pressure.
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QUESTIONS

What is the pressure vessel ?

Make out a systematic classification of pressure vessels and discuss the role of statutory regulations.
How do you distinguish between a thick and thin cylinder?

What are the important points to be considered while designing a pressure vessel ?

Distinguish between circumferential stress and longitudinal stress in a cylindrical shell, when sub-
jected to an internal pressure.

Show that in case of athin cylindrical shell subjected to an internal fluid pressure, the tendency to
burst lengthwise is twice as great as at a transverse section.

When athin cylinder is subjected to an internal pressure p, the tangential stress should bethe criterion
for determining the cylinder wall thickness. Explain.

Derive aformulafor the thickness of athin spherical tank subjected to an internal fluid pressure.
Compare the stress distribution in a thin and thick walled pressure vessels.

When the wall thickness of a pressure vessel is relatively large, the usual assumptions valid in thin
cylinders do not hold good for its analysis. Enumerate the important violations. List any two theories
suggested for the analysis of thick cylinders.

Discuss the design procedure for pressure vessels subjected to higher external pressure.
Explain the various types of ends used for pressure vessel giving practical applications of each.

OBJECTIVE TYPE QUESTIONS

A pressure vessel is said to be athin cylindrical shell, if the ratio of the wall thickness of the shell to
itsdiameter is

(@) equa to 1/10 (b) lessthan 1/10

(c) morethan /10 (d) none of these

In case of pressure vessels having open ends, the fluid pressure induces

(a) longitudinal stress (b) circumferential stress
(c) shear stress (d) none of these

The longitudinal stressis...... of the circumferential stress.

(@) one-half (b) two-third

(c) three-fourth

The design of the pressure vessel is based on

(a) longitudinal stress (b) hoop stress
(c) longitudina and hoop stress (d) none of these

A thin spherical shell of internal diameter d is subjected to an internal pressure p. If o, isthe tensile
stress for the shell material, then thickness of the shell (t) is equal to

pd pd
@ o ® 24
pd pd
© 3, @ Zs,
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6.

10.

In case of thick cylinders, the tangential stress across the thickness of cylinder is
(@) maximum at the outer surface and minimum at the inner surface

(b) maximum at the inner surface and minimum at the outer surface

(c) maximum at the inner surface and zero at the outer surface

(d) maximum at the outer surface and zero at the inner surface

According to Lame's equation, the thickness of a cylinder is equal to

[ for@-2mp _, , 0t+(1—u)p_1}
@ r{\/ o - (=20 p } ® r'[\/ 6-(=h) p

| [ott P _ . ot _
(© I’,{ p— 1:| (d) I’ll: G —2p :|

where

r,= Internal radius of the cylinder,
c,= Allowabletensile stress,
p= Internal fluid pressure, and

u= Poisson’sratio.

In athick cylindrical shell, the maximum radial stress at the outer surfaces of the shell is
(a) zero (b) p

© -p (d 2p

For high pressure oil and gas cylinders, the thickness of the cylinder is determined by
(@) Lame'sequation (b) Clavarino’'s equation

(c) Barlow’'sequation (d) Birnie'sequation

The thickness of a dished head that isriveted or welded to the cylindrical wall is

416 pR 5.36 p.R
@ o ORI
6.72 p.R 833 p.R
© "o, @ o
where
p =Internal pressure,

R = Inside radius of curvature of the dished plate, and
o, = Ultimate strength for the material of the plate.

u

ANSWERS
1. (b) 2. (b) 3. (a) 4. (b) 5. (b)
6. (b) 7. () 8. (a) 9. () 10. (a)
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Pipes and Pipe Joints
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. Infroduction.

. Stfresses in Pipes.

. Design of Pipes.

. Pipe Joints.

. Standard Pipe Flanges for

Steam.

. Hydraulic Pipe Joint for

High Pressures.

. Design of Circular Flanged

Pipe Joint.

. Design of Oval Flanged Pipe

Joint.

. Design of Square Flanged

Pipe Joint.

8.1 Introduction

The pipesare used for transporting variousfluidslike
water, steam, different typesof gases, il and other chemicals
with or without pressurefrom one placeto ancther. Castiron,
wrought iron, steel and brassarethe materialsgenerally used
for pipesin engineering practice. The use of cast iron pipes
is limited to pressures of about 0.7 N/mm? because of its
low resistance to shocks which may be created due to the
action of water hammer. These pipesarebest suited for water
and sewage systems. The wrought iron and steel pipes are
used chiefly for conveying steam, air and oil. Brasspipes, in
small sizes, findsusein pressurelubrication systemson prime
movers. These are made up and threaded to the same
standards as wrought iron and steel pipes. Brass pipeis not
liableto corrosion. The pipesused in petroleumindustry are
generaly seamless pipes made of heat-resistant chrome-
molybdenum alloy steel. Such type of pipes can resist
pressures more than 4 N/mm? and temperatures greater than
440°C.
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8.2 Stiresses in Pipes

Thestressesin pipesduetotheinternal fluid pressureare determined by Lame's equation asdiscussed
inthe previous chapter (Art. 7.9). According to Lame's equation, tangential stressat any radiusx,

I: 2 r 2 .
o, = p2( I) 2 1+ (03 (I)
()™ = () X
and radial stress at any radius x,
S -1 {1_ (ro)z} (i)
r 2 2 2
(ro) - (ri)_ X . .
where p = Internal fluid pressure in the pipe,

r, = Inner radius of the pipe, and
r, = Outer radius of the pipe.
Thetangential stressis maximum at the inner surface (when x = ;) of the pipe and minimum at
the outer surface (when x =r ) of the pipe.
Substituting the valuesof x=r; andx=r in
equation (i), wefind that the maximum tangential
stress at the inner surface of the pipe,

_ Pl)* + (1))
0 (1)? - (r)?
and minimum tangential stressat the outer surface
of the pipe,

o = 2P()°
M (1)? - (1)

The radia stress is maximum at the inner
surface of the pipe and zero at the outer surface of
the pipe. Substituting thevaluesof x=r, andx=r
inequation (ii), wefind that maximum radial stress
at the inner surface,

Gr(rnax) - p (Compr Ve) Cast iron pipes.
and minimum radial stress at the outer surface of the pipe,
Or(miny =0

Thethick cylindrical formulamay be applied when
(a) thevariation of stress across the thickness of the pipeistaken into account,

(b) theinternal diameter of the pipe (D) islessthan twenty timesitswall thickness (1), i.e.
D/t <20, and

(c) the alowable stress (c,) is less than six times the pressure inside the pipe (p) i.e.
o,/ p<6.

According to thick cylindrical formula (Lame's equation), wall thickness of pipe,

o+ p
Rl [P
-r| (2521

where R = Internal radius of the pipe.

The following table shows the values of allowable tensile stress (o) to be used in the above
relations:
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Table 8.1. Values of allowable tensile stress for pipes of different materials.

SNo. Pipes Allowable tensile stress (,)
in MPa or N/mm?
1 Cast iron steam or water pipes 14
2. Cast iron steam engine cylinders 125
3. Lap welded wrought iron tubes 60
4. Solid drawn steel tubes 140
5 Copper steam pipes 25
6. Lead pipes 1.6

Example8.1. Acast iron pipe of internal diameter 200 mm and thickness 50 mm carries water
under a pressure of 5 N/mm?. Calculate the tangential and radial stresses at radius (r) = 100 mm;;
110 mm; 120 mm; 130 mm; 140 mm and 150 mm. Sketch the stress distribution curves.

Solution. Given:  d, =200 mmor r, =100 mm; t =50 mm; p =5 N/mm?
We know that outer radius of the pipe,
r, =r;+t=100+ 50 = 150 mm
Tangential stresses at radius 100 mm, 110 mm, 120 mm, 130 mm, 140 mm and 150 mm
We know that tangential stress at any radius x,
o =P’ {H (rﬂ _ 50007 {H (rﬂ
()" — () (150)° - (100)

X X
(ro)2 2
=4{1+-2—-| N/mm* or MPa

2

X
.. Tangentia stress at radius 100 mm (i.e. when x = 100 mm),
_ .
o, =41+ (150) =4x325=13MPa Ans.
t1 (100)2
Tangential stress at radius 110 mm (i.e. when x = 110 mm),
~ -
o, =41+ (150) =4x2.86=11.44 MPa Ans.
t2 (110)2
Tangential stress at radius 120 mm (i.e. when x = 120 mm),
_ -
G, =41+ (150" | _ 4% 256 =10.24 MPa Ans.
® (120)2
Tangential stress at radius 130 mm (i.e. when x = 130 mm),
_ .
o, =41+ 8?2;2 =4x233=9.32MPa Ans.
Tangential stress at radius 140 mm (i.e. when x = 140 mm),
_ .
(o) = —+ = X 2. = 0. a ns.
s =41 24518;2 4x215=86MPa A
and tangential stress at radius 150 mm (i.e. when x = 150 mm),
_ -
O, = =+ = X = a .
6 =41 gzgz 4x2=8MPa Ans
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Tangential stress
distribution

Radial stress
distribution

Fig. 8.1
Radial stresses at radius 100 mm, 110 mm, 120 mm, 130 mm, 140 mm and 150 mm
We know that radial stress at any radius x,

p (1)’ [1_«0)2} 5 (100)° {1_«0)2}

(150)2 - (100)2

2

X 2

X

o T W - (h)?

r 2
=4 1—%} N/mm? or MPa
L X
.. Radial stress at radius 100 mm (i.e. when x = 100 mm),
_ .
G, =41~ (150)2 =4x-125=-5MPa Ans.
. (100" |
Radial stressat radius 110 mm (i.e., when x = 110 mm),
_ .
c,=4|1- (150)2 =4x—0.86=— 344 MPa Ans.
L (1107
Radial stress at radius 120 mm (i.e. when x = 120 mm),
N .
Gy=4|1- (150)2 =4x—056=—224 MPa Ans.
L (207
Radial stress at radius 130 mm (i.e. when x = 130 mm),
N .
c,=41- (150)2 =4%x-033=-132MPa Ans.
L (130)7
Radial stress at radius 140 mm (i.e. when x = 140 mm),
_ -
Gs=4|1- (150)2 =4x-0.15=- 0.6 MPa Ans.
L (140)7
Radial stress at radius 150 mm (i.e. when x = 150 mm),
N .
G,=4(1- (150)2 =0 Ans
' | (150)“ |

The stress distribution curves for tangential and radial stresses are shownin Fig. 8.1.
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8.3 Design of Pipes

The design of a pipe involves the determination of inside diameter of the pipe and its wall
thickness as discussed below:

1. Inside diameter of the pipe. The inside diameter of the pipe depends upon the quantity of
fluid to be delivered.

Let D =Inside diameter of the pipe,
v =Velocity of fluid flowing per minute, and
Q = Quantity of fluid carried per minute.

We know that the quantity of fluid flowing per minute,

Q =Areax Velocity = —>< D% xv

oo 210 8

2. Wall thicknessof the pipe. After deciding upon

theinside diameter of the pipe, the thickness of thewall D b -
(t) in order to withstand the internal fluid pressure ( p) j . L - \
may be obtained by using thin cylindrical or thick ="

I '||I'|-||||.'|"';:|'||I‘HI.‘H ‘l
"It_t IR |
II|I|

cylindrical formula.
Thethin cylindrical formulamay be applied when

(a) the stress across the section of the pipe is
uniform,

(b) theinternal diameter of the pipe (D) ismore
than twenty timesits wall thickness (t), i.e.
D/t > 20, and

(c) the alowable stress (c,) is more than six
times the pressure inside the pipe (p),
i.e.c,/p>6.

According to thin cylindrical formula, wall thickness of pipe,

Pipe Joint

p'_D or —pD
2(7»[ 2(7»[ n|

t

where n, = Efficiency of longitudina joint.

A little consideration will show that the thickness of wall as obtained by the above relation is
too small. Therefore for the design of pipes, acertain constant isadded to the aboverelation. Now the
relation may be written as

t= pD +C
20,
Thevalue of constant ‘C’, according to Weisback, are given in the following table.

Table 8.2.Values of constant ‘C’.

Material Castiron Mild steel Zinc and Lead
Copper
Constant (C) in mm 9 3 4 5
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Example 8.2. A seamless pipe carries 2400 m® of steam per hour at a pressure of 1.4 N/mn¥.
The velocity of flow is 30 nVs. Assuming the tensile stress as 40 MPa, find the inside diameter of the
pipe and itswall thickness.

Solution. Given : Q = 2400 m3/h = 40 m®/min ; p = 1.4 N/mm? v = 30 m/s = 1800 m/min ;
0, = 40 MPa = 40 N/mm?
I nside diameter of the pipe

We know that inside diameter of the pipe,

/Q f 40

=113,/ =113,|—— =0.17 m =170 mm

D v 18 Ans.
Wall thickness of the pipe

From Table 8.2, we find that for a steel pipe, C = 3 mm. Therefore wall thickness of the pipe,
pD LCo 1.4 %170

+3=6mm Ans.
26, 2x40 s

t =

8.4 Pipe Joints

The pipesare usually connected to vessel sfrom which they transport the fluid. Sincethelength
of pipesavailablearelimited, therefore variouslengths of pipeshaveto bejoined to suit any particular
installation. There are various forms of pipe joints used in practice, but most common of them are
discussed below.

1. Socket or a coupler joint. The most
common method of joining pipes is by means of a
socket or acoupler asshowninFig. 8.2. A socket is
asmall piece of pipethreaded inside. It isscrewed _—
on half way on the threaded end of one pipe and the
other pipe isthen screwed in the remaining half of
socket. In order to prevent leakage, jute or hempis
wound around the threads at the end of each pipe.
Thistype of joint is mostly used for pipes carrying
water at low pressure and wherethe overall smallness
of sizeis most essential.

2. Nipplejoint. Inthistype of joint, anipple which isasmall piece of pipethreaded outsideis
screwed in the internally threaded end of each pipe, as shown in Fig. 8.3. The disadvantage of this
jointisthat it reduces the area of flow.

[l

Socket
Fig. 8.2. Socket or coupler joint.

Couplet nut

////////////IillL/‘///ﬂ?//?///////////////

Nipple L/
Fig. 8.3. Nipple joint. Fig. 8.4. Union joint.

3. Union joint. In order to disengage pipes joined by a socket, it is necessary to unscrew pipe
from one end. Thisis sometimes inconvenient when pipes are long.

The union joint, as shown in Fig. 8.4, provide the facility of disengaging the pipes by simply
unscrewing a coupler nut.
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4. Spigot and socket joint. A spigot and socket joint as shown in Fig. 8.5, is chiefly used for
pipes which are buried in the earth. Some pipe lines are laid straight as far as possible. One of the
important features of thisjoint isitsflexibility asit adoptsitself
to small changesin level dueto settlement of earth which takes

place due to climate and other conditions.

Inthistypeof joint, the spigot end of one pipefitsinto the
socket end of the other pipe. The remaining space between the
two isfilled with ajute rope and aring of lead. When the lead

solidifies, it iscaulked-intightly.

5. Expansion joint. The pipes carrying steam at high
pressures are usually joined by means of expansion joint. This
jointisused in steam pipesto take up expansion and contraction

of pipe line due to change of temperature.

Lead
— Rope

Spigot | Socket

Fig. 8.5. Spigot and socket joint.

In order to allow for change in length, steam pipes are not rigidly clamped but supported on
rollers. Therollersmay be arranged on wall bracket, hangersor floor stands. The expansion bends, as
shown in Fig. 8.6 (a) and (b), are useful in along pipe line. These pipe bends will spring in either
direction and readily accommodate themselves to small movements of the actual pipe endsto which

they are attached.

(a)

Fig. 8.6. Expansion bends.

Stay bolt
V77

(== =)

WX =

Fig. 8.7. Expansion joints.

(b)

The copper corrugated expansion joint, as shown in Fig. 8.7 (a), is used on short lines and is
satisfactory for limited service. An expansion joint asshown in Fig. 8.7 (b) (also known as gland and
stuffing box arrangement), isthe most satisfactory when the pipesare well supported and cannot sag.
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6. Flangedjoint. Itisoneof the most widely used pipejoint. A flanged joint may be madewith
flanges cast integral with the pipes or loose flanges welded or screwed. Fig. 8.8 shows two cast iron
pipes with integral flanges at their ends. The flanges are connected by means of bolts. The flanges

— Iy f— Flange

=

N
N

VA

nE=
b, /////////////////%

W/ N\

Packing

(a)
Fig. 8.8. Flanged jaint.

have seen standardised for pressures upto

2 N/mm?. Theflange faces are machined _
to ensure correct alignment of the pipes.
The joint may be made leakproof by
placing a gasket of soft material, rubber

or convass between the flanges. The -
flanges are made thicker than the pipe
walls, for strength. The pipes may be
strengthened for high pressure duty by
increasing the thickness of pipe for ashort 1 L
length fromtheflange, asshowninFig. 8.9. Fig. 8.9. Flanged joint.

For even high pressureand for large

diameters, the flanges are further strengthened by ribs or stiffnersas shown in Fig. 8.10 (a). Theribs
are placed between the bolt holes.

1,

AN

Ribs

(a) Flanges strengthened by ribs. ' (b) Screwed flange.
Fig. 8.10

For larger size pipes, separate |oose flanges screwed on the pipes as shown in Fig. 8.10 (b) are
used instead of integral flanges.
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7. Hydraulic pipejoint. Thistypeof joint hasoval flanges and are fastened by means of two bolts,
as shown in Fig. 8.11. The oval flanges are usualy used for small pipes, upto 175 mm diameter. The
flangesaregenerally cast integral with the pipe ends. Such jointsare used to carry fluid pressurevarying
from 5to 14 N/mm?. Such ahigh pressureisfound in hydraulic applicationslikeriveting, pressing, lifts
etc. The hydraulic machines used in these installations are pumps, accumulators, intensifiers etc.

a Packing

Fig. 8.11. Hydraulic pipe joint.

8.5 Standard Pipe Flanges for Steam

ThelIndian boiler regulations (1.B.R.) 1950 (revised 1961) have standardised all dimensions of
pipe and flanges based upon steam pressure. They have been divided into five classes as follows:

Class| : For steam pressures up to 0.35 N/mm? and water pressures up to 1.4 N/mm?. Thisis
not suitable for feed pipes and shocks.

Class|| : For steam pressures over 0.35 N/mm? but not exceeding 0.7 N/mm?.
Class|11 : For steam pressures over 0.7 N/mm? but not exceeding 1.05 N/mm?,

Class |V : For steam pressures over
1.05 N/mmn? but not exceeding 1.75 N/mm?.

Class V : For steam pressures from
1.75 N/mm? to 2.45 N/mm?,

Accordingto|.B.R., itisdesirablethat
for classes|l, 111, IV and V, the diameter of
flanges, diameter of bolt circlesand number
of bolts should be identical and that
difference should consist in variations of the
thickness of flanges and diameter of bolts
only. The I.B.R. also recommends that all
nuts should be chamfered on the side bearing
on the flange and that the bearing surfaces
of theflanges, headsand nuts should betrue.
The number of boltsin all cases should bea
multiple of four. Thel.B.R. recommendsthat for 12.5 mm and 15 mm bolts, the bolt holes should be
1.5 mm larger and for higher sizes of bolts, the bolt holes should be 3 mm larger. All dimensionsfor
pipe flanges having internal diameters 1.25 mm to 600 mm are standardised for the above mentioned
classes (I to V). The flanged tees, bends are a so standardised.

e ™ s

The Trans-Alaska Pipeline was built to carry oil across the
frozen sub-Arctic landscape of North America.
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Note: As soon as the size of pipe is determined, the rest of the dimensions for the flanges, bolts, bolt holes,
thickness of pipe may be fixed from standard tables. In practice, dimensions are not calculated on a rational
basis. The standards are evolved on the basis of long practical experience, suitability and interchangeability. The
calculated dimensions as discussed in the previous articles do not agree with the standards. It is of academic
interest only that the students should know how to use fundamental principles in determining various dimen-
sions e.g. wall thickness of pipe, size and number of bolts, flange thickness. Therest of the dimensions may be
obtained from standard tables or by empirical relations.

8.6 Hydraulic Pipe Joint for High Pressures
The pipes and pipe joints for high fluid pressure are classified as follows:

1. For hydraulic pressures up to 8.4 N/mm? and pipe bore from 50 mm to 175 mm, the flanges
and pipes are cast integrally from remelted cast
iron. Theflangesare madeelliptical and secured
by two bolts. The proportions of these pipejoints
have been standardised from 50 mmto 175 mm,
the bore increasing by 25 mm. This category is
further split up into two classes:

(@) Class A: For fluid pressures from
510 6.3 N/mm?, and

(b) Class B: For fluid pressures from
6.3 to 8.4 N/mm?.

The flanges in each of the above classes
may be of two types. Type | issuitablefor pipes
of 50 to 100 mm bore in class A, and for 50 to
175 mm bore in class B. The flanges of type Il
are stronger than those of Typel and are usually
set well back on the pipe.

2. For pressures above 8.4 N/mm? with Hydraulic pipe joints use two or four bolts which is
boresof 50 mm or below, the pipingisof wrought o great advantage while assembling the joint
stedl, solid drawn, seamlessor rolled. Theflanges  especially in narrow space.
may be of cast iron, steel mixture or forged steel. These are screwed or welded on to the pipe and are
square in elevation secured by four bolts. These joints are made for pipe bores 12.5 mm to 50 mm
risinginincrement of 3 mm from 12.5to0 17.5 mm and by 6 mm from 17.5 to 50 mm. Theflangesand
pipesin this category are strong enough for service under pressures ranging up to 47.5 N/mm?.

In all the above classes, the joint is of the spigot and socket type made with ajointing ring of
gutta-percha.

Notes: The hydraulic pipe joints for high pressures differ from those used for low or medium pressure in the
following ways:

1. Theflanges used for high pressure hydraulic pipejointsare heavy oval or squareinform, They usetwo or
four boltswhich is a great advantage while assembling and disassembling the joint especially in narrow space.

2. The bolt holes are made square with sufficient clearance to accomodate square bolt heads and to allow
for small movements due to setting of the joint.

3. Thesurfacesforming thejoint make contact only through agutta-percharing on the small areaprovided
by the spigot and recess. The tightening up of the bolts squeezes the ring into a triangular shape and makes a
perfectly tight joint capable of withstanding pressure up to 47.5 N/mm?2,

4. In case of oval and sgquare flanged pipe joints, the condition of bending is very clearly defined due to
the flanges being set back on the pipe and thickness of the flange may be accurately determined to withstand the
bending action due to tightening of bolts.
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8.7 Design of Circular Flanged Pipe Joint
Consider acircular flanged pipejoint asshownin Fig. 8.8. In designing suchjoints, it isassumed
that the fluid pressure actsin between the flanges and tends to separate them with a pressure existing at
the point of leaking. The boltsare required to take up tensile stressin order to keep the flangestogether.
The effective diameter on which the fluid pressure acts, just at the point of leaking, is the
diameter of acircle touching the bolt holes. Let this diameter be D, . If d isthe diameter of bolt hole
and D, isthe pitch circle diameter, then

D, =D,-d,
.. Force trying to separate the two flanges,
T .
F= Z(D1)2 p ()
Let n = Number of bolts,

d, = Core diameter of the bolts, and
o, = Permissible stress for the material of the bolts.
*. Resistance to tearing of bolts
T

=4 (d.)? 6, xn (D))

Assuming the vaue of d,, the value of n may be obtained from equations (i) and (ii). The
number of bolts should be even because of the symmetry of the section.

The circumferential pitch of the boltsis given by
o = nD,
¢ n
In order to make the joint leakproof, the value of p, should be between 20 \/dT to 30 \/d7 ,

whered, isthediameter of the bolt hole. Also abolt of lessthan 16 mm diameter should never be used
to make the joint leakproof.

Thethicknessof theflangeisobtained by considering asegment of theflangeasshowninFig. 8.8 (b).

Inthisit isassumed that each of the bolt supports one segment. The effect of joining of these
segments on the stresses induced is neglected. The bending moment is taken about the section X-X,
whichistangential to the outside of the pipe. Let thewidth of this segment isx and the distance of this
section from the centre of the bolt isy.

-. Bending moment on each bolt due to the force F

F
= —X
. y (1)
and resisting moment on the flange
=o,%xZ (V)
where o, = Bending or tensile stress for the flange material, and

1
Z = Section modulusof the cross-section of theflange = s X X (tg )2

Equating equations (iii) and (iv), the value of t, may be obtained.

The dimensions of the flange may be fixed asfollows:

Nominal diameter of bolts, d=0.75t + 10 mm

Number of bolts, n = 0.0275D+1.6 ...(D isin mm)
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Thickness of flange, t=15t+3mm
Width of flange, B =23d
Outside diameter of flange,
D,=D+2t+2B
Pitch circle diameter of bolts,
D, =D+2t+2d+12mm

t+t
The pipesmay be strengthened by providing greater thickness near theflanges [equal to 5 ! j

t+t
asshownin Fig. 8.9. The flanges may be strengthened by providing ribs equal to thickness of 2 ! ,

asshowninFig. 8.10 (a).

Example 8.3. Find out the dimensions of a flanged joint for a cast iron pipe 250 mm diameter
to carry a pressure of 0.7 N/mn¥.

Solution. Given: D = 250 mm ; p = 0.7 N/mm?
From Table 8.1, we find that for cast iron, allowable tensile stress, 6, = 14 N/mm? and from
Table 8.2, C = 9 mm. Therefore thickness of the pipe,
(= p.D tCo 0.7 x 250
20, 2x14

+ 9=15.3say 16 mmAns.

Other dimensions of aflanged joint for a cast iron pipe may be fixed asfollows:
Nominal diameter of the bolts,
d=075t+10mm=0.75%x 16 + 10=22 mm Ans.

Number of bolts, n =0.0275D + 1.6 = 0.0275 x 250 + 1.6 = 8.475 say 10 Ans.
Thicknessof theflanges, t = 15t+3mm=15x16+3=27mm Ans.
Width of the flange, B =23d=23x22=50.6say 52 mm Ans.

Outside diameter of the flange,
D,=D+2t+2B=250+2x 16+ 2 x 52 =386 mm Ans.
Pitch circle diameter of the balts,
Dp =D+2t+2d+12mm=250+2x 16+ 2 x 22+ 12 mm
=338 mm Ans.
Circumferential pitch of the bolts,
_nxD,  nx338
P T T 10
In order to make the joint leak proof, the value of p_ should be between 20 \/d_l to 30 \/d_l
where d, isthe diameter of bolt hole.
Let ustake d, =d+3mm=22+3=25mm

20,/d, = 20y/25 =100 mm

=106.2 mm Ans.

and 30,/d, = 30./25 =150 mm

Since the circumferential pitch as obtained above (i.e. 106.2 mm) iswithin 20\/d71 to 30\/d7 ,
therefore the design is satisfactory.
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Example 8.4. Aflanged pipe with internal diameter as 200 mmis subjected to a fluid pressure
of 0.35 N/mm?. The elevation of the flange is shown in Fig. 8.12. The flange is connected by means
of eight M 16 bolts. The pitch circle diameter of the boltsis 290 mm. If the thickness of the flange is
20 mm, find the working stress in the flange.

Solution. Given: D=200mm ; p=0.35N/mm?; n=8;* d=16mm; Dp=290mm ;t=20mm

First of al, let usfind the thickness of the pipe. Assuming the pipeto be of castiron, wefind from
Table 8.1 that the allowable tensile stress for cast iron, 6, = 14 N/mm? and from Table 8.2, C=9 mm.

.. Thickness of the pipe,

pD , . _ 035x200

20, 2x14
Since the diameter of the bolt holes (d,) is taken larger than the nominal diameter of the bolts
(d), therefore let us take diameter of the bolt holes,

d, =d+2mm=16+2=18mm

t= +9=115say 12mm

Fig. 8.12
and diameter of the circle on the inside of the bolt holes,
D, = Dp—dlz 290 —-18=272mm
-. Forcetrying to separate the flangesi.e. force on 8 bolts,

F= g (D)% p= % (272)? 0.35= 20340 N

Now let usfind the bending moment about the section X-X which istangential to the outside of
the pipe. The width of the segment is obtained by measuring the distance from the drawing. On
measuring, we get

X =90 mm
and distance of the section X-X from the centre of the bolt,

D
y = _p_(EHj:%O_(&ZOHz):ssmm

2 2
Let o, = Working stressin the flange.
We know that bending moment on each bolt due to force F
=Fy y=¥x33=83900 N-mm ()
n

*  M16 bolt means that the nominal diameter of the bolt (d) is 16 mm.
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and resisting moment on the flange

= cs,o><Z:csb><é><x(tf)2

oy ><%><90(20)2 = 6000 6, N-mm (i)

From equations (i) and (ii), we have
6, = 83 900/ 6000
=13.98 N/mm? = 13.98 MPa Ans.

8.8 Design of Oval Flanged Pipe Joint

Consider an oval flanged pipe joint as shown
in Fig. 8.11. A spigot and socket is provided for
locating the pipeborein astraight line. A packing of
trapezoidal section is used to make the joint leak
proof. The thickness of the pipe is obtained as
discussed previously.

Theforcetrying to separate thetwo flangeshas
to beresisted by the stress produced in the bolts. If a
length of pipe, having its ends closed somewhere
along its length, be considered, then the force

separating the two flanges due to fluid pressure is
given by Oval flanged pipe joint.

1
where D = Interna diameter of the pipe.

The packing has also to be compressed to make the joint leakproof. The intensity of pressure
should be greater than the pressure of the fluid inside the pipe. For the purposes of calculations, it is
assumed that the packing material is compressed to the same pressure as that of inside the pipe.
Therefore the force tending to separate the flanges due to pressure in the packing is given by

T
F, = o x[(0)? - (D] p
where D, = Outside diameter of the packing.
. Total force trying to separate the two flanges,

T 2
F. = —xD“x
2 p

F=F,+F,

T T T
=¥ D?xp+ (D)7 - (D Jp=7 (D)7 p
Sincean oval flangeisfastened by means of two bolts, therefore load taken up by each bolt is
F,=F/2.1f d.isthe core diameter of the bolts, then
T
F, = 2 (do)? oy

where o, isthe allowable tensile stress for the bolt material. The value of 6, is usually kept low to
allow for initial tightening stressin the bolts. After the core diameter is obtained, then the nominal
diameter of the bolts is chosen from *tables. It may be noted that bolts of less than 12 mm diameter

Core diameter
0.84

* In the absence of tables, nominal diameter =
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should never be used for hydraulic pipes, because very heavy initia tightening stresses may beinduced
in smaller bolts. The bolt centres should be as near the centre of the pipe as possibleto avoid bending
of the flange. But sufficient clearance between the bolt head and pipe surface must be provided for
the tightening of the bolts without damaging the pipe material.

The thickness of the flange is obtained by considering the flange to be under bending stresses
dueto the forces acting in one bolt. The maximum bending stresswill beinduced at the section X-X.
The bending moment at this section is given by

F
M =F xe=—xe
b 2

XX
1
and section modulus, Z= oXx b (t;)?
where b = Width of the flange at the section X-X, and

t. = Thickness of the flange.
Using the bending equation, we have

M, =0,Z
b )’
or Fbxe:GbXEX (f)
where o, =Permissible bending stress for the flange material.

From the above expression, the value of t, may be obtained, if b is known. The width of the
flangeisestimated from thelay out of the flange. The hydraulic jointswith oval flangesare known as
Armstrong's pipejoints. The various dimensions for a hydraulic joint may be obtained by using the
following empirical relations:

Nominal diameter of bolts, d =0.75t+ 10 mm

Thickness of the flange, t =15t+3mm

Outer diameter of the flange,

D,=D+2t+46d
Pitch circle diameter, Dp =D, —(3t+20 mm)
Example 8.5. Design and draw an oval flanged pipe joint for a pipe having 50 mmbore. It is

subjected to aninternal fluid pressure of 7 N/mn?. The maximumtensile stressin the pipe material is
not to exceed 20 MPa and in the bolts 60 MPa.

Solution. Given: D = 50 mm or R=25 mm; p = 7 N/mm?; 6, = 20 MPa = 20 N/mm?;
0y, = 60 MPa =60 N/mm?

First of al let usfind the thickness of the pipe (t). According to Lame's equation, we know that

thickness of the pipe,
c;+p 20+7
t=R| | *+—-1|=25| |[—— -1|=11.03 12 Ans.
{\/q—p } {\j20—7 } S Lemm

Assuming the width of packing as 10 mm, therefore outside diameter of the packing,
D, =D + 2 x Width of packing =50+ 2 x 10 =70 mm
-. Forcetrying to separate the flanges,
F =%(Dl)2 p=%(70)2 7=26943N
Since the flange is secured by means of two bolts, therefore load on each bolt,

F, =F/2 =26943/2 =13471.5N
Let d, =Core diameter of bolts.
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We know that load on each bolt (F,),

134715= % (d.)? oy = % (d)? 60 = 47.2 (d,)?
(d)?=134715/47.2=285.4 or d. =16.9say 17 mm
and nominal diameter of bolts,

d. 17
= =——=202 22 mm Ans.
084 084 id

Outer diameter of the flange,
D,=D+2t+46d=50+2x12+4.6x22
=175.2 say 180 mm Ans.
and pitch circle diameter of the bolts,
D,=D,—(3t+20 mm) =180—(3x 12+ 20) = 124 mm
The elevation of the flange as shown in Fig. 8.13 (which is an ellipse) may now be drawn by
taking major axisas D, (i.e. 180 mm) and minor axis as (Dp —d)i.e. 124 -22 =102 mm. In order to

find thickness of the flange (t;), consider the section X-X. By measurement, we find that the width of
the flange at the section X-X, — h——»

b =89 mm
and the distance of the section X-X from the centreline of the bolt,
e =33mm
.. Bending moment at the section X-X,
M, =F, xe=134715x 33 N-mm

d

= 444 560 N-mm
. 1 2 1 2
and section modulus, Z= Eb(tf) =6><89 (ts)
= 14.83 (t)?
We know that M,, =0, xZ

444 560 = 20 x 14.83 (t)? = 296.6 (t)>
(t)? = 444 560/ 296.6 = 1500 Fig. 8.13
or t. = 38.7 say 40mm Ans.

8.9 Design of Square Flanged Pipe Joint

The design of a square flanged pipe joint, as shown in Fig. 8.14, is similar to that of an oval
flanged pipe joint except that the load has to be divided into four bolts. The thickness of the flange
may be obtained by considering the bending of the flange about one of the sections A-A, B-B, or C-C.

A little consideration will show that the flange is weakest in bending about section A-A.
Therefore the thickness of the flangeis calculated by considering the bending of the flange, about
section A-A.
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Packing

> |- ¢
[f

il

Fig. 8.14. Square flanged pipe joint.

Example8.6. Design a squareflanged pipejoint for pipesof internal diameter 50 mm subjected
to an internal fluid pressure of 7 N/mm?. The maximum tensile stress in the pipe material is not to
exceed 21 MPa and in the bolts 28 MPa.

Solution. Given: D = 50 mm or R= 25 mm; p = 7 N/mm?; ¢, = 21 MPa = 21 N/mm?;
6,, = 28 MPa= 28 N/mm?

First of all, let us find the thickness of the pipe. According to Lame's equation, we know that

thickness of the pipe,
t=R| [P _q|oos| (22T 1] _1035 sy 12 mm
G - p 21-7

Assuming the width of packing as 10 mm, therefore outside diameter of the packing,
D, =50 + 2 x Width of packing =50 + 2 x 10 =70 mm
.. Force trying to separate the flanges,

F= E(Dl)2 p:%(m)2 7=26943N
Sincethisforceisto beresisted by four bolts, therefore force on each bolt,
F,=F/4=26943/4=67358N

Let d, = Core diameter of the bolts.
We know that force on each bolt (F,),

6735.8 = g(dc)2 Gy =g (d,)? 28 = 22 (d,)?
(d)? = 6735.8/22=306 or d. =17.5mm
and nominal diameter of the bolts,
d, 175

084 084

The axes of the bolts are arranged at the corners of a square of such size that the corners of the
nut clear the outside of the pipe.

- Minimum length of adiagonal for this square,
L = Outside diameter of pipe + 2 x Dia. of bolt =D + 2t + 2d
=50+ (2x12)+(2x22) =118 mm

d= =209say 22 mm Ans.
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and side of this square,

L 118
W2 V2
The sides of the flange must be of sufficient length to accommodate the nuts and bolt heads
without overhang. Therefore the length L, may be kept as (L, + 2d) i.e.
L,=L,+2d=835+2x22=127.5mm
The elevation of the flange is shown in Fig. 8.15. In order to find the thickness of the flange,

consider the bending of the flange about section
A-A. The bending about section A-A will take
place due to the force in two bolts.

=83.5mm

Square flanged pipe joint.

Fig. 8.15
. Bending moment due to the force in two bolts (i.e. dueto 2F,),
M, = 2F, x%: 2x 6735.8><&2'5 =562 440 N-mm

Water pressure acting on half the flange
=2F,=2x67358=13472N
The flanges are screwed with pipe having metric threads of 4.4 threadsin 10 mm (i.e. pitch of
the threadsis 10/4.4 = 2.28 mm).
Nominal or major diameter of the threads
= Outside diameter of thepipe=D + 2t =50+ 2 x 12 =74 mm
Nominal radius of the threads
=74/2=37mm
Depth of thethreads = 0.64 x Pitch of threads = 0.64 x 2.28 = 1.46 mm
.. Core or minor radius of the threads
=37-146=3554mm
*. Mean radius of the arc from A-A over which the load due to fluid pressure may be taken to
be concentrated

1
= 5 (37+3554)=36.27 mm

The centroid of this arc from A-A
= 0.6366 x Mean radius = 0.6366 x 36.27 = 23.1 mm

.. Bending moment due to the water pressure,
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M, = 2F, x231=2x6735.8x 23.1 =311 194 N-mm

Since the bending moments M, and M, are in opposite directions, therefore
Net resultant bending moment on the flange about section A-A,

M =M, —M, =562 440 — 311 194 = 251 246 N-mm

Width of the flange at the section A-A,

Let

b = L, —Outside diameter of pipe=127.5—74=53.5mm
t. = Thickness of the flangein mm.
Section modulus,

We know that net resultant bending moment (M),

A WD

251246 = 0,,Z =21 x 8.9 (t;)? = 187 (t,)?
(tf)2 = 251246/ 187 = 1344 or t, = 36.6 say 38 mm Ans.

EXERCISES

A cast iron pipe of internal diameter 200 mm and thickness 50 mm carries water under a pressure of
5N/mm?Z. Calculate the tangential and radial stressesat theinner, middle (radius= 125 mm) and outer
surfaces. [Ans. 13 MPa, 9.76 MPa, 8 MPa; —5 MPa, — 1.76 M Pa, 0]

A castiron pipeisto carry 60 m? of compressed air per minute at apressure of 1 N/mm?2. The velocity
of air in the pipeislimited to 10 m/s and the permissible tensile stress for the material of the pipeis
14 MPa. Find the diameter of the pipe and its wall thickness. [Ans. 360 mm ; 22 mm]

A seamless steel pipe carries 2000 mS of steam per hour at a pressure of 1.2 N/mm?2. The velocity of
flow is 28 m/s. Assuming thetensile stress as 40 MPa, find the inside diameter of the pipeand itswall
thickness. [Ans. 160 mm ; 5.4 mm]

Compute the dimensions of a flanged cast iron pipe 200 mm in diameter to carry a pressure of
0.7 N/mm?2,

[Ans.t:20mm;d:16mm;n:8;tf:33mm;B:37mm;D0:314mm;Dp:284mm]

Design an oval flanged pipejoint for pipes of internal diameter 50 mm subjected to afluid pressure of
7 N/mm?2. The maximum tensile stressin the pipe material isnot to exceed 21 MPaand in the bolts 28
MPa. [Ans.t=12mm; d=30mm ; t = 38 mm]

QUESTIONS

Discuss how the pipes are designed.
Describe with sketches, the various types of pipe joints commonly used in engineering practice.
Explain the procedure for design of a circular flanged pipe point.

Describe the procedure for designing an oval flanged pipe joint.

OBJECTIVE TYPE QUESTIONS

Cast iron pipes are mainly used

(a) for conveying steam

(b) inwater and sewage systems

(c) inpressure lubrication systems on prime movers
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(d) all of the above
2. Thediameter of apipe carrying steam Q m3/min at avelocity v m/minis
Q Q
@ (b) \E
T |Q Q
(c) Z V (d) 1.13 \/;
3. When theinternal diameter of the pipe exceeds twenty timesitswall thickness, then .............. cylin-
drical shell formula may be applied.
(@ thin (b) thick
4.  Which of the following joint is commonly used for joining pipes carrying water at low pressure?
(@) union joint (b) spigot and socket joint
(c) socket or acoupler joint (d) nipplejoint
5.  The pipes which are burried in the earth should be joined with
(@) unionjoint (b) spigot and socket joint
(c) coupler joint (d) nipplejoint
6. Theexpansionjoint is mostly used for pipes which carry steam at .............. pressures.
(@ low (b) high
7. The pipes carrying fluid pressure varying from 5 to 14 N/mm? should have
(a) sguare flanged joint (b) circular flanged joint
(c) oval flanged joint (d) spigot and socket joint
8. Anoval typeflangeisfastened by means of
(@) two bolts (b) four bolts
(c) sixbolts (d) eight bolts
9. A flanged pipejoint will be aleakproof, if the circumferential pitch of the boltsis
(@) lessthen 20./d (b) greater than 30./d
(c) between 20V/d and 30+/d (d) equal to one-third of inside diameter of pipe
where d = Diameter of the bolt hole.
10. Theflangesin acircular flanged pipejoint are strengthened by providing ribs between the bolt holes.

The thickness of such ribsistaken as

(@ t (b) t
t— tf t+ tf
© — @ —
where t =Thickness of pipe, and
t, = Thickness of flange.
ANSWERS

1. (b 2. (d) 3. (8 4. (c) 5. (b)
6. (&) 7. (c) 8. (9 9. (¢ 10. (d)
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Riveted Joints
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. Methods of Riveting.
. Material of Rivets.
. Essential Qualities of a

Rivet.

. Manufacture of Rivets.

. Types of Rivet Heads.

. Types of Riveted Joints.

. Lap Joint.

. Butt Joint.

. Important Terms Used in

Riveted Joints.

. Caulking and Fullering.

. Failures of a Riveted Joint.

. Strength of a Riveted Joint.
. Efficiency of a Riveted Joint.
. Design of Boiler Joinfs.

. Assumptions in Designing

Boiler Joints.

. Design of Longitudinal Butt

Joint for a Boiler.

. Design of Circumferential

Lap Joint for a Boiler.

. Recommended Joints for

Pressure Vessels.

Riveted Joint for Structural
Use-Joints of Uniform
Strength (Lozenge Joint).
Eccentric Loaded Riveted
Joint.

9.1 Introduction
A rivet isashort cylindrical bar with a head integral

to it. The cylindrical portion of
therivet is called shank or body
and lower portion of shank is
known as tail, as shown in Fig.
9.1. Therivets are used to make
permanent fastening between the
plates such asin structural work,
ship building, bridges, tanks and
boiler shells. The riveted joints
are widely used for joining light
metals.

Thefastenings(i.e. joints)

Contents

Shank
or
Body

=

I
Fig. 9.1. Rivet parts.

may be classified into the following two groups:
1. Permanent fastenings, and
2. Temporary or detachable fastenings.
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The permanent fastenings are those fastenings which can not be disassembled without
destroying the connecting components. The examples of permanent fastenings in order of strength
are soldered, brazed, welded and riveted joints.

The temporary or detachable fastenings are those fastenings which can be disassembled
without destroying the connecting components. The examples of temporary fastenings are screwed,
keys, cotters, pinsand splined joints.

9.2 Methods of Riveting

The function of rivetsin ajoint is to make a connection that has strength and tightness. The
strength isnecessary to prevent failure of thejoint. Thetightnessisnecessary in order to contributeto
strength and to prevent leakage asin aboiler or in aship hull.

When two plates are to be fastened together by arivet asshown in Fig. 9.2 (a), the holesin the
plates are punched and reamed or drilled. Punching isthe cheapest method and is used for relatively
thin plates and in structural work. Since punching injures the material around the hole, therefore
drilling is used in most pressure-vessel work. In structural and pressure vessel riveting, the diameter
of therivet holeisusually 1.5 mm larger than the nominal diameter of therivet.

Point —
Die

Z\

N

— Original head

N |
T |
| D

~<— Backing up bar

(a) Initial position. (b) Final position.

Fig. 9.2. Methods of riveting.

The plates are drilled together and then separated to remove any burrs or chips so asto have a
tight flush joint between the plates. A cold rivet or ared hot rivet isintroduced into the plates and the
point (i.e. second head) is then formed. When a cold rivet is used, the process is known as cold
riveting and when ahot rivet is used, the process is known as hot riveting. The cold riveting process
isused for structural joints while hot riveting is used to make leak proof joints.

A ship’s body is a combination of riveted, screwed and welded joints.
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Theriveting may be done by hand or by ariveting machine. In hand riveting, the original rivet
head is backed up by ahammer or heavy bar and then thedie or set, asshowninFig. 9.2 (a), isplaced
against the end to be headed and the blows are applied by ahammer. This causes the shank to expand
thusfilling the hole and the tail is converted into apoint as shownin Fig. 9.2 (b). Astherivet coals,
it tends to contract. The lateral contraction will be slight, but there will be a longitudinal tension
introduced in the rivet which holds the plates firmly together.

In machineriveting, the dieisapart of the hammer which is operated by air, hydraulic or steam
pressure.

Notes: 1. For steel rivets upto 12 mm diameter, the cold riveting process may be used while for larger diameter
rivets, hot riveting process is used.

2. In case of long rivets, only the tail is heated and not the whole shank.

9.3 Material of Rivets
Thematerial of therivetsmust be tough and ductile. They are usually made of steel (low carbon
steel or nickel steel), brass, aluminium or copper, but when strength and afluid tight joint isthe main
consideration, then the steel rivets are used.
Therivets for general purposes shall be manufactured from steel conforming to the following
Indian Standards:
(a) 1S:1148-1982 (Reaffirmed 1992) — Specification for hot rolled rivet bars (up to 40 mm
diameter) for structural purposes; or
(b) 1S:1149-1982 (Reaffirmed 1992) — Specification for high tensile steel rivet bars for
structural purposes.
Therivetsfor boiler work shall be manufactured from material conformingto IS: 1990 —-1973
(Reaffirmed 1992) — Specification for steel rivets and stay barsfor boilers.

Note : The steel for boiler construction should conform to IS : 2100 — 1970 (Reaffirmed 1992) — Specifica-
tion for steel billets, bars and sections for boilers.

9.4 Essential Qualities of a Rivet

According to Indian standard, 1S : 2998 — 1982 (Reaffirmed 1992), the material of arivet must
have atensile strength not less than 40 N/mm? and elongation not less than 26 percent. The material
must be of such quality that when in cold condition, the shank shall be bent on itself through 180°
without cracking and after being heated to 650°C and quenched, it must passthe sametest. Therivet
when hot must flatten without cracking to adiameter 2.5 times the diameter of shank.

9.5 Manufacture of Rivets

According to Indian standard specifications, the rivets may be made either by cold heading or
by hot forging. If rivets are made by the cold heading process, they shall subsequently be adequately
heat treated so that the stresses set up in the cold heading process are eliminated. If they are made by
hot forging process, care shall be taken to see that the finished rivets cool gradually.

9.6 Types of Rivet Heads

According to Indian standard specifications, the rivet heads are classified into the following
threetypes:

1. Rivet headsfor general purposes (below 12 mm diameter) asshownin Fig. 9.3, according to
IS : 2155 — 1982 (Reaffirmed 1996).
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(e) Flat counter sunk (f) Flat counter sunk (g) Round counter sunk (h) Flat head.
head 90°. head 60°.

head 60°.

Fig. 9.3. Rivet heads for general purposes (below 12 mm diameter).

2. Rivet heads for general purposes (From 12 mm to 48 mm diameter) as shown in Fig. 9.4
accordingto 1S 1929 — 1982 (Reaffirmed 1996).

16d j—rmd‘»‘ j_’f—l6d~>‘
0.7 d 0.7d m 0.7d
A A 0.5 d A |
< < = — _
) ) ) [
5 5 8 152
- 3 3 ¥y
o< e
> 4
(a) Snap head. (b) Pan head.

(¢) Pan head with tapered neck.

'4715d+‘1.5 dR 15 d->| le—2a—
O

0254 (| )

@
i
Length ->|

-«<— Length —>|

d

////// //////

(d) Round counter
sunk head 60°.

(e) Flat counter (f)Flat head.
sunk head 60°.
Fig. 9.4. Rivet heads for general purposes (from 12 mm to 48 mm diameter)
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3. Rivet headsfor boiler work (from 12 mm to 48 mm diameter, as shownin Fig. 9.5, according to

IS : 1928 — 1961 (Reaffirmed 1996).

e N

o
3

0.6d 07d

60° 3
S = 0.125d k=
2 2 % 2
2 i 0.125 d =
i i ’,////l - i
(a) Snap head. (¢) Pan head (Type D).
14d &
1 3d

<—1.6d

1.4 d for rivets under 24 mm.
1.3 d for rivets 24 mm and over.
(d) Pan head (Type II).

|<—17d—>|

(g) Counter-sunk head.

<= Length —>|<—&

~«—— Length —>|

(h) Round counter sunk head.
Fig. 9.5. Rivet heads for boiler work.
The snap heads are usually employed for structural work and machine riveting. The counter

sunk heads are mainly used for ship building where flush surfaces are necessary. The conical heads

(also known as conoidal heads) are mainly used in case of hand hammering. The pan heads have
maximum strength, but these are difficult to shape.

9.7 Types of Riveted Joints

(@) Steeple head.

Following are the two types of riveted joints, depending upon the way in which the plates are
connected.

1. Lapjoint,and 2. Buittjoint.
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9.8 Lap Joint

A lapjointisthat in which one plate overlapsthe other
and the two plates are then riveted together.

9.9 Butt Joint

A butt joint isthat in which the main plates are kept in
alignment butting (i.e. touching) each other and acover plate
(i.e. strap) is placed either on one side or on both sides of the
main plates. The cover plateisthen riveted together with the
main plates. Butt joints are of the following two types:

1. Singlestrap butt joint, and 2. Double strap butt
joint.
Inasinglestrap butt joint, the edges of the main plates
butt against each other and only one cover plateisplaced on
one side of the main plates and then riveted together.

Inadoublestrap butt joint, the edges of themain plates
butt against each other and two cover plates are placed on
both sides of the main plates and then riveted together.

In addition to the above, following are the types of riv-
eted joints depending upon the number of rows of therivets.

1. Singleriveted joint, and 2. Doubleriveted joint.

Contents

A singleriveted joint isthat in which thereisasinglerow of rivetsin alap joint asshownin
Fig. 9.6 (a) and thereisasingle row of rivets on each side in abutt joint as shown in Fig. 9.8.

A doubleriveted joint isthat in which there are two rows of rivetsin alap joint as shownin
Fig. 9.6 (b) and (c) and there are two rows of rivets on each side in abutt joint as shown in Fig. 9.9.

g

(a) Single riveted lap joint. (b) Double riveted lap joint
(Chain riveting).

Fig. 9.6. Single and double riveted lap joints.
Similarly the joints may betripleriveted or quadrupleriveted.

T
SNV

(c) Double riveted lap
joint (Zig-zag riveting).

Notes: 1. When therivetsin the various rows are opposite to each other, as shown in Fig. 9.6 (b), then the joint
issaid to be chain riveted. On the other hand, if the rivets in the adjacent rows are staggered in such away that

Top
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every rivet isin the middle of the two rivets of the opposite row as shown in Fig. 9.6 (c), then thejoint issaid to
be zig-zag riveted.

2. Sincetheplatesoverlap inlap joints, thereforetheforce P, P acting on the plates[See Fig. 9.15 (a)] are
not in the same straight line but they are at a distance equal to the thickness of the plate. These forceswill form
acouple which may bend the joint. Hence the lap joints may be used only where small loads are to be transmit-
ted. On the other hand, the forces P, P in abutt joint [See Fig. 9.15 (b)] act in the same straight line, therefore
there will be no couple. Hence the buitt joints are used where heavy loads are to be transmitted.

7

(KIS &

(a) Chain riveting. (b) Zig-zag riveting.

Fig. 9.7. Tripleriveted lap joint.

7
7
\
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|
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Fig. 9.8. Single riveted double strap butt joint.
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i
L

(a) Chain riveting.

(b) Zig-zag riveting.

Fig. 9.9. Double riveted double strap (equal) butt joints.

M

/Wl

N\
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Fig. 9.10. Double riveted double strap (unequal) butt joint with zig-zag riveting.

9.10 Important Terms Used in Riveted Joints
The following termsin connection with the riveted joints are important from the subject point

of view :

1. Pitch. It isthe distance from the centre of onerivet to the centre of the next rivet measured

parallel to the seam as shown in Fig. 9.6. It is usually denoted by p.

2. Back pitch. It isthe perpendicular distance between the centre lines of the successive rows

asshowninFig. 9.6. Itisusualy denoted by p,.

3. Diagonal pitch. Itisthedistance between the centres of therivetsin adjacent rowsof zig-zag

riveted joint as shown in Fig. 9.6. It is usually denoted by p,.

4. Margin or marginal pitch. It is the distance between the centre of rivet hole to the nearest

edge of the plate as shown in Fig. 9.6. It isusually denoted by m.



Riveted Joints = 289

Fig. 9.11. Triple riveted double strap (unequal) butt joint.

9.11 Caulking and Fullering

In order to make the joints|eak proof
or fluid tight in pressure vesselslike steam
boilers, air receiversand tanks etc. aprocess
known as caulking is employed. In this
process, anarrow blunt tool called caulking
tool, about 5 mm thick and 38 mm in
breadth, is used. The edge of the tool is
ground to an angle of 80°. Thetool ismoved
after each blow along the edge of the plate,
which is planed to abevel of 75° to 80° to
facilitate theforcing down of edge. Itisseen
that the tool burrs down the plate a A in ;" .
Fig. 9.12 (a) forming ametal tometal joint. [ ! . i
In actual practice, both the edges at A and Caulking process is employed to make the joints leak

proofs or fluid tight in steam boiler.

Caulking tool

Caulked rivet
~
C - 80°

I
% | % "
N

Fullering tool

B\l | N \

N

(a) Caulking. (b) Fullering.
Fig. 9.12. Caulking and fullering.

N
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B are caulked. The head of therivetsas shown at C are also turned down with acaulking tool to make
ajoint steamtight. A great care istaken to prevent injury to the plate below the tool.

A more satisfactory way of making the joints staunch is known as fullering which has largely
superseded caulking. Inthis case, afullering tool with athickness at the end equal to that of the plate
isused in such away that the greatest pressure due to the blows occur near the joint, giving aclean
finish, with lessrisk of damaging the plate. A fullering processis shownin Fig. 9.12 (b).

9.12 Failures of a Riveted Joint

A riveted joint may fail in the following ways:

1. Tearing of the plate at an edge. A joint may fail due to tearing of the plate at an edge as
shown in Fig. 9.13. This can be avoided by keeping the margin, m= 1.5d, where d is the diameter of
therivet hole.

< i
[ | I
[ | Il
H I I
Il T
ANy IS e S
-4 e | P4 p
IIT I ——
H i [ d &
Il
Ll . I
L . H
| Ll
Fig. 9.13. Tearing of the plate at an edge. Fig. 9.14. Tearing of the plate across the

rows of rivets.

2. Tearing of theplate acrossarow of rivets. Dueto thetensile stressesin the main plates, the
main plate or cover plates may tear off acrossarow of rivetsas shown in Fig. 9.14. In such cases, we
consider only one pitch length of the plate, since every rivet isresponsible for that much length of the
plate only.

The resistance offered by the plate against tearing is known as tearing resistance or tearing
strength or tearing value of the plate.

Let p = Pitch of therivets,
d = Diameter of therivet hole,
t = Thickness of the plate, and
o, = Permissible tensile stress for the plate material.
We know that tearing area per pitch length,
A, =(p - d)t
.. Tearing resistance or pull required to tear off the plate per pitch length,
P, =A.0,=(p-dt.oc,
When the tearing resistance (P,) is greater than the applied load (P) per pitch length, then this
type of failure will not occur.

3. Shearing of the rivets. The plates which are connected by the rivets exert tensile stress on
therivets, and if the rivets are unable to resist the stress, they are sheared off as shown in Fig. 9.15.
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It may be noted that therivetsarein *single shear in alap joint and in asingle cover butt joint,
asshownin Fig. 9.15. But therivets are in double shear in adouble cover butt joint as shown in Fig.
9.16. Theresistance offered by arivet to be sheared off isknown as shearing resistance or shearing
strength or shearing value of therivet.

A
)

r g |
-~ |
- \ ' Y 2
| e
\1!/
(a) Shearing off a rivet in a lap joint.
AN
T T
, L, |
& ' ! NI
“Q B\ | N
N L/
(b) Shearing off a rivet in a single cover butt joint.
Fig. 9.15. Shearing of rivets.
N N
< N | | N >
|

Let d = Diameter of therivet hole,
T = Safe permissible shear stressfor the rivet material, and
n = Number of rivets per pitch length.

We know that shearing area,

T

= — xd? ...(Insingle sh
A, 2 (In'single shear)
T . .
=2x i d2 ...(Theoretically, in double shear)
I
= 1.875x 2 x d? ...(In double shear, according to Indian

Boiler Regulations)
.. Shearing resistance or pull required to shear off the rivet per pitch length,

T .
P, =nx 2 xd2xt ...(In single shear)

T
nx2x i d2xrt ...(Theoretically, in double shear)

*  We have already discussed in Chapter 4 (Art. 4.8) that when the shearing takes place at one cross-section
of therivet, then the rivets are said to be in single shear. Similarly, when the shearing takes place at two
cross-sections of therivet, then therivets are said to be in double shear.
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T
=nx1.875x 2 x d? x 1T ...(In double shear, according to Indian
Boiler Regulations)

When the shearing resistance (P) is greater than the applied load (P) per pitch length, then this
type of failure will occur.

4. Crushing of the plate or rivets. Sometimes, the rivets do not actually shear off under the
tensile stress, but are crushed as shown in Fig. 9.17. Due to this, the rivet hole becomes of an oval
shape and hence the joint becomes loose. The failure of rivets in such a manner is also known as
bearing failure. The area which resists this action is the projected area of the hole or rivet on
diametral plane.

The resistance offered by arivet to be crushed is known as crushing resistance or crushing
strength or bearing value of therivet.

Let d = Diameter of therivet hole,
t = Thickness of the plate,
o, = Safe permissible crushing stress for therivet or
plate material, and
n = Number of rivets per pitch length under crushing.
We know that crushing area per rivet (i.e. projected area per rivet),
A, =dt I
.. Total crushing area =n.dt [
and crushing resistance or pull required to crush therivet l l |
Il
Il

per pitch length,
P, =ndto, Py
When the crushing resistance (P,) is greater than

Il

the applied load (P) per pitch length, then this type of I I
faillurewill occur. I I |

I

Note : The number of rivets under shear shall be equal to the
number of rivets under crushing.

9.13 Strength of a Riveted Joint

The strength of ajoint may be defined as the maximum force, which it can transmit, without
causingittofail. WehaveseeninArt. 9.12 that P,, P and P_are the pullsrequired to tear off the plate,
shearing off the rivet and crushing off the rivet. A little consideration will show that if we go on
increasing the pull on arivetedjoint, it will fail when theleast of these three pullsisreached, because
a higher value of the other pulls will never reach since the joint has failed, either by tearing off the
plate, shearing off therivet or crushing off therivet.

If thejoint iscontinuousasin case of boilers, the strength is calculated per pitch length. But if
the joint issmall, the strength is calcul ated for the whole length of the plate.

Fig. 9.17. Crushing of arivet.

9.14 Efficiency of a Riveted Joint

The efficiency of ariveted joint is defined as the ratio of the strength of riveted joint to the
strength of the un-riveted or solid plate.

We have already discussed that strength of the riveted joint
= Leastof P, P and P,
Strength of the un-riveted or solid plate per pitch length,
P=pxtxg,
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.. Efficiency of theriveted joint,
Least of R, P, and R,
pXxtXx o,
where p = Pitch of therivets,
t = Thickness of the plate, and
o, = Permissible tensile stress of the plate material.

Example 9.1. A doubleriveted lap joint is made between 15 mmthick plates. The rivet diameter
and pitch are 25 mm and 75 mm respectively. If the ultimate stresses are 400 MPa in tension,
320 MPain shear and 640 MPa in crushing, find the minimum force per pitch which will rupture
thejoint.

If the above joint is subjected to a load such that the factor of safety is 4, find out the actual
stresses developed in the plates and therivets.

Solution. Given:t=15mm;d=25mm; p=75mm; 6,, = 400 MPa= 400 N/mm?; T, = 320
MPa = 320 N/mm?; 6, = 640 MPa = 640 N/mm?
Minimum force per pitch which will rupture thejoint

Sincetheultimate stresses are given, therefore we shall find the ultimate val ues of the resistances
of the joint. We know that ultimate tearing resistance of the plate per pitch,

P, =(p—d)t x o, =(75-25)15 x 400 = 300 000 N
Ultimate shearing resistance of therivets per pitch,

P =nx g xd2x1,=2x % (252320=314200N .(~ n=2)
and ultimate crushing resistance of therivets per pitch,
P, =nxdxtxo,=2x25x15x640=480000N

From above we see that the minimum force per pitch which will rupture the joint is 300 000 N
or 300kN. Ans.

Actual stresses produced in the plates and rivets
Since the factor of safety is4, therefore safe load per pitch length of thejoint
= 300 000/4 = 75000 N

Let o, T, and o, be the actual tearing, shearing and crushing stresses produced with a safe
load of 75000 N in tearing, shearing and crushing.

We know that actual tearing resistance of the plates (P,,),
75000 = (p-d)txo,=(75-25)15x o, =750 G,
= 75000/ 750 = 100 N/mm? = 100 MPa Ans
Actual shearing resistance of the rlvets(P ),
75000 = n x Z x d? x 1 =2 E (25)°1, = 9821,
T, = 75000/ 982 =76.4 N/mm2 =76.4 MPa Ans.
and actual crushing resistance of the rivets (P,,),
75000 =nxdxtxo,=2x25%x15x0,,=7500_
= 75000/ 750 = 100 N/mm? = 100 MPa Ans.
Example 9.2. Findthe eff|C|ency of the following riveted joints:

1. Singleriveted lap joint of 6 mm plates with 20 mm diameter rivets having a pitch of 50 mm.

2. Doubleriveted lap joint of 6 mm plates with 20 mm diameter rivets having a pitch of 65 mm.
Assume
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Permissible tensile stressin plate 120 MPa
Permissible shearing stressinrivets = 90 MPa
Permissible crushing stressinrivets = 180 MPa
Solution. Given:t=6mm; d=20mm; c,= 120 MPa= 120 N/mm?; =90 MPa= 90 N/mm?;
o, = 180 MPa= 180 N/mm?
1. Efficiency of thefirst joint
Pitch, p =50 mm ...(Given)

First of all, let usfind the tearing resistance of the plate, shearing and crushing resistances of the
rivets.

(i) Tearing resistance of the plate
We know that the tearing resistance of the plate per pitch length,
P,=(p-d)txc,=(50-20) 6x120=21600N
(if) Shearing resistance of therivet

Sincethejoint isasingleriveted lap joint, therefore the strength of onerivet in single shear is
taken. We know that shearing resistance of onerivet,
P, = % xd2x 1= % (20290 = 28 278 N
(iii) Crushing resistance of therivet

Sincethejointisasingleriveted, therefore strength of onerivet istaken. We know that crushing
resistance of onerivet,

P,=dxtxoc,=20x6x180=21600N

.. Strength of the joint
= Leastof P, P;and P,= 21600 N

We know that strength of the unriveted or solid plate,

P=pxtxc,=50x6x120=36000N
-. Efficiency of thejoint,
Least of R, P, and P, 21600

=} ~ 36 000

n-= =0.60 or 60% Ans.
2. Efficiency of the second joint
Pitch, p = 65mm ...(Given)
(i) Tearing resistance of the plate,
We know that the tearing resistance of the plate per pitch length,
P,=(p — d) txo,=(65-20) 6 x 120 =32400 N
(if) Shearing resistance of therivets

Since the joint is double riveted lap joint, therefore strength of two rivets in single shear is
taken. We know that shearing resistance of the rivets,

P, =nx % ><d2><r=2><% (20)2 90 = 56 556 N
(iii) Crushing resistance of therivet

Sincethejoint isdoubleriveted, therefore strength of two rivetsistaken. We know that crushing
resistance of rivets,
P,=nxdxtxoc,=2x20x6x180=43200N
.. Strength of the joint
= Leastof P, P,and P,= 32400 N
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We know that the strength of the unriveted or solid plate,
P =pxtxo,=65x6x120=46 800 N

.. Efficiency of thejoint,
Least of R, P, and P, 32400
n= P = 46800 - 0.692 or 69.2% Ans.
Example 9.3. Adouble riveted double cover butt joint in plates 20 mm thick is made with
25 mm diameter rivets at 100 mm pitch. The permissible stresses are :
o, = 120 MPg; 7= 100 MPg; o, = 150 MPa
Find the efficiency of joint, taking the strength of the rivet in double shear as twice than that of
single shear.
Solution. Given : t =20 mm; d =25 mm; p = 100 mm; ¢, = 120 MPa = 120 N/mm?;
7=100 MPa= 100 N/mm?; 6, = 150 MPa= 150 N/mm?
First of al, let us find the tearing resistance of the plate, shearing resistance and crushing
resistance of therivet.
(i) Tearing resistance of the plate
We know that tearing resistance of the plate per pitch length,
P, = (p—d)txo,=(100-25) 20 x 120 = 180 000 N
(if) Shearing resistance of therivets
Sincethejoint isdoubleriveted butt joint, therefore the strength of two rivetsin double shear is
taken. We know that shearing resistance of the rivets,

PS:nXng XdZXT:ZXng(25)2100:196375N

(iif) Crushing resistance of therivets
Since the joint is double riveted, therefore the strength of two rivets is taken. We know that
crushing resistance of therivets,
P.=nxdxtxgc, =2x25x20x 150 =150 000 N

. Strength of the joint Control lever
= Leastof P, P;and P,
=150 000 N
Efficiency of thejoint
We know that the strength of the unriveted or solid plate,

Cylinder

P=pxtxo,=100x 20 x 120 Airin
=240000 N Piston repeat-
. . Air out edly forced up
Efficiency of thejoint ) ) e 15y
_Least of R, P, and P, _150000 air
P 240 000 Diaphragm Anvil
=0.625 or 62.5% Ans. changes the
. . . route of the
9.15 Design of Boiler Joints compressed air
. . . . several times
The boiler has a longitudinal joint as well as o seeTE Drill bit

circumferential joint. Thelongitudinal joint isused tojointhe

ends of the plate to get the required diameter of a boiler. For

this purpose, a butt joint with two cover plates is used. The Teumaric drill uses compressed a
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circumferential joint isused to get the required length of the boiler. For this purpose, alap joint with
one ring overlapping the other aternately is used.

Since aboiler ismade up of number of rings, therefore the longitudinal joints are staggered for
convenience of connecting rings at places where both longitudinal and circumferential joints occur.

9.16 Assumptions in Designing Boiler Joints
The following assumptions are made while designing ajoint for boilers :

1. Theload onthejoint isequally shared by all the rivets. The assumption implies that the
shell and plate are rigid and that all the deformation of the joint takes place in the rivets
themselves.

Thetensile stressis equally distributed over the section of metal between the rivets.
The shearing stressin all therivetsis uniform.

The crushing stressis uniform.

Thereisno bending stressin the rivets.

The holesinto which the rivets are driven do not weaken the member.

Therivet fillsthe hole after it isdriven.

8. Thefriction between the surfaces of the plate is neglected.

N o gk wbd

9.17 Design of Longitudinal Butt Joint for a Boiler

According to Indian Boiler Regulations (1.B.R), the following procedure should be adopted for
the design of longitudinal butt joint for a boiler.

1. Thicknessof boiler shell. First of all, the thickness of the boiler shell isdetermined by using
thethin cylindrical formula, i.e.

P.D .
t = ——— + 1 mmascorrosion allowance
20, XM
where t = Thickness of the boiler shell,

P = Steam pressurein boiler,

D = Internal diameter of boiler shell,

o, = Permissible tensile stress, and

n, = Efficiency of thelongitudinal joint.
The following points may be noted :
(a) Thethickness of the boiler shell should not be less than 7 mm.
(b) Theefficiency of thejoint may be taken from the following table.

Table 9.1. Efficiencies of commercial boiler joints.

Lap joints Efficiency | *Maximum Butt joints Efficiency | *Maximum
(%) efficiency (Double strap) (%) efficiency

Singleriveted 45 to 60 63.3 Singleriveted 55 to 60 63.3
Double riveted 63to 70 775 Double riveted 70to 83 86.6
Tripleriveted 72t0 80 86.6 Tripleriveted 80to 90 95.0

(5rivets per

pitch with unequal

width of straps)

Quadruple riveted 85t0 94 98.1

*  The maximum efficiencies are valid for ideal equistrength joints with tensile stress = 77 MPa,
shear stress = 62 MPa and crushing stress = 133 MPa.
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Indian Boiler Regulations (1.B.R.) allow a maximum efficiency of 85% for the best joint.
(c) According to I.B.R., the factor of safety should not be less than 4. The following table
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shows the values of factor of safety for various kind of jointsin boilers.

Table 9.2. Factor of safety for boiler joints.

Type of joint

Factor of safety

Hand riveting Machine riveting
Lap joint 4.75 45
Single strap buitt joint 4.75 45
Single riveted butt joint with 4.75 45
two equal cover straps
Double riveted butt joint with 4.25 4.0

two equal cover straps

2. Diameter of rivets. After finding out the thickness of the boiler shell (t), the diameter of the

rivet hole (d) may be determined by using Unwin'sempirical formula, i.e.

d =6+t

But if the thickness of plate is less than 8 mm, then the diameter of the rivet hole may be
calculated by equating the shearing resistance of the rivets to crushing resistance. In no case, the
diameter of rivet hole should not be less than the thickness of the plate, because there will be danger
of punch crushing. Thefollowing table givestherivet diameter corresponding to the diameter of rivet

hole as per IS: 1928 — 1961 (Reaffirmed 1996).

(when t is greater than 8 mm)

Table 9.3. Size of rivet diameters for rivet hole diameter as per

IS: 1928 - 1961 (Reaffirmed 1996).

Basic size
of rivet 12 14
mm

16

18

20

22| 24

27

30

33| 36 | 39

42

48

Rivet hole
diameter 13 15
(min) mm

17

19

21

23| 25

285

315

345|375 | 41

50

According to 1S: 1928 — 1961 (Reaffirmed 1996), the table on the next page (Table 9.4) gives

the preferred length and diameter combination for rivets.

3. Pitch of rivets. The pitch of the rivetsis obtained by equating the tearing resistance of the
plate to the shearing resistance of the rivets. It may noted that
(a) The pitch of therivets should not be less than 2d, which is necessary for the formation

of head.

(b) The maximum value of the pitch of rivets for a longitudinal joint of a boiler as per

I.B.R.is

where

Prax = C X t+41.28mm
t = Thickness of the shell plate in mm, and
C = Constant.

The value of the constant C isgivenin Table 9.5.
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Table 9.4. Preferred length and diameter combinations for rivets used
in boilers as per IS : 1928-1961 (Reaffirmed 1996).

(All dimensionsin mm)

Diameter
Length 12 14 16 | 18 20 22 24 27| 30 33 36| 39| 42 48
28 X = = = = = = — — — — — — —
315 X X — — - = = = = = = = = =
35.5 X X X - - - - - - = = = = =
40 X X X X = = = — — — — — — _
45 X X X X X — — — — — — — — _
50 X X X X X X — — — — — — — _
56 X X X X X X X = — — — — — _
63 X X X X X X X X = — — — — —
71 X X x x X X X X X = = — — —
80 X X X X X X X X X = = = = —
85 - X X X X X X X X X = = — —
90 - X X X X X X X X x - — - -
95 - X X X X X X X X X X = = —
100 - — X x x X X X x X X — — —
106 - - X X X X X X X X X X - =
112 - - X X X X X X X X X X = =
118 — — — X X X X X X X X X X =
125 — — = = X X X X X X X x x X
132 — - — = = X X X X X X X x X
140 — - — = = X X X X X X X x X
150 — - - - — = X X X X X X x X
160 — - - - — = X X X X X X x X
180 — - - - - — = X X X X X x X
200 — - - - - — = = X X X X x X
224 — — - - - - = = = X X x x X
250 - - - — — — — - - — — — X X

Preferred numbers are indicated by x.
Table 9.5. Values of constant C.

Number of rivets per Lap joint Buitt joint (single strap) Buitt joint (double strap)
pitch length
1 131 1.53 1.75
2 2.62 3.06 3.50
3 3.47 4.05 4.63
4 4.17 - 5.52
5 - - 6.00
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Note: If the pitch of rivets as obtained by equating the tearing resistance to the shearing resistance is more than
then the value of p, istaken.

4. Distance between therowsof rivets. The distance between the rows of rivets as specified by
Indian Boiler Regulationsisasfollows:

(a) For equal number of rivetsin more than one row for lap joint or butt joint, the distance
between the rows of rivets (p,) should not be less than

0.33p +0.67 d, for zig-zig riveting, and
2d, for chain riveting.

(b) For jointsinwhich the number of rivetsin outer rowsishalf the number of rivetsininner
rowsand if the inner rows are chain riveted, the distance between the outer rows and the
next rows should not be less than

0.33p+0.67 or 2d,whicheverisgreater.
The distance between the rows in which there are full number of rivets shall not be less
than 2d.

(c) Forjointsinwhich the number of rivetsin outer rowsishalf the number of rivetsininner
rowsand if theinner rows are zig-zig riveted, the distance between the outer rows and the
next rows shall not be lessthan 0.2 p + 1.15 d. The distance between the rows in which
there are full number of rivets (zig-zag) shall not be less than 0.165 p + 0.67 d.

Note: Inthe above discussion, p isthe pitch of the rivetsin the outer rows.

5. Thickness of butt strap. According to I.B.R., the thicknesses for butt strap (t,) are as given

below :

(a) Thethickness of butt strap, in no case, shall belessthan 10 mm.

Prc

(b) t, = 1.125t, for ordinary (chain riveting) single butt strap.
p- . S
t,= 1125t [ b ZdJ , for single butt straps, every alternate rivet in outer rows
being omitted.

t, = 0.625t, for double butt-straps of equal width having ordinary riveting
(chain riveting).

t, = 0625t ( P ] for double butt straps of equal width having every

p-—2d
alternaterivet in the outer rows being omitted.
(c) For unequal width of butt straps, the thicknesses of butt strap are
t, = 0.75t, for wide strap on the inside, and
t, = 0.625t, for narrow strap on the outside.
6. Margin. Themargin (m) istakenas 1.5d.

Note: The above procedure may also be applied to ordinary riveted joints.

9.18 Design of Circumferential Lap Joint for a Boiler
The following procedure is adopted for the design of circumferential lap joint for aboiler.

1. Thickness of the shell and diameter of rivets. The thickness of the boiler shell and the
diameter of therivet will be same asfor longitudina joint.

2. Number of rivets. Sinceitisalap joint, therefore therivets will bein single shear.
.. Shearing resistance of therivets,

PS:nx%deXﬂc (i)
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where n = Total number of rivets.

Knowing the inner diameter of the boiler shell (D), and the pressure of steam (P), the total
shearing load acting on the circumferential joint,
T ..
W, = " xD2x P (i)
From equations (i) and (ii), we get

nX%XdZX‘c:%XDZXP
n_(g)zz
“\d)

Over lap —> Circumferential joint double riveted
lap joint (zig-zag)

—>|
e e

%

¢

4

%

—

Longitudinal joint triple riveted
butt joint (zig-zag)

W
2 o o o o

Fig. 9.18. Longitudinal and circumferential joint.

3. Pitch of rivets. If the efficiency of the longitudinal joint is known, then the efficiency of the
circumferential joint may be obtained. It isgenerally taken as 50% of tearing efficiency inlongitudinal
joint, but if more than one circumferential joints is used, then it is 62% for the intermediate joints.
Knowing the efficiency of the circumferential Iap joint (), the pitch of the rivets for the lap joint
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('p,) may be obtained by using the relation :

P
4. Number of rows. The number of rows of rivetsfor the circumferential joint may be obtained
fromthefollowing relation :

Tota number of rivets
Number of rivetsin one row

Number of rows =

and the number of rivetsin one row
_n(D+1)
]
where D = Inner diameter of shell.

5. After finding out the number of rows, the type of the joint (i.e. single riveted or double
riveted etc.) may be decided. Then the number of rivetsin arow and pitch may be re-adjusted. In
order to have a leak-proof joint, the pitch for the joint should be checked from Indian Boiler
Regulations.

6. The distance between the rows of rivets (i.e. back pitch) is calculated by using the relations
as discussed in the previous article.

7. After knowing the distance between the rows of rivets (p,), the overlap of the plate may be
fixed by using therelation,

Overlap = (No. of rows of rivets—1) p, + m
where m = Margin.
Thereare several waysof joining thelongitudinal joint and the circumferential joint. One of the
methods of joining the longitudinal and circumferentia joint is shownin Fig. 9.18.

9.19 Recommended Joints for Pressure Vessels
The following table shows the recommended joints for pressure vessels.
Table 9.6. Recommended joints for pressure vessels.

Diameter of shell (metres) Thickness of shell (mm) Type of joint
0.6t0 1.8 6to 13 Double riveted
09to21 13t0 25 Tripleriveted
15t02.7 19to 40 Quadruple riveted

Example 9.4. A double riveted lap joint with zig-zag riveting is to be designed for 13 mm
thick plates. Assume

o,= 80 MPa; 1= 60 MPa; and o, = 120 MPa
Sate how the joint will fail and find the efficiency of the joint.

Solution. Given : t = 13 mm; o, = 80 MPa = 80 N/mm?; © = 60 MPa = 60 N/mm?;
o, = 120 MPa= 120 N/mm?

1. Diameter of rivet
Since the thickness of plateis greater than 8 mm, therefore diameter of rivet hole,
d = 64t = 6413 =21.6 mm

From Table 9.3, wefind that accordingto 1S: 1928 — 1961 (Reaffirmed 1996), the standard size
of therivet hole (d) is 23 mm and the corresponding diameter of therivetis22 mm. Ans.
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2. Pitch of rivets
Let p = Pitch of therivets.

Since the joint is a double riveted lap joint with zig-zag riveting [See Fig. 9.6 (¢)], therefore
there are two rivets per pitch length, i.e. n=2. Also, in alap joint, therivets are in single shear.

We know that tearing resistance of the plate,
P=(p-d)txo,=(p-23) 13x80=(p-23)1040N
(i)

and shearing resistance of therivets,

PS:nX%XdZXTzzxg(23)260:49864N (i)

...(" There aretwo rivetsin single shear)
From equations (i) and (ii), we get
p—23 =49864/1040=48 or p=48+23=71mm
The maximum pitch isgiven by,
Prax = Cxt+41.28mm
From Table 9.5, we find that for 2 rivets per pitch length, the value of Cis2.62.
. Prax = 2.62 x 13 +41.28 =75.28 mm
Since p,,,, is more than p, therefore we shall adopt
p=7lmm Ans
3. Distance between the rows of rivets
We know that the distance between the rows of rivets (for zig-zag riveting),
P, =033p+0.67d=0.33x71+0.67 x 23 mm
=388say40mm  Ans.
4. Margin
We know that the margin,
m=15d=15%x23=345say35mm Ans.
Failure of the joint
Now let usfind thetearing resistance of the plate, shearing resistance and crushing resistance of
therivets.
We know that tearing resistance of the plate,
P,=(p—d)txoc,=(71-23)13x 80=49920 N
Shearing resistance of therivets,

P, =nx g xd2 x1=2x% g (23)2 60 = 49 864 N

and crushing resistance of therivets,
P,=nxdxtxo,=2x23x13x120=71760 N
Theleast of P, P_and P_is P, = 49 864 N. Hence the joint will fail due to shearing of the
rivets. Ans.
Efficiency of the joint
We know that strength of the unriveted or solid plate,
P=pxtxo,=71x13x80=73840 N
.. Efficiency of thejoint,

P, 49 864
= —-o.~ =0.6750r 67.5% Ans.

— _S
= °p T 73840
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Example 9.5. Two platesof 7 mmthick
are connected by atripleriveted lap joint of

Zig-zag pattern. Calculatetherivet diameter, —— l Welght

rivet pitch and distance between rows of - il !

-t

i-"_

rivets for the joint. Also state the mode of
failure of thejoint. The safe working stresses
are asfollows:

. = 90 MPa; t = 60 MPa; and
6, = 120 MPa.

Solution. Given:t=7mm; c, = 90
MPa= 90 N/mm?; T = 60 MPa= 60 N/mm?;
6, = 120 MPa =120 N/mm?

1. Diameter of rivet

Since the thickness of plateislessthan
8 mm, therefore diameter of therivet hole (d)
isobtained by equating the shearing resistance
(P, to the crushing resistance (P,) of the
rivets. The triple riveted lap joint of zig-zag
pattern is shown in Fig. 9.7 (b). We see that
there are three rivets per pitch length (i.e.
n=23). Also, therivetsinlapjoint areinsingle
shear.

Buoyancy

Drag of
barge

Tension
in two
ropes

) . Force of
Weknow that shearing resistanceof the | propulsion

rivets,

T
PS:nxz xd2x1

T 2 2 . Forces on a ship as shown above need to be
=3x 2 xd“x60=1414d“N..() consider while designing various joints
o Note : This picture is given as additional information
~(n=3) and is not a direct example of the current chapter.
and crushing resistance of therivets,
P,=nxdxtxoc,=3xdx7x120=2520dN (1)
From equations (i) and (ii), we get
141.4d? =2520d or d=2520/141.4=17.8 mm
From Table 9.3, we see that according to IS : 1928 — 1961 (Reaffirmed 1996), the standard

diameter of rivet hole (d) is 19 mm and the corresponding diameter of rivet is 18 mm. Ans.
2. Pitch of rivets
Let p = Pitch of rivets.

We know that tearing resistance of the plate,
P,=(p-d)txoc,=(p-19)7x90=630(p—-19)N  ..(iii)
and shearing resistance of therivets,
P, =141.4d? = 141.4 (19)> =51 045 N ..[From equation (i)] ...(iV)
Equating equations (iii) and (iv), we get
630 (p—19) =51045
p—19 =51045/630=810r p=81+ 19 =100 mm
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According to I.B.R., maximum pitch,
Prax = Ct+41.28 mm
From Table 9.5, we find that for lap joint and 3 rivets per pitch length, the value of Cis3.47.
Prax = 347 x 7+ 41.28 = 65.57 say 66 mm
Since p,,,,, islessthan p, therefore we shall adopt p=p,,, =66 mm  Ans.
3. Distance between rows of rivets
We know that the distance between the rows of rivetsfor zig-zag riveting,
P, =033p+0.67d=0.33x66+0.67*x19=345mm Ans.
Mode of failure of thejoint
We know that tearing resistance of the plate,
P, =(p-d)txoc,=(66—19) 7x90=29610N
Shearing resistance of rivets,
P, =nx % xd2 x1 =3x % (19)2 60 = 51 045 N
and crushing resistance of rivets.
P,=nxdxtxoc,=3x19x7x120=47880N
From above we seethat the least value of P, P,and P_isP, = 29 610 N. Therefore thejoint will
fail due to tearing off the plate.

Example 9.6. Two plates of 10 mmthickness each areto be joined by means of a singleriveted
double strap butt joint. Determinetherivet diameter, rivet pitch, strap thickness and efficiency of the
joint. Take the working stresses in tension and shearing as 80 MPa and 60 MPa respectively.

Solution. Given: t =10 mm; 6, = 80 MPa = 80 N/mm?; © = 60 MPa= 60 N/mm?
1. Diameter of rivet

Since the thickness of plateis greater than 8 mm, therefore diameter of rivet hole,

d = 6+t =610 =18.97 mm

From Table 9.3, we see that according to IS : 1928 — 1961 (Reaffirmed 1996), the standard
diameter of rivet hole ( d) is 19 mm and the corresponding diameter of therivetis18 mm. Ans.
2. Pitch of rivets

Let p = Pitch of rivets.

Sincethejoint isasingle riveted double strap butt joint as shown in Fig. 9.8, therefore thereis
onerivet per pitch length (i.e. n = 1) and therivets are in double shear.

We know that tearing resistance of the plate,
P,=(p-d)txc,=(p-19)10x80=800(p-19) N ()
and shearing resistance of therivets,

T
P, = nx 1875 x i d?xt ...(~ Rivets are in double shear)

= 1x1.875% % (19)2 60 = 31 900 N (e n=1) (i)
From equations (i) and (ii), we get
800 (p—19) = 31900
p—19 =31900/800=39.87 or p=39.87+ 19 =58.87 say 60 mm
Accordl ng to I.B.R., the maximum pitch of rivets,
= C.t+41.28 mm

Prax =
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From Table 9.5, wefind that for double strap butt joint and 1 rivet per pitch length, the value of
Cis1.75.

. Prax = L.75x 10+ 41.28 = 58.78 say 60 mm
From abovewe seethat p=p,,, =60mm Ans.
3. Thickness of cover plates
We know that thickness of cover plates,
t, =0625t=0.625x10=6.25mm  Ans.
Efficiency of thejoint
We know that tearing resistance of the plate,
P, =(p-d)txo,=(60-19) 10 x 80=32800 N
and shearing resistance of therivets,

P, = nx 1875x % x x1=1x 1.875x % (19)260 = 31 900 N
.. Strength of the joint
= Least of P,and P,= 31900 N
Strength of the unriveted plate per pitch length
P =pxtxo,=60x10x80=48000N
.. Efficiency of thejoint,
Least of R and P, 31900

n-= P = 48000 =0.665 or 66.5% Ans.

Example 9.7. Design a double riveted butt joint with two cover plates for the longitudinal
seam of a boiler shell 1.5 min diameter subjected to a steam pressure of 0.95 N/mm?. Assume joint
efficiency as 75%, allowable tensile stress in the plate 90 MPa ; compressive stress 140 MPa ; and
shear stressin the rivet 56 MPa.

Solution. Given : D = 1.5 m = 1500 mm ; P = 0.95 N/mm?; M, =75%=0.75; o, = 90 MPa
=90 N/mm?; 6, = 140 MPa = 140 N/mm?; © = 56 MPa = 56 N/mm?
1. Thicknessof boiler shell plate

We know that thickness of boiler shell plate,

P.D 0.95 x 1500
= ———+1lmm=_————
20, XM, 2x90x 0.75

+1=11.6say 12mm Ans.
2. Diameter of rivet

Since the thickness of the plate is greater than 8 mm, therefore the diameter of the rivet hole,

d =6+t =6+12 =20.8mm

From Table 9.3, we see that according to IS : 1928 — 1961 (Reaffirmed 1996), the standard
diameter of therivet hole ( d) is21 mm and the corresponding diameter of therivetis20 mm. Ans.
3. Pitch of rivets

Let p = Pitch of rivets.

The pitch of therivetsis obtained by equating the tearing resistance of the plate to the shearing
resistance of therivets.

We know that tearing resistance of the plate,
P,=(p-d)txoc,=(p-21)12x90=1080(p—2)N ()
Sincethejoint isdoubleriveted double strap butt joint, asshown in Fig. 9.9, therefore there are
two rivets per pitch length (i.e. n = 2) and the rivets are in double shear. Assuming that the rivetsin
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double shear are 1.875 times stronger than in single shear, we have
Shearing strength of therivets,

P

S

nx 1.875 x g xd2x1=2x 1875 x % (212 x 56 N
72745N (i)
From equations (i) and (ii), we get
1080 (p—21) = 72745
p—21 =72745/1080=67.35 or p=67.35+21=288.35say 90 mm
Accordl ng to 1.B.R., the maximum pitch of rivetsfor longitudinal joint of aboiler is given by
Prax = CXt+41.28mm

From Table 9.5, wefind that for adouble riveted double strap butt joint and two rivets per pitch
Iength, the value of Cis 3.50.

Prax = 3:5%x12+41.28=83.28 say 84 mm
S| ncethe value of pismorethan p, , therefore we shall adopt pitch of therivets,
P =P =84mm  Ans
4. Distance between rows of rivets
Assuming zig-zag riveting, the distance between the rows of the rivets (according to 1.B.R.),
p, =0.33p+0.67d=0.33x84+0.67x21=41.8say 42mm Ans.
5. Thickness of cover plates
According to I.B.R., the thickness of each cover plate of equal widthis
t;, =0625t=0.625x12=75mm Ans.
6. Margin
We know that the margin,
m=15d=15%x21=315say32mm Ans
Let us now find the efficiency for the designed joint.
Tearing resistance of the plate,
P,=(p-d)txoc,=(84-21)12x90=68 040N
Shearing resistance of therivets,

P, = n><1.875><g xd2x 1=2x 1875 g (21)2x 56=72745N

and crushing resistance of therivets,
P,=nxdxtxo,=2x21x12x140=70560 N
Since the strength of riveted joint is the least value of P,, P, or P, therefore strength of the
riveted joint,
P, = 68040 N
We know that strength of the un-riveted plate,
P=pxtxc,=84x12x90=90720N
-. Efficiency of the designed joint,
_ R 68040
P 90720
Since the efficiency of the designed joint is equal to the given efficiency of 75%, therefore the
design issatisfactory.

=0.750r 75% Ans.
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Example 9.8. A pressure vessel has an internal

diameter of 1 mandisto be subjected to aninternal pressure ?
of 2.75 N/mn? above the atmospheric pressure. Considering
it as a thin cylinder and assuming efficiency of its riveted
joint to be 79%, calculate the plate thickness if the tensile
stress in the material is not to exceed 88 MPa.

Design alongitudinal doubleriveted double strap butt
joint with equal strapsfor thisvessel. The pitch of therivets
in the outer row is to be double the pitch in the inner row
and zig-zag riveting is proposed. The maximum allowable
shear stressin therivetsis 64 MPa. You may assume that
the rivets in double shear are 1.8 times stronger than in
single shear and the joint does not fail by crushing.

Make a sketch of the joint showing all calculated
values. Calculate the efficiency of thejoint.

Solution. Given : D =1 m = 1000 mm; P = 2.75
N/mm?2; 1, = 79% = 0.79; 6, = 88 MPa = 88 N/mm?;
T =64 MPa= 64 N/mm?

1. Thickness of plate

(v

.

We know that the thickness of plate, Pressure vessel,
_ P.D +1mm= 2.75x 1000 +1mm
"~ 20, x7, ~ 2x88x0.79

=208say2lmm  Ans.
2. Diameter of rivet
Since the thickness of plate is more than 8 mm, therefore diameter of rivet hole,
d =6+t =621 =27.5mm
From Table 9.3, we see that according to IS : 1928 — 1961 (Reaffirmed 1996), the standard
diameter of therivet hole ( d) is28.5 mm and the corresponding diameter of therivetis27 mm. Ans.
3. Pitch of rivets
Let p = Pitchin the outer row.

The pitch of therivetsis obtained by equating the tearing resistance of the plate to the shearing
resistance of therivets.

We know that the tearing resistance of the plate per pitch length,
P, =(p-d)txc,=(p—-285)21x88=1848(p—-285N ..(i)
Sincethe pitch inthe outer row istwicethe pitch of theinner row and thejoint isdoubleriveted,

therefore for one pitch length there will be three rivetsin double shear (i.e. n=3). Itisgiven that the
strength of rivetsin double shear is 1.8 times that of single shear, therefore

Shearing strength of the rivets per pitch length,
P,=nx18x % xd2x1=3%x18x % (28.5)264 N
= 220500 N (i)
From equations (i) and (ii), we get
1848 (p—28.5) = 220 500

- p—285 =220500/ 1848 = 119.3
or p =119.3+ 28.5=147.8 mm
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According to I.B.R., the maximum pitch,
Prax = CXxt+41.28mm

From Table 9.5, we find that for 3 rivets per pitch length and for double strap butt joint, the
valueof Cis4.63.

Prax = 463 x 21 +41.28=138.5 say 140 mm
Sincethevalueof p_ islessthan p, therefore we shall adopt the value of
P = Py = 140mm  Ans.
*. Pitchin theinner row
=140/2=70mm Ans.
4. Distance between the rows of rivets
According to 1.B.R., the distance between the rows of rivets,
P, =02p+115d=02%x140+115%x285=61mm Ans.
5. Thickness of butt strap
According to 1.B.R., the thickness of double butt straps of equal width,

—d 140 — 285
0625t ( P 2dj = 0625x 21 [—j mm

b 140 - 2x 285

176say 18mm  Ans.
6. Margin

We know that the margin,
m=15d=15x285=43mm Ans
Efficiency of the joint
We know that tearing resistance of the plate,
P, =(p-d)txoc,=(140-28.5) 21 x 88 =206 050 N
Shearing resistance of therivets,

P, =nx18x % ><d2><1:3><1.8><g (28.5)2 64 = 220 500 N
Strength of the solid plate,

pxtxo, =140 x 21 x 88 = 258 720 N
-. Efficiency of thejoint

Least of R and P, 206 050

= — - 0
Strength of so||d plate 258 720 0.796 or 79.6% Ans.

Sincethe efficiency of the designed joint is more than the given efficiency, thereforethe design
issatisfactory.

Example 9.9. Design the longitudinal joint for a 1.25 m diameter steam boiler to carry a
steam pressure of 2.5 N/mn?. The ultimate strength of the boiler plate may be assumed as 420 MPa,
crushing strength as 650 MPa and shear strength as 300 MPa. Take the joint efficiency as 80%.
Sketch the joint with all the dimensions. Adopt the suitable factor of safety.

Solution. Given : D = 1.25 m = 1250 mm; P = 2.5 N/mm?; &, = 420 MPa = 420 N/mm?;
o, = 650 MPa= 650 N/mm? ; 7, = 300 MPa =300 N/mm?; 1, = 80% = 0.8

Assuming afactor of safety (F.S) as 5, the allowable stresses are as follows::

_Ow A0 _
%" Fs 5 mm
6., 650
= =— =130 N/mm?
%~ Fs 5
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it 320 = 60 N/mm?

and T=
1. Thickness of plate
We know that thickness of plate,
__PD 1mm= 2.5x 1250
20, X7, 2x84x0.8
=243say25mm  Ans.

+1mm

2. Diameter of rivet
Since the thickness of the plate is more than 8 mm, therefore diameter of therivet hole,
d =64t =625 =30mm
From Table 9.3, we see that according to IS : 1928 — 1961 (Reaffirmed 1996), the standard
diameter of therivet hole is 31.5 mm and the corresponding diameter of therivetis30 mm. Ans.
3. Pitch of rivets
Assume atripleriveted double strap butt joint with unequal straps, as shownin Fig. 9.11.
Let p = Pitch of therivetsin the outer most row.
-, Tearing strength of the plate per pitch length,
P, =(p-d)txoc,=(p-315)25%x84=2100(p—-3L5)N ..(i)
Since the joint is triple riveted with two unequal cover straps, therefore there are 5 rivets per

pitch length. Out of these five rivets, four rivets are in double shear and one is in single shear.
Assuming the strength of the rivetsin double shear as 1.875 times that of single shear, therefore

Shearing resistance of therivets per pitch length,

T ' T
P.=4x1875%x — xd2x1+ — xx7 =85%x — xd2x
s 4 Ty ¢ 4 K

= 85x % (3L.5)2 60 = 397 500 N (i)

From equations (i) and (ii), we get
2100 (p—31.5) = 397 500
p—315 =397500/ 2100 = 189.3 or p = 31.5 + 189.3 = 220.8 mm
Accordl ng to I.B.R., maximum pitch,
Prax = CXxt+41.28mm

From Table 9.5, we find that for double strap butt joint with 5 rivets per pitch length, the value
of Cis®6.

Prax = 6%25+41.28=191.28say 196 mm  Ans.
Since p,,,,, islessthan p, therefore we shall adopt p=p,,, =196 mm Ans.
-, Pitch of rivetsin the inner row,
p' =196/2=98mm Ans.
4. Distance between the rows of rivets
According to 1.B.R., the distance between the outer row and the next row,
=02p+115d=0.2x% 196+ 1.15x 3.5 mm
=754say76mm  Ans
and the distance between the inner rows for zig-zag riveting
= 0.165p + 0.67 d = 0.165 x 196 + 0.67 x 31.5 mm
=534say54mm  Ans
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5. Thickness of butt straps
We know that for unequal width of butt straps, the thicknesses are as follows :
For wide butt strap, t, =0.75t=0.75x25=18.75say 20mm Ans.
and for narrow buitt strap, t, =0.625t=0.625x 25=15.6 say 16 mm Ans.
It may be noted that wide and narrow butt straps are placed on theinside and outside of the shell
respectively.
6. Margin
We know that the margin,
m=15d=15%x315=4725say 47.5mm Ans.
L et us now check the efficiency of the designed joint.
Tearing resistance of the plate in the outer row,
P, =(p-d)txo,=(196-315) 25 x84 =345450N
Shearing resistance of therivets,

PS=4><1.875xg><d2><r+% ><d2><r=8.5><% xd2 x1

= 85x g (31.5)2 x 60 =397 500 N
and crushing resistance of therivets,
P,=nxdxtxc,=5x315x25x130=511875N ..(-n=5)
Thejoint may alsofail by tearing off the plate between therivetsin the second row. Thisisonly
possibleif therivetsin the outermost row givesway (i.e. shears). Since there are two rivet holes per

pitch length in the second row and onerivet isin the outer most row, therefore combined tearing and
shearing resistance

=(p—2d)t><ct+% xd2x 1

=(196-2x315)25%x 84 + % (315260 =326 065 N
From above, we see that strength of the joint
= 326 065 N
Strength of the unriveted or solid plate,
P =pxtxo,=196x25x84=411600N
-. Efficiency of thejoint,
n = 326 065/ 411 600 = 0.792 or 79.2%
Since the efficiency of the designed joint is nearly equal to the given efficiency, therefore the
design issatisfactory.
Example 9.10. A steam boiler isto be designed for a working pressure of 2.5 N/mn? with its

inside diameter 1.6 m. Give the design calculations for the longitudinal and circumferential joints
for the following working stresses for steel plates and rivets :

Intension = 75 MPa; In shear = 60 MPa; In crushing = 125 MPa.
Draw the jointsto a suitable scale.

Solution. Given : P = 25 N/mm?; D = 1.6 m = 1600 mm; o, = 75 MPa = 75 N/mm?;
T =60 MPa= 60 N/mm?; o.= 125 MPa= 125 N/mm?

Design of longitudinal joint
Thelongitudinal joint for a steam boiler may be designed as follows :
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1. Thickness of boiler shell
We know that the thickness of boiler shell,

P.D 2.5x1600
t= 20, +1mm——2><75 +1mm

=276say28mm  Ans.
2. Diameter of rivet
Since the thickness of the plate is more than 8 mm, therefore diameter of rivet hole,
d =63t =64/28 =31.75mm
From Table 9.3, we see that according to IS : 1928 — 1961 (Reaffirmed 1996), the standard
diameter of rivet hole (d) is 34.5 mm and the corresponding diameter of therivetis33mm. Ans.
3. Pitch of rivets

Assumethejoint to betripleriveted double strap butt joint with unegqual cover straps, as shown
inFig. 9.11.

Let p = Pitch of therivet in the outer most row.
.~ Tearing resistance of the plate per pitch length,
P,=(p-d)txoc,=(p-345)28x75N
=2100(p—345)N (i)
Since the joint is triple riveted with two unequal cover straps, therefore there are 5 rivets per

pitch length. Out of thesefiverivets, four arein double shear and oneisin single shear. Assuming the
strength of rivetsin double shear as 1.875 times that of single shear, therefore

Shearing resistance of therivets per pitch length,

' '
PS:4><1.875><Z xd2><r+z xd2x1
T
=85x%x — xd2x
2 T

= 85x % (34.5)260=476 820N (i)
Equating equations (i) and (ii), we get
2100 (p—34.5) = 476 820
. p—34.5 = 476820/ 2100 = 227 or p=227 + 34.5=261.5mm
According to I.B.R., the maximum pitch,
Py = C.t+41.28mm

From Table 9.5, we find that for double strap butt joint with 5 rivets per pitch length, the value
of Cis6.

o Prax = 6% 28 +41.28 = 209.28 say 220 mm
Since p,,, islessthan p, therefore we shall adopt
P = Pro=220mm Ans.
. Pitch of rivetsin the inner row,
p' =220/2 =110 mmAns.
4. Distance between the rows of rivets
According to 1.B.R., the distance between the outer row and the next row
=02p+115d=0.2%x 220+ 1.15 x 34.5mm
=83.7say8 mm  Ans.
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and the distance between the inner rowsfor zig-zig riveting
= 0.165p +0.67 d = 0.165 x 220 + 0.67 x 34.5 mm
=594say60mm  Ans.
5. Thickness of butt straps
We know that for unequal width of butt straps, the thicknesses are :
For wide butt strap, t, =0.75t=0.75x 28 =21 mm Ans.
and for narrow buitt strap, t, =0.625t=0.625x28=17.5say 18mm  Ans.
It may be noted that the wide and narrow butt straps are placed on the inside and outside of the
shell respectively.
6. Margin
We know that the margin,
m=15d=15%x345=51.75say 52mm Ans.
L et us now check the efficiency of the designed joint.
Tearing resistance of the plate in the outer row,
P, =(p-d)txc,=(220-34.5) 28 x 75=389 550 N
Shearing resistance of therivets,

PS=4><1.875xg><d2><r+% ><d2><r=8.5xg><d2><r

=85x % (34.5)260=476 820N
and crushing resistance of therivets,
P, =nxdxtxo,=5x34.5x28x 125=603 750 N
Thejoint may alsofail by tearing off the plate between therivetsin the second row. Thisisonly

possibleif therivetsin the outermost row givesway (i.e. shears). Since there are two rivet holes per
pitch length in the second row and one rivet in the outermost row, therefore

Combined tearing and shearing resistance

=(p—2d)t><c5t+g xd2x1

= (220-2x 34.5) 28 x 75 + % (345260

= 317 100 + 56 096 = 373 196 N
From above, we see that the strength of the joint

= 373196 N
Strength of the unriveted or solid plate,

P =pxtxo,=220x28x75=462000N
-. Efficiency of the designed joint,
373196

= 462 000
Design of circumferential joint

The circumferentia joint for a steam boiler may be designed asfollows:

1. The thickness of the boiler shell (t) and diameter of rivet hole (d) will be same as for
longitudinal joint, i.e.

=0.808 or 80.8%  Ans.

t =28mm;andd=34.5mm

Top



Riveted Joints = 313

2. Number of rivets
Let n = Number of rivets.
We know that shearing resistance of the rivets

:nx%dexr ()
and total shearing load acting on the circumferential joint
T ..
=2 xD2xP ..(ii)
From equations (i) and (ii), we get

' '
nx —xd2xt=— xD2xP
4 v

D?x P  (1600)* 2.5 896590 A
= = = E ns.
4’ xt  (345) 60 e

3. Pitch of rivets
Assuming the joint to be double riveted lap joint with zig-zag riveting, therefore number of
rivets per row

=90/2=45
We know that the pitch of therivets,
n (D +1t) 7 (1600 + 28)
= = =113.7
P1 = "Number of rivets per row 45 mm

Let ustake pitch of therivets, p, = 140 mm Ans.
4. Efficiency of thejoint
We know that the efficiency of the circumferential joint,

n, = P=d_10-845_ 47530 753%
140

5. Distance between the rows of rivets
We know that the distance between the rows of rivetsfor zig-zag riveting,
=0.33p, +0.67d=0.33 x 140 + 0.67 x 345 mm
=69.3say 70mm Ans.
6. Margin
We know that the margin,
m=15d=15x345
=51.75say 52 mm Ans.

9.20 Riveted Joint for Structural
Use-Joints of Uniform
Strength (Lozenge Joint)

A riveted joint known as Lozenge
joint used for roof, bridge work or girders
etc is shown in Fig 9.19. In such ajoint,

joint is made of uniform strength.

Fig. 9.19 showsatripleriveted double
strap buitt joint.

I?/vefeo' Jjoints are used for roofs, br/dge Work and girders.

* In diamond riveting, the number of rivets increases as we proceed from the outermost row to the
innermost row.
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Let b = Width of the plate,
t = Thickness of the plate, and
d = Diameter of therivet hole.
In designing a L ozenge joint, the following procedure is adopted.
1. Diameter of rivet
The diameter of therivet holeis obtained by using Unwin'sformula, i.e.

d= 6+t
SR T
Tl odle 1o
Ao e o I
@é@i@éf? "
ORCIRONT R N
~mr S
[ [ [

X
[ [ [ T
Fig. 9.19. Riveted joint for structural use.

According to IS : 1929-1982 (Reaffirmed 1996), the sizes of rivets for general purposes are
giveninthefollowing table.

Table 9.7. Sizes of rivets for general purposes, according to IS : 1929 - 1982
(Reaffirmed 1996).

Diameter of 135 | 1565 | 175|195 | 215 | 235 | 255 |29 | 32 | 35|38 (41| 44 | 50
rivet hole (mm)
Diameter 12 14 16 18 20 22 24 |27 | 30 | 33 |36|39 (42|48
of rivet (mm)

2. Number of rivets

The number of rivets required for the joint may be obtained by the shearing or crushing
resistance of therivets.

Let P, = Maximum pull acting onthejoint. Thisisthetearing resistance
of the plate at the outer row which has only onerivet.
=(b-d)txo,
and n = Number of rivets.

Since the joint is double strap butt joint, therefore the rivets are in double shear. It is assumed
that resistance of arivet in double shear is 1.75 timesthanin single shear in order to allow for possible
eccentricity of load and defective workmanship.
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.. Shearing resistance of onerivet,
P, = 175x 7 xd?x
and crushing resistance of onerivet,
P, =dxtxo,
.. Number of rivets required for the joint,
R

Least of P, or P,
3. From the number of rivets, the number of rows and the number of rivetsin each row is decided.

4. Thickness of the butt straps
The thickness of the butt strap,
t, = 1.25t, for single cover strap

n =

= 0.75t, for double cover strap
5. Efficiency of the joint
First of al, calculate the resistances along the sections 1-1, 2-2 and 3-3.
At section 1-1, thereis only onerivet hole.
-. Resistance of thejoint in tearing along 1-1,
P, =(b-d)txg,
At section 2-2, there are two rivet holes.
*. Resistance of thejoint in tearing along 2-2,
P, = (b—2d)t x o, + Strength of onerivet in front of section 2-2

(Thisisdueto the fact that for tearing off the plate at section 2-2, therivet in front of section
2-2i.e. at section 1-1 must first fracture).

Similarly at section 3-3 there are threerivet holes.
. Resistance of thejoint in tearing along 3-3,
P; = (b—3d) t x o, + Strength of 3 rivetsin front of section 3-3
Theleast value of P,;, P,,, P5, P, or P isthe strength of the joint.
We know that the strength of unriveted plate,
P=Dbxtxog,
.. Efficiency of thejoint,

Least of Ry, Ry, Rg, R or R
n = b

Note: The permissible stresses employed in structural joints are higher than those used in design of pressure
vessels. The following values are usually adopted.

For platesin tension ... 140 MPa
For rivetsin shear ... 105 MPa
For crushing of rivets and plates

Single shear ... 224 MPa
Double shear ... 280 MPa

6. The pitch of the rivets is obtained by equating the strength of the joint in tension to the
strength of therivetsin shear. The pitchesallowed in structural jointsarelarger than those of pressure
vessels. The following table shows the values of pitch due to Rotscher.
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Table 9.8. Pitch of rivets for structural joints.

Thickness of plate Diameter of rivet Diameter of rivet Pitch of rivet Marginal pitch
(mm) hole (mm) (mm) p= 3d+ 5mm (mm)
2 8.4 8 29 16
3 9.5 9 32 17
4 11 10 35 17
56 13 12 38 18
6-8 15 14 47 21
8-12 17 16 56 25
11-15 21 20 65 30

7. The marginal pitch (m) should not be less than 1.5 d.
8. The distance between the rows of rivetsis2.5d to 3 d.

Example 9.11. Two lengths of mild steel tie rod having width 200 mm and thickness 12.5 mm
are to be connected by means of a butt joint with double cover plates. Design the joint if the
permissible stresses are 80 MPa in tension, 65 MPa in shear and 160 MPa in crushing. Make a
sketch of the joint.

Solution. Given:b=200mm;t=125mm; 6,=80MPa=80 N/mm?; T =65MPa= 65 N/mm?;
o, = 160 MPa = 160 N/mm?

1. Diameter of rivet
We know that the diameter of rivet hole,
d = 6+/t = 64125 = 21.2 mm

From Table 9.7, we see that according to IS : 1929 — 1982 (Reaffirmed 1996), the standard
diameter of therivet hole (d) is21.5 mm and the corresponding diameter of rivetis20 mm. Ans.

2. Number of rivets
Let n = Number of rivets.
We know that maximum pull acting on thejoint,
P,=(b-d)txoc,=(200-215) 125x80=178 500 N

Sincethejoint isabutt joint with double cover platesas shownin Fig. 9.20, therefore therivets
arein double shear. Assumethat the resistance of therivet in double shear is1.75 timesthanin single
shear.

.. Shearing resistance of onerivet,
P, = 175x % xd2x 1 =175 x % (21.5)2 65 = 41 300 N
and crushing resistance of onerivet,

P, =dxtxoc,=215x125x 160 =43 000 N
Since the shearing resistance is less than the crushing resistance, therefore number of rivets
required for thejoint,
R 178500

n=-t=
P, 41300

=432say5 Ans.
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3. The arrangement of therivetsis shown in Fig. 9.20.
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Fig. 9.20. All dimensions in mm.
4. Thickness of butt straps
We know that thickness of butt straps,
t, =0.75t=0.75x 125=9.375say 9.4 mm Ans.
5. Efficiency of thejoint
First of al, let usfind the resistances along the sections 1-1, 2-2 and 3-3.
At section 1-1, thereis only onerivet hole.
*. Resistance of the joint in tearing along section 1-1,
P, =(b-d)txo,=(200-215) 12.5x 80 =178 500 N
At section 2-2, therearetworrivet holes. In thiscase, thetearing of the platewill only take place
if therivet at section 1-1 (in front of section 2-2) givesway (i.e. shears).
.. Resistance of thejoint in tearing along section 2-2,
P, = (b—2d)t x o, + Shearing resistance of onerivet
=(200—2x21.5) 12.5% 80+ 41300 = 198 300 N
At section 3-3, therearetwo rivet holes. Thetearing of the plate will only take placeif onerivet
at section 1-1 and two rivets at section 2-2 givesway (i.e. shears).
.. Resistance of thejoint in tearing along section 3-3,
P; = (b-2d)tx o, + Shearing resistance of 3 rivets
= (200—-2 x 21.5) 12.5 x 80 + 3 x 41 300 = 280 900 N
Shearing resistance of al the 5 rivets
P, =5x41300=206500N
and crushing resistance of all the 5rivets,
P, =5x 43000 = 215000 N

Top



318 = A Texthook of Machine Design

Since the strength of the joint is the least value of P,,, P,,, P, P, and P, therefore strength of
thejoint
= 178 500 N aong section 1-1
We know that strength of the un-riveted plate,
=bxtxo,=20x12.5x 80=200000N
.. Efficiency of thejoint,

_ Strength of the joint 178500
"= Strength of the unriveted plate 200 000
=0.8925 or 89.25% Ans.
6. Pitch of rivets, p=3d+5mm=(3%215)+5=695say 70mm Ans.
7. Margina pitch, m=15d=15x%x215=3325say 35mm Ans.

8. Distance between the rows of rivets
=25d=25x215=5375say 55 mm Ans.

Example 9.12. A tie-bar in a bridge consists of flat 350 mm wide and 20 mm thick. It is
connected to a gusset plate of the same thickness by a double cover butt joint. Design an economical
joint if the permissible stresses are :

o,= 90 MPa, 7= 60 MPa and ¢_ = 150 MPa

Solution. Given: b=350 mm ; t =20 mm ; 6, = 90 MPa= 90 N/mm?; T = 60 MPa= 60 N/mm?;

G, = 150 MPa = 150 N/mm?

Riveted, screwed and welded joints are employed in bridges.
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1. Diameter of rivet
We know that the diameter of rivet hole,
d = 6t =6+/20=268mm

From Table 9.7, we see that according to IS : 1929-1982 (Reaffirmed 1996), the standard
diameter of rivet hole ( d) is 29 mm and the corresponding diameter of rivet is 27 mm. Ans.

2. Number of rivets
Let n = Number of rivets.
We know that the maximum pull acting on the joint,
P, =(b-d)txo,=(350-29) 20 x 90 =577 800 N
Sincethejoint isdouble strap butt joint, thereforetherivetsarein double shear. Assumethat the
resistance of therivet in double shear is 1.75 times than in single shear.
-, Shearing resistance of onerivet,

P, = 175x % xd2x1=175x % (29)2 60 = 69 360 N
and crushing resistance of onerivet,
P, =dxtxoc,=29x20x150=87000N
Sincethe shearing resistance islessthan crushing resistance, therefore number of rivetsrequired
for thejoint,
_ R _ 577800
R 69360

S
3. The arrangement of rivetsisshownin Fig. 9.21.
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Fig. 9.21. All dimensions in mm.
4. Thickness of butt straps
We know that the thickness of butt straps,
t, =0.75t=0.75x 20 = 15 mm Ans.
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5. Efficiency of thejohint
First of al, let usfind the resistances along the sections 1-1, 2-2, 3-3 and 4-4.
At section 1-1, thereis only onerivet hole.
.. Resistance of thejoint in tearing along 1-1,
P, =(b-d)txoc,=(350-29) 20 x 90 =577 800 N
At section 2-2, therearetwo rivet holes. In this case thetearing of the plate will only take place
if therivet at section 1-1 (in front of section 2-2) gives way.

.. Resistance of thejoint in tearing along 2-2,
P, = (b—2d) t x &, + Shearing strength of onerivet in front
= (350 -2 x 29) 20 x 90 + 69 360 = 594 960 N

At section 3-3, there are three rivet holes. The tearing of the plate will only take place if one
rivet at section 1-1 and two rivets at section 2-2 gives way.

-. Resistance of thejoint in tearing along 3-3,
P = (b—3d) t x 6, + Shearing strength of 3 rivetsin front.
= (350—-3x29) 20 x 90 + 3 x 69 360 = 681 480 N
Similarly, resistance of thejoint in tearing along 4-4,
P, = (b—3d) t x 6, + Shearing strength of 6 rivetsin front
= (350 -3 x 29) 20 x 90 + 6 x 69 360 = 889 560 N
Shearing resistance of all the 9rivets,
P, =9x69360=624240N
and crushing resistance of all the 9 rivets,
P, =9x87000= 783000 N
The strength of the joint isthe least of Py, P,,, P,5, Py, Psand P..
.. Strength of the joint
= 577 800 N aong section 1-1
We know that the strength of the un-riveted plate,
P=Dbxtxo,=350x20x90=630000N
.. Efficiency of thejoint,

_ Strength of the joint _ 577800
n= Strength of the un-riveted plate 630 000
=09170r91.7% Ans.
6. Pitch of rivets, p=3d+5mm=3x29+5=92say 95 mm Ans.
7. Margind pitch, m=15d=15%x29=435say45mm Ans.

8. Distance between the rows of rivets

=25d=25%x29=725say 75mm Ans.
Note: If chain riveting with three rows of three rivetsin each is used instead of diamond riveting, then
Least strength of the joint
=(b-3d)txoc,=(350-3x29) 20 x 90 = 473 400 N
_ 473400
630000
Thus we see that with the use of diamond riveting, efficiency of thejoint isincreased.

-. Efficiency of thejoint =0.752 or 75.2%
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Example 9.13. Designalap joint for amild steel flat tie-bar 200 mm x 10 mmthick, using 24
mm diameter rivets. Assume allowable stresses in tension and compression of the plate material as
112 MPa and 200 MPa respectively and shear stress of therivets as 84 MPa. Show the disposition of
therivetsfor maximumjoint efficiency and determine the joint efficiency. Take diameter of rivet hole
as 25.5 mmfor a 24 mm diameter rivet.

Solution. Given: b =200 mm; t =10 mm; o, = 112 MPa =112 N/mm?; o, =200 MPa=
200 N/mm?; © =84 MPa=84 N/mm?; d = 25.5mm ; d; = 24 mm

i |
L
! |
‘d} i b =200 mm
' | ' |
RENEY
®© o 6
SN DN /TN Y
| | | N b
v | | 10 mm
LN = F
Fig. 9.22

1. Number of rivets

Let n = Number of rivets.
We know that the maximum pull acting on the joint,
P, =(b-d)txoc,=(200-25.5) 10 x 112 =195 440 N
Sincethejoint isalap joint, therefore shearing resistance of onerivet,

P, = % x d2 x 7= % (25.5)2 84 = 42 905 N
and crushing resistance of onerivet,
P, =dxtxoc,=255x10x200=51000N
Since the shearing resistance is less than the crushing resistance, therefore number of rivets

required for thejoint,
_ R 195440

P, 42905
2. The arrangement of the rivetsis shownin Fig. 9.22.
3. Thickness of the cover plate
We know that the thickness of a cover plate for lap joint,
t, =125t=125x10=125mm Ans.

=456say 5 Ans

4. Efficiency of thejoint
First of al, let usfind the resistances along the sections 1-1, 2-2 and 3-3. At section 1-1, thereis
only onerivet hole.
*. Resistance of the joint in tearing along section 1-1,
P, =(b-d)txoc,=(200-25.5) 10 x 112 =195 440 N
At section 2-2, there are three rivet holes. In this case, the tearing of the plate will only take
placeif therivet at section 1-1 (in front of section 2-2) givesway (i.e. shears).
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*. Resistance of the joint in tearing along section 2-2,
P, = (b—3d) t x ¢, + Shearing resistance of one rivet
= (200-3x 25.5) 10 x 112+ 42905 =181 285N

At section 3-3, thereisonly onerivet hole. Theresistance of thejoint in tearing along section
3-3 will be same as at section 1-1.

Pg; =P, =195440N
Shearing resistance of all thefiverivets,
P, =5x42905=214525N
and crushing resistance of all thefiverivets,
P, =5x 51000 =525 000 N

Sincethe strength of thejoint istheleast value of P,,, P

o w P P,
the joint

3 Psand P, therefore strength of

= 181 285N at section 2-2
We know that strength of the un-riveted plate
=bxtxo,=200x 10 x 112=224000 N
.. Efficiency of thejoint,

n = Strength of the joint _ 181225

- Strength of the un-riveted plate 224000
= 0.809 or 80.9% Ans.

9.21 Eccentric Loaded Riveted Joint

When the line of action of the load does not pass through the centroid of the rivet system and
thusall rivets are not equally loaded, then the joint is said to be an eccentric loaded riveted joint, as
shown in Fig. 9.23 (a). The eccentric loading results in secondary shear caused by the tendency of
forceto twist the joint about the centre of gravity in addition to direct shear or primary shear.

Let P = Eccentric load on thejoint, and
e = Eccentricity of the load i.e. the distance between the line of
action of the load and the centroid of therivet systemi.e. G.
The following procedure is adopted for the design of an eccentrically loaded riveted joint.
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Note : This picture is given as additional information and is not a direct example of the current chapter.

Top



Riveted Joints

= 323

1. First of dl, find the centre of gravity G of therivet system.

Let A = Cross-sectional area of each rivet,
Xy, X, X5 €tC. = Distances of rivetsfrom OY, and
Y1, Yo Y5 €tC. = Distances of rivets from OX.
_ + A X + +.. A+ AX + AXg + ..
We know that X = Aut Xt A Sau 2 %
A+A+A+.. n.A
= % ...(where n = Number of rivets)
- + V¥, + Y3+ ...
Similarly, y = Y1 Y2n Y3
Y | p
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Fig. 9.23. Eccentric loaded riveted joint.

2. Introduce two forces P, and P, at the centre of gravity ‘G’ of the rivet system. These forces

are equal and opposite to P as shown in Fig. 9.23 (b).

3. Assuming that all therivetsare of the same size, the effect of P, = Pisto produce direct shear

load on each rivet of equal magnitude. Therefore, direct shear load on each rivet,

S

P
P. = F,acting parallel totheload P.
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4. Theeffect of P, = Pisto produce aturning moment of magnitude P x ewhich tendsto rotate
thejoint about the centre of gravity ‘G’ of therivet systemin aclockwisedirection. Dueto theturning
moment, secondary shear load on each rivet is produced. In order to find the secondary shear load,
the following two assumptions are made :

(a) The secondary shear load is proportional to the radial distance of the rivet under
consideration from the centre of gravity of the rivet system.

(b) Thedirection of secondary shear load is perpendicular to the line joining the centre of the
rivet to the centre of gravity of therivet system..

Let F,, F, F5... = Secondary shear loadson therivets 1, 2, 3...etc.
[, 1, 15... = Radia distance of therivets 1, 2, 3 ...etc. from the centre of
gravity ‘G’ of therivet system.
-, From assumption (a),
F, e<l;F,e<l,and soon

R_FR_FR_
or L, L, T
TR PO
|2 |3

F,=F % E,andF3=F1x E
We know that the sum of the external turning moment due to the eccentric load and of internal
resisting moment of the rivets must be equal to zero.
Pe=F.l +F,L+Fl,+..
I

=F,| 2 2 x|
_F1_1+F1x |1 X 2+F1>< |1 X 3+,,_

% )2+ ()2 + ()2 + ]

From the above expression, the value of F; may be calculated and hence F, and F, etc. are
known. The direction of these forces are at right angles to the lines joining the centre of rivet to the
centre of gravity of therivet system, asshownin Fig. 9.23 (b), and should produce the moment in the
same direction (i.e. clockwise or anticlockwise) about the centre of gravity, asthe turning moment
(P xe).

5. Theprimary (or direct) and secondary shear |oad may be added vectorially to determine the
resultant shear load (R) on each rivet as shown in Fig. 9.23 (c). It may also be obtained by using the
relation

R=(R)? + F2 + 2P, x F x c0s 0

where 0 = Angle between the primary or direct shear load (P,) and
secondary shear load (F).

When the secondary shear load on each rivet is equal, then the heavily loaded rivet will be one
inwhich theincluded angle between the direct shear |oad and secondary shear load isminimum. The
maximum loaded rivet becomes the critical one for determining the strength of the riveted joint.
Knowing the permissible shear stress (1), the diameter of therivet hole may be obtained by using the
relation,

Maximum resultant shear load (R) = % xd2x1

From Table 9.7, the standard diameter of the rivet hole ( d) and the rivet diameter may be
specified, according to IS : 1929 — 1982 (Reaffirmed 1996).
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Notes: 1. Inthe solution of aproblem, the primary and shear loads may be laid off approximately to scale and
generally the rivet having the maximum resultant shear load will be apparent by inspection. The values of the
load for that rivet may then be cal culated.

2. When the thickness of the plate is given, then the diameter of the rivet hole may be checked against
crushing.

3. When the eccentric load P isinclined at some angle, then the same procedure as discussed above may
be followed to find the size of rivet (See Example 9.18).

Example9.14. An eccentricallyloaded lap riveted joint isto be designed for a steel bracket as
shown in Fig. 9.24.

P

Y
AN

\

'<—Q->‘<—Q->‘
o ¢ P
$

¢ |
|
|
&

Fig. 9.24
The bracket plate is 25 mm thick. All rivets are to be of the same size. Load on the bracket,
P = 50 kN ; rivet spacing, C = 100 mm; load arm, e = 400 mm.
Permissible shear stressis 65 MPa and crushing stressis 120 MPa. Determine the size of the
rivets to be used for the joint.
Solution. Given:t=25mm; P=50kN =50 x 103N ; e=400 mm; n=7; 1t = 65 MPa
=65 N/mm?; 6= 120 MPa= 120 N/mm?

50 kN
400 >
Y
A
T
100
3 ~
Fig. 9.25
First of al, let usfind the centre of gravity (G) of the rivet system.
Let x = Distance of centre of gravity from O,

9 = Distance of centre of gravity from OX,
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X;s X5, X5... = Distances of centre of gravity of each rivet from OY, and
Y1 Yo Y- = Distances of centre of gravity of each rivet from OX.
X Xt Xy Xyt Xy + X+ Xy

We know that X N
100 + 200 + 200 + 200
= 5 =100 mm (X =X =%, =0)
and 9:Y1+Y2+Y3+Y:+Y5+YG+Y7
200 + 200 + 200 + 100 + 100
= 7 =1143mm (- y,=y,=0)

.. The centre of gravity (G) of therivet system liesat adistance of 100 mm from OY and 114.3
mm from OX, as shown in Fig. 9.25.

We know that direct shear |oad on each rivet,
P _50x10°

P=—=
S n

The direct shear load acts parallel to the direction of load P i.e. vertically downward as shown
inFig. 9.25.

Turning moment produced by the load P due to eccentricity (€)
= P x e=50x 10% x 400 = 20 x 10° N-mm
Thisturning moment isresisted by seven rivets as shown in Fig. 9.25.

Fvloo—*—loo

Fl

1 2 F 3
T

1 e2
Py iP P

=7143N

All dimensions in mm.
Fig. 9.26

LetF, F, F; F, Fg, Fsand F, be the secondary shear load ontherivets 1, 2, 3, 4,5, 6 and 7
placed at distances|, I, 15, 1,, |5, | and | respectively from the centre of gravity of therivet system
asshownin Fig. 9.26.
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From the geometry of the figure, we find that

L = 1y =/(100) + (200 —114.3% =131.7 mm
200-114.3 = 85.7 mm

. = 1, =/(100)2 + (114.3 —100)? =101 mm

and ls = Ig = /(100)? + (114.3)? =152 mm
Now equating the turning moment dueto eccentricity of theload to the resisting moment of the
rivets, we have

Pxes=

(007 + (1207 + (1) + () + (16)* + (6)° + (17)° ]

[200) + (12)° + 201,)° + 2(15)° |
e =g =1, and = 1)

_1
Iy
i
Iy

F
50 x 103 x 400 = — 21— | 2(131.7)? + (85.7)? + 2(101)? + 2(152)2
7 [ 203L7)7 + (857)7 + 2100 + 2(152)° |

20 x 106 x 131.7 = F,(34 690 + 7345 + 20 402 + 46 208) = 108 645 F,
F, =20x 10°x 131.7/ 108 645 =24 244 N
Smce the secondary shear Ioads are proportional to their radial distances from the centre of
gravity, therefore

F, = Fx2=242a4%x 227 _15776 N

) 1317

I,
F, = leE=F1_24244N (o1, =1)
F, = Fox s = 24 24x 1%L 18503 N

| 1317

1

Load
moves
outwards

Ram moves
outwards

Ram moves
inwards

Oil pressure J
on lower side
of piston Oil pressure

on lower side

of piston

Load

moves i
inwards /
s

Arms of a digger.
Note : This picture is given as additional information and is not a direct example of the current chapter.
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Fo = Fix 5 =24204% 92 = 27 981N
I, 1317
|

Fo= R ><|—6 =F, =27981N (g =1g)
1

F,=F ><||l= F, =18593 N (1=

1
By drawing the direct and secondary shear loads on each rivet, we seethat therivets 3, 4 and 5

are heavily loaded. Let us now find the angles between the direct and secondary shear load for these
three rivets. From the geometry of Fig. 9.26, we find that

100 100

cosf, = —=——=0.76
3 5 131.7
cos6, = @ = @ =0.99
Iy 101
and cos6; = @ = @ = 0.658
Is 152

Now resultant shear load onrivet 3,

Ry = {/(R)? + (F3)? + 2P, x F3 x c0S 0,

:\/(7143)2 + (24 244)? + 2x 7143 x 24 244 x 0.76 = 30 033 N

Resultant shear load on rivet 4,

R,= J(R)? + (Fy)? + 2 P, x F, x cos 8,

= \/(7143)2 + (18 593)2 + 2% 7143 x 18593 x 0.99 = 25684 N
and resultant shear load on rivet 5,

Ry = y(R)2 + (Fs)? + 2 P, x Fy x COS 05

= \/(7143)2 + (27 981)? + 2 x 7143 x 27 981 0.658 = 33121 N

The resultant shear load may be determined graphically, as shown in Fig. 9.26.

From above we see that the maximum resultant shear load isonrivet 5. If d is the diameter of
rivet hole, then maximum resultant shear load (Ry),

33121 = % XdZXT:% xd2x 65=51d2
42 =33121/51=6494 or d=255mm

From Table 9.7, we see that according to IS : 1929-1982 (Reaffirmed 1996), the standard
diameter of therivet hole (d) is 25.5 mm and the corresponding diameter of rivet is 24 mm.

L et us now check the joint for crushing stress. We know that

Max.load Ry 33121
Crushingarea dxt 255x25

= 51.95 N/mm? = 51.95 MPa

Since this stress is well below the given crushing stress of 120 MPa, therefore the design is
satisfactory.

Crushing stress =
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Example 9.15. The bracket as shown in Fig. 9.27, isto carry a load of 45 kN. Determine the
size of therivet if the shear stressis not to exceed 40 MPa. Assume all rivets of the same size.

Solution. Given : P=45kN =45 x 103N ; 1 = 40 MPa=40 N/mm?; e=500 mm; n=9

|
T“““T“’"T P=45kN T
| | l Py
500 LN
'<—! 41 120
I

T & —>— )
120 (b ) —e!):
120 é_e_g}}: ji

(%)
le— S
S

e |

| |<_>.<_>| | '

100 | 100 ‘7\%
I<—250 —>|
I

|
All dimensions in mm.
Fig. 9.27 Fig. 9.28

First of all, let usfind the centre of gravity of therivet system.

Sinceall therivetsare of same size and placed symmetrically, therefore the centre of gravity of
therivet systemliesat G (rivet 5) as shown in Fig. 9.28.

We know that direct shear load on each rivet,

P,=P/n=45x10%/9=5000 N

Thedirect shear load acts paralel to the direction of load P, i.e. vertically downward as shown
inthefigure.

Turning moment produced by the load P due to eccentricity e

=Pe=45x 10% x 500 = 22.5 x 10° N-mm

Thisturning moment tendsto rotate thejoint about the centre of gravity (G) of therivet system
inaclockwise direction. Dueto thisturning moment, secondary shear load on each rivet is produced.
It may be noted that rivet 5 does not resist any moment.

LetF, F, F, F,, F F,, Fgand F be the secondary shear load onrivets 1, 2, 3, 4, 6, 7, 8 and
9atdistancesl,, I, 15,1, 1, |5, 15 and 1 from the centre of gravity (G) of therivet system asshownin
Fig. 9.28. From the symmetry of the figure, we find that

l,=1,=1,=1y= /(100)2+(120)2 =156.2 mm

Now equating the turning moment due to eccentricity of theload to the resisting moments of the
rivets, we have

Pxe= % (107 + (15)7 + (13)° + ()% + (I6)” + (11)% + (1g)* + (1g)* ]

1
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= % [401)2 + 2('2)2 + 2('4)2] w1 =l=E =g = 1gand ], = 1)
1

F
45 x 108 x 500 = —1— | 4(156.2)% + 2(120)? + 2(100)? | = 9732 F
a5 | 4156.2)” + 2(120)” + 2(100)* | 3

or F,=45x103x500/973.2=23120N
Since the secondary shear loads are proportional to their radial distances from the centre of
gravity (G), therefore

Iy 120
Fp= Fyx | =Fg=23120x o7 =17 762N (=1
I3
Fy=Fyxj =F =F,=F;=23120N (gl =1g=1)
14
and Fy=Fyx ) =Fs=23120x ;-5 =14800N (1, =19

The secondary shear loads acts perpendicular to the line joining the centre of rivet and the
centre of gravity of therivet system, as shown in Fig. 9.28 and their direction is clockwise.

By drawing the direct and secondary shear loads on each rivet, we see that therivets 3, 6 and 9
are heavily loaded. Let us now find the angle between the direct and secondary shear loads for these
rivets. From the geometry of the figure, we find that

100 _ 100 _
l,  156.2
*. Resultant shear load on rivets 3 and 9,

Ry= Ry = {(R)? + (F3)® + 2 P, x Fy x cos B

= \/(5000)2 + (23 120)2 + 2x 5000 % 23120 x 0.64 = 26 600 N
..(" F3=Fgand cos 0, = cos 6,)

Cos 0, = C0s By =

and resultant shear load on rivet 6,
Ry,= P,+F;=5000+ 14 800 =19 800 N
The resultant shear load (R, or R,) may be determined graphically as shownin Fig. 9.28.
From above we see that the maximum resultant shear load ison rivets 3 and 9.
If disthe diameter of the rivet hole, then maximum resultant shear load (R;),

26 600 = g x d2 xr:% xd2x 40 =31.42d>2

. d?=26600/31.42=846 or d=29mm

From Table 9.7, we see that according to IS : 1929 — 1982 (Reaffirmed 1996), the standard
diameter of therivet hole (d) is 29 mm and the corresponding diameter of therivet is27 mm. Ans.

Example 9.16. Find the value of P for the joint shown in Fig. 9.29 based on a working shear
stress of 100 MPa for therivets. The four rivets are equal, each of 20 mm diameter.

Solution. Given:t =100 MPa=100 N/mm?;n=4;d=20mm

We know that the direct shear load on each rivet,

P, = E:;:O.ZSP
n
Thedirect shear load on each rivet actsin the direction of theload P, asshownin Fig. 9.30. The

centre of gravity of therivet group will lie at E (because of symmetry). From Fig. 9.30, we find that
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the perpendicular distance from the centre of gravity E to theline of action of theload (or eccentricity),
EC = e=100 mm
-, Turning moment produced by theload at the centre of gravity (E) of therivet system dueto
eccentricity
= P.e=P x 100 N-mm (anticlockwise)
Thisturning moment is resisted by four rivetsasshowninFig. 9.30. LetF,, F, F. and F; be

the secondary shear load on therivets, A, B, C, and D placed at distancesl ,, I, | - and I ; respectively
from the centre of gravity of therivet system.

[==200->-100¢100 =200
<€ 200> 200->< 200> ol I g AL AF,
- —P— - - —P— FPp—PeeEPp—pa
- D :i: A—>
[P, YP, YP, Pw

s

Fe

All dimensions in mm.
Fig. 9.29 Fig. 9.30
From Fig. 9.30, we find that
l, =15=200+100=300mm;andl; =I.=100 mm
We know that

F F

Pxe=2[(a)7 +(g)* +(c) + (p)? | =2 [ 202)" + 2015)? ]
A A

w(o =l andlg =10

FA

P x 100 300

F, = Px100x 3/2000=3P/20=0.15P N

S| nce the secondary shear loads are proportional to their radial distances from the centre of
gravity, therefore

x Fa

2000
[2 (300)2 + 2 (100) ] ;

= =FA><|B—3P 10 _ 505N
B l, 20 "~ 300
F = Ax'C ELNE T IN
c I, 20 300
lpb _3P_300
- Fax2=""x="==015PN
and Fo = "7, " 20 " 300

The secondary shear loads on each rivet act at right angles to the lines joining the centre of the
rivet to the centre of gravity of therivet system as shown in Fig. 9.30.

Now let usfind out the resultant shear load on each rivet. From Fig. 9.30, we find that
Resultant load on rivet A,

R, =P,~F,=025P-015P=0.10P
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Resultant load on rivet B,
Ry =P,—F;=025P-005P=0.20P
Resultant load onrivet C,
R. =P,+F.=025P+0.05P=0.30P
and resultant load on rivet D,
R, =P,+F,=025P+0.15P=0.40P
From above we see that the maximum shear load is on rivet D. We know that the maximum
shear load (Ry),

040P = % XdZXT:% (20)2 100 = 31 420

- P =31420/0.40=78550N=7855kN Ans.
Example9.17. Abracket isriveted to a column by 6 rivets of equal sizeasshownin Fig. 9.31.

It carriesaload of 60 kN at a distance of 200 mm fromthe centre of the column. If the maximum
shear stressin therivet islimited to 150 MPa, deter mine the diameter of the rivet.

75 mm
60 kKN
l«— 200 mm——>1
T | ® ! &
75 mm | 75 mm
P
75 mm !
R RS | @ ‘
50mm—>| + |<—50mm 4>~50mm¢50mm}<7

Fig. 9.31 Fig. 9.32

Solution. Given:n=6; P=60kN =60 x 103N ; e= 200 mm ; t = 150 MPa= 150 N/mm?
Sincetherivetsare of equal sizeand placed symmetrically, thereforethe centre of gravity of the
rivet system liesat G as shown in Fig. 9.32. We know that ditect shear load on each rivet,

3
p = P_80x10" _15000N
S n 6
LetF,, F,, F; F,, F¢ and F, be the secondary shear load on therivets 1, 2, 3, 4, 5 and 6 at
distancesl, ., |5, 1,, I and | ; from the centre of gravity (G) of therivet system. From the symmetry of

the figure, we find that

and |, =
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Now equating the turning moment due to eccentricity of theload to the resisting moments of the
rivets, we have

Pxe = % [(1)7 + (2% + (12)° + (12)° + (15)° + (1)° ]
1

- %[401)2 +20,)°]

60 x 10° x 200 = %11 [4(90.1)? + 2(50)7] = 416 F,

or F, = 60 x 10° x 200/ 416 = 28 846 N
Since the secondary shear loads are proportional to the radial distances from the centre of

gravity, therefore

F, = lell—i:28846x%:16008N

F, = le'l—iz F, = 28846 N (1= 1)

F, = lell—‘l‘= F, = 28846 N (=)

Fo = lell_i: F, =16 008 N (1= 1)
and Fy = lell—ez F, = 28846 N (=1

1
By drawing the direct and secondary shear |oads on each rivet, we seethat therivets 1, 2 and 3

are heavily loaded. L et us now find the angles between the direct and secondary shear |oadsfor these
threerivets. From the geometry of the figure, we find that

5 50
cos 91 = COS 93 = |_ = ﬁ = 0.555
1 .

Excavator in action
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*. Resultant shear load on rivets 1 and 3,

R = R =(R)? + (F)° + 2 P, x Fy x cos by
..( F,=F;and cos @, = cos6,)

= \/(10 000)? + (28 846)2 + 2x 10 000 x 28 846 x 0.555

= 100 x 10° + 832 x 10° + 320 x 10° = 35 348 N
and resultant shear load on rivet 2,
R, = P+ F,= 10000+ 16 008 = 26 008 N

From above we see that the maximum resultant shear load is on rivets 1 and 3. If d is the
diameter of rivet hole, then maximum resultant shear load (R, or R,),

35384 = % ><d2><t=% x d2x 150 = 117.8d2

d2 =35384/117.8=3004 or d=17.33mm

From Table 9.7, we see that according to IS : 1929 — 1982 (Reaffirmed 1996), the standard
diameter of therivet hole( d) is19.5 mm and the corresponding diameter of therivetis18 mm. Ans.

Example 9.18. A bracket in the form of a plate isfitted to a column by means of four rivets A,
B, C and D in the same vertical line, as shown in Fig. 9.33. AB = BC = CD = 60 mm. E isthe
mid-point of BC. A load of 100 kN is applied to the bracket at a point F which is at a horizontal
distance of 150 mfrom E. Theload acts at an angle of 30° to the horizontal. Deter mine the diameter
of therivetswhich are made of steel having ayield stressin shear of 240 MPa. Take a factor of safety
of 1.5.

What would be the thickness of the plate taking an allowable bending stress of 125 MPafor the
plate, assuming its total width at section ABCD as 240 mm?

Solution. Given:n=4; AB=BC=CD =60mm ; P=100kN =100 x 10° N; EF = 150 mm;
6 =30°; 1, = 240 MPa= 240 N/mm?; F.S = 15; 6, = 125 MPa = 125 N/mm?; b = 240 mm

= ¢t

All dimensions in mm.

Fig. 9.33 Fig. 9.34
Diameter of rivets
Let d = Diameter of rivets.
We know that direct shear load on each rivet,
o - P _100x10° — 25000 N
S n 4
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The direct shear load on each rivet acts in the direction of 100 kN load (i.e. at 30° to the
horizontal) asshownin Fig. 9.34. The centre of gravity of therivet group liesat E. From Fig. 9.34, we
find that the perpendicular distance from the centre of gravity E to the line of action of the load (or
eccentricity of theload) is

1
EG = e=EF sin 30° = 150 x > =75mm
-, Turning moment produced by the load P due to eccentricity
= Pe =100 x 10 x 75 = 7500 x 10° N-mm
Thisturning moment isresisted by four bolts, asshowninFig. 9.34. LetF,, F5, F. and F; be

the secondary shear load on therivets, A, B, C, and D placed at distancesl ,, I, | . and | ; respectively
from the centre of gravity of therivet system.

From Fig. 9.34, wefind that
I, =1p=60+30=90mmandl; =1-.=30mm

A
We know that
Pxe =2 21027 + () + ()" + o) =2 ~ (20,07 + 20)7]
et =1 andl, =1
7500 x 10% = F—A [2(90)2 +2(30)° | = 200 F,

= 7500 x 103/ 200 = 37 500 N

S| nce the secondary shear Ioads are proportional to their radial distances from the centre of
gravity, therefore,

I 30

Fg = FA><I£=37500><%=12500N
A
Fo = FaXx le _37500x X -12500 N
A <
_ o 9
and Fo = Fa x-2=37500x — = 37500 N
I 9

Now let usfind the resultant shear load on each rivet.

From Fig. 9.34, we find that angle between F, and P_,= 6, = 150°
Angle between F and P, = 6, = 150°
Angle between F. and P, = 6. = 30°
Angle between F, and P, = 6, = 30°

*. Resultant load on rivet A,

R, = \/(F?S)z + (Fa)? + 2P, x Fy X 00S 0,

= \/(25 000)? + (37 500)? + 2 x 25 000 x 37 500 x cos 150°

= /625 x 10° + 1406 x 10° — 1623.8 x 10° =15 492 N
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Resultant shear load on rivet B,

R, = \/(F;.)Z + (Fg)? + 2P, x Fg x cos 6

= \/(25 000)? + (12 500) + 2 x 25 000 x 12 500 x cos 150°

= /625x 10° + 156.25 x 10° — 541.25x 10° =15 492 N
Resultant shear load on rivet C,

Re = ()2 + (Fc)? + 2P, x Fe x cos 6

= \/(25 000)? + (12 500)? + 2 x 25 000 x 12 500 x cos 30°

= /625x 10° + 156.25 x 10° + 541.25x 10° = 36 366 N
and resultant shear load on rivet D,

R, = \/(Ps)2 + (Fp)? + 2P, x Fy x cos 6,

:\/(25 000)? + (37 500)2 + 2 25 000 x 37 500 x cos 30°

= /625 10° + 1406 x 10° + 1623.8x 10° = 60 455 N

The resultant shear load on each rivet may be determined Al 300P‘Y
graphically asshowninFig. 9.35. P, _ —> Fy
From above we see that the maximum resultant shear load is 4 — J|‘ - /A
on rivet D. We know that maximum resultant shear load (R, ), P

T 2 T, 2. Ty
= —xd°xT=—X%xd*x——
60455 4 4 F.S

= T d2x 20 105742
4 15

. d?=60455/125.7 = 481
or d=21.9mm

From Table 9.7, we see that the standard diameter of therivet
hole (d) is 23.5 mm and the corresponding diameter of rivet is
22 mm. Ans.
Thickness of the plate

Let t = Thickness of theplatein
mm,
o, = Allowable bending stress
for the plate
= 125 MPa= 125 N/mm? ...(Given)
b = Width of the plate = 240 mm ...(Given)

Consider the weakest section of the plate (i.e. the section where it receives four rivet holes of
diameter 23.5 mm and thicknesst mm) as shown in Fig. 9.36. We know that moment of inertia of the
plate about X-X,

lyx =M.l of solid plate about X-X—*M.I. of 4 rivet holes about X-X

* M.l of four rivet holes about X-X
= M.I. of four rivet holes about their centroidal axis + 2 A(hl)2 +2 A(h2)2

where A = Area of rivet hole.

Contents

Top



Contents

Riveted Joints = 337

1—12 x t (240)° — [4>< 1—12 xt(235)% + 2x t x 23,5 (30° + 902)}

1152 x 103t — [4326 t + 423 x 10%t] = 724 674 t mm*

Bending moment,

M =Pxe=100x103x75 —+——_—_i T
= 7500 x 10% N-mm noy 0
Distance of neutral axis (X-X) from the top most fibre hy :_227_ :37)_
of the plate, X A S _/_32) x
b 240 h ¥
=—=—"-=120 mm 60
Y7272 4y
M o T\I
We know that T 7b et d=235
All dimensions in mm.
7500x10° _ 125 Fig. 9.36
o 724674t 120
10.35
1035 104 or t===-=995sy10mm  Aps
" 104
EXERCISES

1. A singleriveted lap joint is made in 15 mm thick plates with 20 mm diameter rivets. Determine the
strength of thejoint, if the pitch of rivetsis 60 mm. Teke s, = 120 MPa; 1= 90 MPaand 6, = 160 MPa.
[Ans. 28 280 N]

2. Two plates 16 mm thick are joined by adouble riveted lap joint. The pitch of each row of rivetsis 90
mm. The rivets are 25 mm in diameter. The permissible stresses are as follows :

6, = 140 MPa; 1 = 110 MPaand 6, = 240 MPa
Find the efficiency of the joint. [Ans. 53.5%]

3. A singleriveted double cover butt joint is made in 10 mm thick plates with 20 mm diameter rivets
with a pitch of 60 mm. Calculate the efficiency of the joint, if

6, = 100 MPa; 1 = 80 MPaand 6, = 160 MPa. [Ans. 53.8%]

4. A double riveted double cover butt joint is made in 12 mm thick plates with 18 mm diameter rivets.
Find the efficiency of the joint for a pitch of 80 mm, if

6,= 115 MPa; 1 = 80 MPaand 6, = 160 MPa. [Ans. 62.6%]

5. A doubleriveted lap joint with chain riveting is to be made for joining two plates 10 mm thick. The
alowable stresses are : 6, = 60 MPa; T = 50 MPaand o, = 80 MPa. Find the rivet diameter, pitch of
rivets and distance between rows of rivets. Also find the efficiency of the joint.

[Ans.d=20mm; p=73mm; p,=38mm; n =71.7%]
6. A tripleriveted lap joint with zig-zag riveting is to be designed to connect two plates of 6 mm thick-

ness. Determine the dia. of rivet, pitch of rivets and distance between the rows of rivet. Indicate how
the joint will fail. Assume : 6, = 120 MPa; T = 100 MPaand 6, = 150 MPa.

[Ans.d=14mm; p=78 mm; p, = 35.2 mm]

7. A doubleriveted butt joint, in which the pitch of the rivetsin the outer rows istwice that in the inner
rows, connectstwo 16 mmthick plateswith two cover plates each 12 mm thick. The diameter of rivets
is22 mm. Determine the pitches of therivetsin the two rowsif the working stresses are not to exceed
the following limits:
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10.

11.

12.

13.

14.

15.

16.

Tensile stress in plates = 100 MPa; Shear stress in rivets = 75 MPa; and bearing stress in rivets and
plates = 150 MPa.
Make afully dimensioned sketch of the joint by showing at least two views.

[Ans. 107 mm, 53.5 mm]
Design adouble riveted double strap butt joint for the longitudinal seam of a boiler shell, 750 mm in
diameter, to carry a maximum steam pressure of 1.05 N/mm? gauge. The allowable stresses are :s

6, =35MPa; 1 =28 MPaand 6, = 52.5 MPa

Assume the efficiency of the joint as 75%.

[Ans.t=16mm;d=25mm; p=63mm; p,=37.5mm; t, =t,=10mm ; m=37.5mm]
Design atriple riveted double strap butt joint with chain riveting for a boiler of 1.5 m diameter and
carrying apressure of 1.2 N/mm?. The allowable stresses are :

6, = 105MPa; 1 =77 MPaand 6, = 162.5 MPa [Ans. d =20 mm; p =50 mm]
Design atripleriveted longitudinal double strap butt joint with unequal strapsfor aboiler. Theinside
diameter of the longest course of the drum is 1.3 metres. The joint is to be designed for a steam
pressure of 2.4 N/mm?. The working stresses to be used are :
6, =77 MPa; 1 =62 MPaand 6, = 120 MPa
Assume the efficiency of the joint as 81%.

[Ans.t=26mm; d=3L5mm; p=200mm;t, =19.5mm; t,=16.5mm; m=47.5mm]
Design the longitudinal and circumferential joint for a boiler whose diameter is 2.4 metres and is
subjected to a pressure of 1 N/mm?. The longitudinal joint is atriple riveted butt joint with an effi-
ciency of about 85% and the circumferentia joint is a double riveted lap joint with an efficiency of
about 70%. The pitch in the outer rows of the rivets is to be double than in the inner rows and the
width of the cover platesis unequal. The allowable stresses are :

6,=77MPa; 1 =56 MPaand 6, = 120 MPa
Assume that the resistance of rivets in double shear is 1.875 times that of single shear. Draw the
complete joint.
A tripleriveted butt joint with equal double cover plates (zig-zag riveting) is used for the longitudinal
joint of aLancashireboiler of 2.5 minternal diameter. Theworking steam pressureis1.12 N/mm? and
the efficiency of the joint is 85 per cent. Calculate the plate thickness for mild steel of 460 MPa
ultimate tensile strength. Assume ratio of tensile to shear stresses as 7/6 and factor of safety 4. The
resistance of the rivets in double shear is to be taken as 1.875 times that of single shear. Design a
suitable circumferential joint also.
Two lengths of mild steel flat tie bars 200 mm x 10 mm are to be connected by adoubleriveted double
cover butt joint, using 24 mm diameter rivets. Design thejoint, if the allowableworking stressesare 112
MPain tension, 84 MPain shear and 200 MPain crushing.
[Ans.n =5; 1 =88%]

Two mild steel tie bars for a bridge structure are to be joined by a double cover butt joint. The
thickness of thetie bar is20 mm and carries atensileload of 400 kN. Design thejoint if the allowable
stressesare: o, = 90 MPa; Tt =75 MPaand o, = 150 MPa.
Assume the strength of rivet in double shear to be 1.75 times that of in single shear.

[Ans.b=150mm ; d=27mm;n=6;m=90%]
Two lengths of mild steel tierod having width 200 mm are to be connected by means of L ozengejoint
with two cover platesto withstand atensileload of 180 kN. Completely design thejoint, if the permis-
sible stresses are 80 MPain tension; 65 MPain shear and 160 MPain crushing. Draw aneat sketch of
the joint.

[Ans.t=13mm;d=22mm;n=5;n=86.5%]
A bracket is supported by means of 4 rivets of same size, as shown in Fig. 9.37. Determine the
diameter of the rivet if the maximum shear stressis 140 MPa. [Ans. 16 mm]
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All dimensions in mm. All dimensions in mm.
Fig. 9.37 Fig. 9.38
A bracket isriveted to acolumm by 6 rivets of equal size asshown

in Fig. 9.38.
It carries aload of 100 kN at a distance of 250 mm from the col-
umn. If the maximum shear stressin therivet islimited to 63 MPa,
find the diameter of the rivet. [Ans. 41 mm]
A bracket in the form of aplateis fitted to a column by means of
four rivets of the same size, as shown in Fig. 9.39. A load of 100
kN isapplied to the bracket at an angle of 60° to the horizontal and
the line of action of the load passes through the centre of the bot-
tom rivet. If the maximum shear stressfor the material of the rivet
is 70 MPa, find the diameter of rivets. What will be the thickness
of the plate if the crushing stress is 100 MPa?
[Ans. 29 mm; 1.5 mm]

All dimensions in mm.
Fig. 9.39

QUESTIONS

What do you understand by the term riveted joint? Explain the necessity of such ajoint.

What are the various permanent and detachable fastenings? Give a complete list with the different
types of each category.

Classify the rivet heads according to Indian standard specifications.

Wheat is the material used for rivets?

Enumerate the different types of riveted joints and rivets.

What is an economical joint and where does it find applications?

What is the difference between caulking and fullering? Explain with the help of neat sketches.
Show by neat sketches the various ways in which ariveted joint may fail.

What do you understand by the term *efficiency of ariveted joint’? According to 1.B.R., what is the
highest efficiency required of ariveted joint?

Explain the procedure for designing a longitudinal and circumferential joint for a boiler.
Describe the procedure for designing alozenge joint.

What is an eccentric riveted joint? Explain the method adopted for designing such ajoint?

OBJECTIVE TYPE QUESTIONS
A rivet is specified by
(a) shank diameter (b) length of rivet
(c) typeof head (d) length of tail
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2. Thediameter of therivet holeisusudly ............ the nominal diameter of the rivet.
(a) equal to (b) lessthan (c) morethan
3. Therivet head used for boiler plate riveting is usually
(a) snap head (b) pan head
(c) counter sunk head (d) conica head
4, According to Unwin’s formula, the relation between diameter of rivet hole (d) and thickness of plate
(t) isgiven by
(@ d=t (b) d=16./t
() d=2t (d) d=6t

whered and t arein mm.
5. A linejoining the centres of rivets and parallel to the edge of the plate is known as

(@) back pitch (b) margina pitch
(¢) gaugeline (d) pitchline

6. The centreto centre distance between two consecutiverivetsin arow, iscalled
(@ margin (b) pitch
(c) back pitch (d) diagonal pitch

7. The objective of caulking in ariveted joint isto make the joint
(a) freefrom corrosion (b) stronger in tension
(c) freefrom stresses (d) lesk-proof

8. Alapjointisawaysin .....shear.
(@) single (b) double

9. A double strap butt joint (with equal straps) is
(@) awaysinsingle shear (b) awaysindouble shear
(c) either in single shear or double shear (d) any oneof these

10. Which of the following riveted butt joints with double straps should have the highest efficiency as
per Indian Boiler Regulations?

(@) Singleriveted (b) Doubleriveted

(c) Tripleriveted (d) Quadrupleriveted
11. If the tearing efficiency of ariveted joint is 50%, then ratio of diameter of rivet hole to the pitch of

rivetsis

(& 0.20 (b) 0.30

(c) 0.50 (d) 0.60
12.  The strength of the unriveted or solid plate per pitch length is equal to

(@) pxdxo, (b) pxtxo,

(© (p-t)dxo, (@ (p-d)txo,
13. Thelongitudina joint in boilersis used to get the required

(a) length of boiler (b) diameter of boiler

(c) length and diameter of boiler (d) efficiency of boiler

14. For longitudinal joint in bailers, the type of joint used is
(a) lapjoint with onering overlapping the other  (b) buitt joint with single cover plate

(c) buitt joint with double cover plates (d) any oneof these
15. According to Indian standards, the diameter of rivet hole for a 24 mm diameter of rivet, should be
(& 23mm (b) 24 mm
(c0 25mm (d) 26 mm
ANSWERS

1. (a) 2. (¢ 3. (a) 4. (d) 5. (b)

6. (b) 7. (d) 8. (a) 9. (b 10. (d)

11. (o) 12. (b) 13. (b) 14. (c) 15. (c)
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P, = (p—d)txo,=(100 x 25) 20 x 120 = 180 000 N

P.=nxdxtxgc,=2x25x20x150=150000N
. Strength of the joint
= Leastof P, P;and P,
=150 000 N
Efficiency of the joint
We know that the strength of the unriveted or solid plate,
P=pxtxo,=100x 20 x 120
=240000 N
Efficiency of thejoint
_Lesstof R, R and R _ 150000
- p ~ 240000
=0.625 or 62.5% Ans.
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(o) d=2t

(© (p-t)dxg,

(c) butt joint with double cover plates

(d)
(d)
(d)
(d)

d=6t
any one of these
(p-d)txo,

any one of these
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Welded Joints.

Polar Moment of Inertia
and Section Modulus of
Welds.

10.1 Introduction

A welded joint isapermanent joint which is obtained
by the fusion of the edges of the two parts to be joined
together, with or without the application of pressure and a
filler material. The heat required for the fusion of the
material may be obtained by burning of gas (in case of gas
welding) or by an electric arc (in case of electric arc
welding). Thelatter method isextensively used because of
greater speed of welding.

Welding is extensively used in fabrication as an
alternative method for casting or forging and as a
replacement for bolted and riveted joints. It isalso used as
arepair medium e.g. to reunite metal at acrack, to build up
a small part that has broken off such as gear tooth or to
repair aworn surface such as a bearing surface.
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10.2 Advantages and Disadvantages of Welded Joints over Riveted Joints
Following are the advantages and disadvantages of welded joints over riveted joints.
Advantages

9.

10.

Thewelded structuresare usually lighter than riveted structures. Thisisdueto thereason,
that in welding, gussets or other connecting components are not used.

The welded joints provide maximum efficiency (may be 100%) which is not possiblein
case of riveted joints.

Alterations and additions can be easily made in the existing structures.
Asthe welded structure is smooth in appearance, therefore it looks pleasing.
In welded connections, the tension members are not weakened asin the case of riveted joints.

A welded joint has a great strength. Often a welded joint has the strength of the parent
metal itself.

Sometimes, the members are of such a shape (i.e. circular steel pipes) that they afford
difficulty for riveting. But they can be easily welded.

Thewelding provides very rigid joints. Thisisin line with the modern trend of providing
rigid frames.

It is possible to weld any part of a structure at any point. But riveting requires enough
clearance.

The process of welding takes less time than the riveting.

Disadvantages

1

2.
3.

4.,

Since there is an uneven heating and cooling during fabrication, therefore the members
may get distorted or additional stresses may develop.

It requires ahighly skilled labour and supervision.

Since no provision iskept for expansion and contraction in the frame, therefore thereisa
possibility of cracks developinginit.

Theinspection of welding work is more difficult than riveting work.

10.3 Welding Processes

1

2.

These processes are discussed in
detail, in the following pages.

10.4 Fusion Welding
In case of fusion welding, the partsto

The welding processes may be broadly classifi ed into the following two groups:

Welding processes that use heat
aonee.g. fusion welding.
Welding processes that use a | &
combination of heat and pressure
e.g. forgewelding.

be jointed are held in position while the
molten metal is supplied to the joint. The
molten metal may come from the parts
themselves(i.e. parent metal) or filler metal
which normally havethe composition of the
parent metal. The joint surface become
plastic or even molten because of the heat

Fusion welding at 245°C produces permanent
molecular bonds between sections.
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fromthe molten filler metal or other source. Thus, when the molten metal solidifiesor fuses, thejoint
isformed.
The fusion welding, according to the method of heat generated, may be classified as:
1. Thermitwelding, 2. Gaswelding, and 3. Electricarc welding.

10.5 Thermit Welding

Inthermit wel ding, amixture of iron oxide and aluminium called thermitisignited and theiron
oxide is reduced to molten iron. The molteniron is poured into a mould made around the joint and
fuses with the parts to be welded. A major advantage of the thermit welding isthat all parts of weld
section are molten at the same time and the weld cools almost uniformly. This resultsin a minimum
problem with residual stresses. It isfundamentally a melting and casting process.

Thethermit weldingisoften used injoining iron and steel partsthat aretoo large to be manufac-
tured in one piece, such asrails, truck frames, locomotive frames, other large sections used on steam
and rail roads, for stern frames, rudder frames etc. In steel mills, thermit electric welding isemployed
to replace broken gear teeth, to weld new necks on rolls and pinions, and to repair broken shears.

10.6 Gas Welding

A gas welding is made by applying the flame of an oxy-acetylene or hydrogen gas from a
welding torch upon the surfaces of the prepared joint. The intense heat at the white cone of the flame
heats up the local surfacesto fusion point while the operator manipulates awelding rod to supply the
metal for the weld. A flux is being used to remove the slag. Since the heating rate in gaswelding is
slow, therefore it can be used on thinner materials.

10.7 Electric Arc Welding
In electric arc welding, thework is prepared in the same manner asfor gaswelding. Inthis case
thefiller metal issupplied by metal welding electrode. The operator, with hiseyesand face protected,
strikes an arc by touching the work of base metal with the electrode. The base metal in the path of the
arc stream ismelted, forming a pool of molten metal, which seemsto be forced out of the pool by the
blast from thearc, asshownin Fig. 10.1. A small Electrode
depression is formed in the base metal and the Molten pool Extruded cod
molten metal is deposited around the edge of this g y /_ truded coating
depression, whichiscaledthearccrater. Theslag i / ,
is brushed off after the joint has cooled. Deposited A Gaseous shield
The arc welding does not require the metal  metal v Arc stream

to be preheated and since the temperature of the \ S Base metal
arcisquite high, therefore the fusion of the metal })\)‘)‘)l\} f/ﬁf}'i’;' 3 AN
is almost instantaneous. There are two kinds of '//

arc weldings depending upon thetype of electrode.
1. Un-shielded arc welding, and Fig. 10.1. Shielded electric arc welding.
2. Shielded arc welding.

When alargedectrodeor filler rodisused for welding, it isthen said to be un-shielded arc welding.
Inthis case, the deposited weld metal whileit ishot will absorb oxygen and nitrogen from the atmosphere.
This decreases the strength of weld metal and lower its ductility and resistance to corrosion.

In shielded arc welding, the welding rods coated with solid material are used, as shownin Fig.
10.1. Theresulting projection of coating focusesaconcentrated arc stream, which protectsthe globules
of metal from the air and prevents the absorption of large amounts of harmful oxygen and nitrogen.

10.8 Forge Welding

In forge welding, the partsto be jointed arefirst heated to a proper temperature in afurnace or
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forge and then hammered. Thismethod of welding
israrely used now-a-days. An electric-resistance
welding is an example of forge welding.

Inthiscase, the partsto bejoined are pressed
together and an electric current is passed from one
part to the other until the metal is heated to the
fusion temperature of the joint. The principle of
applying heat and pressure, either sequentially or
simultaneoudly, is widely used in the processes
known as* spot, seam, projection, upset and flash
welding.

10.9 Types of Welded Joints

Following two types of welded joints are Forge welding.
important from the subject point of view:
1. Lapjoaintor fillet joint, and 2. Buttjoint.
(a) Single transverse. (b) Double transverse. (c) Paralé fillet.

Fig. 10.2. Types of lap or fillet joints.

10.10 Lap Joint

Thelapjoint or thefillet joint is obtained by overlapping the plates and then welding the edges
of the plates. The cross-section of thefillet is approximately triangular. Thefillet joints may be

1. Singletransversefillet, 2. Doubletransversefillet, and 3. Parallel fillet joints.

Thefilletjointsare shownin Fig. 10.2. A singletransversefillet joint hasthe disadvantage that
the edge of the plate which is not welded can buckle or warp out of shape.

10.11 Butt Joint

The butt joint is obtained by placing the plates edge to edge as shown in Fig. 10.3. In butt welds,
the plate edges do not require bevelling if the thickness of plateislessthan 5 mm. On the other hand, if
the plate thicknessis 5 mm to 12.5 mm, the edges should be bevelled to V or U-groove on both sides.

(a) Square butt joint.  (b) Single V-butt (c) Single U-butt (d) Double V-butt (e) Double U-butt
joint. joint. joint. joint.

Fig. 10.3. Types of butt joints.

* For further details, refer author’s popular book ‘A Textbook of Workshop Technology’.
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The butt joints may be
1. Squarebutt joint, 2. SingleV-buttjoint 3. Single U-buttjoint,
4. Double V-butt joint, and 5. Double U-butt joint.

Thesejoints are shown in Fig. 10.3.
The other type of welded joints are corner joint, edge joint and T-joint as shown in Fig. 10.4.

(a) Corner jaint. (b) Edgejoint. (c) T-joint.

Fig. 10.4. Other types of welded joints.
The main considerations involved in the selection of weld type are:
1. The shape of the welded component required,
2. Thethickness of the plates to be welded, and
3. Thedirection of the forces applied.

10.12 Basic Weld Symbols

The basic weld symbols according to IS : 813 — 1961 (Reaffirmed 1991) are shown in the
following table.

Table 10.1. Basic weld symbols.

S No. Form of weld Sectional representation Symbol

1. Fillet

2. Square butt

3. Single-V butt

4. Double-V butt

5. Single-U butt

.
2 N\
7R
Z \
. NN
6. Double-Ubut %\
|

7. Single bevel butt

8. Double bevel butt

oy | Y| OO 0| 9|3
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S. No. Form of weld Sectional representation Symbol
9. Single-J butt % -|>
10. Double-J butt m E
11. Bead (edge or seal) =

=
12. Stud % J_
13. Sealing run m O
. VR X
T e XX
16. Mashed seam % I><><><]
Before After
17. Plug ﬁ\ /
-
18. Backing strip i NN @ \ —
19. Stitch % >1 K
20. Projection M % ﬁ
Before
21. Flash |/|
Rod or bar
22. Butt resistance or v !
pressure (upset) i f
/ \j
Rod or bar Tube
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In addition to the above symbols, some supplementary symbols, according to 1S:813 — 1961
(Reaffirmed 1991), are also used as shown in the following table.

Table 10.2. Supplementary weld symbols.

S. No. Particulars Drawing representation Symbol
1. Weld all round /@— O
2. Field weld /. .
3. Flush contour .
4. Convex contour /_IL ~
S. Concave contour \- g

G
6. Grinding finish G
7. Machining finish / ZS M
M
8. Chipping finish /_IL C

10.14 Elements of a Welding Symbol

A welding symbol consists of the following eight elements:

1

3.
5.
7.

Referenceline,

Basic weld symbols,
Supplementary symbols,

Tail, and

2. Arrow,

6. Finish symbols,

4. Dimensions and other data,

8. Specification, process or other references.

10.15 Standard Location of Elements of a Welding Symbol
According to Indian Standards, 1S: 813 — 1961 (Reaffirmed 1991), the elements of awelding
symbol shall have standard locations with respect to each other.

Thearrow pointsto the location of weld, the basic symbolswith dimensions arelocated on one
or both sides of reference line. The specification if any is placed in thetail of arrow. Fig. 10.5 shows
the standard locations of welding symbols represented on drawing.

Contents



Contents

348 = A Texthook of Machine Design

— Length of weld
Finish symbol Unwelded length
Contour symbol \
- F
_S'ZG Field weld symbol
Reference line
Weld all around symbol
- g Doly

Specification s .'(% BS(L-p
process or A
other reference—> T
Tail (omit when i > = 5 ) /
reference is not A .<3
used) Arrow connecting reference

. line to arrow side of joint,
Basic weld symbol to edge prepared member
or detail reference or both

Fig. 10.5. Standard location of welding symbols.
Some of the examples of wel ding symboal srepresented on drawing are shown in thefollowing table.
Table 10.3. Representation of welding symbols.

S No. Desired weld Representation on drawing
1. Fillet-weld each side of 5mm 5R\
Tee- convex contour
! )
> <5 mn:A_

2. Single V-butt weld -machining
finish § M

3, Double V- butt weld %m\i 7NN
Plug weld - 30° Groove- } : _¢_ { } : ?i_ $

| |
4 angle-flush contour
% 103
10 mm 30°
— 5n(80) 40 (100)
5. Staggered intermittent fillet welds | 5 40(100)
60 ‘_‘;_’ \
ol 100
Y
100/ ] 40
40] | 100
80 ZV(-)
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10.16 Strength of Transverse Fillet Welded Joints

We have aready discussed that thefillet or lap joint is obtained by overlapping the plates and
then welding the edges of the plates. The transversefillet welds are designed for tensile strength. Let
us consider asingle and double transversefillet welds as shown in Fig. 10.6 (a) and (b) respectively.

[ 1 P
I
I

a2 f s L
g g
(a) Single transverse fillet weld. (b) Double transverse fillet weld.

Fig. 10.6. Transverse fillet welds.

In order to determine the strength of the fillet joint, it is assumed that the section of fillet isa
right angled triangle ABC with hypotenuse AC making equal angleswith other two sides AB and BC.
The enlarged view of thefillet is shown in Fig. 10.7. The length of each sideisknown asleg or size
of theweld and the perpendicul ar distance of the hypotenuse from the intersection of legs (i.e. BD) is
known asthroat thickness. The minimum areaof theweld isobtained at thethroat BD, whichisgiven
by the product of the throat thickness and length of weld.

Let t = Throat thickness (BD), A
s = Legor size of weld, Reinforcement c
= Thickness of plate, and T
| = Length of weld, D\45° s
From Fig. 10.7, wefind that the throat thickness, N ¢
t =sxsin45°=0.707s Ale—s—»|B

-, *Minimum area of the weld or throat area,
A = Throat thickness x
Length of weld
= tx|=0.707sx|
If o, is the allowable tensile stress for the weld
metal, then the tensile strength of thejoint for singlefillet weld,
P =Throat area x Allowable tensile stress = 0.707 s x | x 6,
and tensile strength of the joint for doublefillet weld,
P=2x0.707sx|x0c,=1414sx| x ¢,
Note: Sincetheweld iswesker than the plate dueto dag and blow holes, thereforetheweld isgiven areinforcement
which may be taken as 10% of the plate thickness.

10.17 Strength of Parallel Fillet Welded Joints
Theparalléel fillet welded jointsare designed for shear strength. Consider adouble parallél fillet
welded joint as shown in Fig. 10.8 (a). We have aready discussed in the previous article, that the
minimum area of weld or the throat area,
A=0.707sx |

Fig. 10.7. Enlarged view of afillet weld.

* The minimum area of the weld is taken because the stress is maximum at the minimum area.
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If Tistheallowable shear stressfor theweld metal, then the shear strength of thejoint for single
parallel fillet weld,
P = Throat area x Allowable shear stress=0.707 sx | x T
and shear strength of the joint for double parallel fillet weld,
P=2x0707xsx|x1t=1414sx|x1

; (b) Combination of transverse
(a) Double parallel fillet weld. and parallel fillet weld,

Fig. 10.8
Notes: 1. If thereisacombination of single transverse and double parallel fillet welds as shownin Fig. 10.8 (b),
then the strength of thejoint isgiven by the sum of strengths of singletransverse and double parall€l fillet welds.
Mathematically,
P =0707sx| xo,+1414sx1,x1
where |, is normally the width of the plate.

2. In order to alow for starting and stopping of the
bead, 12.5 mm should be added to the length of each weld
obtained by the above expression.

3. For reinforced fillet welds, the throat dimension
may betaken as0.85t.

Example 10.1. A plate 100 mm wide and
10 mmthick isto be welded to another plate by means
of double parallél fillets. The plates are subjected to
a static load of 80 kN. Find the length of weld if the
permissible shear stressin the weld does not exceed
55 MPa.

Solution. Given: *Width = 100 mm;
Thickness = 10 mm; P = 80 kN = 80 x 10° N ;
T =55 MPa= 55 N/mm?

Let | =Length of weld, and ) |

s =Sizeof weld = Platethickness= 10 mm Electric arc welding
... (Given)

We know that maximum load which the plates can carry for double paralel fillet weld (P),

80x10% = 1414 xsx | x1=1414%x10x | x 55 =778

o | =80 x 10%/ 778 = 103 mm

Adding 12.5 mm for starting and stopping of weld run, we have

| =103+ 12.5=1155mm Ans.

*  Superfluous data.
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10.18 Special Cases of Fillet Welded Joints
Thefollowing cases of fillet welded joints are important from the subject point of view.

1. Circular fillet weld subjected to torsion. Consider a circular rod connected to arigid plate
by afillet weld as shownin Fig. 10.9.

Let d = Diameter of rod,
r = Radius of rod,
T = Torque acting on the rod, 4 AK\D
s = Size (or leg) of weld, Y
t = Throat thickness,
*J = Polar moment of inertia of the >t
3
weld section = mtd AA
We know that shear stress for the material, Pt
Fig. 10.9. Circular fillet weld
1= Tr = Txd/2 subjected to torsion.
J J
_ITxd/iz_ 21 ( T Ej
"~ ntd®/4  wtd? I

This shear stressoccursin ahorizontal plane along aleg of thefillet weld. The maximum shear
occurs on the throat of weld which isinclined at 45° to the horizontal plane.

Length of throat, t =ssin45°=0.707 s
and maximum shear stress,
~ 2T 2837
Trex T 0707 sxd?  msd?

2. Circular fillet weld subjected to bending moment. Consider a circular rod connected to a
rigid plate by afillet weld as shown in Fig. 10.10.

Let d = Diameter of rod,
M = Bending moment acting on the rod,
s = Size (or leg) of weld,

i
a} ()
t = Throat thickness, /

**7 = Section modulus of theweld section

.

-

_ mtd? !
4 A/<
We know that the bending stress,
M_ M 4M >t
%= 7 7 ntd2/4  mtd2 Fig. 10.10. Circular fillet weld

Thisbending stressoccursin ahorizontal planeaongalegof the  Sujected to bending moment.
fillet weld. The maximum bending stress occurs on the throat of the
weld whichisinclined at 45° to the horizontd plane.

Length of throat, t =ssin45°=0.707 s
and maximum bending stress,
4M _ 566 M
%o T 1% 0.707sx d?  msd?

* See Art, 10.24.
**  SeeArt, 10.24.
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3. Long fillet weld subjected to torsion. Consider a
vertical plate attached to a horizontal plate by two identical
fillet welds as shown in Fig. 10.11.

Let T = Torque acting on the vertical plate,

| = Length of weld,

s = Size (or leg) of weld,

t = Throat thickness, and

J = Polar moment of inertia of theweld section

tx1® txI®
X =
12 6

(v of both sides weld) Fig. 10.11. Long fillet weld subjected
It may be noted that the effect of the applied torque is to torsion.
to rotate the vertical plate about the Z-axis through its mid
point. Thisrotationisresisted by shearing stresses devel oped between two fillet wel dsand the horizontal
plate. It isassumed that these horizontal shearing stressesvary from zero at the Z-axis and maximum
at the ends of the plate. Thisvariation of shearing stressis analogousto the variation of normal stress
over the depth (1) of abeam subjected to pure bending.

) _Txl/2 3T
nShearstress, T =056 ix1?
The maximum shear stress occurs at the throat and is given by =
B 3T 424271
Tmax T 0707sx 12 sx|?

Example 10.2. A 50 mm diameter solid shaft is welded to a flat
plate by 10 mm fillet weld as shown in Fig. 10.12. Find the maximum [ |
torque that the welded joint can sustain if the maximum shear stress
intensity in the weld material is not to exceed 80 MPa.

Solution. Given: d = 50mm;s=10mm; =80 MPa= 80 N/mm?

Let T = Maximum torque that the welded joint can sustain.

We know that the maximum shear stress (t, ),

283T  283T  283T
" msxd? mx10(50)2 78550
T = 80 x 78 550/2.83
= 2.22 x 105 N-mm=2.22 kN-m Ans.

Example 10.3. A plate 1 m long, 60 mm thick is welded to
another plate at right anglesto each other by 15 mmfillet weld, as
shown in Fig. 10.13. Find the maximum torque that the welded
joint can sustain if the permissible shear stress intensity in the
weld material isnot to exceed 80 MPa.

Solution. Given: | = 1m = 1000 mm ; Thickness = 60 mm;
s=15mm;1, =80 MPa= 80 N/mm?

Let T =Maximum torque that the

Fig. 10.12

> 5 |j=
welded joint can sustain. Fig. 10.13
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We know that the maximum shear stress (t, ),

4242T 4242T 0.283T
80 = 2 2 6
sx| 15 (1000) 10
T =80 x 106/ 0.283 = 283 x 10° N-mm = 283 kN-m Ans.
10.19 Strength of Butt Joints

The butt jointsare designed for tension or compression. Consider asingle V-butt joint as shown
inFig. 10.14 (a).

\
e > G

(a) Single V-butt joint. (b) Double V-butt joint.
Fig. 10.14. Butt joints.
In case of butt joint, the length of leg or size of weld is equal to the throat thickness which is
equal to thickness of plates.
.. Tensile strength of the butt joint (single-V or square butt joint),
P=txlxo,
where | = Length of weld. Itisgeneraly equal to the width of plate.
and tensile strength for double-V buitt joint as shown in Fig. 10.14 (b) is given by
P=(+t)lxo,
where t, = Throat thickness at the top, and
t, = Throat thickness at the bottom.
It may be noted that size of theweld should be greater than the thickness of the plate, but it may
be less. The following table shows recommended minimum size of the welds.

Table 10.4. Recommended minimum size of welds.

Thickness of 3-5 6-8 10-16 18-24 26 —55 Over 58
plate (mm)

Minimum size 3 5| 6 10 14 20

of weld (mm)

10.20 Stresses for Welded Joints
The stressesin welded joints are difficult to determine because of the variable and unpredictable
parameters like homogenuity of the weld metal, thermal stresses in the welds, changes of physical
properties due to high rate of cooling etc. The stresses are obtained, on the following assumptions:
1. Theload isdistributed uniformly along the entire length of the weld, and
2. Thesdtressis spread uniformly over its effective section.
The following table shows the stresses for welded joints for joining ferrous metals with mild
steel electrode under steady and fatigue or reversed load.
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Table 10.5. Stresses for welded joints.

Bare electrode Coated electrode
Type of weld
Seady load Fatigue load Seady load Fatigue load
(MPa) (MPa) (MPa) (MPa)

1. Fillet welds (All types) 80 21 98 35
2. Butt welds

Tension 90 35 110 55

Compression 100 35 125 55

Shear 55 21 70 35]

Mask protects welder’s face

Electric arc melts metal
Electricity and
gas supply

In TIG (Tungsten Inert Gas) and MIG (Metal Inert Gas) welding processes, the formation of oxide is
prevented by shielding the metal with a blast of gas containing no oxygen.

10.21 Siress Concentration Factor for Welded Joints

The reinforcement provided to the weld produces stress concentration at the junction of the
weld and the parent metal. When the parts are subjected to fatigue loading, the stress concentration
factor as given in the following table should be taken into account.

Table 10.6. Stress concentration factor for welded joints.

Type of joint Sress concentration factor
1. Reinforced butt welds 1.2
2. Toeof transversefillet welds 15
3. Endof paraléel fillet weld 2.7
4.  T-butt joint with sharp corner 20

Note : For static loading and any type of joint, stress concentration factor is 1.0.

Example 10.4. A plate 100 mm wide and 12.5 mm thick is to be welded to another plate by
means of parallel fillet welds. The plates are subjected to aload of 50 kN. Find the length of theweld
so that the maximum stress does not exceed 56 MPa. Consider thejoint first under static loading and
then under fatigue loading.
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Solution. Given: *Width = 100 mm ; Thickness = 12.5 mm; P = 50 KN = 50 x 103N ;
T =56 MPa= 56 N/mm?

Length of weld for static loading

Let | =Lengthof weld, and
s = Size of weld = Plate thickness
=12.5mm ... (Given)

We know that the maximum load which the
plates can carry for double parallel fillet welds (P),

50 x 103 =1.414sx | x 1
=1414x 125 x| x56=990 |
| =50 % 103/ 990 = 50.5 mm

Adding 12.5 mm for starting and stopping of
weld run, we have

| =505+ 125=63mm Ans.
Length of weld for fatigue loading

From Table 10.6, we find that the stress
concentration factor for parallel fillet weldingis2.7. TIG (Tungsten Inert Gas) welding Machine

-, Permissible shear stress,
1= 56/2.7=20.74 N/mm?
We know that the maximum load which the plates can carry for double parallel fillet welds (P),
50x 103=1.414sx | x1=1.414x 125 x| x 20.74 =367 |
| = 50 x 103/ 367 = 136.2 mm
Add| ng 12.5 for starting and stopping of weld run, we have
| =136.2+12.5=148.7mm Ans.

Example 10.5. A plate 75 mmwide and 12.5 mmthick isjoined with another plate by a single
transverse weld and a double parallel fillet weld as shown in Fig.
10.15. The maximum tensile and shear stresses are 70 MPa and
56 MPa respectively.

Find the length of each parallel fillet weld, if the joint is
subjected to both static and fatigue loading.
Solution. Given : Width = 75 mm; Thickness = 12.5 mm;
6, =70 MPa= 70 N/mm?; 1 = 56 MPa =56 N/mm?.
Theeffectivelength of weld (1,) for thetransverseweld may be
obtained by subtracting 12.5 mm from the width of the plate.
l, = 75-125=625mm
Length of each parallel f|IIet for static loading
Let |, = Length of each paralél fillet.
We know that the maximum load which the plate can carry is
P = Areax Stress=75x125x70=65625N
L oad carried by single transverse weld,
P, = 0.707sx1, xc,=0.707 x 12.5x 625 x 70 = 38 664 N
and the load carried by double parallél fillet weld,
P, = 1414sx|,x1=1414x125x1,x56=9901, N

Fig. 10.15

*  Superfluous data.
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-. Load carried by thejoint (P),
65625=P, +P,=38664+9901, or |,=27.2mm
Adding 12.5 mm for starting and stopping of weld run, we have
|,=27.2+12.5=39.7 say 40 mm Ans.
Length of each parallel fillet for fatigue loading

From Table 10.6, we find that the stress concentration factor for transverseweldsis 1.5 and for
parallel fillet weldsis 2.7.

-. Permissibletensile stress,
o, =70/ 15 =46.7 N/mm?
and permissible shear stress,
T =56/ 2.7 = 20.74 N/mm?
L oad carried by single transverse weld,
P, =0.707sx |, x6,=0.707 x 125 x 625 % 46.7=25795 N
and load carried by double paralléel fillet weld,
P, =1414sx|,x1=1414x1251,x20.74=3661,N
-, Load carried by thejoint (P),
65625 =P, +P,=25795+3661, or I,=108.8mm
Adding 12.5 mm for starting and stopping of weld run, we have
|, =108.8+125=121.3mm Ans.

Example 10.6. Determinethelength of theweld run for a plate of size 120 mmwide and 15 mm
thick to be welded to another plate by means of

1. Asingle transverse weld; and

2. Double parallel fillet welds when the joint is subjected to
variable loads.

Solution. Given : Width = 120 mm ; Thickness =15 mm

InFig. 10.16, AB represents the single transverse weld and AC
and BD represents double parallel fillet welds.

P
-

Fig. 10.16

1. Length of theweld run for a single transverse weld

Theeffectivelength of theweld run (1) for asingletransverseweld may be obtained by subtracting
12.5 mm from the width of the plate.

o l, =120-125=107.5mm Ans.
2. Length of the weld run for a double parallel fillet weld subjected to variable loads
Let I, = Length of weld run for each parallel fillet, and
s = Size of weld = Thickness of plate = 15 mm

Assuming thetensile stressas 70 MPaor N/mm? and shear stressas 56 M Paor N/mm? for static
loading. We know that the maximum |oad which the plate can carry is

P = Areax Stress=120x 15x 70 = 126 x 10° N
From Table 10.6, we find that the stress concentration factor for transverseweld is 1.5 and for
paraléel fillet weldsis 2.7.
. Permissible tensile stress,
c, = 70/ 1.5=46.7 N/mm?
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and permissible shear stress,
T=56/2.7 = 20.74 N/mm?
-. Load carried by single transverse weld,
P, =0.707sx |, x 6,=0.707 x 15 x 107.5 x 46.7 =53 240N
and load carried by double paralléel fillet weld,
P,=1414sx|,x1=1414x15x1,x20.74=4401,N
-. Load carried by thejoint (P),
126 x 10° = P, + P,=53240+ 4401, or |,=165.4mm
Adding 12.5 mm for starting and stopping of weld run, we have
|, =165.4+125=177.9say 178 mm Ans.

Example 10.7. Thefillet welds of equal legs are used to fabricatea "T' asshownin Fig. 10.17
(a) and (b), where sisthe leg size and | isthe length of weld.

Fig. 10.17

Locate the plane of maximum shear stressin each of the following loading patterns:
1. Load parallel to the weld (neglect eccentricity), and
2. Load at right angles to the weld (transverse load).
Find the ratio of these limiting loads.
Solution. Given: Leg size=s; Length of weld =1
1. Plane of maximum shear stress when load acts parallel to the weld (neglecting eccentricity)
Let 6 = Angle of plane of maximum shear stress, and
t = Throat thickness BD.
From the geometry of Fig. 10.18, we find that

BC =BE+EC
=BE+ DE ..(*- EC=DE)
or s=BDcos6+BDsn6

=tcosO+tsnod

t(cos6 +sin0)
s Fig. 10.18

cosO + Snod
We know that the minimum area of the weld or throat area,

A=otx|=_ 25Xl (- of double fillet weld)
(cos6 + sin6)
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P _ P(cosb + sinb) 0
and shear stress, T=AT 2sx|

For maximum shear stress, differentiate the above expression with respect to 6 and equate to zero.

E:L (—sin®+cos6) =0
do 2sx|
or sin®=cosO or 06 =45°

Substituting the value of 6 = 45° in equation (i), we have maximum shear stress,

. _ P(eos45+sn45) 1414P

max 2sx | 2sx|
25 x| X Ty
or = ———— 2 =1.414s x| X T Ans.
1414 h

2. Plane of maximum shear stress when load acts at right angles to the weld

When the load acts at right angles to the weld (transverse load), then the shear force and the
normal force will act on each weld. Assuming that the two welds share the load equally, therefore
summing up the vertical components, we have from Fig. 10.19,

P . P P P
P=-=sn0+-"cosO+-—=sind+-cosH
2 2 2

=P,sin6+P, cos6 (i)
TP
P g Ry
7smew 5 A E / ane
2 T D 2
n S Pn P
%”cosew —2/ 0 Nyt \_2 V—;cose
B E C
e 5>
Fig. 10.19

P P
Assuming that the resultant of — and 7” isvertical, then the horizontal componentsare equal

and opposite. We know that

- R_FR
Horizontal component of >3 cos 6
. P, P .
and horizontal component of 2" sn o
P P P
—=cosf=-sn6 or B, _ Fs cos®

2 2 sin 6
Substituting the value of P, in equation (i), we have
p-Psno+ F?Scos_excose
sin 6
Multiplying throughout by sin 6, we have
Psin® = P sin?6 + P cos’ 6
= P,(sin? 6 + cos? 6) = P (i)

Contents



Contents

Welded Joints = 359

From the geometry of Fig. 10.19, we have

BC=BE+ EC=BE + DE ..(~~ EC=DE)
or s=tcosO+tsinB=t(cos6 +sino)
S
.. Throat thickness, t :m
and minimum area of the weld or throat area,
A=2tx]| ... (- of doublefillet weld)
_ S | = 2sx|
- cos 6 +sno cos 0 +sn o
. Shear stress, T= LY = Psno (cos0+sin 6) ...[From equation (ii)] .(110)
A 2s x|
For maximum shear stress, differentiate the above expression with respect to 6 and equateto zero.
ﬂ:i[sine(—sine+c:ose)+(cose+sin ) cos 6] =0
do 2sl
d(uv) dv du
=U—+V—
doe do do
or —Sin0+sinBcos +cos?0 +sin®cosd=0

cos20—sin?0 +2sinB cos® =0

Since cos?0 —sin0 = cos20 and 2sin 6 cos O = sin 26, therefore,
cos20+sin20 = 0
or sin20 = —cos 20
sin 20
C0529=— or tan20=-1
20 = 135° or 0 =67.5° Ans.

Substituting the value of 6 = 67.5° in equation (iii), we have maximum shear stress,

_ Psin 67.5° (cos 67.5° + sin 67.5°)

Tmax

2sxl|
_ Px0.9239 (0.3827 + 0.9229) 1.21P
2sx| 2sx|
_2sxlxn1

Ratio of the limiting loads
Weknow that theratio of thelimiting (or maximum) loads

_ 1414 sX | X Ty — 0857 Ans.
1.65S X | X Ty

10.22 Axially Loaded Unsymmetrical Welded
Sections

Sometimes unsymmetrical sections such as angles,
channels, T-sections etc., welded on the flange edges areloaded
axially asshownin Fig. 10.20. In such cases, thelengths of weld
should be proportioned in such away that the sum of resisting
moments of thewelds about the gravity axisis zero. Consider an
angle section as shown in Fig. 10.20. Plasma arc welding
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Let I = Length of weld at the top,

= Length of weld at the bottom,

= Total length of weld=1_ + 1,

Axial load,

Distance of top weld from gravity axis,
Distance of bottom weld from gravity axis, and
Resistance offered by the weld per unit length.

Q

o

- O 9 TV —
1

C.G.

—_— F—

'm

Fig. 10.20. Axially loaded unsymmetrical welded section.
. Moment of the top weld about gravity axis
=l ,xfxa
and moment of the bottom weld about gravity axis
=l xfxb
Since the sum of the moments of the weld about the gravity axis must be zero, therefore,
I, xfxa-Il xfxb=0

or I, xa=1xb (1)
We know that I =1,+1 (i)
- From equations (i) and (ii), we have
_ I xb and I, = I xa
& a+b a+b

Example 10.8. A 200 x 150 x 10 mm angle is to be welded to a steel plate by fillet welds as
shownin Fig. 10.21. If the angleis subjected to a static load of 200 kN, find the length of weld at the
top and bottom. The allowable shear stress for static loading may be taken as 75 MPa.

Steel
plate

200 mm
L__ Y 55.3mr:1__
10 mmT
—>{ 150 mm |=—
Fig. 10.21
Solution. Given: a+b =200mm ; P=200kN =200 x 103N ; T = 75 MPa= 75 N/mm?
Let |, = Length of weld at the top,

I Length of weld at the bottom, and

Total length of theweld =1_ + 1

—CT o
1
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Since the thickness of the angle is 10 mm, therefore size of weld,
s = 10mm
We know that for asingle parallel fillet weld, the maximum load (P),
200 x 10° = 0.707sx | x t=0.707 x 10 x | x 75=530.25 |
| = 200 x 10%/ 530.25 = 377 mm

or I, +1, = 377 mm
Now let usfind out the position of the centroidal axis.
Let b = Distance of centroidal axisfrom the bottom of the angle.
b= (200 - 10) 10 x 95 + 150 x 10 x 5=55.3mm
190 x 10 + 150 x 10
and a = 200-55.3=144.7 mm

| xb 377 x55.3
We know that | = = =104.2mm Ans

a” a+b 200
and l, = I=1,=377-104.2=272.8 mm Ans.

10.23 Eccentrically Loaded Welded Joints

An eccentric load may be imposed on welded jointsin many ways. The stressesinduced on the
joint may be of different nature or of the same nature. The induced stresses are combined depending
upon the nature of stresses. When the shear and bending stresses are simultaneously present inajoint
(see case 1), then maximum stresses are as follows:

Maximum normal stress, 7

_ % 1[0 2
Gt(n‘ax) = 74‘5 (Gb) +47

and maximum shear stress,

1
Trox = E (Gb)2+4’52

where 6, = Bending stress, and
T = Shear stress.

When the stresses are of the same nature, these may be combined
vectorially (see case 2).

We shall now discuss the two cases of eccentric loading as follows:

Fig. 10.22. Eccentricaly
loaded welded joint.

Casel

Consider aT-joint fixed at one end and subjected to an eccentric load P at adistance e as shown
inFig. 10.22.

Let s = Sizeof weld,

| = Length of weld, and
t = Throat thickness.
Thejoint will be subjected to the following two types of stresses:
1. Direct shear stress due to the shear force P acting at the welds, and
2. Bending stress due to the bending moment P x e.

We know that area at the throat,
A = Throat thickness x Length of weld
= tx|x2=2tx| ... (For double fillet weld)

2x0.707sx1=1414sx| .. (*r t=sc0s45° =0.707 3)
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.. Shear stressin theweld (assuming uniformly distributed),

P P
YTA T 1414 sx|
Section modulus of the weld metal through the throat,
tx|2 .
Z= x 2 ...(For both sides weld)

0.707sx |2 sx1?
= X 2=
6 4,242
Bending moment, M=Pxe
Bending & M Pxex4.242 4242Pxe
.. Bending stress, 6, =— = =
9 % =7 sx1? sx1?
We know that the maximum normal stress,

1 1 2 2
Oimen) = Ecb +E\/(Gb) +4r1

and maximum shear stress,
1
Trrex > \/(Gb)z +41°
Case?2

When awelded joint isloaded eccentrically as shown in Fig. 10.23,
the following two types of the stresses are induced:

1. Direct or primary shear stress, and
2. Shear stress due to turning moment.

Fig. 10.23. Eccentrically loaded welded joint.
Let P = Eccentric load,

e = Eccentricity i.e. perpendicular distance between the line of action of

r
{+->|ra|<_ [

Soldering is done
by melting a metal
which melts at a
lower temperature
than the metal that
is soldered.

load and centre of gravity (G) of the throat section or fillets,

I
S
t

Length of singleweld,
Size or leg of weld, and
Throat thickness.

Let twoloads P, and P, (each equal to P) areintroduced at the centre of gravity ‘G’ of theweld
system. Theeffect of load P, = Pisto produce direct shear stresswhich isassumed to be uniform over
the entire weld length. The effect of load P, = P isto produce aturning moment of magnitude P x e
which tends of rotate the joint about the centre of gravity ‘G’ of the weld system. Dueto the turning

moment, secondary shear stressisinduced.
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We know that the direct or primary shear stress,
_ load P P
YT Thoaaea A 2tx|
B P B P
T 2x0707 sx| 1414 sx|
... (" Throat areafor singlefillet weld =t x | =0.707 s x |)

Sincethe shear stress produced dueto theturning moment (T =P x €) at any sectionisproportional
toitsradial distance from G, therefore stressdueto P x e at the point Ais proportional to AG (r,) and
isinadirection at right anglesto AG. In other words,

T T
-2 = = = Constant
r, r
‘C .
or T =2 XTr (I)
P

where 1, isthe shear stress at the maximum distance (r,) and t isthe shear stress at any distancer.
Consider asmall section of the weld having area dA at a distancer from G.
.. Shear force on this small section
=1txdA
and turning moment of this shear force about G,

T
dT = rdixr:r—zdix r? ... [ From equation (i)]
2
.~ Total turning moment over the whole weld area,

T= P><e='[1—2><dA><r2=T—2.[dAxr2
r

P 2
T, 2
= —“4xJ +J=|(dAxr
: (9= fanxr?)
where J = Polar moment of inertia of the throat area about G.

.. Shear stress due to the turning moment i.e. secondary shear stress,

_Txr, Pxexrn
2 J J

In order to find the resultant stress, the primary and secondary shear stresses are combined
vectorially.

*. Resultant shear stressat A,
Tn = (1) + (1) + 21, X T, X COS 0
where 0 = Angle between t, and 1,, and
cosO =r,/r,
Note: The polar moment of inertiaof thethroat area (A) about the centre of gravity (G) isobtained by the parallel
axistheorem, i.e.

T

J=2[, +Axx] ... (- of doublefillet weld)

2
ZZ{AM +Axx2}=2A(|2+x2j
12 12

where A = Throat area=t x| =0.707 s x |,
| = Length of weld, and
x = Perpendicular distance between the two parallel axes.
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10.24 Polar Moment of Inertia and Section Modulus of Welds

The following table shows the values of polar moment of inertia of the throat area about the
centre of gravity ‘G’ and section modulus for some important types of welds which may be used for

eccentric loading.

Table 10.7. Polar moment of inertia and section modulus of welds.

SNo Type of weld Polar moment of inertia (J) Section modulus (2)
e — 1
1. _ 4G _ ‘ s £ B
I \754\—( L
P
s f==
. 1 w w?
b 12 6
iy
I
| IL |
G
R t1 @0 + 12)
> | i | — tbl
et ——]
ST
G
I_ i 2 2 2
4 | th(b® +32) th?
| 6 3
]
|
| ) th+1)° [ bZJ
> ___(_}|_._-_ b — t{bl+=
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SNo Type of weld Polar moment of inertia (J) Section modulus (2)
2
. (4|.b6;r b J (Tor)
6. {M b2 (ab+ 1)
12 (1 +b) 6(2 +b)
(Bottom)
7 ___X_IG ‘_—5 NECEE) N CEDs t[lb+b2]
E! v 12 )
12
W=
2+b
—d
8.
Li ntd® ntd?
s 4 4
\t‘
A

Note: In the above expressions, t is the throat thickness and sis the size of weld. It has already been discussed

that t = 0.707 s.

Example 10.9. Awelded joint asshown in Fig. 10.24, is subjected to an eccentric load of 2 kKN.

Find the size of weld, if the maximum shear stressin theweld
is 25 MPa.

Solution. Given: P = 2kN = 2000 N ; e = 120 mm;
| =40 mm; 1, = 25 MPa= 25 N/mm?

Let s = Size of weldinmm, and

t = Throat thickness.

The joint, as shown in Fig. 10.24, will be subjected to
direct shear stress due to the shear force, P = 2000 N and
bending stress due to the bending moment of P x e.

We know that area at the throat,
A=2tx|=2x0.707sx|
=1.414sx|

= 1.414 s x 40 = 56.56 x s MM?

mm

PN

_____ _T_
120mm—>$

2 kN
Fig. 10.24
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P 2000 354 2
—=————="N/mm
A 56.56xs S

Bending moment,M = P x e = 2000 x 120 = 240 x 103 N-mm
Section modulus of the weld through the throat,

-, Shear stress, 1 =

_sxI?  s(40)°

- = =377 x smm®
4.242 4,242

M  240x10° 636.6

— = N/mm?
Z 377xs S

- Bending stress, 6, =

We know that maximum shear stress (7, ),

2=t forad -2 J(@f E D
2 2 S S S

s =320.3/25=128mm Ans.

Example 10.10. A 50 mm diameter solid shaft iswelded to a flat plate as shown in Fig. 10.25.
If the size of the weld is 15 mm, find the maximum normal and shear stressin the weld.

Solution. Given: D =50 mm; s=15mm; P = 10 kN
=10000 N ; e=200 mm

Let t = Throat thickness.

The joint, as shown in Fig. 10.25, is subjected to direct
shear stress and the bending stress. We know that the throat area
for acircular fillet weld,

A =txntD=0707sxntD
=0.707 x 15 x Tt x 50

—— 200 mm —>

\
A ( )
v 50 mm

o

= 1666 mm?
.. Direct shear stress, Fig. 10.25
T = P 10000 _ & Njmm? = 6 MPa
A 1666

We know that bending moment,
M =P xe=10000 x 200 = 2 x 10% N-mm
From Table 10.7, we find that for acircular section, section modulus,
ntD? mx0.707 sx D* 1 x 0.707 x 15 (50)°
4 4 4

=20 825 mm?3

Z =
.. Bending stress,
M 2x10°

o, = —
Z 20825

=96 N/mm? = 96MPa

Maximum normal stress
We know that the maximum normal stress,

1 cb+§ (0p)? + 4177 :%x96+%\/(96)2+4x62

Oma) = 5
=48+ 48.4 = 96.4 MPa Ans.

10kN
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Maximum shear stress
We know that the maximum shear stress,

1 1
T = \/(Gb)z +41° = 3 \/(96)2 +4x 6% =484 MPa Ans,

Example 10.11. Arectangular cross-section bar iswelded to a support by means of fillet welds
as shown in Fig. 10.26.

Deter mine the size of the welds, if the permissible shear stressintheweld islimited to 75 MPa.

25 kN '

VT< 500 > |

-y -, 150 — 4—

100

All dimensionsin mm
Fig. 10.26

Solution. Given : P = 25 kN = 25 x 10N ; 1, = 75 MPa = 75N/mm?; | = 100 mm ;
b =150 mm ; e=500 mm
Let s = Size of theweld, and
t = Throat thickness.
Thejoint, as shownin Fig. 10.26, is subjected to direct shear stress and the bending stress. We
know that the throat areafor arectangular fillet weld,
A =t(2b+2)=0707s(2b+2l)
= 0.707s (2 x 150 + 2 x 100) = 353.5 s mm? .. (- t=0.7079)
_ P 25x10°® 70.72
- Directshear siress, t = 1 = oo =~ N/mm
We know that bending moment,
M =P xe=25x10°%x500=12.5 x 106 N-mm
From Table 10.7, we find that for arectangular section, section modulus,

2 2
Z =t (b.l + %} =0.707 3[150>< 100 + @} =15907.5 s mm°®

2

M 125x10° 7858

- Bendingstress, o, = — = = N/mm?
Z 15907.5s S
We know that maximum shear stress (7, ),
2 2
S ) \/(785.8) . 4(70.72j _ 3902
2 2 s s s

s =399.2/75=5.32mmAns.

Example 10.12. AnarmAiswelded to a hollow shaft at section ‘ 1'. The hollow shaft iswelded
to a plate C at section ‘2'. The arrangement is shown in Fig. 10.27, along with dimensions. A force
P = 15 kN acts at arm A perpendicular to the axis of the arm.

Calculatethe size of weld at section ‘1" and ‘ 2. The permissible shear stressintheweld is 120 MPa.
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Fig. 10.27. All dimensions in mm.
Solution. Given: P =15kN=15x10°N; 1, =120 MPa=120 N/mm?; d =80 mm
Let s = Size of the weld.

Thewelded joint, asshown in Fig. 10.27, is subjected to twisting moment or torque (T) aswell
as bending moment (M).
We know that the torque acting on the shaft,
T =15x 10° x 240 = 3600 x 10% N-mm

_ 2837 _ 283x3600x10° _ 5066
nsd? T X s (80)2 s

15x 10° [200 - 5—20j = 2625 x 10° N-mm

/mm?

.. Shear stress,

Bendingmoment, M

566 M 5.66x2625x10° 7388

.. Bending stress, o, = = N/mm?
b psd? 15(80)2 s
We know that maximum shear stress (7, ),
2 2
o = L /7<ob>2+4r2=ij(@j ED.
2 2 S S S

s =627/120=5.2mm Ans.

Example 10.13. A bracket carrying a load of 15 kN is to be welded as shown in Fig. 10.28.
Find the size of weld required if the allowable shear stressis not to exceed 80 MPa.

Solution. Given : P = 15 kN = 15 x 10° N ; 1 = 80 MPa = 80 N/mm?; b = 80 mm;
[ =50 mm; e=125mm

Let s = Sizeof weld in mm, and
t = Throat thickness.
We know that the throat area,

A =2xtx|=2x0.707sx|
=1414sx|=1414 x sx 50=70.7 smm?
.. Direct or primary shear stress,
P 15x10° 212

o= — = = 222 N/mm?
1 A 707s S
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From Table 10.7, we find that for such a section, the polar moment of inertia of the throat area
of theweld about G is
2 2 2 2
- tl (3b° +19) _ 0.707 sx 50 [3(80)“ + (50)] mm®
6 6
=127 850 smm* (s t=0.7079)

15 kN

o

12

S

Tt

_T'

———— 1380

]

s

All dimensions in mm.

Fig. 10.28 Fig. 10.29

From Fig. 10.29, we find that AB = 40 mm and BG = r; = 25 mm.
-, Maximum radius of the weld,

r, = J(AB)? + (BG)? = /(40)% + (25)2 = 47 mm
Shear stress due to the turning moment i.e. secondary shear stress,

_ Pxexr, _ 15><103><125><47:689.3

J 127850 s s
o253
r, 47

We know that resultant shear stress,

T N/mm?

, =

and cosO =

T= \/(11)2 +(1,)% + 21, X 1, COS O

2 2
0= (22 (93] 2 22,893, oy 2
S S S

s S
s =822/80=10.3mm Ans.

Example 10.14. A rectangular steel plate is welded as a cantilever to a vertical column and
supports a single concentrated load P, as shown in Fig. 10.30.

Determine the weld size if shear stressin the same is not to exceed 140 MPa.

Solution. Given: P=60kN =60x 103N ; b=100mm ;| =50 mm ; T = 140 MPa= 140 N/mm?
Let s = Weld size, and
t = Throat thickness.



Contents

370 = A Texthook of Machine Design

All dimensionsin mm.
Fig. 10.30 Fig. 10.31

First of al, let usfind the centre of gravity (G) of the weld system, as shownin Fig. 10.31.

Let x be the distance of centre of gravity (G) from the left hand edge of the weld system. From
Table 10.7, wefind that for a section as shown in Fig. 10.31,

DU S O &
2l +b  2x50+100
and polar moment of inertia of the throat area of the weld system about G,

. (b+2)° 12 (+1)?
12 b+ 2

=12.5mm

(100 + 2x 50)®  (50)? (100 + 50)2
12 100+ 2% 50
= 0.707s[670 x 10% — 281 x 10°] = 275 x 10° smm*

Distance of load from the centre of gravity (G) i.e. eccentricity,

e =150+50-125=187.5mm

r, =BG=50-x=50-125=37.5mm

AB = 100/ 2 =50 mm

We know that maximum radius of the weld,

0.707s { } o (n t=0.7079)

r, = J(AB)? + (BG)? = /(50)2 + (37.5)% = 62.5 mm

h_315_g6
r, 625
We know that throat area of the weld system,
A=2x0.707sx | + 0.707s x b =0.707 s (2| + b)
=0.707s (2 x 50 + 100) = 141.4 s mn?

-. Direct or primary shear stress,

P 60x10° 424 )
1T, = —=———=—-—N/mm
1 A 1414s s

and shear stress due to the turning moment or secondary shear stress,

Pxexr, 60x10°®x187.5x625 2557
T = = =
2 J 275x10% s

coso =

N/mm?
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We know that the resultant shear stress,

T = \/(11)2 +(1,)% + 21, X 1, X COS O

2 2
140 = \/(4—24j + (—2557j + 2% 4—24 X —2557 x 0.6 = —2832
S S S S S

s = 2832/ 140 =20.23 mm Ans.

Example 10.15. Find the maximum shear stressinduced intheweld of 6 mmsizewhen a channel,
asshown in Fig. 10.32, iswelded to a plate and loaded with 20 kN force at a distance of 200 mm.

P=20kN /\/\/Czlite

o x__L
90

______ I

ChannelJ > (=40 |-

All dimensions in mm.
Fig. 10.32

Solution. Given: s=6mm;P=20kN =20x 103N ;| =40 mm ; b =90 mm
Let t = Throat thickness.

First of al, let usfind the centre of gravity (G) of theweld system asshownin Fig. 10.33. Let x

be the distance of centre of gravity from the left hand edge of the weld system. From Table 10.7, we
find that for a section as shown in Fig. 10.33,

~ |2 ~ (40)2
" 2l+b 2x40+90
and polar moment of inertia of the throat area of the weld system about G,

S t{(m 2° 12 (b+|)2}

X

=94 mm

12 b+ 2

_ 0707 | (90+2x 40°  (40° (90+40° | (.. t=07079
12 90 +2x 40
= 0.707 x 6 [409.4 x 10% — 159 x 10%] = 1062.2 x 103 mm*

P=20kN

\

Fig. 10.33
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Distance of load from the centre of gravity (G), i.e. eccentricity,
e =200-x=200-9.4=190.6 mm
r, =BG=40-x=40-9.4=30.6 mm
AB =90/2=45mm
We know that maximum radius of the weld,

r, = J(AB)? + (BG)? =/(45) + (30.6)° = 54.4 mm

h_306_ 5605
54.4

cosf =
2
We know that throat area of the weld system,

A =2x0.707sx1+0.707sx b =0.707s( 2 + b)
= 0.707 x 6 (2 x 40 + 90) = 721.14 mm?
-. Direct or primary shear stress,
P _20x10°
T AT 72114
and shear stress due to the turning moment or secondary shear stress,
Pxexr, 20x10°x190.6x 54.4

J 1062.2 x 10°
We know that resultant or maximum shear stress,

= 27.7 N/mm?

1, = =195.2 N/mm?

1= (1) + (5,)° + 21, X T, x COS O

= J(27.7)2 + (195.2)? + 2x 27.7 x 195.2 x 0.5625

= 212 N/mm? = 212 MPa Ans.

Example 10.16. The bracket, as shown in Fig. 10.34, is designed to carry a dead weight of
P = 15 kN.

What sizes of the fillet welds are required at the top and bottom of the bracket? Assume the
forces act through the points A and B. The welds are produced by shielded arc welding process with
a permissible strength of 150 MPa.

Solution. Given: P =15kN ; t = 150 MPa= 150 N/mm?; | = 25 mm

Pva
IO
T View-X T
~—
VI - -4 _
l 5 T /pe1skN Y
S2
o T
View-X
All dimensionsin mm.

Fig. 10.34

In the joint, as shown in Fig. 10.34, the weld at A is subjected to a vertical force P, and a
horizontal force P,,,, whereasthe weld at B is subjected only to avertical force P, 5. We know that

PiatPyg =P and P, =Py,
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. Vertical forceat A and B,
Py =Pyg=P/2=15/2=75kN=7500N
The horizontal force at A may be obtained by taking moments about point B.
. Py X 75 =15 x 50 =750
or P,s =750/75=10kN

Size of thefillet weld at the top of the bracket
Let s, =Sizeof thefillet weld at the top of the bracket in mm.

We know that the resultant force at A,

Pa =(Ria)? + (Rin)? = (7.5 + 10)° = 125kN=12500N
We also know that the resultant force at A,

P, =Throat area x Permissible stress

=0.707 s, x| x 1 =0.707 s, x 25 x 150 = 2650 5

From equations (i) and (ii), we get

s, =12500/ 2650 = 4.7 mm Ans.

Size of fillet weld at the bottom of the bracket

Let s, =Sizeof thefillet weld at the bottom of the bracket.

(i)

The fillet weld at the bottom of the bracket is designed for the vertical force (P, ) only. We

know that
Pyg =0.707s, x| x1
7500 =0.707 s, x 25 x 150 = 2650 s,
s, =7500/ 2650 = 2.83 mm Ans.

EXERCISES

A plate 100 mm wide and 10 mm thick isto be welded with another plate by means of transverse welds
at theends. If the plates are subjected to aload of 70 kN, find the size of weld for static aswell asfatigue
load. The permissible tensile stress should not exceed 70 MPa. [Ans. 83.2 mm; 118.5 mm]

If the platesin Ex. 1, are joined by double parallel fillets and the shear stressis not to exceed 56 MPa,
find the length of weld for (a) Static loading, and (b) Dynamic loading.  [Ans. 91 mm; 259 mm]

A 125 x 95 x 10 mm angleisjoined to aframe by two parallel fillet welds a ong the edges of 150 mm
leg. Theangleissubjected to atensileload of 180 kN. Find thelengths of weld if the permissible static
load per mm weld length is 430 N. [Ans. 137 mm and 307 mm]

A circular steel bar 50 mm diameter and 200 mm long is welded perpendicularly to a steel plate to
form acantilever to beloaded with 5 kN at the free end. Determine the size of the weld, assuming the

allowable stressin the weld as 100 MPa. [Ans. 7.2 mm]
. 5.66 M
Hint : ¢ =
{ b(max) ~ <42 }

A 65 mm diameter solid shaft isto be welded to aflat plate by afillet weld around the circumference
of the shaft. Determine the size of the weld if the torque on the shaft is 3 kN-m. The allowable shear

stressin the weld is 70 MPa. [Ans. 10 mm]
. 2.83T
Hint:z =
{ (e nsdz}
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6.

9.

10.

11

A solid rectangular shaft of cross-section 80 mm x 50 mmiswelded by a5 mm fillet weld on al sides
to aflat plate with axis perpendicular to the plate surface. Find the maximum torque that can be
applied to the shaft, if the shear stressin the weld is not to exceed 85 MPa.

[Ans. 32.07 kN-m]

{Him g = 4.2421

sx |12

A low carbon steel plate of 0.7 m width welded to a structure of similar material by means of two
paralel fillet welds of 0.112 m length (each) is subjected to an eccentric load of 4000 N, the line of
action of which has a distance of 1.5 m from the centre of gravity of the weld group. Design the
required thickness of the plate when the allowable stress of the weld metal is 60 MPa and that of the
plate is 40 MPa. [Ans. 2 mm]

A 125 x 95 x 10 mm angleis welded to aframe by two 10 mm fillet welds, as shownin Fig. 10.35.
A load of 16 kN is apsplied normal to the gravity axis at a distance of 300 mm from the centre of
gravity of welds. Find maximum shear stressin the welds, assuming each weld to be 100 mm long and

paralel to the axis of the angle. [Ans. 45.5 MPq]
16 kN
300 ——— > 60
\
o 1 1 )
—e — -lF 125 _
| | '
10 kN
All dimensionsin mm. All dimensionsin mm.
Fig. 10.35 Fig. 10.36
A bracket, as shown in Fig. 10.36, carries aload of 10 kN. Find the size of the weld if the allowable
shear stress is not to exceed 80 MPa. [Ans. 10.83 mm]
20 kN

~irie—

All dimensions in mm.

Fig. 10.37

Fig. 10.37 shows awelded joint subjected to an eccentric load of 20 kN. The welding is only on one
side. Determine the uniform size of the weld on the entire length of two legs. Take permissible shear
stress for the weld material as 80 MPa. [Ans. 8.9 mm]
A bracket is welded to the side of a column and carries a vertical load P, as shown in Fig. 10.38.
Evaluate P so that the maximum shear stressin the 10 mm fillet welds is 80 M Pa.

[Ans. 50.7 kN]

Contents



12.

N .

© o N o gk w

Welded Joints = 375

40 kN
—>| 150 400 ———>
\
200
Y 10 mm fillet weld i ¢
] 12
10 mm fillet weld
All dimensions in mm. All dimensions in mm.
Fig. 10.38 Fig. 10.39
A bracket, as shown in Fig. 10.39, carries aload of 40 kN. Calculate the size of weld, if the allowable
shear stress is not to exceed 80 MPa. [Ans. 7 mm]
QUESTIONS

What do you understand by the term welded joint? How it differs from riveted joint?

Sketch and discuss the various types of welded joints used in pressure vessels. What are the consider-
ations involved?

State the basic difference between manual welding, semi-automatic welding and automatic welding.
What are the assumptions made in the design of welded joint?
Explain joint preparation with particular reference to butt welding of plates by arc welding.
Discuss the standard location of elements of awelding symbol.
Explain the procedure for designing an axially loaded unsymmetrical welded section.
What is an eccentric |oaded welded joint ? Discuss the procedure for designing such ajoint.
Show that the normal stressin case of an annular fillet weld subjected to bending is given by

- = 5.66 M

nsd?

where M = Bending moment; s = Weld size and d = Diameter of cylindrical element welded to flat
surface.

OBJECTIVE TYPE QUESTIONS

In afusion welding process,

(@) only heat isused (b) only pressureis used
(c) combination of heat and pressure is used (d) none of these

The electric arc welding isatype of ............. welding.

(a) forge (b) fusion

The principle of applying heat and pressure iswidely used in

(@) spot welding (b) seamwelding

(c) projection welding (d) all of these
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4,

In transverse fillet welded joint, the size of weld is equal to

(@) 0.5 x Throat of weld (b) Throat of weld

(¢) /2 x Throat of weld (d) 2x Throat of weld
The transversefillet welded joints are designed for

(a) tensile strength (b) compressive strength
(c) bending strength (d) shear strength

The paralléel fillet welded joint is designed for

(a) tensilestrength (b) compressive strength
(c) bending strength (d) shear strength

The size of the weld in butt welded joint is equal to

(@) 0.5 x Throat of weld (b) Throat of weld

(©) +f2 x Throat of weld (d) 2x Throat of weld

A doublefillet welded joint with parallel fillet weld of length | and leg sis subjected to atensile force
P. Assuming uniform stress distribution, the shear stressin the weld is given by

2P P
@ % ®) >r
P 2P
© T @ 5

When acircular rod welded to arigid plate by acircular fillet weld is subjected to atwisting moment
T, then the maximum shear stressis given by

2.83T 4242T

@ eq2 0 rsg?
5.66T

(© nsd? (d) none of these

10. For aparalel load on afillet weld of equal legs, the plane of maximum shear occurs at

(@) 225° (b) 30°
(c) 45° (d) 60°
ANSWERS
1. (a) 2. (b) 3. (d) 4. (0) 5. (a)

6. (d) 7. (b) 8. (0) 9. (a) 10. (c)
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. Infroduction.
. Advantages and Disadvan-

tages of Screwed Joinfs.

. Important Terms used in

Screw Threads.

. Forms of Screw Threads.
. Location of Screwed Joints.
. Common Types of Screw

Fastenings.

. Locking Devices.
. Designation of Screw

Threads.

. Standard Dimensions of

Screw Threads.

. Stresses in Screwed Fasten-

ing due to Static Loading.

. Initial Stresses due to Screw-

ing Up Forces.

Stresses due to External
Forces.

Stress due to Combined
Forces.

Design of Cylinder Covers.
Boiler Stays.

Bolts of Uniform Strength.
Design of a Nut.

Bolted Joints under Eccen-
tric Loading.

Eccentric Load Acting
Parallel to the Axis of Bolts.
Eccentric Load Acting
Perpendicular to the Axis of
Bolts.

Eccentric Load on a
Bracket with Circular Base.
Eccentric Load Acting in
the Plane Containing the
Bolts.

11.1 Infroduction

A screw thread is formed by cutting a continuous
helical groove on a cylindrical surface. A screw made by
cutting asingle helical groove on the cylinder isknown as
singlethreaded (or single-start) screw and if asecond thread
iscut inthe space between the grooves of thefirst, adouble
threaded (or double-start) screw isformed. Similarly, triple
and quadruple (i.e. multiple-start) threads may be formed.
The helical grooves may be cut either right hand or left
hand.

A screwed jointismainly composed of two elements
i.e. abolt and nut. The screwed jointsare widely used where
the machine parts are required to be readily connected or
disconnected without damage to the machine or the fasten-
ing. Thismay be for the purpose of holding or adjustment
in assembly or service inspection, repair, or replacement
or it may be for the manufacturing or assembly reasons.

377
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The parts may berigidly connected or provisions may be made for predetermined relative motion.

11.2 Advantages and Disadvantages of Screwed Joints

Following are the advantages and disadvantages of the =
screwed joints.
Advantages

1. Screwedjointsare highly reliable in operation.

2. Screwed joints are convenient to assemble and
disassemble.

3. A wide range of screwed joints may be adopted to
various operating conditions.

4. Screws are relatively cheap to produce due to
standardisation and highly efficient manufacturing
processes. :

Disadvantages |8 4

The main disadvantage of the screwed joints is the stress
concentration in the threaded portions which are vulnerable points under variable load conditions.

Note : The strength of the screwed jointsis not comparable with that of riveted or welded joints.

11.3 Important Terms Used in Screw Threads

Thefollowing termsused in screw threads, asshowninFig. 11.1, areimportant from the subject
point of view :

Angle of thread Flank

Slope —>{j=— —>||<—05p

;‘

inor dia—|

Pitch dia

ey

l«— Nominal __
dia
|
|
|
|
|
|

<«— Major dia

—>| |<— Pitch
P

Depth of thread—

Fig. 11.1. Terms used in screw threads.

1. Major diameter. It is the largest diameter of an external or internal screw thread. The
screw is specified by this diameter. It is also known as outside or nominal diameter.

2. Minor diameter. It isthe smallest diameter of an external or internal screw thread. It is
also known as core or root diameter.

3. Pitch diameter. It isthe diameter of animaginary cylinder, onacylindrical screw thread,
the surface of which would pass through the thread at such points as to make equal the width of the
thread and the width of the spaces between thethreads. It isalso called an effective diameter. In anut
and bolt assembly, it is the diameter at which the ridges on the bolt are in complete touch with the
ridges of the corresponding nut.
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4. Pitch. Itisthedistance from apoint on one thread to the corresponding point on the next.
This is measured in an axial direction between corresponding points in the same axia plane.
Mathematically,

1
Pitch =
¢ No. of threads per unit length of screw
5. Lead. It isthe distance between two corresponding points on the same helix. It may also

be defined as the distance which a screw thread advances axially in one rotation of the nut. Lead is
equal to the pitch in case of single start threads, it istwice the pitch in double start, thrice the pitch in
triple start and so on.

6. Crest. Itisthetop surface of the thread.

7. Root. It isthe bottom surface created by the two adjacent flanks of the thread.

8. Depth of thread. It isthe perpendicular distance between the crest and root.

9. Flank. It isthe surface joining the crest and root.

10. Angle of thread. It isthe angle included by the flanks of the thread.

11. Slope. It is half the pitch of the thread.

11.4 Forms of Screw Threads

Thefollowing are the various forms of screw threads.

1. British standard whitworth (B.S.W.) thread. Thisis a British standard thread profile and
has coarse pitches. It isasymmetrical V-thread in which the angle between the flankes, measured in
an axial plane, is55°. These threads are found on bolts and screwed fastenings for special purposes.
The various proportions of B.S.W. threads are shown in Fig. 11.2.

I o, e .

S
N
<
N
S

le—— 5 —>]
le— =—> <
\ Z_ 3
o
=N
2

6 Roo sJ ' '
° H:0.96p;h:0.t64p; r=0.1373 p H=1.13634p ; h=0.6p ;7=0.18083 p
Fig. 11.2. British standard whitworth (B.S.W) thread. Fig. 11.3. British association (B.A.) thread.

The British standard threads with fine pitches (B.S.F.) are used where great strength at the root
is required. These threads are also used for line adjustments and where the connected parts are
subjected to increased vibrations as in aero and automobile work.

The British standard pipe (B.S.P.) threadswith fine pitches are used for steel and iron pipesand
tubes carrying fluids. In external pipe threading, the threads are specified by the bore of the pipe.

2. British association (B.A.) thread. ThisisaB.S.W. thread with fine pitches. The proportions
of the B.A. thread are shown in Fig. 11.3. These threads are used for instruments and other precision
works.

3. American national standard thread. The American national standard or U.S. or Seller's
thread hasflat crests and roots. The flat crest can withstand more rough usage than sharp V-threads.
These threads are used for general purposes e.g. on bolts, nuts, screws and tapped holes. The various
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proportions are shown in Fig. 11.4.
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Fig. 11.4. American national standard thread. Fig. 11.5. Unified standard thread.

4. Unified standard thread. The three countriesi.e., Great Britain, Canada and United States
came to an agreement for acommon screw thread system with the included angle of 60°, in order to
facilitate the exchange of machinery. The thread has rounded crests and roots, as shown in Fig. 11.5.

5. Square thread. The square threads, because of their high efficiency, are widely used for
transmission of power in either direction. Such type of threads are usually found on the feed
mechanisms of machinetools, valves, spindles, screw jacks etc. The square threads are not so strong
as V-threads but they offer less frictional resistance to motion than Whitworth threads. The pitch of
the squarethread is often taken twice that of aB.S.W. thread of the same diameter. The proportions of
the thread are shown in Fig. 11.6.

l«— P —> 5=

2 2
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N

0.3707 p
Fig. 11.6. Square thread. Fig. 11.7. Acme thread.

6. Acmethread. It isamodification of square thread. It is much stronger than square thread
and can be easily produced. These threads are frequently used on screw cutting lathes, brass valves,
cocks and bench vices. When used in conjunction with a split nut, as on the lead screw of alathe, the
tapered sides of the thread facilitate ready engagement and disengagement of the halves of the nut
when required. The various proportions are shown in Fig. 11.7.
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7. Knucklethread. It isalso amodification of
square thread. It has rounded top and bottom. It can
be cast or rolled easily and can not economically be
made on amachine. Thesethreadsare used for rough
and ready work. They are usualy found on railway
carriage couplings, hydrants, necks of glass bottles
and large moulded insulators used in el ectrical trade.

8. Buttressthread. It isused for transmission
of power in one direction only. The force is
transmitted almost parallel to the axis. This thread Fig. 11.8. Knuckle thread.
units the advantage of both square and V-threads. It
has alow frictional resistance characteristics of the square thread and have the same strength as that
of V-thread. The spindles of bench vices are usually provided with buttress thread. The various
proportions of buttress thread are shownin Fig. 11.9.

H=0.89064 p; A=0.50286 p; f=0.24532 p;
s =0.13946 p; F=0.27544 p; r=0.12055 p.

Fig. 11.9. Buttress thread.
9. Metric thread. It is an Indian standard thread and is similar to B.S.W. threads. It has an
included angle of 60° instead of 55°. The basic profile of the thread is shown in Fig. 11.10 and the
design profile of the nut and bolt is shown in Fig. 11.11.
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Simple Machine Tools.
Note : This picture is given as additional information and is not a direct example of the current chapter.
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Fig. 11.10. Basic profile of the thread.

<—<— Majordia ——— >
|

—~«=— Effective (Pitch) dia—>|

~—<—Minor dia —>

< P >
|
T A A
A
I H
H, Nut 60° 2
h3
o | Y H
\Bolt Bolt
NN NN |
NN 2
3 WK [\ AR
B M b tn | d=D
i ;
H =086603p;  D,=d,=d-0.6495p; i
D, =d-10825p; dy=d—12268p;
5 17 H
H = §H; h3=ﬁH; r=%

d = Diameter of nut; D = Diameter of bolt.
Fig. 11.11. Design profile of the nut and bolt.

11.5 Location of Screwed Joints Sl
The choice of type of fastenings and its
location are very important. The fastenings
should belocated in such away so that they will
be subjected to tensile and/or shear loads and
bending of the fastening should be reduced to a
minimum. The bending of the fastening due to
misalignment, tightening up loads, or external Beech wood side of
loads are responsible for many failures. In order I —
to relieve fastenings of bending stresses, the use Dovetail joint
of clearance spaces, spherical seat washers, or
other devices may be used.

Cherry wood drawer front
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11.6 Common Types of Screw Fastenings
Following are the common types of screw fastenings:

1. Through bolts. A through bolt (or simply abolt) isshowninFig. 11.12 (a). Itisacylindrical
bar with threads for the nut at one end and head at the other end. The cylindrical part of the bolt is
known as shank. It ispassed through drilled holesin thetwo partsto be fastened together and clamped
them securely to each other as the nut is screwed on to the threaded end. The through bolts may or
may not have amachined finish and are made with either hexagonal or square heads. A through bolt
should pass easily in the holes, when put under tension by a load along its axis. If the load acts
perpendicular to the axis, tending to slide one of the connected parts along the other end thus subject-
ing it to shear, the holes should be reamed so that the bolt shank fits snugly therein. The through bolts
according to their usage may be known as machinebolts, carriage bolts, automobile bolts, eye bolts
etc. I I

.
Al n
i N
& l N = =
SUBY
() Through bolt. (b) Tap bolt. (¢) Stud.

Fig. 11.12

2. Tap bolts. A tap bolt or screw differsfrom abolt. It is screwed into atapped hole of one of
the parts to be fastened without the nut, as shown in Fig. 11.12 (b).

3. Studs. A stud is a round bar threaded at both ends. One end of the stud is screwed into a
tapped hole of the partsto be fastened, whilethe other end receivesanut onit, asshownin Fig. 11.12
(c). Studs are chiefly used instead of tap bolts for securing various kinds of covers e.g. covers of
engine and pump cylinders, valves, chests etc.

Deck-handler crane is used on ships to move loads
Note : This picture is given as additional information and is not a direct example of the current chapter.
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Thisis due to the fact that when tap bolts are unscrewed or replaced, they have atendency to
break the threads in the hole. This disadvantage is overcome by the use of studs.

4. Cap screws. The cap screws are similar to tap bolts except that they are of small sizeand a
variety of shapes of heads are available as shownin Fig. 11.13.

QP PP oG

== ==
S

(@) (b) @ (d) © N
(a) Hexagonal head; (b) Fillister head ; (c¢) Round head ; (d) Flat head;
(e) Hexagonal socket; (f) Fluted socket.

Fig. 11.13. Types of cap screws.

5. Machine screws. These are similar to cap screws with the head slotted for a screw driver.
These are generally used with anut.

6. Set screws. The set screws are shown in Fig. 11.14. These are used to prevent relative
motion between the two parts. A set screw is screwed through athreaded hole in one part so that its
point (i.e. end of the screw) presses against the other part. Thisresiststherelative motion between the
two parts by means of friction between the point of the screw and one of the parts. They may be used
instead of key to prevent relative motion between a hub and a shaft in light power transmission
members. They may also be used in connection with akey, where they prevent relative axial motion
of the shaft, key and hub assembly.

Fig. 11.14. Set screws.
The diameter of the set screw (d) may be obtained from the following expression:
d =0.125D +8mm
where D isthe diameter of the shaft (in mm) on which the set screw is pressed.
Thetangential force (in newtons) at the surface of the shaft is given by
F =6.6(d)?3
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.. Torque transmitted by a set screw,

D
T=Fx ? N-m ... (D isin metres)

N.T

2
and power transmitted (in watts), P = T , where N isthe speed inr.p.m.

11.7 Locking Devices

Ordinary thread fastenings, generally, remain tight under static loads, but many of these
fastenings become loose under the action of variable loads or when machine is subjected to vibra-
tions. Theloosening of fastening isvery dangerous and must be prevented. In order to prevent this, a
large number of locking devices are available, some of which are discussed below :

1. Jamnut or lock nut. A most common locking deviceisajam, lock or check nut. It has about
one-half to two-third thickness of the standard nut. The thin lock nut is first tightened down with
ordinary force, and then the upper nut (i.e. thicker nut) is tightened down upon it, as shown in Fig.
11.15 (a). The upper nut isthen held tightly while the lower oneis slackened back against it.

Lock nut

h=d

S —
0.5dt00.7d

Fig. 11.15. Jam nut or lock nut.

In slackening back the lock nut, a thin spanner is required which is difficult to find in many
shops. Thereforeto overcomethisdifficulty, athin nut is placed on thetop asshownin Fig. 11.15 (b).

If the nuts are really tightened down as they should be, the upper nut carries a greater tensile
load than the bottom one. Therefore, the top nut should be thicker onewith athin nut below it because
it isdesirableto put whole of the load on the thin nut. In order to overcome both the difficulties, both
the nuts are made of the same thickness as shown in Fig. 11.15 (c).

2. Castlenut. It consists of ahexagonal portionwith acylindrical upper part whichissottedin
line with the centre of each face, asshown in Fig. 11.16. The split pin passes through two slotsin the
nut and aholein the bolt, so that apositivelock isobtained unlessthe pin shears. It isextensively used
on jobs subjected to sudden shocks and considerable vibration such as in automobile industry.

3. Sawn nut. It hasaslot sawed about half way through, as shown in Fig. 11.17. After the nut
is screwed down, the small screw istightened which produces more friction between the nut and the
bolt. This prevents the loosening of nut.

4. Penn, ring or grooved nut. It has aupper portion hexagonal and alower part cylindrical as
shown in Fig. 11.18. It is largely used where bolts pass through connected pieces reasonably near
their edges such as in marine type connecting rod ends. The bottom portion is cylindrical and is
recessed to receive the tip of the locking set screw. The bolt hole requires counter-boring to receive
the cylindrical portion of the nut. In order to prevent bruising of the latter by the case hardened tip of
the set screw, it is recessed.
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Fig. 11.16. Castle nut. Fig. 11.17. Sawn nut. Fig. 11.18. Penn, ring or grooved nut.

5. Locking with pin. The nuts may be locked by means of a taper pin or cotter pin passing
through the middle of the nut asshowninFig. 11.19 (a). But asplit pinisoften driven through the bolt
above the nut, as shown in Fig. 11.19 (b).

04d Split pin
S:Tp\ered pin _Vr_ ! 0.2d)
_+_

I
it
|
(b)

Fig. 11.19. Locking with pin.

6. Lockingwith plate. A form of stop plate or locking plateisshownin Fig. 11.20. The nut can
be adjusted and subsequently locked through angular intervals of 30° by using these plates.

Locking
plate | Spring lock
washer
e ez
f—d—> |
Fig. 11.20. Locking with plate. Fig. 11.21. Locking with washer.

7. Spring lock washer. A spring lock washer is shown in Fig. 11.21. As the nut tightens the
washer against the piece below, one edge of the washer is caused to dig itself into that piece, thus
increasing the resistance so that the nut will not loosen so easily. There are many kinds of spring lock
washers manufactured, some of which arefairly effective.

11.8 Designation of Screw Threads

According to Indian standards, IS : 4218 (Part |V) 1976 (Reaffirmed 1996), the complete
designation of the screw thread shall include

Top



Screwed Joints

= 387

1. Sizedesignation. Thesize of the screw thread isdesignated by theletter "M’ followed by the
diameter and pitch, the two being separated by the sign x. When there is no indication of the pitch, it

shall mean that a coarse pitchisimplied.

2. Tolerance designation. This shall include
(a) A figure designating tolerance grade as indicated below:

‘7" for fine grade, ‘8’ for normal (medium) grade, and ‘9’ for coarse grade.
(b) A letter designating the tolerance position as indicated below :

‘H’ for unit thread, ‘d’ for bolt thread with allowance, and ‘h’ for bolt thread without
allowance.

For example, A bolt thread of 6 mm size of coarse pitch and with allowance on the threads and

normal (medium) tolerance grade is designated as M6-8d.

11.9 Standard Dimensions of Screw Threads
The design dimensions of 1.S.0. screw threads for screws, bolts and nuts of coarse and fine

seriesare shown in Table 11.1.

Table 11.1. Design dimensions of screw threads, bolts and nuts according
to IS : 4218 (Part 1ll) 1976 (Reaffirmed 1996) (Refer Fig. 11.1)

Designation Pitch Major Effective Minor or core Depth of Sress
mm or or pitch diameter thread area
nominal diameter (d,) mm (bolt) mn?
diameter Nut and mm
Nut and Bolt
Bolt (dp) mm Bolt Nut
(d=D)
mm
D @) ®) 4 ©) (6) ™ ()
Coarseseries
M 0.4 0.1 0.400 0.335 0.277 0.292 0.061 0.074
M 0.6 0.15 0.600 0.503 0.416 0.438 0.092 0.166
M 0.8 0.2 0.800 0.670 0.555 0.584 0.123 0.295
M1 0.25 1.000 0.838 0.693 0.729 0.153 0.460
M 1.2 0.25 1.200 1.038 0.893 0.929 0.158 0.732
M 1.4 0.3 1.400 1.205 1.032 1.075 0.184 0.983
M 1.6 0.35 1.600 1.37