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Preface to the Fourth Edition

Manufacturing technology is undergoing continuous changes along with the progress in other technological
fields. Accordingly, this book, which has been used widely by the education community in India and abroad,
needs to be updated to include all those changes. The curricula of mechanical engineering in various Indian
universities keep changing to incorporate the changes in technology. As a result, it is necessary to incorporate
those requirements in this new edition retaining the main theme of the book.

Based on the responses received from various academicians in the field, I have tried to incorporate the
developments in the manufacturing technologies so that the Indian educators can have all the information
they need in a single book.

Content Overview

Whenever a process or equipment is described, the practical information, such as specifications, operating
parameters and designing for the process, have all been highlighted. Each process is supplemented with simple
illustrations, numerical calculations for the design process and a discussion of the results so obtained. A large
number of well-labelled illustrations are provided to give the necessary insight into the process and its design.

Chapter 1 introduces the different material-removal processes and machine tools. Chapter 2 discusses the
different aspects of metal cutting, laying emphasis on chips, BUE, cutting-tool materials, tool life and surface
finish. Chapter 3 is on machine tools, their classification and elements. Chapter 4 describes centre lathe in
detail, and Chapter 5 is on special-purpose lathes. Chapters 6 and 7 discuss reciprocating machine tools and
milling, respectively. Chapter 8 is on hole-making operations. Chapter 9 explains the different types of abrasive
processes, while Chapter 10 describes some other machine tools like sawing and broaching machines. Chapter
11 deals with some unconventional machining processes, Chapter 12 provides micro machining processes and
Chapter 13 is on machine-tool testing. Chapter 14 points out some general guidelines for designing machines.
Chapter 15 describes jigs and fixtures, while Chapter 16 on metrology describes the different kinds of
measurements used in machining processes. Finally, Chapter 17 deals with the numerical control of machine tools.

New Features

All the chapters were thoroughly checked to see that written material is in line with the current practice such
that some of the obsolete details are removed. Many of the illustrations are redrawn to simplify them for
better understanding of the concepts in tune with the text. In addition to that, the following topics are added
or updated in the book:

Chapter 1 — Automation

Chapter 2 — Updated topic on thermal analysis
Chapter 7 — Thread milling

Chapter 9 — Some improvements and revisions
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Xviii  Preface fo the Fourth Edition

Chapter 15 — Economics of tooling with additional problems
Chapter 16 — Clinometer
Chapter 17 — Expansion of CNC machine tools and CMM

One new chapter is also added, Chapter 12 Micro Manufacturing

A few case studies have been added to provide further discussion on the topics covered, from the practical
viewpoint. The instructors can discuss these case studies in more detail in the class so that it will generate
interest in the students towards the subject matter. For GATE aspirants, a dedicated section at book end is
provided for thorough practice.

With these additions and changes, it is hoped that the current edition will be able to fully satisfy the
curricula of most of the universities and thus serve the intended purpose with which I stated in the beginning.

Online Learning Centre

The website of this book can be accessed at http.//www.mhhe.com/rao/mtmcmt4, which contains the Solution
Manual and PowerPoint Lecture Slides for Instructors. Multiple Choice Questions, Chapter-wise GATE
Previous Years’ Questions, Chapter objectives and Summary for each chapter are given for students.
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Preface to the First Edition

Manufacturing technology related to the machine tools is an important subject taught in most of the engineer-
ing curricula. The need is more for a balanced approach dealing with the engineering as well as technological
aspects that direct towards the actual application of the concepts.

The first volume in the present series was first published in 1986. That book has deviated from the
established tradition of the books on workshop technology that deal heavily with the theoretical descriptions by
incorporating a variety of actual applications and numerical aspects to explain the concepts of manufacturing
processes. The success of the book, which has now gone through the second edition recently, established the
methodology adopted.

It was long felt a similar approach needed for teaching machine tools in engineering colleges. The author
over the years of teaching the subject in Indian Institute of Technology Delhi felt the need for such a book
and that is how the seeds for this new book have been sowed. There is a large variety of books available
in the market to deal with the workshop machinery. A majority of these books deal with a very descriptive
nature of the machine tools and though voluminous, often are not suitable to completely provide a thorough
analytical basis required for manufacturing engineering. Many of these books are more suitable for operators
and technicians rather than engineers. Other varieties of books that were written with engineer in mind give
very little details and are thus difficult to use unless supplemented by other books.

This book is thus aimed at providing the material in a more balanced approach such that the engineer is in
a position to appreciate the details of the process as well as the necessary analytical and design approaches
that are essential in developing the manufacturing engineering aspects of these processes. Thus, it is sincerely
hoped that the new approach will be appreciated and the various curricula in engineering colleges will take the
new approach there by giving the students a better appreciation of the manufacturing processes by reducing
the descriptive portions largely.

This book is the outgrowth of course material used by the author for teaching a number of undergraduate
courses relating to metal cutting and machine tools. The author practised the concept of providing the
practical information, such as specifications, operating parameters and designing for the process, whenever
a manufacturing process is discussed. This helps in the understanding the nuances of the process better by
the student. As far as possible, effort has been made to supplement the processes with simple illustrations,
discuss the analytical aspects and carryout the design process and a discussion of the results so obtained. A
large number of well-labelled illustrations are provided to give the necessary insight into the process and its
design. The actual photographs of the machine tools are avoided deliberately to keep the size of the book in
reasonable limits.

In this book, study of various categories of machine tools available along with their capabilities and
applications would be carried. The study in this book would be restricted to some aspects of the machine tools
from the standpoint of their application to either mass production or batch production depending upon the
requirement. With each of the machine tool description, the method of selection for a given application and
the setting process are also developed. These machine tools are so versatile that with a little ingenuity and use
of accessories, it is possible to practically manufacture any type of job needed.
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XX Preface to the First Edlition

The book starts with a long introduction to the metal cutting aspects that form the core of all the subsequent
chapters. Details are provided whereby analysis of the mechanics of orthogonal cutting can be understood
along with the various practical aspects of its application in real life manufacturing situations.

A separate chapter is provided on the basics of machine tool construction wherein effort has been made to
collate the common aspects of all the machine tool details in one place. These details are applicable to many
of the machine tools discussed in the later chapters.

In the subsequent chapters, all the major categories of machine tools and processes namely lathes, shaping,
milling, hole making, and grinding are covered in greater detail. The unconventional machining processes
such as EDM, ECM are covered in a separate chapter. Though these are termed as unconventional, they are
quite extensively used in the industries. From that viewpoint, reasonably large coverage of this is attempted.

Some of the other elements that form the integral portions for the study of machine tools namely, machine
tool testing, metrology, and design for machining are also covered through separate chapters though the
coverage is maintained in a low key to conserve the space. Process planning which is a very important
component of the machine tools, which is normally neglected in most of the engineering curricula has been
covered in this book with reasonable details. It is the author’s conviction that through the understanding of
the principles of process planning the student will be better appreciating the application of machine tools.

The book finally ends with a chapter on Numerical Control of machine tools in view of its importance in
the industry. Though this subject merits a further coverage as a separate book, sufficient details are provided
in this book to help the student getting the basics with which they will be able to use the NC machine tools.

I am grateful to the authorities of the MARA Institute of Technology, Shah Alam, Malaysia, which have
provided excellent environment, opportunities and facilities to undertake this task. In particular, I would like
to express my sincere thanks to the Faculty of Mechanical Engineering and CADEM Centre who allowed me
to liberally use the available facilities and time for this venture. It is a pleasure to express heart-felt gratitude
to my family members who have borne long hours of inconvenience during the preparation of the manuscript.
I am also thankful to many of my students who have learned this subject from me, for the probing questions
and comments through which the subject could be brought to this form.

Readers of the book are requested to provide comments and suggestions related to the coverage and
examples used in the book. I would appreciate and welcome any helpful constructive criticism for
improvement in future editions.

October 1998 P. Nageswara Rao
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HisTORICAL PERSPECTIVE

Provides a brief perspective of
historical developments related
to the processes discussed in the
chapter

1.1 INTRODUCTION TO MATERIAL REMOVAL PROCESSES

The study of metal cutting and machine tools is one of the most fascinating experiences. Machining of
materials is adopted basically to get higher surface finish, close tolerances and complex geometric shapes,
which are otherwise difficult to obtain.

Of all the manufacturing processes available, metal removable is perhaps the most expensive one. The
reason being that from the raw material, quite a substantial amount of material is removed in the form of
chips in order to achieve the final shape required. Also, lot of energy is expended in the process of material
removal. So the choice of material removal as an option for manufacturing should be considered when no
other manufacturing process suits the purpose. However, invariably all the components will be undergoing a
material removal operation at one point or other.

A machine tool is defined as one which while holding the cutting tools would be able to remove metal
from a work piece in order to generate the requisite job of given size, configuration and finish. It is different
from a machine, which essentially is a means of converting the source of power from one form to the other.
The machine tools are the mother machines since without them no components could be produced in their
finished form. They are very old and the success of the industrial revolution owes to a very great extent to
them.

Existence of some form of crude machine tools is recorded as early as 700 B.C. However, the most
prominent beginning of the machine tool is the John Wilkinson’s horizontal boring machine towards 1775.
This invention made the James Watt’s steam engine a reality. Henry Maudslay followed this with an engine
lathe in 1794. A later machine tool to be invented is the planer by Roberts in 1817. Maudslay combined a
lead screw, a cross-slide and change gears in a form, which is almost similar to the current day centre lathe.
At the same time another major machine tool to be invented is the milling machine by Eli Whitney in 1818.

The drill press is the next machine tool to be developed around 1840 by John Nasmyth. Stephen Fitch

CHAPTER OBJECTIVES

Objectives

metal cutting. After completing this chapter, the reader will be able to

v

Understand the basic parameters in the metal cutting operation.

manufacturing

Understand the importance of shear angle in metal cutting

Select the cutting tool material for a given application

v v v v

Material removal is the principal operation carried out by majority of the manufacturing

industries. This chapter provides a summary of the major factors that need to be considered in defined set Of Objectives that

Calculate analytically the forces and other parameters associated with the orthogonal cutting

Understand the temperatures developed in metal cutting and the variables that control it

Each chapter begins with a clearly

provide a quick reference to the

> Appreciate different types of chips formed in metal cutting and their relevance to Chapter’S key aSpeCtS. These help

students better anticipate what they
will be studying and help instructors
measure student’s understanding.

WELL-LABELLED
ILLUSTRATIONS

Neat illustrations within the
chapters provide a complete
description of the object in
question, labelling the various parts
describing the function.
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xxii  Visual Walkthrough

/ = Example 4.4 = \
Estimate the actual machining time required for the 120
component (C40 steel) shown in Fig. 4.42. The available
spindle speeds are, 70, 110, 176, 280, 440, 700, 1100, 1760

and 2800. Use a roughing speed of 30 m/min and finish [ SOLVED EXAMPLES

speed of 60 m/min. Th for roughing is 0.24 mm/ [—-—-—=-—=—-—-—-—-—| 242
rev while that for finishing is 0.10 mm/rev. The maximum Th h mah .
depth of cut for roughing is 2 mm. Finish allowance may roug out each ¢ apter, various

be taken as 0.75 mm. Blank to be used for machining is 50

omn in diameter. Fie. 442 Machining time example solved examples are given that
Solution  Stock o be removed - =2 4 help readers understand and apply
Finish allowance ~ 0.75 mm i the concept learnt in the chapter.

Roughing:

Roughing stock available =4 — 0.75 = 3.25 mm
Since maximum depth of cut to be taken is 2 mm, there are 2 roughing passes.
\ Given cutting speed, V=30 m/min _J

SUMMAR

There are a large number of hole making operations depending upon the geometry of the hole to be made.
o Drilling is the most common hole making operation.
o Twist drill geometry with two cutting lips arranged helically around the central web acts as the main
SUMMARY cutting tool for drilling.
-_— A large variety of drill types are used such as step drills, spade drills, and shell core drills.
Drill press, radial drilling machine and multiple spindle drilling machines are some of the varieties
of drilling machines used.
Drilling time can be estimated based on the hole length and the drilling process parameters.
Drilling force and power can be estimated using the empirical relations.
Deep hole drilling requires special precautions to take care of the removal of large volume of chips.
Reaming is a finishing operation done to provide close-toleranced holes.
Boring is an operation used to enlarge a hole using a single point cutting tool.
Tapping is used to make inside threads where a finished hole is already present.
Tapping is an operation using slow cutting speeds.
Counter boring, spot facing and counter sinking are the other operations that are used to finish the
holes for specific requirements.

A detailed chapter-end summary is
provided for a quick review of the
important concepts discussed in the
chapter.

s

([ Questions |13

6.1 Explain with a neat sketch the operation and need for a clapper box in a mechanical shaper.
62 REVISION QUESTIONS

Give a schematic sketch of a shaper labelling important parts and their functions.
6.3 What are the applications of shaping machines in a typical machine shop? . q
64 Explain the following principal parts of a mechanical shaper. A set of review questions has

(a) Ram

(b) Tool post been carefully constructed

(¢) Quick return motion

6.5 Give the details of different types of shapers and their applications. toh elP students review their
6.6 Give the various details that need to be specified for a shaping machine. understanding of the COI"ICEptS.

6.7 Describe the operation of the quick return motion in a mechanical shaper.
6.8 How are the tools held in a shaper?

6.9 Describe the methods of holding the work pieces in shapers. Give simple sketches of the same.

\ 6.10 Give a neat sketch of the mechanical feed drive of a horizontal shaper and explain its function.

s N
[ || Problems |

7.1 A 20 mm x 150 mm diameter HSS side and face milling cutter is to be used to cut a groove into a

PRACTICE PROBLEMS piece of brass with one cut. The groove is 20 mm wide, 4 mm deep and 250 mm long. Calculate the

total machining time. Justify the assumptions made if any. [0.558 minutes]
7.2 In a slab milling operation, the milling cutter has 20 teeth and is 100 mm in diameter. The rotational

PraCthG prOblemS are g’ven n eGCh speed of the cutter is 5 RPS. If the flat surface to be generated is 200 mm by 50 mm and feed per tooth

; - ; is 0.013 mm/rev., calculate the machining time required for 100 pieces. The depth of cut may be taken

Chapter to prov,de hands On praCt,ce as 6 mm. Specify any assumptions made. [1.15 minutes]

7 3 7.3 A surface 115 mm wide and 250 mm long is to be rough milled with a depth of cut of 6 mm by a

to StUdents n SOIVIng prOblems 16-tooth cemented carbide face mill 150 mm in diameter. The work material is medium hard cast iron
related to rea[-“fe situations. (220 - 260 BHN). Estimate the cutting time and justify the process parameters used.

[4.6296 minutes]

7.4 A flat surface of 250 x 350 mm is to be produced on a horizontal axis milling machine. A slab mill

of 100 mm diameter and 150 mm width is to be used for the purpose. Calculate the machining

time assuming that entire stock can be removed in one depth of 1 mm. Make only the requisite
\ assumptions. [6.25 minutes] /

)

w

ES
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4 )

[ | ltiple Choice Questio ]
8.1 Back taper is provided on a drill to 8.3 Helix angle of a drill is
(a) Increase the strength of the drill (a) The angle between the leading edge of
(b) Provide longitudinal clearance the land and the axis of the drill M U I_T I P L E C H o I C E Q U E ST I o N s
(c) Decrease the cutting thrust (b) The angle between the face and the line
(d) Decrease the cost of the drill parallel to the drill axis
8.2 Axial rake angle of a drill is (c) The angle formed by the portion of the These help the StUdentS to have a
(a) The angle between the leading edge of flank adjacent to the land and a plane at o o
the land and the axis of the drill right angles to the drill axis qUICk recap Of the ’mportant terms
(b) The angle between the face and the line (d) None of the above :
parallel to the drill axis 8.4 The lip clearance angle of a drill is and Concepts learnt n the Chapter'
(c) The angle formed by the portion of the (a) The angle between the leading edge of
flank adjacent to the land and a plane at the land and the axis of the drill
right angles to the drill axis (b) The angle between the face and the line
(d) None of the above parallel to the drill axis

CasE STupy

TURBINE BLADE MACHINING

Engine components for airplanes which need to maintain low weight, high temperature resistance and
increased thermal efficiency require that these be manufactured with high nickel and titanium alloys.
C ASE ST UDIES The commonly used materials are Ti-6Al-4V and Inconel 718. The geometry of turbine blade is com-
plex and these blades are arranged on the rotor disk with specialized geometry that facilitates the flow

Provides a practical view point of > o s repire  vry sl paming. Being et mterls e o o b chind vig
the subject to increase interest and

conventional milling, Electro Discharge Machining (EDM) and Electro Chemical Machining (ECM)

processes.
understanding' In this case study, these alloys were machined using conventional milling, EDM and ECM processes

in order to compare the material removal rates and economics. The conventional milling is done
with trochoidal milling which is a method of machining used to create a slot wider than the milling
cutter diameter. This is accomplished by moving the cutter through a series of circular cuts known
trochoidal tool path. This provides a low radial depth of cut and a high axial depth of cut and
achieves good material removal rate. In the EDM setup, initial roughing was done using the regular
EDM process and then Wire EDM was used. The table below shows the variation of MRR among the

processes.
Manufacturing Process Used Material Removal Rate of | Material Removal Rate of
Ti-6Al-4V (mm®/min) Inconel 718 (mm®/min)
Conventional Milling 6035 3401
EDM EDM (Roughing) 220 500 |
Wire EDM (Finishing) 3090 2388 |

\_ ECM 4838 4163 | )

GATE Previous Years’ Questions GATE SECTION

Chapter-wise previous years GATE
questions given for the students to
I CHaPTER 2 . 2.5 In a single point turning operation with have hands on practice.

cemented carbide tool and steel work piece,

2.1 Inan orthogonal cutting process the tool used it is found that the Taylor’s exponent is 0.25.
has rake angle of zero degree. The measured If the cutting speed is reduced by 50%, then
cutting force and thrust force are 500 N the tool life changes by
and 250 N, respectively. The coefficient times.
of friction between the tool and the chip is (GATE-2016-ME-SET-3, 2-Marks)

2.6 Under certain cutting conditions, doubling
the cutting speed reduces the tool life to
(1/16)" of the original. Taylor’s tool life index
(n) for this tool-work piece combination will

(GATE-2016-ME-SET-1, 1-Mark)

The tool life equation for HSS tool is V7%
f%7 d%* = Constant. The tool life (7) of

)
X3

30 min i obtained using the following cutting bo !
conditions: (GATE-2015-ME-SET-1, 1-Mark)
g ¥ = 45 m/min, £= 035 mm, d = 2.0 mm J
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Introduction

1.1 INTRODUCTION TO MATERIAL REMOVAL PROCESSES

The study of metal cutting and machine tools is one of the most fascinating experiences. Machining of
materials is adopted basically to get higher surface finish, close tolerances and complex geometric shapes,
which are otherwise difficult to obtain.

Of all the manufacturing processes available, metal removable is perhaps the most expensive one. The
reason being that from the raw material, quite a substantial amount of material is removed in the form of
chips in order to achieve the final shape required. Also, lot of energy is expended in the process of material
removal. So the choice of material removal as an option for manufacturing should be considered when no
other manufacturing process suits the purpose. However, invariably all the components will be undergoing a
material removal operation at one point or other.

A machine tool is defined as one which while holding the cutting tools would be able to remove metal
from a work piece in order to generate the requisite job of given size, configuration and finish. It is different
from a machine, which essentially is a means of converting the source of power from one form to the other.
The machine tools are the mother machines since without them no components could be produced in their
finished form. They are very old and the success of the industrial revolution owes to a very great extent to
them.

Existence of some form of crude machine tools is recorded as early as 700 B.C. However, the most
prominent beginning of the machine tool is the John Wilkinson’s horizontal boring machine towards 1775.
This invention made the James Watt’s steam engine a reality. Henry Maudslay followed this with an engine
lathe in 1794. A later machine tool to be invented is the planer by Roberts in 1817. Maudslay combined a
lead screw, a cross-slide and change gears in a form, which is almost similar to the current day centre lathe.
At the same time another major machine tool to be invented is the milling machine by Eli Whitney in 1818.

The drill press is the next machine tool to be developed around 1840 by John Nasmyth. Stephen Fitch
designed the first turret lathes in 1845. It carried eight tools on a horizontally mounted turret for producing
screws. A completely automatic turret lathe was invented by Christopher Spencer in 1869. This is the first
form of the automatic lathe utilising cams for feeding the tool in and out of the work piece thereby automating
most of the machining tasks. He is also credited with the development of a multiple-spindle lathe. Finally the
surface grinder was developed around 1880. This probably completes the development of almost all basic
machine tools.

Over the intervening period, the basic machine tools have been refined by adding various attachments as
well as automating the movements. Also the invention of various precision measurement techniques helped
in improving the accuracy and productivity of the machine tools.

Manufacturing technology is going through major technological changes because of the revolutionary
changes being brought in by the developments in the microelectronics. The availability of computers and
then microprocessors has completely changed the machine tool scenario by bringing in the flexibility which
was not possible through the conventional mechanisms. The development of Numerical Control in 1952 has,
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1.2 Manufacturing Technology—Metal Cutting and Machine Tools

for the first time, brought the kind of flexibility to the metal cutting operation, that at present, a majority of
the manufacturing processes are making use of these principles in some form or the other. This allows for the
Just In Time (JIT) manufacture leading to zero inventories, zero setup times and single component batches
without losing any advantages of mass manufacture.

1.2 VARIETY OF MACHINE TOOLS

Casting processes and the metal working processes are the primary manufacturing processes where the metal
is first shaped into an intermediate shape which is normally brought to its final form with metal cutting pro-
cess. Assembling of parts into workable equipment often requires the mating surfaces to be complementary
to each other in terms of form, dimensions and surface finish. The only way this can be achieved is through
the use of material removal processes. The broad classification of the material removal processes is shown in
Fig. 1.1. They can be classified into the traditional processes, which rely on the difference in the hardness of
the cutting tool to that of the work piece to remove the material. These are the first processes that have been
in use for a greater part of the time. These are further divided based on the type of work piece geometry and
the method employed for generating that geometry.

The non-traditional processes have been mostly invented in the 20" century to take care of the space age
materials that are too hard and difficult to be machined by the conventional processes. These processes rely
on other methods for removal rather than the hardness difference between the work piece and the cutting tool

material.
Material-Removal Processes
Traditional Nontraditional
| EDM
ECM
‘ LBM
Cutting Abrasive ete.
| | | | |
Axisymmetric Prismatic Bonded Loose
Turning Milling Grinding Lapping
Drilling Shaping Honing UsSMm
Boring Sawing Super finishing etc.
etc. etc. etc.

Fic. 1.1 Classification of the material removal processes

The large varieties of material removal processing machines that are available as such are:
Turning machines (Lathes)

Drilling machines

Boring machines

Milling machines

Grinding machines

Shaping and Planing machines
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Infroduction 1.3

e Gear cutting machines

e Sawing machines

e Unconventional machining machines
Besides these main varieties of machine tools, a number of specialised variations of machine tools are

available depending upon the requirement. They are:
Automats

the industrialisation.

Status of machine tool industry in india*

Copy turning machines
Form relieving lathes

Reaming

Copy milling machines
Plano milling machines

Centre less grinding machines

Broaching machines
Table 1.1 lists the status of machine tool industry in India, which is considered as one yardstick towards

1987
1990
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004

2004-2005

Production

2,454
4,132
7,198
8,080
7,963
6,712
5,970
6,307
5,282
5,175
6,782

10,122

10,950

(in X million)

1,118
3,404
5,976
11,003
7,221
8,405
4,727
4,258
3,103
4332
6768
16,001
18,208

592
809
445
249
321
606
382
330
373
508
463
491
526

Consumption

2,980

6,727
12,729
18,834
14,863
14,511
10,315
10,232

8,012

8,999
13,087
25,632
28,632

(in %)

62.5
49.4
53.1
41.6
514
42.1
542
58.4
61.3
519
49.8
376
36.4

Share of Production
(Less Exp.) to Total
Consumption

(Contd.)

*Source: Indian Machine Tool Manufacturers Association, IMTMAannual reports— (https://www.imtma.in/index.php?page=1&subid=278

Retrieved on Sep 4, 2017)
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1.4 Manufacturing Technology—Metal Cutting and Machine Tools

2005-2006 13,498 28,986 502 41,905 31.0
20062007 17,307 46,557 731 63,044 26.3
2007-2008 19,020 59,919 1,467 77,472 22.7
2008-2009 14,244 62,706 894 76,055 17.6
2009-2010 16,562 48,422 810 64,173 24.5
20102011 36,240 67,032 1360 101,912 342
20112012 42,990 76,450 1800 117,640 35.0
20122013 38,850 75,980 2140 112,690 32.6
2013-2014 34,810 46,720 2460 79,070 40.9
20142015 42,300 53,180 2800 92,680 42.6
20152016 47,270 59,450 2960 103,760 42.7

As mentioned earlier, material removal processes are very expensive and hence, should be resorted to only
when it is absolutely needed. Table 1.2 gives a relative comparison of the material removal processes with the
other manufacturing processes as a qualitative comparison.

1.3 AUTOMATION

Beginning of the twentieth century, large volume manufacture has taken off in a big scale and in the process
reduced the manufacturing costs. This made it possible that people have access to a large range of products
and the economies have improved. Automation played a big part in this process. Merriam Webster dictionary
defines automation as “the technique of making an apparatus, a process, or a system operate automatically”.
The aftermath of automation is that quality and consistency of manufacturing have improved, while the need
for human labour has decreased. The reduction in the manufactured goods is due to the productivity improve-
ment achieved due to automation.

In the beginning, most of the manufacturing automation is hardware oriented with all mechanical devices
such that the necessary activation is done through levers and actuators. Later, this has been improved by the
addition of hydraulic and pneumatic devices to provide more flexibility. This type of industrial automation is
specifically used to produce a single component that is normally termed as hard automation. When any small
design is to be incorporated, the automation components need to be modified to suit the new design. This
is time consuming, depending upon the type of modification involved. However, with the developments in
the microelectronics, sensors and computers, the automation has changed drastically in what is now termed
as soft automation, where the components remain fixed while their functionality is controlled through the
program which can be modified to suit any design changes as required. The computer numerical control
machines and robots are part of that industrial automation which leads to much improved productivity and

quality.
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Metal Cutting

Objectives

Material removal is the principal operation carried out by majority of the manufacturing
industries. This chapter provides a summary of the major factors that need to be considered in
metal cutting. After completing this chapter, the reader will be able to

> Understand the basic parameters in the metal cutting operation.

> Appreciate different types of chips formed in metal cutting and their relevance to
manufacturing

Calculate analytically the forces and other parameters associated with the orthogonal cutting
Understand the importance of shear angle in metal cutting

Select the cutting tool material for a given application

Understand the temperatures developed in metal cutting and the variables that control it
Understand tool wear and tool life and the variables that control them

Determine how the surface finish varies with the process parameters

Know the various cutting fluids and their application methods

Empirically determine the cutting forces

V VWV VWV V V V VvV VvV Vv

Optimise the machining process to satisfy the required conditions

2.1 INTRODUCTION

The importance of machining processes can be emphasized by the fact that every product we use in day-to-
day life has used this process either directly or indirectly.
(a) In US, more than $§ 100 billion were spent annually on the machining and related operations.
(b) Typically a large majority (above 80%) of all the machine tools used in the manufacturing industry
are metal cutting in nature.
(c) An estimate in 1957 showed that about 10 to 15% of all the metal produced in US. is converted into
chips.
These facts show the importance of metal cutting in general manufacturing. It is therefore important to
understand the metal cutting process in order to make the best use of it. Before the end of 19th century, some
amount of work was done by people like Tresca, Thime, Mallock, etc. But it was mostly scattered work. The
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2.2 Manufacturing Technology—Metal Cutting and Machine Tools

monumental work done by F.W. Taylor in the last
stages of 19th century and the beginning of 20th
has been, in fact, the starting point for a rational
thinking on the metal cutting process. He is mostly
interested in empirical research and 30 years of the
results of his experimental work was published in
Transactions of ASME in 1907, running to about
300 pages.

Afterwards, a number of investigations have
been carried out in understanding the metal cutting
process and this knowledge has been used to help
improve the manufacturing operations involving
metal cutting. In this chapter we will study in brief
the various understandings available from the metal cutting research work.

A typical cutting tool in a simplified form is shown in Fig. 2.1 removing metal. The important features to
be observed are:

Tool

Rake face
Rake angle

Clearance angle

A

) Machined surface
Work piece

FiG. 2.1 The general characteristics of a metal
cutting tool

Rake angle: 1t is the angle between the face of the tool called the rake face and the normal to the machining
direction. This angle specifies the ease with which a metal is cut. Higher the rake angle better is the cutting
and less is the cutting force. Increasing the rake angle reduces the metal backup available at the tool rake
face. This reduces the strength of the tool tip as well as the heat dissipation through the tool. Thus, there is a
maximum limit to the rake angle and is generally of the order of 15° for high speed steel tools cutting mild
steel. It is possible to have rake angle as zero or negative as shown in Fig. 2.2. These are generally used in
the case of highly brittle tool materials such as carbides or diamond for giving extra strength to the tool tip.

Rake face

Rake face

Clearance angle Clearance angle

Machined surface Machined surface

Work piece Work piece

(a) Zero rake angle (b) Negative rake angle
Fic. 2.2 Tool cutting at different rake angles

Clearance angle: This is the angle between the machined surface and the underside of the tool called the
flank face. The clearance angle is provided such that the tool will not rub or spoil the machined surface, but
at the same time will increase the cutting forces. A very large clearance angle reduces the strength of the tool
tip, hence normally an angle of the order of 5 to 6° is generally used.

The conditions which have a predominant influence on the metal cutting are: work material, cutting tool
material, cutting tool geometry, cutting speed, feed rate, depth of cut and cutting fluid used.

The cutting speed, V, is the speed with which the cutting tool moves through the work material. This is
generally expressed in metres per second (ms ™).

Feed rate, f, may be defined as the small relative movement per cycle (per revolution or per stroke) of the
cutting tool in a direction usually normal to the cutting speed direction.

Depth of cut, d, is the normal distance between the unmachined surface and the machined surface.
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2.2 CHIP FORMATION

Metal cutting process is one of the most complex
processes. Fig 2.3 shows the basic material removal
operation schematically. The metal in front of the tool rake  primary
face gets immediately compressed first elastically and then ~ shear
plastically. This zone is traditionally called the shear zone, 2°"®
in view of the fact the material in the final form would
be removed by shear from the parent metal. The actual
separation of the metal starts from the cutting tool tip as
yielding or fracture, depending upon the cutting conditions.
Then the deformed metal (called chip) flows over the tool . Machined surface
(rake) face. If the friction between the tool rake face and Work piece

the underside of the chip (deformed material) is con-
siderable, then chip gets further deformed, which is termed
as secondary deformation. The chip after sliding over the
tool rake face would be lifted away from the tool, and the
resultant curvature of the chip is termed as chip curl.

Plastic deformation can be caused by yielding, in which
case strained layers of material would get displaced over
other layers along the slip-planes which coincide with the
direction of maximum shear stress.

Piispanen presented an interesting mechanism to
account for the deformation process taking place at the
cutting edge. He considered the undeformed metal as a
stack of cards which would slide over one another as the
wedge shaped tools moves under these cards as shown
in Fig. 2.4. Though this idea is an over simplified one, it
would account for a number of features that are found in
practice. A practical example is when paraffin is cut; block wise slip is clearly evident.

The chip used in actual manufacturing practices is variable both in size and shape. Study of the chip is one
of the most important things in metal cutting. As will be seen later, the mechanics of metal cutting are greatly
dependent on the shape and size of the chips produced.

The chip formation in metal cutting could be broadly categorised into three types:

(i) Discontinuous chip

(i1)) Continuous chip, and

(iii)) Continuous chip with BUE

Secondary
shear zone

FiG. 2.3 The possible deformations in metal
cutting

Work piece

FiG. 2.4 Piispanen’s model of metal cutting

2.2.1 Discontinuous Chip

When brittle materials like cast iron are cut, the

deformed material gets fractured very easily Tool \\l//

and thus the chip produced is in the form of

discontinuous segments as shown in Fig. 2.5. \ Tool
In this type the deformed material instead of

flowing continuously gets ruptured periodically. (8) Tear type (b) Shear type
Discontinuous chips are easier from the chip Fic. 2.5 Possible discontinuous chip formations
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2.4 Manufacturing Technology—Metal Cutting and Machine Tools

disposal view point. However, the cutting force becomes unstable with the variation coinciding with the
fracturing cycle as shown in Fig. 2.6. Also they generally provide better surface finish. However, in case of
ductile materials they cause poor surface finish and low tool life. Higher depths of cut (large chip thickness),
low cutting speeds and small rake angles are likely to produce discontinuous chips.

12,500

ool A Sy |

Q
3
@
e
§ ¢
3 g
c
£ 7,500
3 f \/
5,000
1.0 2.0 3.0

Distance cut, inches

Fic. 2.6 The variation of cutting force in discontinuous chip formation (Medium carbon steel, Rake angle =
30°, Cutting speed = 1.65 ft/min, Depth of cut = 0.41 in, Feed rate = 0.125 in/rev)

2.2.2 Continuous Chip

Continuous chips are normally produced when machining steel or
ductile metals at high cutting speeds. The continuous chip, which
is like a ribbon flows (Fig. 2.7) along the rake face. Continuous
chip is possible because of the ductility of metal (steel at high
temperature generated due to cutting) flows along the shear plane
instead of rupture. Thus on a continuous chip you do not see any
notches. It can be assumed that each layer of metal flows along the _
slip plane till it is stopped by work hardening. Each of these layers Work piece
gets welded to the previous ones because of the high temperature,
thus forming a continuous chip. Some ideal conditions that Fic. 2.7 Continuous chip formation
promote continuous chips in metal cutting are: sharp cutting edge,

small chip thickness (fine feed), large rake angle, high cutting speed, ductile work materials and less friction
between chip tool interfaces through efficient lubrication.

This is the most desirable form of chip since the surface finish obtained is good and cutting is smooth. It
also helps in achieving higher tool life and lower power consumption. However, because of the large coils
of chips, the chip disposal is a problem. To help in this direction various forms of chip breakers have been
developed which are in the form of a step or groove in the tool rake face. The chip breakers allow the chips
to be broken into small pieces so that they can be easily disposed of.

2.2.3 Continuous Chip with BUE

When the friction between tool and chip is high while machining ductile materials, some particles of chip
adhere to the tool rake face near the tool tip. When such sizeable material piles up on the rake face, it acts as a
cutting edge in place of the actual cutting edge as shown in Fig 2.8. This is termed as built up edge (BUE). By
virtue of work hardening, BUE is harder than the parent work material. As the size of BUE grows , it becomes
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unstable and parts of it get removed while cutting. The removed por-
tions of BUE partly adhere to the chip underside and partly to the ma-
chined surface as shown in Fig. 2.9. This causes the finished surface
to be rough. However, since the cutting is carried by the BUE and not
the actual tool tip, the life of the cutting tool increases while cutting
with BUE. In this way BUE is not harmful during rough machining.

The conditions that normally induce the formation of BUE are low
cutting speed, high feed and low rake angle. One of the prerequisites
for the formation of BUE is the work hardenability of the work piece
material. Higher the work hardenability, rougher is the machined
surface produced.

AN\

Fic. 2.9 BUE cycle

Built-up-edge

Work piece

Fic. 2.8 Close-up view of BUE

Though the above is a theoretical classification of chips, in actual practice many other types (which could
appear in the border areas of these three types) would also be present.

2.2.4 BUE

The formation of a BUE on the tool is brought about by the high normal loads on the tool rake face leading to
adhesion between the chip and the tool. This adhesion may be so severe that instead of the chip sliding over
the tool face, considerable plastic flow and eventual rupture occurs within the chip. Further layers build up,
leading to a large nose of the material projecting from the cutting edge.

The adhesion at the chip tool interface is very strong and different from the conventional adhesion
characteristics of the material pair concerned. The conditions of machining are more extreme compared to
most other deformation processes.

(i) It is a plastic flow process with exceptionally large strains. There is high compressive stress acting
on the plastic zone and this prevents rupture until the strain is well above the rupture value, in say, a
tensile test.

(i) The deformation is localised to an extremely small plastic zone. The strain rate is unusually high.

(iii) The chip material rubbing over the tool face is freshly formed from the body of the work material
and is in a chemically clean condition. This makes it more chemically active than the usual oxidised
surfaces encountered in most sliding situations, a feature which increases the tendency for adhesion
and so gives a higher friction force.

2.3 SHEAR ZONE

There are basically two schools of thought to analyse the metal removal process. One school of thought is that
the deformation zone is very thin and planar as shown in Fig. 2.10(a). The other school thinks that the actual
deformation zone is a thick one with a fan shape as shown in Fig. 2.10(b).
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2.6 Manufacturing Technology—Metal Cutting and Machine Tools

Shear zone

Work piece Work piece

(a) Thin shear-plane model (b) Shear-zone model

FiG. 2.10 (a) Thin shear plane model, (b) Thick shear zone model

Though the first model Fig. 2.10(a) is convenient from the stand point of analysis, physically it is
impossible to create . The reason being that for transition from undeformed material to a deformed one along
a thin plane, the acceleration across the plane has to be infinity, for the velocity to change instantaneously
from cutting speed V; to V.. Similarly the stress gradient across the shear plane has to be very large to be
practical.

In the second model Fig. 2.10(b) by marking the shear zone over a region, the transitions in velocities and
the shear stresses could be realistically accounted for.

The angle made by the shear plane with the cutting speed vector, ¢ is a very important parameter in metal
cutting. Higher the shear angle better is the cutting performance. From a view of the Fig. 2.10(a), it can be
observed that higher rake angles give rise to higher shear angles.

2.4 ORTHOGONAL CUTTING

Investigators in the metal cutting field have attempted to develop an analysis of the cutting process which
gives a clear understanding of the mechanisms involved and which enables the prediction of the important
cutting parameters, without the need for testing. But none of the models developed so far could be fully
substantiated and definitely stated to be the correct solution. It is worth examining them because they will be
qualitatively explaining the phenomenon.

A general purpose metal cutting operation such as turning or milling is three-dimensional and is normally
termed as oblique cutting. The obliquity comes from the angle between the cutting speed vector and the
cutting edge of the tool as shown in Fig. 2.11(b). Though this is the most practical, it is far more difficult to
analyse because of its 3 dimensions.

Work piece

(a) (b)
Fic. 2.11 (a) Orthogonal cutting, (b) Oblique cutting
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Metal Cutting 2.7

To simplify the matters, researchers often resort to orthogonal cutting wherein the cutting edge is
perpendicular to the cutting velocity as shown in Fig. 2.11(a). Though normal turning is oblique, a special
case of turning a pipe from the side as shown in Fig. 2.12 is orthogonal. Similarly parting operation in turning
is orthogonal. Since this type of cutting reduces the complexity, most of our discussion in this chapter would
be based on orthogonal cutting only.

Lathe chuck

/— Axis of rotation
—
[ =

Cutting tool

[ m ] Strain gauges to

measure forces

Tubular
specimen

i
1
I

FiG. 2.12 Realisation of orthogonal cutting in practice while turning a tube from the end

2.4.1 Mechanics of Orthogonal Metal Cutting

As has been mentioned previously, there are two schools of thoughts regarding the plastic deformation that
is taking place at the cutting zone. It seems that the thin zone model is likely to be the most useful since it is
simple for analysis purpose.

The current analysis is based on Merchant’s thin shear plane model considering the minimum energy
principle. This model would be applicable at very high cutting speeds, which are generally practised in
production.

Assumptions:
(i) The tool is perfectly sharp and has no contact along the clearance face.
(i) The surface where shear is occurring is a plane.
(iii) The cutting edge is a straight line extending perpendicular to the direction of motion and generates a
plane surface as the work moves past it.
(iv) The chip does not flow to either side or no side spread.
(v) Uncut chip thickness is constant.
(vi) Width of the tool is greater than the width of the work.
(vii) A continuous chip is produced without any BUE.
(viii) Work moves with a uniform velocity.
(ix) The stresses on the shear plane are uniformly distributed.
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2.8 Manufacturing Technology—Metal Cutting and Machine Tools

The resultant forces can be conveniently resolved in the
direction of the shear plane, along the primary tool motion and
along the rake face. In order to achieve the requisite deformation,
the tool would be exerting a cutting force F}; along the primary
cutting motion direction as shown in Fig. 2.13. Similarly, other
force components are:

F',— Force perpendicular to the primary tool
motion (thrust force) v /e Work piece

F —Force along the shear plane
N, — Force normal to the shear plane

F — Frictional force along the rake face Fic. 2.13 Various forces acting in

N — Normal force perpendicular to the rake face orthogonal cutting

When the chip is isolated as a free body as shown in Fig. 2.14, we need consider only two forces, the force
between the tool face and the chip (R) and the force between the work piece and the chip along the shear
plane (R’). For equilibrium

R=F

It is possible to represent all these forces be acting at the tool point in place of their actual point of action.
By doing so it is possible to construct a cutting force circle as shown in Fig. 2.15 which is often called
Merchant’s circle who demonstrated it for the first time. It is then a simple exercise to derive the various
relationships among the forces.

Work piece

Fic. 2.14 Forcesactingon anisolated chip in Fic. 2.15 Merchant’s cutting force circle in
metal cutting orthogonal cutting

We will make some construction into the Fig. 2.15 to get the relationships between the various forces as
in Fig. 2.16 and 2.17.
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FiG. 2.16 Part of Merchant’s cutting force diagram FiG. 2.17 Part of Merchant’s cutting force diagram

From Fig. 2.15 and 2.16, we can write

F¢=Fycos o—Fpsin @ 1
Ng=Fycos ¢+ Fysin @ 2)
=Fgtan (9o + B— ) 3)

From Fig. 2.15 and 2.17, we can write
F=F, sino+F, coso “)
N=Fycosa—F,sina (5)

If w is the coefficient of friction along the rake face, then

F F +F;tana

=tan f=—
H P N Fy—-F,tano

(6)

where f3 is the friction angle, and
¢ is the shear angle

This friction is not similar to the usual sliding case since F' and N are not uniformly distributed over the
sliding area. This aspect is discussed later.
Now, the area of shear plane, 4, is given by

_ bt
sin ¢

(7

s

The shear force is given by

Fy=1dg= ®)

sin @
where 7 is the mean shear stress in the shear plane.
b is the width of cut
and ¢ is the uncut chip thickness
. ©)
Ag sin @

Where o is the mean normal stress in the shear plane.
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2.10 Manufacturing Technology—Metal Cutting and Machine Tools

We can show that by resolving

Fy =F,cosp+ N, sing (10)

F, =N, cos¢g—F,sing (11)
Substituting Eq. (3) in (10), we get

Fy, =F, [cos @ +sin¢tan (¢ + - )] (12)
Similarly,

F,=F, [cosptan(¢p+ B —a)—sin@] (13)
Rearranging, we get

cos (o —
FH:FY|:COS ((p(j-‘/}{;lc)} (o
F, - Thtcos (B — o) (15)

sin (@) cos (¢ + - o)
3 Thtsin (f— )
~ sin (¢) cos (¢ + B - o)

Merchant considered that 7 would have the value of the yield shear stress for the work material and that
U would have the usual value for any dry sliding friction. To determine ¢ he assumed that the minimum
energy principle applied in metal cutting, so that the deformation process adjusted itself to a minimum energy
condition, or

(16)

vV

dFy  thtcos(B—a)coso+f - o)

=0 17
do sin?¢ cos? (@ + B — o) an
or cos Qe+ p—-a)=0 (18)
or 2go+ﬂ—oc:% (19)
r 1
==—-—(B- 20
o= -5 (B-a) (20)
Substituting back, we can show that
Fy=21tbtcotg 21
F,=tht(cot? p—1) (22)

The above deductions were obtained assuming two things that are not supported by experimental evidence.
Firstly the minimum energy principle, though appealing is not supported by evidence. Next, it assumes that
B and o are constant w.r.t. ¢. But later studies on metal cutting have shown that at least f is dependent on
¢. Of course, this is concerning only the steady state operation. But under dynamic conditions ¢ also varies
considerably. Experiments were run and it was found that this equation is not valid. We will see more about
this shear angle relationship later.

To determine experimentally the shear angle we have to stop the cutting process and study the zone with
the help of a microscope or a photograph. Alternatively we can also derive a relationship from the geometry
of chip formation as shown in Fig. 2.18.
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From Fig. 2.18

t=ABsin @ (23)
t.=AB cos (¢— ) (24)
The chip thickness ratio, 7, which is also termed as cutting ratio, Shear plane
would be
sin
p=t= L L (2
t. cos(p—oa) cotecoso+sino

Work piece

l-rsina
cotpcoso=——— (26) _ .
r Fic. 2.18 Orthogonal cutting with
tan ¢ = ﬂ @7 thin shear plane
l-rsino

Experimentally the chip thickness ratio, » could be determined by measuring the average thickness of the
chips produced under given conditions of feed and speed. From this it is possible to evaluate the shear angle
using the above equation. However, direct measurement of chip thickness is difficult, because of the rough-
ness on the outside of the chip. For this purpose an indirect measurement is followed wherein the length of a
chip, /. equivalent to a known length of uncut chip is measured. Then considering the fact that the depth being
same, the average chip thickness, ¢, would be given by
. tl

‘o

c

(28)

where / = length of uncut chip

To get an exact size of uncut chip length, /, we may introduce a small saw cut parallel to the axis on the

work piece so that uncut chip size is
I=nD (29)
where D is the diameter of the work piece.

The chip velocity, V, is the velocity of the chip relative to the tool and directed along the tool face. The
shear velocity, V; is the velocity of the chip relative to the work piece and directed along the shear plane.
These two velocities along with the cutting velocity, " would form a closed triangle as shown in Fig. 2.19.
From this we can get

|4 _ Vs _ Ve 30)
sin {90° - (¢ —)} sin(90°—-a) sing@
V sin @
= 31
€7 cos (@ — ) €2y
V cos o Fic. 2.19 Velocity relationships
S~ cos (p—o) (32) in orthogonal cutting

To evaluate the shear strains, we take the help of Piispanen’s model as shown in Fig. 2.20.
Shear strain yis given by

AS _ AB _ AD | DB
=2 _4ab _4ab 2Py +cot (0 -« 33
v AY CD CD CD an ¢+ cot (¢ —a) G
cos o Vs

€2

or = =
v sinpcos(p—oa) Vsing
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Work piece

\_/\_,
pST
|
<

FiG. 2.20 Strain and strain rate in orthogonal cutting

The strain rate is given by

J/:AYAIZEZCOS((I)—OUE (35)
where AY is the thickness of the deformation zone and ¢ is the time to achieve the final value of strain. AY can
be considered as the mean value of the spacing of successive slip planes, which is of the order of 2.5 microns.

Most of the energy consumed in metal cutting is utilised in the plastic deformation. The total work done,
W is given by

W=Fy,V (36)
The work done in shear W is

W.=F,V, 37
Similarly the work done in friction W} is

W,=FV, (38)
Thus

W=FyV=FV,+FV, 39

To get a better picture of the efficiency of the metal cutting operation it is necessary to have a new
parameter, which does not depend upon the cutting process parameters. The specific cutting energy, u, is
such a parameter which can be obtained by dividing the total work done with the material removal rate. The
material removal rate is:

MRR=Vbt (40)
F,V T cos(f — o)
Yo = -
5 MRR sin(@) cos(¢ +  — )

(41)

To understand the significance of the various equations derived a number of numerical examples were
solved below.
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= Example 2.1 =—

A bar of 75 mm diameter is reduced to 73 mm by a cutting tool while cutting orthogonally. If the mean length
of the cut chip is 73.5 mm, find the cutting ratio. If the rake angle is 15°, what is the shear angle?

, , (75 +73)
Solution Length of uncut chip, /= — 232.4779 mm
t
Cutting ratio, r= — = 739 3179
t 2324779
| reoso 1| 0.3179cos15
Shear angle, ¢= tan™' | ——— |= _—
l-rsino 1-0.3179sin15

Shear angle, ¢=tan!(0.3346) =19°

== Example 2.2 =
In an orthogonal cutting test with a tool of rake angle 10°, the following observations were made:

Chip thickness ratio = 0.3
Horizontal component of the cutting force = 1290 N
Vertical component of the cutting force = 1650 N

From the Merchant's theory, calculate the various components of the cutting forces and the coefficient of
friction at the chip tool interface.

Solution Givenr=03 a=10°

The shear plane angle, ¢ is

7 cos o 0.3cos10
=0.311679

tan ¢ = - = ;
l-rsina 1-0.3sin10

shear angle, ¢ =tan"'(0.311679) = 17.31°
Given F),= 1650, F; = 1290
The friction force along rake face is

F=Fysino+ F, cosor=1290sin10 + 1650 cos 10 =1848.94 N
the normal force on the rake face is

N = Fy cos ot — Fy, sin ¢ =1290 cos 10 — 1650 sin 10 = 983.88 N
The coefficient of friction, y, at the chip tool interface is given by

_ F_1848.94 _
H=N"og3sg 1872

The friction angle, 8 is given by
B=tan! u=tan"!(1.8792) = 62°

The resultant cutting force, R is given by

R = /1650% +1290% =2094.42 N
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The shear force along the shear plane is
F, = Fy cos ¢ — F, sin ¢ =1290 cos 17.31 -1650 sin 17.31=740.63 N
The normal force on the shear plane is
N, =F, cos ¢+ Fy; sin 9 =1650 cos 17.31+1290sin 17.31=1959.10 N
The area of the shear plane is given by
bt 6x0.10
sin@ sin17.31
To verify the shear angle from the relation suggested by Merchant:

T 1
= _ — _ :__—:1 e}
°=7 2(l3 a) 9

It can be seen that the actual value of the shear angle is 17.31, whereas the value calculated from the shear
angle relation of Merchant’s is 19. The error is 9.76%.

— Example 2.3 —

The orthogonal cutting of steel with 10° rake tool with a depth of cut of 2 mm and feed rate of 0.20 mm/rev.
The cutting speed is 200 m/min. The chip thickness ratio is 0.31. The vertical cutting force is 1200 N and
the horizontal cutting force is 650 N. Calculate from the merchant’s theory, the various work done in metal
cutting and shear stress.
Solution Givenr=0.31, a=10°
Shear plane angle, ¢ is
0.31cos 10
@0 = T 3 Tsin10 022200

Shear angle, ¢ = tan"!(0.32266) = 17.88°
Given F,=1200, F;; =650

The shear force along the shear plane is
F,=650c0s17.88 —1200sin 17.88 =250.18 N
The normal force on the shear plane is

N, =1200cos17.88 +650sin17.88=1341.61 N

The area of the shear plane is given by
2x0.20
4 = bt _

[ =— ————=1.3028 mm?
sin¢ sin17.88

Friction force along rake face is

F =650sin10+1200 cos 10 =1294.64 N
Normal force on the rake face is

N =650cos10—-1200sin10=431.75 N
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The coefficient of friction, y, at the chip tool interface is given by

_F _1294.64
N 43175

The friction angle, B is given by
B=tan! u=tan"' (2.9986)=71.56°

=2.9986

To verify the validity of the shear angle relationship suggested by Merchant:

1 x (71.56 -10)
= _lpg_oy=F_Y 2P "W
¢ 4 2 F-o) 4 2
It can be seen that the actual value of the shear angle obtained from measured values is 17.88, whereas the
value calculated from the shear angle relation of Merchant's is 14.22, the resulting error being 20.5%.

=14.22°

The shear velocity V is given by
V cos o 200 cos 10

v, = = =198.84 m/min
cos (¢ —o) cos(17.88—-10)
The chip velocity V, is given by
V sin ¢ 200 sin 17.88 .
=61.99 m/min

€~ cos(9p—a) cos(17.88—10)
Shear strain yis given by

_ Vs 198.84
Vsing 200sin17.88

y =3.2382

The strain rate is given by
Vs cos o v cos 10 x 200000

y="-=—————= =79.5357
AY cos(p—a) AY cos(17.88—10)x 0.0025
taking AY = 2.5 microns.
The shear work done W, is
W, =F,V,=250.1767 x 198.84 = 49745.14 Nm/min
The work done in friction W, is
W, =FXV:=1294.64 x61.99 =80254.77 Nm/min
The total work done is
W = Fy xV =200 x 650 =130000 Nm/min
The shear work proportion out of the total work done is 49745.14 _ 38.27%
130000
Friction work proportion in total work done is 80254.77 _ 61.73%
130000

Friction

It is found that u determined in this way is exceptionally high in value and it varies with tool geometry and
other cutting conditions. But this is contrary to the sliding friction studies.
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Under a microscope the actual contact of two sliding surfaces through the high spots (asperities). In
the case of normal contacting surfaces as shown Fig. 2.21, the real area of contact is different from the
apparent area of contact. Real area changes first by the elastic deformation, and when load increases by
plastic deformation. Thus

4= (42)
p

where p = mean yield stress of the asperities, and
N = applied load.

7
R R

N
FiG. 2.21 Micro view of asperities in contact

Under the influence of normal and tangential load, it has been shown that very high temperatures are
developed at the contacting asperities and that metallic bonding of the contacting high spots can occur. Thus
sliding of one surface relative to the other must be accompanied by shearing of the welded asperities.

When plastic deformation takes place at the contacting surfaces, then the friction mechanism is different
because of the fact that real area of contact approaches that of apparent area of contact. Under these conditions
the friction force is independent of normal force.

Another anomaly noted with the experimental data of metal cutting is that the friction coefficient increases
with an increase in the rake angle as shown in Table 2.1 below.

It is normally expected that with an increase in the rake angle, the metal cutting forces decrease and should
normally be associated with a decrease in the friction. However, in actual practice the friction coefficient
increases as shown in Table 2.1.

Variation of coefficient of friction with rake angle in orthogonal cutting

Rake Angle, o° Coefficient of Friction,
-20 0.58
-5 0.725
0 0.78
0.90
20 1.19

This is happening because the influence of the rake angle is not the same on the different components
of the cutting force. The normal force on the rake face decreases to a great extent compared to the
friction face as shown in Table 2.2. Thus, though there is an overall decrease in the forces, the coefficient
of friction increases. That is why Kronenberg calls this friction coefficient as ‘apparent coefficient of
friction’.
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Rake Angle, o° | Friction Force F | Normal Force N | Coefficient of % Decrease

Friction, i

16 3025 4518 0.67
30 2524 2938 0.86 16.87 35
45 2470 2034 1.21 18.62 55

In metal cutting, we have a sliding situation under conditions of high normal load and with a metal surface,
which is chemically clean, having been recently exposed from the body of the parent metal. The cleanness of
the metal surfaces can explain the high value of ¢ and high normal load can explain the departure from the
usual laws of friction.

Thus the friction along the rake face of a cutting tool can be
considered as partially sticking and partially sliding as shown in
Fig. 2.22. In the sticking zone, the shear stress would be constant,

. . . - .- Shear stress
approaching the work material’s yield stress, while in the sliding
zone, the normal Coulomb’s laws of friction would hold good. Rake face

Another aspect to be noted is the inclusion of the rubbing /_
force component at the clearance face in the measured forces. Sticking Sliding
This component can be obtained by plotting the measured cutting region region
force against the depth of cut and extrapolating back to zero
depth. Even after this deduction, which is not contributing to the
shear, we get a higher value of ¢ which can only be explained by
the distribution of stresses on the rake face as shown in Fig. 2.22.

Normal stress

Tool

FiG. 2.22 Stress distribution expected
along the rake face

2.5 SHEAR ANGLE AND ITS RELEVANCE

The importance of shear angle has already been discussed previously. There were a number of attempts
to derive a simple enough relationship for shear angle which could be predicted from the cutting process
parameters itself, without going in for extensive experimentation. Merchant, in 1941, derived the following
formula:

I
=7+ (@=p) (43)

However, the experimental observations made (Fig. 2.23) were in variance with this formula over its
entire range of operation. He assumed further that shear stress, 7, on the normal plane would be affected by
the normal compressive stress 7, in a linear fashion as follows:

T,=7T,TKXT, (44)
The modified equation therefore is
C .1
==+=(x-— 45
o=+ @-p) (45)
Where C represents the factor dependent on the plastic properties of the material and is given by
C=cot!'K (46)

Merchant called this factor ‘machinability constant’, but it is not a constant. An average value of C for
steel is 75°.
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Fic. 2.23 Comparison of experimental results with the shear angle relationships

Lee and Shaffer have used the mathematical theory of plas-
ticity based on the behaviour of a rigid plastic material to produce a
solution of the orthogonal machining problem. The solution involves
the construction of a slip line field pattern using a shear plane model
(Fig. 2.24). They considered that there must be a stress field within
the chip to transmit the cutting forces from the shear plane to the tool
face. They represented this by a slip line field in which no deformation

occurs, even when it was stressed up to the yield point. This shows the Work piece
Mohr's circle for the stresses at the boundaries of the stressed zone, Fic. 2.24 Shear plane model of
which results in the equation: Lee and Shaffer
T
p="r+ (- p) 7

So far an impressive list of equations have been suggested, some of which were based purely on theory
while others on theory with some empirical constants with differing assumptions, but none of them agreed
with the experimental results. The main reason could be that the various assumptions made are not strictly
valid which may be the cause for the deviation. The assumption that the cutting tool is perfectly sharp, so that
the tool nose force is negligible could be a rough approximation to the actual condition, particularly at small
values of undeformed chip thickness. Further, the representation of the primary deformation zone by a shear
plane may be unrealistic.

2.6 CUTTING TOOL GEOMETRY

In the case of practical cutting tools, specification of the cutting tool geometry is a very important aspect that
has to be carefully considered. The two considerations that need to be considered (Armarego and Brown) are:

e the ease with which the tool geometry can be maintained through the grinding and inspection process,

and

e the mechanics of the process and its relationship with the tool geometry.

To this extent a number of tool geometries have been specified by the different agencies, and some of them
are discussed below. Before looking at the geometries a look at the designation of some of the features of the
tools are shown in Fig 2.25.
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2.6.1 ASA System

The American Standard Association (ASA) designa-
tion of the tool nomenclature is purely geometrical in
nature and is not related to the mechanics of the pro-
cess. ASA system specifies the tool geometry with two
intersecting orthogonal planes; one parallel to and the
other perpendicular to the axis of the cutting tool. Both
of these orthogonal planes are perpendicular to the
base of the tool Fig. 2.26(a).

e P, — Base plane; plane perpendicular to the End flank
velocity vector

Axis
s

Nose
radius

-
Rake face-/,

. o . Fic. 2.25 Atypical single point cutting tool
e P; —Machine longitudinal plane; plane perpendi- with various features and their

cular to P and taken in the direction of assumed nomenclature.
longitudinal feed

e P, — Machine Transverse plane; plane perpendicular to both Pz and P; (This plane is taken in the
direction of assumed cross feed)

The main advantage of the system is the ability to set the angles on a tool and cutter grinder for grinding
the tool angles. However a tool cannot be ground accurately to the back rake and side rake without using
equations or curves.

The various tool angles as specified in ASA system are:

e Back rake angle (¢,) — angle of inclination of the rake surface from the base plane (Pj) and measured
on Machine Transverse plane, Py.

e Side rake angle () — angle of inclination of the rake surface from the base plane (P5) and measured
on Machine Longitudinal Plane, P;.

e End relief angle (¢,) — angle of inclination of the principal flank from the machined surface and
measured on Py plane.

e Side relief angle (¢,) — angle of inclination of the principal flank from the machined surface and
measured on P; plane.

e End cutting edge angle (C,) — angle between the end cutting edge (its projection on Pp) from P; and
measured on Pp.

e Side cutting edge angle (C,) — angle between the principal cutting edge (its projection on Pg) and P
and measured on Py

Tool signature: og,—ot, — @, — 9, — C,— C,—r

where 7 is the nose radius.

2.6.2 Orthogonal Rake System (ORS)

As explained earlier the problem with the ASA system is that it utilizes the rectangular coordinate system but
not the actual cutting planes of the cutting tool. In the ORS system (also called as the old ISO system) the
actual cutting plane is utilized and all the angles are therefore measured in the planes corresponding to the
cutting tools as shown in Fig. 2.27. A base plane is defined as the plane where the base of the cutting tool is
present. The cutting plane is defined as the plane normal to the base plane and passing through the principal
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Longitudinal plane

Transverse plane
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FiG. 2.26 The tool specification system as per the ASA.
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cutting edge (side cutting edge angle C; in ASA). A third plane called the orthogonal plane as shown in
Fig. 2.27 is perpendicular to these two planes.

e Base plane - P — perpendicular to the cutting velocity vector
e Cutting plane - P — plane perpendicular to Py and taken along the principal cutting edge
e Orthogonal plane - P, — plane perpendicular to both Py and P and the axes

The drawback of this system is that it needs some calculations to obtain setting angles on tool grinding
fixture.

Orthogonal plane

Cutting plane

Base plane
(%)

Work piece

N
—

B
Va4

O 4 Section B-B
W\
Base plane AN B
. N
. .7~ | Cutting tool \)‘ N
Cutting plane NS
/ L.\, Orthogonal
ya A N\, "\ plane
v AN
AN
N\
Section A-A

(b)

FiG. 2.27 The tool specification system as per the ORS.
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The various angles identified and defined are as follows:
e Inclination angle (i) — angle between P from the direction of assumed longitudinal feed (P;) and
measured on P

e Orthogonal rake angle (o) — angle of inclination of the rake surface from base plane, P and measured
on the orthogonal plane, P,

e Orthogonal clearance of the principal flank angle (¢,) — angle of inclination of the principal flank from
Pand measured on P,

e Auxiliary orthogonal clearance angle (¢,") — angle of inclination of the auxiliary flank from auxiliary
cutting plane, P and measured on auxiliary orthogonal plane, P’

e Principal cutting edge angle (C) — angle between P and the direction of assumed longitudinal feed or
P; and measured on Py

e Auxiliary cutting angle (C”) — angle between P’ and P; and measured on P

e Nose radius () — radius of curvature of tool tip

e Tool signature i, o, @,, ,, C, C,/, r (mm)

Equations for conversion between ASA and ORS system are as follows:

tan oy, = sin C; tan o, + cos C, tan i (48)
tan o = cos C, tan oy, —sin C, tan i (49)
tan i = —tan ¢ sin C; + tan o, cos C, (50)
tan ¢, = tan o cos C, + tan o, sin C; (51

2.6.3 IS0 System or Normal Rake System (NRS)

Two major problems with the ORS are:

e The true geometry of the cutting tool is not revealed when the

cutting edges are inclined from the base plane.

e Also tool grinding in ORS requires additional calculations for

setting of angles in the cutter grinder.

To overcome these limitations the NRS system, also called the new
ISO system, is useful. Compared to the ORS system the rake angle is
visualized in the normal plane in place of the orthogonal plane in ORS.
In this system the base and the cutting planes are same as ORS, but the Fi6.2.28 The tool specification
third plane is perpendicular to the cutting edge of the tool as shown in system as per the NRS.
Fig. 2.28. It is called normal plane. In this system, the side rake angle
is defined as the angle between the base plane of the tool and the rake face of the tool measured in a plane
normal to the side cutting edge.

2.6.4 Significance of Various Tool Angles
Rake Angles (back and side)

These can be positive, zero, or negative. As seen earlier in orthogonal cutting mechanics, shear angle is
directly affected by the rake angle. Larger rake angles are beneficial for machining efficiency giving rise to
lower cutting force and power. However, increasing to a very high value decreases the strength of the tool tip.
Small rake angles are used for cutting hard materials while large angles are used for cutting soft and ductile
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materials. An exception is brass where, to prevent digging of tool in work, it is machined with small rake
angles.

Side Cutting-Edge Angle

Side Cutting-Edge Angle (SCEA) prevents the sudden engagement of the entire depth of cut when the tool
enters the work material. As a result it affects the resulting tool life, and surface finish. It can vary from 0° to
90°. When it is zero, the entire cutting edge will engage at the same time with the work piece. It is somewhat
similar to orthogonal cutting since the radial component of the cutting force becomes almost negligible. It
is used to produce square shoulders. It is particularly desirable while machining castings and forgings that
normally have hard and scaly skins.

When the SCEA is increased the entry of the tool is smooth to start the cut since the depth of cut will
gradually increase until the entire cutting edge is in contact with the work piece. The chip produced is
thinner and wider, with increased SCEA. This helps in distributing the produced heat over a larger cutting
edge. However with larger SCEA, the radial component of the cutting force increases thereby promoting the
possibility of chatter. The complimentary angle (90° — Cy) of SCEA is called plan approach angle.

End Cutting-Edge Angle

The purpose of the End Cutting-Edge Angle (ECEA) is to relieve the trailing end of the cutting edge to
prevent rubbing the machined surface. To that extent only a small angle is sufficient for this purpose. It is
not desirable to have a large ECEA as it takes away material that supports the cutting edge and hinders the
conduction of heat away from the point. In most cases, values of 8° to 15° have been found satisfactory for
boring and turning tools.

Relief Angles (Side and End)

The function of the relief angles is to prevent the rubbing of the flank of the tool with the machined surface.
In general, turning relief angles ranging from 5° to 15° are used. Similar to ECEA small relief angles give
strength to the cutting edge when machining hard and strong materials. Increased values of relief angles
allow the tool to penetrate and cut the work piece material more efficiently, thereby reducing the cutting
forces. However too large relief angles weaken the cutting edge and are not desirable.

2.7 DYNAMOMETERS

As noted earlier, the cutting force is an important indication for the performance of the machining operation.
The equipment that is used to measure the cutting force is called dynamometer. The measurement of cutting
force can be accomplished by a number of approaches. They are:
(a) By measuring the deflection of a body that is directly influenced by the acting cutting forces,
(b) By measuring the strain induced in the body that is directly influenced by the acting cutting forces,
and
(c) By measuring the pressure exerted on a medium that is directly influenced by the acting cutting
forces.
Any typical setup for measuring the cutting force consists of the following two components:
e A medium that experiences the cutting force, and
e A sensor that measures and converts it to a measurable quantity such as a strain gage
The sensor output is then normally amplified and measured using any of the traditional measuring
equipment that is used in the laboratory.
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While designing a dynamometer, it is important to consider a number of design requirements. They are:

e Sensitivity—it should provide sufficient sensitivity for different ranges of measurements.

e Rigidity—It should have high stiffness and rigidity.

e Cross sensitivity—In the case of multi-channel dynamometer it should separate the individual force
components without their having any cross-sensitivity

e Stability—The dynamometer measuring component should not be affected by cutting fluids, humidity
or temperature.

e Solid construction—It is preferable that the dynamometer be manufactured from a single block of
material, rather than an assembly of a number of parts in the force transmission, as they may cause loss
of accuracy.

e Ease of calibration—The dynamometer should be calibrated with simple procedures, and the calibration
curve should remain linear in the operating range.

2.7.1 Sensing Technologies Used in Dynamometers

As described earlier there are a number of methods by which the cutting force can be measured. For each type
of quantity measured, a number of measurement tools are available. They are:
(a) Measuring deflection (relatively simple)
e Potentiometers
e Capacitance pickup
e Inductance pickup
e LVDT (Linear Variable Differential Transformer)
(b) Measuring the strain (more common for low cost equipment)
e Strain gauges in full bridge, half bridge and quarter bridge configurations.
(c) Measuring the pressure (more rugged and expensive)
e Piezoelectric crystals

2.7.2 Two-component Dynamometer Design

Though a number of dynamometers have been designed for the range of metal cutting activities specifically
oriented towards most of the practical machining operations, in this book the details of a two-component dy-
namometer used for orthogonal cutting is described. This is the design developed at MIT in the early 1950°s.
It utilizes strain gages to measure the force. A strain gage system actually measures strain and not force.
Therefore a strain gage transducer is designed in such a way that the force to be measured develops a suitable
stress level in the sensing element. The strain gage then measures the strain in one or more locations of the
sensing element. Strain is measured only locally on several points on the surface of the sensing element to
compensate for the temperature variations.

The dynamometer structure consists of a rod of suitable diameter to provide the necessary rigidity. A part
of the rod in the middle portion is reduced in size and machined flat which acts as the sensing structure. The
strain gages are then fixed at the flat portions in appropriate locations as shown in Fig. 2.29 to measure both
the horizontal and vertical components of the cutting forces. The strain gages are then formed into a full
Wheatstone bridge structure, as shown, to measure the change in the resistance which corresponds to the
acting cutting forces.
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Cutting force

Feed rate, f

Feed force
Cutting speed, V
f2 fa
f1 f4
I
Feed force Cutting force

Fic. 2.29 Two component dynamometer used in orthogonal cutting.

2.8 CUTTING TOOL MATERIALS

Various cutting tool materials have been used in the industry for different applications. A number of
developments have occurred in the 20™ century, thanks to the aerospace and nuclear programmes. A large
variety of cutting tool materials have been developed to cater to the variety of materials used in these
programmes. Before we proceed to know these materials, let us look at the important characteristics expected
of a cutting tool material:
(i) Higher hardness than that of the work piece material being machined, so that it can penetrate the work
material.

(il) Hot hardness, which is the ability of the material to retain its hardness at elevated temperatures, in
view of the high temperatures existing in the cutting zone. This requirement becomes more and more
stringent with the increasing emphasis on higher cutting speeds to bolster productivity.

(iii) Wear resistance — The chip-tool and chip-work interfaces are exposed to such severe conditions that
adhesive and abrasion wear is very common. The cutting tool material should therefore have high
abrasion resistance to improve the effective life of the tool.

(iv) Toughness — Even though the tool is hard, it should have enough toughness to withstand the impact
loads at the beginning of the cut or to force fluctuations due to imperfections in the work material.
This requirement is more useful for interrupted cutting, e.g. milling.

(v) Low friction — The coefficient of friction between chip and tool should be low which would allow for
lower wear rates and better chip flow.

(vi) Better thermal characteristics — Since a lot of heat is generated at the cutting zone, it is necessary that
the tool material should have higher thermal conductivity to dissipate this heat in the shortest time,
otherwise the tool temperature will become too high thus reducing its life.
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All these properties may not be found in a single tool material. A comparison of the various properties of
the cutting tool materials are presented in Table 2.3. Improvements in tool materials having been taking place
over the past century to give us better cutting performance. Some of these tool materials have been discussed
next.

Comparative properties of cutting tool materials

Cutting Tool ‘ Hardness, R ‘ Transverse Rupture
Material ‘ Room Temperature 540°C ‘ Strength x 10 MPa
High-speed steel 85 to 87 77 to 82 Very low 3.8t04.5
Cast cobalt 82 to 85 75 to 82 70 to 75 1.41t02.8
Carbides 89 to 94 80 to 87 70 to 82 to 2.4
Ceramics 94 90 87 0.5t0 0.4
Diamond 7000 Knoop 7000 Knoop 7000 Knoop —

2.8.1 Carbon Tool Steels

These are the earliest tool materials used. These are essentially plain carbon steels with carbon percentages
between 0.6 to 1.5% and some very small alloy additions such as manganese, silicon, tungsten, molybdenum,
chromium and vanadium. The major disadvantage with this range of cutting tool materials is their inability to
withstand high temperatures. Beyond 200°C they lose their hardness and cease to cut. Thus these are useful
only for very low cutting speeds (about 0.15 m/s) and can be used with low temperature generating operations
such as machining wood, magnesium, brass and aluminium. They are easy to prepare and ground, as a result
they are used for form tool making to be used for low quantity production.

2.8.2 High Speed Steel

Taylor and White developed this new generation tool material at the turn of the 20 century. They were able
to significantly improve the cutting speeds by 3 to 5 times (about 0.5 m/s) than the speed prevalent at that
time, using carbon tool steels. Because of this high cutting speed capability they were termed as high speed
steels or more popularly called HSS.

This class of tool materials have significant quantities of tungsten, molybdenum, chromium and vanadium.
The complex carbides of tungsten, molybdenum and chromium distributed throughout the metal matrix
provide very good hot hardness and abrasion resistance. The major alloying elements, which contribute to
the hardness is tungsten and molybdenum. Tungsten is expensive, while molybdenum is cheap but has higher
toughness. For the same hardness, less amount of molybdenum needs to be added, however more care need
to be exercised in hardening as decarburizing takes place in molybdenum steels. Also they have narrow
temperature range for heat treatment. Molybdenum tool steels are more popular.

The main advantages of high speed steels are their high hardness, hot hardness, good wear resistance, high
toughness and reasonable cost. Toughness of high speed steels is highest among all the cutting tool materials.
Thus they are quite extensively used in interrupted cutting such as milling. The hardness of HSS falls rapidly
beyond 650°C as shown in Fig. 2.30, and thus they are limited to lower cutting speeds of the order of 0.5 to
0.75 m/s.
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Tool steels have been classified by AISI as T-type and
M-type depending on whether tungsten or molybdenum
is the major alloying element present in the steel. Some
typical compositions have been given in Table 2.4.

Recently the HSS tool steels are also being produced
through the powder metallurgy route. In this method
fine powder of alloy tool steel is compressed under

< | O
hot isostatic pressure. With suitable hardening and t 75 Z
tempering, this method provides for uniform dispersion § — g
of carbides in the matrix. These have been found to S ©
grind more easily, exhibit uniform properties and T e *
perform more consistently in cutting. L

A recent development is the physical coating process

(PVD - Physical Vapour Deposition) at lower temperatu- %5 100 300 500 700
res, which allows the HSS tools to be coated with Temperature, °C

hard nitrides of titanium and aluminium. With much " .

P bl . . d the hard . Fic. 2.30 Variation of hardness with
avoura. € cutting geometries an. the hard coatings, temperature for various cutting
the cutting performance and tool life of HSS tools has tool materials

improved substantially. The PVD coatings are generally

done at low temperatures, as a result the adherence of coating is a problem, which is solved by improved
cleaning and etching techniques. There are efforts to further improve the cutting performance by improving
the coating characteristics by combining various nitrides.

Typical compositions of high speed steel materials

AISI Steel ‘ % Chemical Composition
Type
T1 0.70 4.0 1.0 18.0 18.0
T6 0.80 4.25 1.5 2.0 0.90 12.0 21.8
Ml 0.80 4.0 1.0 1.5 8.0 17.5
M6 0.80 4.0 1.50 4.0 5.0 12.0 14.0
M30 0.85 4.0 1.25 2.0 8.0 5.0 18.0
M42 1.10 3.75 1.15 1.50 9.50 8.25 20.5

2.8.3 Cast Cobalt Alloys

These, termed as stellites, are normally produced by the powder metallurgy method, though casting is also
used by some manufacturers. Fine powders of a number of non-ferrous metals (having compositions as
shown in Table 2.5) are thoroughly mixed and compacted to the final shape under hot isostatic pressure. They
are then ground to their final geometry. They retain their hardness even at elevated temperatures better than
HSS and consequently are used at cutting speeds higher (25% higher) than HSS. Because of their formability
these are used for making form tools. They have higher toughness and higher stiffness. Currently these are
being phased out since carbides are now available which have a larger range of properties.
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Typical compositions and uses of cast non-ferrous alloys

Nominal % Composition

C | Mn | i
30 4.5 1.5 1.1 1.0 1.5 3.0 rest Roughing
31 10.5 — 1.7 1.0 1.0 3.0 rest General purpose
32 17.0 — 2.5 1.0 1.0 2.5 rest Finishing

2.8.4 Cemented Carbides

The best thing for the metal cutting industry is the invention of cemented carbides, which happened around
1926 in Germany. By far this is the largest percentage of cutting tools used in metal cutting production.
Cemented carbides are produced by the cold compaction of the tungsten carbide powder in a binder such as
cobalt, followed by liquid-phase sintering. These have a very large number of advantages compared to the
other cutting tool materials.

(i) High hot hardness. These can retain their hardness to much higher temperatures and as a result the

cutting speeds used are 3 to 6 times (about 5 to 6 m/s) than that of HSS.

(i) Higher Young’s modulus. This results in stiffer cutting tools with less tendency towards chatter.

However, carbides are more brittle and expensive.

It is possible to vary the composition of carbides to get a range of properties. The variations achieved are
based on the amount of Co binder, different types of carbides and the grain size of carbide. Increasing the cobalt
binder decreases the hot hardness and wear resistance while increasing the strength. The usual composition
of the straight grade carbides is 6 wt. % Co and 94 wt. % WC with the cobalt composition ranging from 5 to
12 wt. %. For heavy interrupted and roughing operations high cobalt (Co) content is required while medium
coarse grain tungsten carbide is used to withstand the shock. For finishing applications lower cobalt content
is required as hardness becomes the important requirement. Addition of titanium carbide (TiC) increases the
hot hardness, wear resistance, and resistance to thermal deformation, but decreases the strength. The usual
composition is about 5-25 wt. %. Similarly the presence of tantalum carbide (TaC) increases the hot hardness
and resistance to thermal deformation while decreasing the wear resistance and strength.

The ISO classification of carbide grades and their possible application is given in Table 2.6. The lower
designation numbers such as P10, M10, and K10 are for higher speed finishing cut application, while the
higher numbers such as P40 are for lower speed roughing applications.

The following guidelines would be useful for selecting a carbide grade.

(a) Choose a grade with the lowest cobalt content and the finest grain size consistent with adequate

strength to eliminate chipping.

(b) Use straight WC grades if cratering, seizure or galling is not experienced in case of work materials

other than steels.

(c) To reduce cratering and abrasive wear when machining steel, use grades containing TiC.

(d) For heavy cuts in steel where high temperature and high pressure deform the cutting edge plastically,

use a multi-carbide grade containing W-Ti-Ta and/or lower binder content.

As the cobalt content increases, toughness and impact strength of cemented carbide increase while
hardness, Young’s modulus and thermal conductivity decrease. Fine grain carbides are harder compared to
coarse grain carbides. Multi-carbide grades increase chemical stability, hardness and hot hardness.

Since tungsten and cobalt are expensive, some special cemented carbides having predominantly tantalum
carbides with Ni and Mo as binder have been developed, for auto industry applications for finish machining
of steels and malleable cast irons. These are sometimes called ‘cermets’. These are relatively brittle and easy
to chip. These are relatively cheap and should find widespread use in future.
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ISO Classification of cemented carbide tools

Main Groups of Chip

Removal

Symbol | Broad
Categories of
Materials to
be Machined

P Ferrous
metals with
long chips

P01

Group of Application Direction of
Increase
Designation | Material Use and Working of of

to be Machined Condition Cutting| Feed

Speed | Rate
Steel, steel castings Finish turning and boring,
high cutting speeds, small

chip section, accuracy of A

MT4e-V2_02.indd 29

P10

P20

P30

P40

P50

dimensions and finish,
vibration free operation

Steel, steel castings Turning, copying,
threading and milling,
high cutting speeds, small
or medium chip sections

Steel, steel castings, Turning, copying, milling,
malleable cast iron with medium cutting speeds
long chips and chip sections, planing

with small chip sections
Steel, steel castings, Turning, milling, planing,
malleable cast iron with medium or low cutting
long chips speeds, medium or

large chip sections, and
machining in unfavourable
conditions

Steel, steel castings with  Turning, planing, slotting,
sand inclusion and cavities low cutting speeds,
large chip sections,
with possibilities of
large cutting angles for
machining in unfavourable
conditions and work on
automatic machines

Steel, steel castings of For operations demanding
medium or low strength very tough carbides,

with sand inclusion and turning, planing, slotting,
cavities low cutting speeds,

large chip sections,
with possibilities of
large cutting angles for v
machining in unfavourable

conditions and work on

automatic machines

(Contd.)
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Main Groups of Chip
Removal

Symbol | Broad

Categories of
Materials to

be Machined
M Ferrous MI10
metals with 3
long or short
chips ®) M20
and
nonferrous O
metals
M30
=
m
M40
>
K Ferrous KO1
metals with
short chips,
non-
ferrous
metals and
non-metallic
materials A K10
M
K20
K30
~
K40

Designation | Material

Direction of
Increase

Use and Working of of
Condition Cutting| Feed
Speed | Rate

Group of Application

to be Machined

Steel, steel castings,
manganese steel, grey cast
iron, alloy cast iron

Steel, steel castings,
austenitic or manganese
steel, grey cast iron

Steel, steel castings,
austenitic steel, grey cast
iron, high-temperature
resistant steels

Mild free cutting steel, low
tensile steel, non-ferrous
metals and light alloys

Very hard grey cast

iron, chilled castings

of over 85 shore, high
silicon aluminium alloys,
hardened steel, highly
abrasive plastics, hard
cardboard, ceramics

Grey cast iron over 220
BHN, malleable cast

iron with short chips,
silicon aluminium alloys,
hardened steel, copper
alloys, plastics, glass, hard
rubber, hard cardboard,
porcelain, stone

Grey cast iron up to 220
BHN, non-ferrous metals,
copper, brass, aluminium

Low hardness grey cast
iron, low tensile steel,
compressed wood

Soft wood or hard wood,
nonferrous metals

Turning medium or high
cutting speeds, small or
medium chip sections

Turning, milling,
medium or cutting speeds
and chip sections

Turning, milling, planing,
medium or cutting speeds
and medium or large chip
sections

Turning, parting off
particularly on
automatic machines

Turning, finish turning,
boring, milling, scraping

Turning, drilling,
boring, milling,
broaching, scraping

Turning, planing,
boring, milling,
broaching, demanding
very tough carbides

Turning, planing, milling,
slotting, for machining in
unfavourable conditions
and with the possibility of
large cutting angles

Turning, planing, milling,
slotting, for machining in
unfavourable conditions
and with the possibility of
large cutting angles
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Cemented carbides being expensive, are available in
insert forms in different shapes such as triangle, square,
diamond, and round. Each of the edge would act as a cutting
edge. The typical construction of a cemented carbide tool
is shown in Fig. 2.31. As seen from Fig. 2.31, the tool bit
is made of tungsten carbide, while the tool holder shank is
made from alloy steel to provide the necessary strength and
reduce the total cost. After the use of a single edge, the tip
would be indexed in the cutting tool holder, and thus these
are called indexable bits. After all the edges are utilized,
the tools are thrown out and a new bit is used in the tool
holder. Thus these are also called throwaway bits. Because
of their brittleness, generally small negative rake angles are
used with the bits. However, in view of the developments  Fig, 2,31 Construction of a Tungsten carbide
in the processing methods and compositions, a number of turning tool
grades are being offered by the various manufacturers that
can have a positive rake angle also.

Cemented carbides are not suitable for lower cutting speeds since the chips tend to weld and consequently
chipping takes place. It is also not economical to use at lower speeds, since they can withstand higher
temperatures.

Tool shank

2.8.5 Coated Carbides

With the increase in material characteristics to cater to the increasing service requirements, the need for de-
veloping better cutting materials has been felt since the World War II. Since the range of work materials is
large, there is a need for hard and refractive coatings on conventional tool materials, so that the same could be
used in diverse situations. Thus several coatings and coating methods have been developed for cutting tools.
Since late 60°s thin (about 5 um) coating of TiN has been used on cemented carbide tools.

Ceramic coatings used are hard materials and therefore provide a good abrasion resistance. They also
have excellent high temperature properties such as high resistance to diffusion wear, superior oxidation wear
resistance, and high hot hardness. Further the good lubricating properties of the coatings minimise friction
at the tool—chip and tool-work piece interfaces, thereby lowering the cutting temperature. All these translate
into lower forces generated during machining compared to uncoated tools.

The substrate is a normal cemented carbide tool that has the necessary strength and toughness. The coating
on the top, as shown in Fig. 2.32, provides the required hardness and refractoriness that prolongs the life of
the tool. The life of the coated tools is often two to three times of the uncoated, while these can be used at
higher cutting speeds, thus increasing productivity.

The coatings need to be metallurgically bonded to the substrate. These coatings such as titanium carbide,
titanium nitride, aluminium oxide, hafnium nitride and hafnium carbide or multiple coatings of the above, are
deposited on the carbide tool bits by the chemical vapour deposition (CVD) process. The chemical reaction
necessary to deposit the required coating takes place close to the substrate. The coating is deposited literally
atom by atom onto the surface thereby providing a very strong adhesion between the coating and the substrate.

Typical coating materials used include TiC, TiN, Al,0;, TiCN, TiAIN, TiZrN, TiB, and diamond. Typical
physical properties of the coating materials are given in Table 2.7. It has been noted (Jindal, Santhanam,
Schleinkofer, and Shuster) that the Vickers micro hardness varies as a function of temperature for some of the
coatings. The TiCN coating has the highest room temperature hardness, but above 750°C the TiAIN coating
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Fic. 2.32 Schematic representation of a multicoated carbide tool bit

is harder than TiCN or TiN coatings. At 1000°C, TiAIN is considerably harder than TiCN and TiN. Titanium
Nitride is one of the first coatings and the most widely used one. It provides low friction, high hardness,
higher refractoriness and good adhesion to the substrate. It also has greater resistance to flank wear. Titanium
carbide has higher resistance to flank wear. Ceramic (such as Al,O;) coatings have higher refractoriness
and resist crater wear as well as flank wear. However these do not bond well with the substrate. It has been
noticed that the tool life will improve with different types of coatings. During the actual experiments when
machining AISI 1045 steel, it was noticed (Jindal, Santhanam, Schleinkofer, and Shuster) that PVD coating
of TiN has less improvement compared to the PVD coating of TiAIN. The improvement in the coating of
TiCN remained in between that of TiN and TiAIN.

Properties of some coating materials

Coating Room Temperature Oxidation Resistance, °C Coefficient of Friction
Hardness (HV)

TiN 1930-2200 600 0.4-0.5

TiCN 2730-3000 400 0.3

TiAIN 3000-3500 800 0.7

TiN/AIN 4000 950 —

TiAICN 3200 600 —

Multiple coatings generally provide higher tool life and offer broader use for machining differing work
materials. The combinations that have found wide use are TiCN + Al,O; + TiN; and TiN + TiC + Al,O5. By
virtue of the general applicability of a single grade for a spectrum of machining situations, the shop needs to
maintain an inventory of small number of varieties. Coated carbides are being increasingly used in industry
in comparison to the uncoated varieties. It is estimated that 40% of all cutting tools used in the industry are
coated.
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2.8.6 Ceramics

Ceramics are essentially alumina (Al,05) based high refractory materials introduced specifically for high
speed machining of difficult to machine materials and cast iron. These can withstand very high temperatures,
are chemically more stable and have higher wear resistance than the other cutting tool materials. In view of
their ability to withstand high temperatures, they can be used for machining at very high speeds of the order
of 10 m/s. It is possible to get mirror finish on cast iron using ceramic turning. The main problems of ceramic
tools are their low strength, poor thermal characteristics and the tendency to chipping. About 2 to 5 weight%
of zirconium oxide (ZrO,) is added to alumina that increases the fracture toughness of the tool without affect-
ing its wear resistance. The machine tools used for ceramic machining have to be extremely rigid to provide
smooth machining conditions for machining with ceramics and should be able to provide high cutting speeds.
They are not suitable for intermittent cutting or for low cutting speeds.

Apart from the pure alumina based ceramics, sometimes other materials such as Titanium carbide (TiC),
Titanium Nitride (TiN), and Titanium diboride (TiB,) are added to enhance the transverse rupture strength,
hardness and thermal shock resistance. Some yittria may also be added as a sintering agent. Other ceramics
of relatively recent origin are alumina-titanium diboride, alumina-zirconia-tungsten compound, and silicon-
aluminium-oxygen-nitrogen (Si-Al-O-N) complex compound. These are less hard but tougher than alumina
ceramics.

Whisker reinforced alumina (Al,O; + SiC,) are alumina based ceramic tools that have strengthening
silicon carbide fibres (about 25 wt. %) added into the alumina matrix. This material has increased fracture
toughness, high thermal conductivity and lower thermal expansion coefficient. Silicon nitride (Si;N,) based
ceramics are also used as cutting tool materials. These have good oxidation resistance, good mechanical
strength and high hardness. Typical properties of ceramic materials that are used for cutting tool materials
are given in Table 2.8.

Properties of ceramic materials

Base System Density Hardness Transverse Rupture
g/cm’ 25°C (HRA) ‘ 1000°C (HV) Strength, MPa

Al 04 3.98 93.9 710 50

AlLO; + TiC 4.24 94.3 770 80

Si;N, 3.27 92.6 1100 100

Ceramic tools should be used with very high cutting speeds on steels. They are not suitable for low cutting
speeds or for intermittent cutting. Cutting fluid if applied should be in flooding with copious quantity of fluid
to thoroughly wet the entire machining zone, since ceramics have very poor thermal shock resistance. Else
it can be machined with no coolant. Ceramic tools are used for machining work pieces, which have high
hardness such as hard castings, case hardened and hardened steels. Typical products that can be machined are
brake discs, brake drums, cylinder liners, and flywheels. Correct cutting speed produces good surface finish,
optimum productivity and better tool life.

Ceramic tools cannot machine some materials such as aluminium, titanium, since they have strong affinity
towards them, as a result of which chemical reactions are likely to take place.

Among other things, some of the vital requirements when machining with ceramics are:

e Use the highest cutting speed recommended and preferably select square or round inserts with large

nose radius.

e Use rigid machine with high spindle speeds and safe clamping angle.

MT4e-V2_02.indd 33 @ 7/13/2018  4:16:19 PM



2.34 Manufacturing Technology—Metal Cutting and Machine Tools

Machine rigid work pieces.

Ensure adequate and uninterrupted power supply.

Use negative rake angles so that less force is applied directly to the ceramic tip.

The overhang of the tool holder should be kept to a minimum; not more than 1.5 times the shank

thickness.

Large nose radius and side cutting edge angle on the ceramic insert to reduce the tendency of chipping.

e Always take a deeper cut with a light feed rather than a light cut with heavy feed; ceramic tips are
capable of cuts as deep as one-half the width of the cutting surface on the insert.

e Avoid coolants with aluminium oxide based ceramics.

e Review machining sequence while converting to ceramics and if possible introduce chamfer or reduce

feed rate at entry.

2.8.7 Diamond

Diamond is the hardest known (Knoop hardness ~ 8000 kg/mm?) material that can be used as a cutting tool
material. It has most of the desirable properties of a cutting tool material such as high hardness, good thermal
conductivity, low friction, non-adherence to most materials, and good wear resistance. However, the factors
that weigh against its use are the high cost, possibility of oxidation in air, allotropic transformation to graph-
ite above temperatures of 700°C, very high brittleness and difficulties associated in shaping it to suitable
cutting tool form.

Natural diamond tools could be used for relatively light —Tungsten carbide

. . . . tool bit
cuts where these provide extremely high tool life, which can
easily justify the high cost of diamond. However, natural
diamond is unreliable in performance because of the impurities
present and easy cleavage. Artificial diamonds are basically
polycrystalline (PCD) in nature. These are extensively used
in industrial application because they can be formed for any
given shape with a substrate of cemented carbide.

Polycrystalline diamond tools are metallurgically bonded Diamond
to a tungsten carbide substrate and cut into small bits. The
tungsten carbide provides the necessary elastic support for the
hard diamond tool. This is then placed in the carbide inserts
that have precision pockets to receive the diamond bit and then
brazed as shown in Fig. 2.33.

They are used with a negative rake angle (—5°) for machining hard materials while positive rake angles
(15°) can be used for soft materials such as copper. They cannot be used for machining low carbon steels,
titanium, nickel, cobalt or zirconium because of the possible reaction with the work material. Typical materials
that are machined with diamond tools and the suggested process parameters are given in Table 2.9.

Fic. 2.33 Polycrystalline diamond
brazed to the carbide
tool bit

2.8.8 Cubic Boron Nitride (CBN)

Cubic Boron Nitride (CBN) is next in hardness only to diamond (Knoop hardness ~ 4700 kg/mm?). It is not
a natural material but produced in the laboratory using a high temperature/ high pressure process similar to
the making of artificial diamond. CBN is less reactive with materials like hardened steels, hard chill cast iron,
and nickel base and cobalt based super alloys, and hence is used effectively for machining these alloys. These
are more expensive than cemented carbides but in view of the higher accuracy and productivity for difficult
to machine materials, they are used in special applications as listed above.
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Cutting data for Polycrystalline Diamond (PCD) tool bits (From Seco catalogue)

Material ‘ Cutting Speed, m/min ‘ Depth of Cut, mm ‘ Feed Rate, mm/rev
Aluminium alloys > 11% Si 300-3000 Up to 4 0.10-0.50
MMC SiC-particles (15-30%) 200-800 Upto3 0.10-0.50
Copper, Brass and Bronze 600-1200 Upto3 0.10-0.50
Carbon and graphite 100400 Upto3 0.10-0.50
Sintered carbide 10-40 Upto3 0.10-0.50
Green carbide 80-200 Upto 0.5 0.10-0.50
Green ceramic 100-600 Upto2 0.05-0.20
Plastic composites 100-1000 Upto3 0.10-0.50

Thus, there is a large variety of cutting tool materials available which should be selected carefully for a given
application, taking all the intervening factors into account. The recommendations and characteristics have
been summarised in Table 2.10. These can act as guidelines, however many of the cutting tool manufacturers
such as Sandvik, Widia provide detailed literature to help in the choice of cutting tools. These along with the
Metal Cutting Handbook should be used for finalising the tool material selection.

LUy B L] Summary of applications for various cutting tool materials [Komanduri]

Tool Material ‘ Work Materials ‘ Remarks
Carbon steels Low strength, softer materials, Low cutting speeds, low strength
nonferrous alloys, plastics materials
Low/medium alloy steels Low strength, softer materials, Low cutting speeds, low strength
nonferrous alloys, plastics materials
HSS All materials of low and medium strength = Low to medium cutting speeds, low to
and hardness medium strength materials
Cemented carbides All materials up to medium strength and | Not suitable for low speed application
hardness
Coated Cast iron, alloy steels, stainless steels, Not for Titanium alloys, not for non-
carbides super alloys ferrous alloys as the coated grades do not
offer additional benefits over uncoated.
Ceramics Cast iron, Ni-base super alloys, Not for low speed operation or inter-
nonferrous alloys, plastics rupted cutting. Not for machining Al, Ti
alloys.
CBN Hardened alloy steels, HSS, Ni-base High strength, hard materials

super alloys, hardened chill cast iron,
commercially pure nickel

Diamond Pure copper, pure aluminium, Al-Si Not for machining low carbon steels, Co,
alloys, cold pressed cemented carbides, | Ni, Ti, Zr.
rock, cement, plastics, glass-epoxy
composites, non-ferrous alloys, hardened
high carbon alloy steels (for burnishing
only), fibrous composites
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2.9 THERMAL ASPECTS

Benjamin Thomson (1798) conducted the first experiments on machine tools when he measured the thermal
energy involved during the boring of brass cannon. He observed that all the mechanical energy is converted
into thermal energy. He used the calorimetric method.

Temperature of cutting is a very important parameter,
which is of great consequence with reference to the life of a
tool. The surface of the tool, if proper precautions are not tak-
en, may be overheated at isolated points and localized phase
transformations can occur. This may result in the softening of
the surface of the tool and frequently very small cracks will
be formed as a result of the intense residual stress system that
accompanies surface transformation.

Because of the very large amount of plastic strain involved
in metal cutting, it is unlikely that more than 1% of the work
done is stored as elastic energy (which can be neglected), the
remaining 99% goes to heat the chip, the tool and the work. The typical zones in metal cutting where the heat
is generated (Fig. 2.34) are

(1) in the shear plane where the heat is generated because of internal friction, and this accounts for 65 to
75% of the total heat generated,
(i1) the friction at the chip tool interface which causes heat of the order of 15 to 25%, and
(ii1) the friction at the tool work interface which causes heat of the order of 10%.

The metal in the area ahead of the cutting edge of the tool is severely compressed, resulting in temperatures
high enough to allow plastic flow. As the atoms in the metal ahead of the tool are disturbed, the friction
involved in their sliding over one another is probably responsible for the shear plane heat. As the tool
continues to push through the work piece, a chip eventually slides up the rake face of the tool. This sliding is
responsible for frictional heat.

There are a number of methods for measuring the chip tool interface temperature.

(a) Radiation pyrometers

(b) Embedded thermocouples

(c) Temperature sensitive paints

(d) Temper colours

(e) Indirect calorimetric technique

(f) Tool work thermocouple.

Of all these methods, the tool work thermocouple technique is the most widely used technique for
the measurement of the average chip tool interface temperature. The other methods suffer from various
disadvantages such as slow response, indirectness, and complications in measurement.

Rake face

Flank face

Work piece

FiG. 2.34 The main regions of heat
generation in metal cutting

2.9.1 Tool Work Thermocouple

Tool and work materials are dissimilar and the temperature in the cutting zone is higher than the rest of the
tool or work. Hence the tool work contact area serves as the hot junction in a thermoelectric circuit and the
emf generated is proportional to temperature. A typical setup is shown in Fig. 2.35. The end of the tool is
ground to a very small diameter such as 3 mm and a long chip generated by machining with very light feed
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(b) Setup for calibrating the tool-chip thermocouple

Fic. 2.35 Setup for measuring average chip-tool interface temperature using chip-tool thermo couple
technique

is made as the tool work thermocouple. A mercury slip ring connection at the end of the work piece through
the spindle bore is a convenient way for completing the emf circuit.

Sources of errors in tool work thermocouple:

(i) Not an ideal thermocouple, which means emf, is low and the calibration need not always be a straight

line.

(i1) Doubt the calibration procedure because it is done in the stationary situation.

As shown, it is possible only to find the average chip-tool interface temperature from the above
experiment. However, it is possible to use analytical techniques for predicting the average temperatures as
well as temperature distributions.

2.9.2 Analytical Determination of Temperature in Metal Cutting

Majority of the energy involved in shearing the metal will be converted to heat that will transfer to the tool
and work piece, thereby raising their temperatures. This heat will move partly to the work piece, chip and
the tool. While the component that gets into the tool tip raises the temperature in that small area and remains
in the cutting zone, the rest of heat will be removed by the chips and the work piece moving away from
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the cutting zone. As a result, the temperature of the tool tip would be highest. The temperature then would
conduct through the tool along the rake face as well as the flank face. Most of the tool wear mechanisms are
thermally activated, which will increase the wear along the rake and flank faces of the tool. To get a generic
idea, Cook developed a formula to estimate the tool tip temperature using dimensional analysis as follows:

1
vd)3
T=04T, (—j (52)
K

Where K = thermal diffusivity of the work material, mm?/s
Specific heat = c¢; Density = p
Specific cutting energy, u, given by eq. 41.

u
Adiabatic temperature, T, = p—; (53)
This equation provides a reasonable estimate for the temperature for rake angles between —5 and +15°.
More complex analytical determination methods have been developed which are beyond the scope of this
book.
Highest temperature on the tool can be seen in a typical temperature contour plot in metal cutting in
Fig. 2.36.

680

670

Temperatures
in °C

TOOL

Work piece e

Fic. 2.36 Temperature contours in a cutting tool [Boothroyd]
The cutting process parameters - speed, feed and depth of cut have considerable effect on the cutting
temperatures generated. Of these, cutting speed has the highest effect as shown in Fig. 2.37, since this controls

the total energy input to the metal cutting operation. The next influence is that of feed as shown in Fig. 2.38.
The effect of depth of cut is the least of all.
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Fic. 2.37 The effect of cutting speed on the temperature of the tool
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Fic. 2.38 The effect of feed on the temperature of the tool

2.10 TOOL WEAR AND TOOL LIFE

With the usage of tools over a long time, they are sub-
jected to wear. The type of wear found in cutting tools
is shown in Fig. 2.39. There are two major types of wear
found in tools. They are:

Rake face

Crater wear

. ) Flank face
Crater wear: The crater is on the rake face and is more

or less circular. The crater does not always extend to the

. . . Work piece BN
tool tip, but may end at a distance from the tool tip. It Flank wear
increases the cutting forces, modifies the tool geometry, Fic. 2.39 Typical wear patterns present in
and softens the tool tip. cutting tools
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Flank wear: Flank wear or wear land is on the clearance surface of the tool. The wear land can be charac-
terised by the length of wear land, w. It modifies the tool geometry and changes the cutting parameters (depth
of cut).

The typical wear patterns used as tool life criteria, as standardised by ISO are shown in Fig. 2.40. These
are to be used as tool life criteria as discussed later.

KT

Tool face A Crator
KB —L T

KM \
_T_T_ S Yt
Section A-A A
I| Zocne <_¢Z(g1e _¢<_).|_ Z?\l;\e¢
ve [VEnay VN
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View on
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FiG. 2.40 The wear parameters and their characterisation as suggested by ISO

Cutting tools are subjected to extremely severe cutting conditions such as the following:
metal to metal contact with work and chip

very high stress

very high temperature

virgin metal

very high temperature gradients

very high stress gradients

Because of all the above mentioned factors, the tool-chip and tool-work interfaces exhibit the type of wears
found. As tool wear progresses, cutting forces and vibrations increase. Tool tip softens, flows plastically, and
gets a blunt edge, which results in further progression of plastic deformation from tool tip to the interior. After
that the tip of the tool almost gets separated.

The presence of crater wear in very small sizes is not of much consequence as far as the machining
performance is concerned. Initially, they may increase the rake angle and thus decrease the cutting forces.
However, as the depth increases the friction increases, the chip contact length increases and consequently the
decrease in the machining performance. Ultimately with very large crater depth (KT), the tool tip weakens
and fails catastrophically. However, normally the tool is removed from service much before this, because of
flank wear.

Flank wear directly affects the component dimensions. Thus there is always a close limit on the value of
the wear land. In addition, as the wear land progresses, the tool tip becomes weak because of the progress of
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crater wear. Thus in many situations, the crater wear is more harmful if is deep from the tool re-sharpening
point of view, since sizeable tool material volume needs to be re-ground away.

A number of wear mechanisms as follows have been proposed to explain the observed tool wear
phenomenon.

e Adhesion

e Abrasion

e Diffusion

e Fatigue

The rate of change in wear patterns with time is shown in Fig. 2.41 for crater wear and Fig. 2.42 for flank
wear. Note that at low speeds, the land wear predominates, whereas at higher speeds, the two wear rates are
essentially equal. At even greater speeds crater wear predominates. At high speeds, probably the temperature
is a predominant factor which governs the wear growth. The land wear curves generally exhibit a portion of
initial rapid wear, whereas the crater wear curves are generally linear (Fig. 2.42).
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FiG. 2.41 Progress of crater wear with time

Initially when the sharp tool comes into contact with the work piece for metal removal, all the heat
generated quickly raises the tool temperature to a very high level. This is because the tool material present
at the tip being small will not be able to conduct all the heat. This causes a very rapid wear rate as seen in
Fig. 2.42 in the first region. With a small amount of flank wear taking place, the tool material becomes
sufficient to conduct the heat conveniently, and thus the temperature gets distributed uniformly in the tool.
This results in a lower temperature and consequently a uniform and lower rate of flank wear growth. This
is characterised by the second region in Fig. 2.42. As time progresses, with increased friction, the cutting
forces increase and consequently the temperature rises catastrophically, bringing the end of the tool. This is
characterised by the third region in Fig. 2.42. The end of second region can be conveniently used as a tool

failure criterion as discussed later. Also the wear rate is substantially affected by the cutting speed as shown
in Fig. 2.43.
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FiG. 2.42 Progress of flank wear with time

The following crater wear mechanism for HSS was suggested
by Cook. One of the possible mechanisms is that iron atoms in //70,6/
the tool diffuse into the chip material as it moves by. The chip
material is in the process of deformation and contains many
potential sites for the diffusing iron atoms, which is more than
the tool will have for reverse diffusion. Cook said that the chip-
tool interface on an atomic scale will somewhat resemble a grain B S ol
boundary. Hence a very crude model suggested that every time T i
an atom at the surface attained thermal energy equal to that - Time
required for grain boundary diffusion, it would transfer to the g o 43 Progress of flank wear with
chip structure and be swept away. time as affected by cutting

Carbide tools fail mainly by plastic deformation and gradual speed
wear. One of the possible mechanisms is the diffusion of cobalt
binder thus weakening the carbide matrix. Another possibility is the decomposition of the free tungsten
carbide phase along with the decomposition of the complex carbide particles.

Flank wear land

2.10.1 Tool Life

Tool life represents the useful life of the tool, generally expressed in time units from the start of a cut to an
end point defined by a failure criterion.

A tool that no longer performs the desired function is said to have failed and hence reached the end of
its useful life. At such an end point the tool is not necessarily unable to cut the work piece but is merely
unsatisfactory for the purpose . The tool may be re-sharpened and used again.

The tool life values as suggested by ISO are:

VB =0.3 mm if the flank is regularly worn in zone B, or

VB ax = 0.6 mm if the flank is irregularly worn, scratched, chipped or badly grooved in zone B.
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The tool life can be specified by any of the following measurable quantities:
Actual cutting time to failure

Length of work cut to failure

Volume of metal removed to failure

Number of components produced

Cutting speed for a given time to failure.

All these various parameters are related and are used depending upon the final function of a given
operation. However, the problem normally faced is in the definition of the failure criterion.

For example, in a roughing operation, the surface finish and dimensional accuracy are of little consequence.
Therefore, excessive rise in cutting forces and the subsequent rise in power consumed will be of major
importance, and hence the failure criterion. Whereas, for finishing operations, the reverse is true.

Sometimes, in roughing operations, the tool will be allowed to complete failure but this is to be avoided
because of possible damage to work and tool. Therefore just before this happens, the tool should be withdrawn
and reground.

The following are some of the possible tool failure criteria that could be used for limiting tool life.

Based on tool wear:

(i) Chipping or fine cracks developing at the cutting edge.

(i) Wear land size

(ii1) Crater depth, width or other parameters

(iv) A combination of the above two

(v) Volume or weight of material worn off the tool

(vi) Total destruction of the tool

Based on consequences of worn tool

(i) Limiting value of surface finish
(i1) Limiting value of change in component size
(iii) Fixed increase in cutting force or power required to perform a cut

The actual tool life values obtained will depend on the failure criterion adopted. Typical wear land sizes

used as tool life limits are shown in Table 2.11.

LT B &R The various possible tool life criteria

Wear Land, mm Tool Material Remarks
0.75 Carbides Roughing
0.25t0 0.38 Carbides Finishing
1.50 HSS Roughing
0.25t0 0.38 HSS Finishing
0.25 t0 0.38 Oxide Roughing and finishing

The main advantage of wear land as a failure criterion is that it is fairly easy to measure and also is directly
proportional to the surface finish and cutting forces. But practically, it is not uniform. At high speeds and
feeds, diffusion wear will be more and then the crater wear also may provide a failure criterion.

But the problem is with the measurement of the crater to be scanned for maximum depth, which is laborious
and time consuming. Total destruction criterion is easier to apply but then there are associated problems, e.g.
in carbides it may spoil the nearby edges and also damage the work. Therefore a large wear land size can be
equivalent to total destruction.
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Alternatively the indirect methods mentioned above such as the fixed increase in the value of cutting
force, or increase in the power consumed or measured vibrations, etc. can be used as an indication of the end
of tool life. These are generally used in CNC machine tools where automatic tool life monitoring facilities
are present.

2.10.2 Tool Life Equation

Taylor thought that there is an optimum cutting speed for maximum productivity. He reasoned this from the
fact that at low cutting speeds, the tools have higher life but productivity is low, and at higher speeds the
reverse is true. This inspired him to check the relationship between tool life and cutting speed. Based on his
experimental work he proposed the formula for tool life

VI=C (54)

where T is the tool life in minutes
V is the cutting speed, m/min
C and n are constants
Though this is a fairly good formula, but it does not take all the effecting parameters into account. As a

result the applicability of the above formula is restricted to very small regions of cutting process parameters.
This formula was extended by a number of researchers to reduce this deficiency, as given below.

T¢¥=C (55)
1
05-2x T. 105 T-2x
yT 2 =| € (56)
Clu A"
where H = specific heat X thermal conductivity

6 =tool temperature
A = area of cut

u, = specific cutting energy/unit cutting force

C and x are constants

c, V0.44 A0.22

1044 £0.56 57
where k = thermal conductivity of work
7= specific heat of work
VTnfnl an =C (58)

This is the most commonly employed tool life equation by a number of researchers. The constants for the
above equation for some common work materials are given in Table 2.12 [Widia]. Apart from the cutting
process parameters the tool life depends on the work material as well as tool material. The constants therefore
are given for each combination of work and tool material.
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LT B ¥] Constants for extended tool life equation

Tool Material ‘ Work Material ‘ Exponent for Constant C
ISO Grade Tool Life, Feed, n, Depth of Cut, 1, |
P01, P10 1020 —0.38 —0.06 —-0.10 1150
P20, P30 1020 —0.38 —0.17 —0.11 780
POL, P10 1045 -0.22 —-0.21 —-0.11 350
P20, P30 1045 -0.22 —-0.34 —-0.12 226

2.10.3 Machinability

Machinability is the characteristic of the work material expressing its ease of machining. However conve-
nient it looks, it is a characteristic which is difficult to quantify. Unfortunately like other characteristics of
the material it is not a simple property. For example, hard work materials are difficult to machine. However,
hardness alone would not be able to specify the machinability, since it also depends on the other charac-
teristics such as tool materials used, process parameters, etc.

2.10.4 Variables Affecting Tool Life

The variables that affect tool life are:
(i) cutting conditions,

(ii) tool geometry,

(iii) tool material, 200

(iv) work material, and

(v) cutting fluid f= 0127 mmirev

The effect of cutting speed, feed and depth of cut is
represented in the above tool life equation. If any of them >/ v |
increases, the tool life decreases as exemplified by the \ \
exponents in the above tool life equation. |(/==°6?ffrf/':/rev |\

Increasing the rake angle decreases the cutting forces and
the heat produced at the tool tip, therefore increases tool life. \
However, increasing the rake angle to a large value reduces
the tool material available at the tool tip for conducting heat
generated, thus increasing the tool tip temperature. This
would decrease the tool life, thus explaining the existence of
an optimum value for the rake angle as shown in Fig. 2.44.

Under the same conditions, tool material affects tool life. For example carbides have higher tool life than
HSS as can be seen from the following Table 2.13 of exponents:

-

)]

o
I

-
o
o

Tool life, s

)]
o

0 5 10 15 20
Rake angle, deg

FiG. 2.44 Tool life as affected by rake
angle, and feed rate.

Tool Material Speed Exponent, n
HSS 0.08 to 0.20
Carbides 0.20 to 0.49
Oxides 0.50 to 0.70
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Work material also plays a very great influence on the tool life. It is not the hardness alone, but the
physical microstructure and the constituent phases that make a large difference in the actual tool life values.
Steels containing free ferrite are soft and their machining involves no tool wear, however they are likely to
form BUE and consequently poor surface finish. Presence of pearlite improves machinability giving good
surface finish with no BUE formation, but decreases tool life. Presence of cementite, because of its hardness
reduces tool life. Similarly in cast irons, the free graphite improves machinability and improves tool life.

2.11 SURFACE FINISH

Machining operations are performed in order to achieve better surface finish as compared to other
manufacturing operations. Thus it is important to know the effective surface finish that can be achieved in a
machining operation. The surface finish in a given machining operation is a result of two factors:
(i) the ideal surface finish, which is a result of the geometry of the manufacturing process, can be
determined by considering the geometry of the machining operation.
(i1) the natural component, which is a result of a number of the uncontrollable factors in machining, is
difficult to predict.

2.11.1 Ideal Surface Finish in Turning

In Fig. 2.45, the geometry of the surface produced in turning with a sharp cornered tool is shown. The
situation shown is possible only with no sharp tool, no BUE, no machine tool chatter and elimination of all
possible machine tool inaccuracies in movements.

—>| Feed |<—

Work 7
surface

Machined
surface

,i )y'z—_ﬂz ﬁ«— 12 ~>‘

:max_ de/e - =

Fic. 2.45 Surface profile as produced by turning with a sharp cutting tool

Normally the surface finish is represented by any suitable index, such as arithmetic average, R, or centre
line average, R, or any other suitable parameter. For our convenience, let us derive the finish expression
for centre line average, R,. It is defined as “the arithmetic average value (AA) of the departure of the
whole of the profile both above and below its centre line throughout the prescribed meter cut-off in a plane
substantially normal to the surface”.

Referring to Fig. 2.45, the surface roughness value is given by

_|Area abc | + |Area cde|

cla f

(59)
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where fis the feed rate.
Since triangles abc and cde are equal,

_ 2(areaabc) Ry,

Ry, = 7 4x (60)
From the geometry,
S
_ 61
X cot A+ cot y 1)

Substituting this in the above equation, we get

S

R, =—7 62
a7 4 (cot A +cot y) (62)

However, the actual turning tool used would have a nose radius in place of the sharp tool point, which
modifies the surface geometry as shown in Fig. 2.46(a). If the feed rate is very small, as is normally happens
in finish turning, the surface is produced by the nose radius alone as shown in Fig. 2.46(b).

Nose
radius

Z Machined
surface

Work
surface

(a)

Nose
radius

—>|Feed
Machined

surface

(b)
FiG. 2.46 Surface profile as produced by turning with a cutting tool having a nose radius

It can be shown that for case (a), the surface roughness value to be

Ry, =R(l—cosy)+ fsinycosy— \/2fR siny— f2 sin*y (63)
It can be shown that for case (b), the surface roughness value to be
8/
Rc a = (64)
" 1843R

The above are essentially geometric factors, and the values represent an ideal situation. However, the
actual surface finish depends to a great extent upon a number of factors such as:

MT4e-V2_02.indd 47 @ 7/13/2018  4:16:23 PM



2.48 Manufacturing Technology—Metal Cutting and Machine Tools

(i) the cutting process parameters, speed, feed and depth of cut
(ii) the geometry of the cutting tool
(iii) application of cutting fluid
(iv) work and tool material characteristics
(v) rigidity of the machine tool and the consequent vibrations
The major influence on surface finish is exerted by the feed rate and cutting speed. As the feed decreases,
from the above equations, we can see that the roughness index decreases. Similarly as the cutting speed
increases, we have better surface finish. Thus while making a choice of cutting process parameters for finish,
it is desirable to have high cutting speed and small feed rate.

212 CUTTING FLUIDS

The functions of cutting fluids, which often are erroneously called coolants are:
(i) to cool the tool and work piece
(i1) to reduce the friction
(iii) to protect the work against rusting
(iv) to improve the surface finish
(v) to prevent the formation of built up edge
(vi) to wash away the chips from the cutting zone
However, the prime function of a cutting fluid in a metal cutting operation is to control the total heat.
This can be done by dissipating and reducing the heat generated. The mechanisms by which a cutting fluid
performs these functions may be listed as follows:
e cooling action
e lubricating action

Cooling Action

Originally it was assumed that the cutting fluid improves the cutting performance by its cooling properties
alone. That is why the name coolant was given to it. Since most of the tool wear mechanisms are thermally
activated, cooling the chip tool interface helps in retaining the original properties of the tool and hence
prolongs its life. However, a reduction in temperature of the work piece may under certain conditions increase
the shear flow stress of the work piece thereby decreasing tool life. It has been shown through a number of
investigations that cooling, in fact, is one of the major factors in improving the cutting performance.

Lubricating Action

The best improvement in cutting performance can be achieved by the lubricating action since this reduces
the heat generated, thus reducing the energy input to the metal cutting operation. However, if the cutting
fluid is to be effective, it must reach the chip tool interface. However, it is not easy to visualize how it is
accomplished in the case of a continuous turning with a single point turning tool, especially when the chip-
tool contact pressure is as high as 70 MPa. Merchant suggested that minute asperities exist at the chip-tool
interface and the fluid is drawn into the interface by the capillary action of the interlocking network of these
surface asperities.

There are three possible directions through which cutting fluid could be applied as shown in Fig. 2.47.

(i) On the back of the chip
(i1) Along the rake crevice between the chip and rake face of the tool
(ii1) Along the clearance crevice between the finished work surface and clearance face of the tool
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/ Rake face

Flank face

Applying the cutting fluid on the back is the most
convenient. But applying through the clearance crevice
offers the best possible opportunity for the cutting fluid
to enter into the chip-tool interface.

In each of these three locations, the cutting fluid can \
be applied by any of the following methods.

(i) Flooding

(i1) Jet application -~

(ii1) Mist application

In flooding a high volume flow of the cutting fluid is
generally applied on the back of the chip. This cutting
fluid floods the entire machining area and thus takes
away a large amount of heat generated in the process.
The used fluid is then collected in the chip pan and
returned by gravity to the sump of the pump. Effectiveness of flooding depends to a great extent on the direc-
tion in which the cutting fluid is directed to the machining zone. Enough fluid should be able to enter the
machining area without splashing. For this purpose a number of nozzles may be used in place of one to effect
a proper distribution of the cutting fluid.

In jet application, the cutting fluid, which may be either a liquid or a gas, is applied in the form of a fine
jet under pressure (up to 4 MPa). This process has been found to allow the penetration of cutting fluid into
the chip-tool interface, better than flooding. Consequently better cutting performance and surface finish was
observed with jet application.

In mist application, very small droplets of the cutting fluid are dispersed in a gas medium, generally air,
and the mixture is applied at the cutting zone, through the clearance crevice. This method combines the
attractive properties of gases and liquids. The advantages claimed for the mist application are:

(i) Large surface to volume ratio for each drop provides the possibility of rapid vaporisation, which is an
important step that must precede penetration of the chip-tool interface.

(i) The small size of the particles improves the penetrating ability of the cutting fluids.

(iii) The consumption of the cutting fluid is much less of the order of 300 ml/hour.

(iv) There is neither reclamation of the cutting fluid from the chips nor frequent cleaning of the sumps.

(v) The compressed air in the mist helps keep the chips away from the cutting zone, thus allowing the

operator to follow the machining layouts easily.

(vi) No spillage of the cutting fluid, thus keeping the machine, the operator and the surroundings clean.

It has been reported that mist application gives generally low flank wear (Fig. 2.48) and better surface
finish. Its effectiveness increases at higher feed rates.

Work piece

FiG. 2.47 The directions along which cutting
fluid could be applied in metal cutting

Types of Cutting Fluids

There are three basic types of cutting fluids used in metal cutting. They are:

Water based emulsions: Pure water is by far the best cutting fluid available because of its highest heat carry-
ing (high specific heat) capacity. Besides this it is cheap and easily available. Its low viscosity makes it flow
at high rates through the cutting fluid system and also penetrates the cutting zone. However, water corrodes
the work material very quickly, particularly at high temperatures prevalent in the cutting zone as well as the
machine tool parts on which it is likely to spill.

Hence other materials would be added to water to improve its wetting characteristics, rust inhibitors and
any other additives to improve lubrication characteristics. These are also called as water soluble oils. The
concentrated oil is normally diluted in water to any desired concentration, such as 30:1 to 80:1.
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Fic. 2.48 Comparative performances of cutting fluid application methods

Straight Mineral oils: These are the pure mineral oils without any additives. Their main function is lubrication
and rust prevention. These are chemically stable and lower in cost. However, their effectiveness as cutting
fluids is limited and therefore would be used for light duty application only.

Mineral oils with additives (Neat oils): This is by far the largest variety of cutting fluids available commer-
cially. A number of additives have been developed which when added to the mineral oils would produce the
desirable characteristics for the different machining situations. Many difficult to machine situations would be
helped by the use of these cutting fluids. These are generally termed as neat oils.

The additives generally improve the load carrying capacity as well as chemical activity. Fatty oils are
generally used for adding the load carrying properties. Other class of additives termed as EP (Extreme Pressure)
additives are used for more difficult to machine situations. These EP agents come into effect whenever
minute high-spots on the mating surfaces break through the oil film and rub together to setup localised high
temperature spots. This high temperature causes the EP additives to react with the adjacent metals and create
an anti-welding layer of solid lubricant precisely where it is required. The layer is continuously broken by the
severe rubbing action between the chip and the tool.

EP additives are basically chlorine, sulphur or a combination of both of them. As a result, the anti-welding
compounds formed in the cutting zone are iron chloride and iron sulphide, both of which have very low shear
strengths.

Cutting Fluid Selection

The selection of cutting fluid for a given application requires the examination of a number of parameters
such as

(i) work piece material
(i1) machining operation
(iii) cutting tool material, and
(iv) other ancillary factors
Table 2.14 gives some selection guidelines based on the work material characteristics.
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LIy B VY Selection of cutting fluid based on work material

Material

Grey Cast iron

Copper alloys

Aluminium alloys

Mild steel and low to
medium carbon steels

High carbon steels

Alloy steels

Stainless steels and
heat resistant alloys

‘ Characteristics

Grey cast iron could be machined dry since
the graphite flakes act as solid lubricants in
cutting.

Better machinability. Some could be machined
dry.

They are generally ductile and can be machi-
ned dry. However in combination with steel
they have a high friction coefficient. generally
BUE forms on the tool and prevents the chip
flowing smoothly away from the work.

Easiest to machine. Low carbon steels have
lower tensile strength and hence may create
problems because of their easy tearing.

They are tough and pressures and temperatures
in the cutting zone are higher.

Particularly with chromium and nickel, the
steels are tough. They are similar to high
carbon steels.

They have great toughness, corrosion resis-
tance and pronounced work hardening. Very
difficult to machine. Because of their tough-
ness they create very high pressure in the
work area.

‘ Cutting Fluid to be Used

Soluble oils and thinner neat oils are
satisfactory for flushing swarf and metal dust.

Water based fluids could be conveniently
used. Tougher alloys a neat oil blended with
fatty or inactive EP additive is used.

It is necessary to have the tool surface highly
polished. Generally a soluble oil to which an
oiliness agent has been added. For more diffi-
cult application straight neat oil or fatty oil or
kerosene could be used.

Milky type soluble oil or mild EP neat cutting
oil could be used.

EP cutting oil is used. In some applications
milky soluble can be used.

EP cutting oil is used. In some applications
milky soluble can be used.

Use high performance neat oils with high
concentration of chlorinated additives.
Sulphur additives are to be avoided. Some
high performance EP soluble oils may
sometimes be useful.

Table 2.15 gives some selection guidelines based on the tool material characteristics.

LLUTY B LY  Selection of cutting fluid based on tool material

Tool Material

High carbon steel
High speed steels

Nonferrous materials

Carbides, Ceramics
and diamond

‘ Characteristics

Not widely used. They should be well cooled.

Have better hot hardness characteristics

During a cut they should never be overcooled
or subjected to intermittent cooling because
they are brittle and are likely to suffer thermal
shock.

These are used for very high speeds. Hence the
requirement is to reduce the large amount of
heat produced to reduce the thermal distortion
of work piece.

Cutting Fluid Requirements
Water based coolants are generally used
For general machining water based cutting

fluids can be used. For heavy duty work EP
neat oils are preferable.

Neat cutting oils are the most suitable choice
for most applications.

Water based coolant is recommended. In low
speed applications EP based oils could reduce
the problem of adhesion of chip with tool.
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2.13 EMPIRICAL AND ANALYTICAL DETERMINATION OF CUTTING FORCES

It has been shown previously through Merchant’s analysis the relationships between the various parameters
in metal cutting mechanics. However, the experience is that though these are able to give qualitative variabil-
ity, quantitative predictions cannot be made from such analysis. Hence a large amount of literature is devoted
to the empirical research, which allows the various parameters to be determined from empirical relations.

Cutting force is one of the major concerns in metal cutting. Thus considerable interest and a large number
of relationships have been derived from empirical and semi-empirical approaches in the past. As per the
general oblique cutting case there are three components of the cutting force. They are main thrust force, F,,
radial cutting force, F,, and axial cutting force, F,.

A major presentation of empirical aspects has been mentioned by Kronenberg. He suggests that the cutting
forces be varied in direct proportion to the chip cross sectional area, and thus arrives at equations and gives
the constants for some of the more generally used materials.

Another approach is the semi analytical approach of Nakayama and Arai which is based on the assumption
that “the conventional cutting can be approximated to the orthogonal cutting when the ratio (feed/depth of
cut) and (corner radius/depth of cut) are small”. They give the following equations:

F,=1fd (cot ¢ +tan fB) (65)
F.=1fd (cot ptan B— 1) sin (C, + V) (66)
F,=1tfd(cot ptan f— 1) cos (C,+ V) (67)

where v is the chip flow angle. The various parameters of the cutting process are related with the help of
empirical equations based on wide ranging experimental data as follows:

ﬁzgo_kl o (68)
¢=<Po+kza—# (69)
\JV feosC,
red
v=tan"! dz (70)

The constants used in the above equations are given in Table 2.16.

‘ C45 Steel ‘ C25 Steel ‘ Low Alloy Steel ‘ Cast Iron
k; 0.25 0.25 0.25 0.25
ky 0.20 0.30 0.33 0.30
o, 34.0 28.5 35.0 28.5
g, 52.0 52.0 52.0 52.0
7, N/mm? 706.0 588.0 715.0 392.0
A* 0.20 0.20 0.20 0.10

* for using f'in m, and V in m/s
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2.14 ECONOMICS

The ultimate objective of the manufacturing engineer is to produce the objects at the most economical cost.
To do this he should be able to analyse the machining process for all the possible costs, so that he is able to
optimise the process to get the minimum possible costs, after satisfying all the requirements.
The various costs associated with machining process are:
(1) the manpower cost, C; which is measured in ¥ per unit time, generally hours that operator is employed
(i1) the machine tool operating (overhead) cost, C,, which includes machine depreciation, and other costs
associated with the running of the machine tool such as power consumed, maintenance overheads,
consumables such as oils, etc. This may also include the other overhead costs, which takes care of all
the fixed overheads such as buildings, land and administrative overheads.
Combining the above two costs we can have an overall overhead cost as, C,

C,=C,+C, (71)

(iii) the job handling cost, which arises because of the time spent in loading and unloading of the job,
during which time the machine tool is kept idle, and also requires the operator to attend to the job. It
is also possible that some special equipment such as crane, etc. may be used for heavy jobs.

(iv) the tool cost, C, which is the cost of the cutting tool for the given operation.

The three optimisation criterion that are generally considered are:

(i) Minimisation of the machining cost,

(i) Maximizing the production rate, and

(i) Maximizing the profit rate.

Of the three criteria, the profit rate criterion requires more information in terms of various costs, which
may not always be available to the process planning department. Hence the other two are more practical in
terms of actual application. Later, practical examples show the effects of each of the criterion on the results
obtained.

These costs could be demonstrated conveniently with the help of a simple turning operation. Let us assume
turning of a bar of length, L mm and diameter D mm, with a cutting speed of /" m/min, feed rate of f mm/rev,
and depth of cut of d mm.

Time for machining is given by

L
T, =——
where N is the spindle RPM which is related to cutting speed by the following relation
DN
= (73)
1000
Substituting this into the previous equation, we get
7 - nDL 4
1000 £V (74
For a given job, the cost of all overheads is given by
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where ¢, =tool advance and withdrawal time
t, = job loading time
t,1 = job unloading time
t, = initial setup time of the machine for a batch of components
and  p =number of parts produced per batch

For evaluating the tool cost, we have to consider initial cost, the cost of re-grinding, and the number of
re-grindings possible in case of HSS tools whereas the time taken for indexing and the number of indexable

edges available in case of carbide tools.
For carbide and ceramic tools with throw away tips:

3 Cost of the bit
~ Number of cutting edges per bit

e

For HSS and brazed carbide tools:

_ Cost of tool + Regrind cost x Number of regrinds

e

Number of regrinds + 1
B C +rC,
¢ r+1
where Ct = initial cost of the tool, ¥

r = number of regrinds possible for one tool
C, = cost of regrinding the tool, X

P, = number of components produced between regrinds = TL
where 7 is the useful life of the tool
pG 1
Cost of tool replacement = »
g

where fc = tool change time
Thus the total cost of the tool is

CZ :_[Ce + Cotc]
Pg
The machining cost, C; is given by
C3 = C()p Tm
Now combining all the components of costs, we get the cost per batch, Cj as

Cp=C, [p(ty+1,,+1,)+1,1+-L-[C,+1. C,1+C, pT,
Pg

Similarly the cost per piece of production is given by

t
CP:Co |:tl +tul +ta +L:|+L[Ce+tc Co]+C0 Tm
Pl P
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Considering the Taylor’s tool life equation,

Vr=c (84)
The number of pieces produced per regrind is
T 1000V fT
-1 85
Pe =7 nDI (85)

m

From the tool life equation

()

Thus, for the straight turning application,

1 L 1
_ 1000V f (gj _ 1000 fC V(z—;)

Pe =D\ 2Dl ®7)
The cost per piece, Cp is given by
t nDI[C,+¢.C C,nDI
CP:Co |:tl+tul+ta+i:|+ [ : 1 ‘”_01]4_ 10000 (88)
P1 1000 rCn v v

For minimum cost, the above equation could be differentiated with respect to cutting speed V, considering
the fact that all other conditions such as feed and depth of cut could be maintained constant, we get

Co n !
V=Cl—— (89)
C,+t.C,\1-n
1 1 C
Vi=Cn ° n (90)
C,+t.C, ||1-n
nDIl | C,+t.C, 5
-[CV™]1=0 N
1000 1 CI?

dCp mDI[C,+1,C,](1=-n) =2 C,nDl__,
T Vo -2 y2=0 92)

n 1000 £

1000 / C*

From the tool life equation we can also obtain the minimum cost tool life as

T = C [1_”jn 93
= tC+€ . (93)
- C, (l—nj o4
- tc+C0 n ( )

or
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In order to arrive at a maximum production rate we take the total time for the manufacture as

, t T,t,
Time=¢ +t¢t,+t, +—+T, + (95)
l ul a p m T
For a single pass turning job, it can be shown that
. t, nDI t.tDI
Time=t¢, +t, +1¢, +_+1000V + 1 ; (96)
p T 1000 FCrvt

For getting the maximum production rate, the above expression for manufacturing time is differentiated
w.r.t. cutting speed, V and equated to zero.

dTime _ nDIV? txDl [1—-n| 1-2»
oV 1000/ ||V =0 (97)
1000 f C~»
Simplifying, we get
t. (1-n) 1
i G U (98)
Cﬂ
Simplifying, we get
n
V—C[—” } (©9)
t.(1-n)
t. (1-
Pt (100)
n

= Example 2.4 —
A 600 mm long job of diameter 150 mm of AISI 4140 steel is to be turned with a depth of cut of 1.5 mm and
feed rate 0.25 mm/rev. The following data is applicable for the problem:
Labour cost per hour =312.00
Machine overhead per hour =340.00
Grinding cost per hour =315.00
Grinding machine overhead per hour =350.00
Idle time = 5 minutes
The Taylor’s tool life equation is given by
V T%% =475
The operation can be carried out using tungsten carbide tools either as brazed tools or throw away tools.
For brazed tools:
Initial cost =360
Grinding time = 5 minutes/edge
Tool change time = 2 minutes
9 grinds per tool before salvage
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For throw away tips:
Initial cost =340
Tool change time = 1.5 minutes
Total cutting edges = 8

Find the optimum cutting speed, tool life and the cost of the operation for both the brazed tip and the throw

away type using the following criteria:
(a) Minimum production cost, and
(b) Maximum production rate.
Comment on the results obtained.

Solution Data given:
n=022;,C=475r=9,
Idle time = ¢, + ¢, + ¢, = 5 minutes
Overhead cost C, = 12 + 40 = 52 ¥/hour = 0.8667 I/minute

Brazed Tools:
L 5(15+50)
Tool-grinding cost = a0 =5417%
60+5.417x9
Tool cost, C, = — 10 10.875%

Tool change time, z, = 2 minutes

Minimum Cost criterion:

C n
Optimum cutting speed, V= C| ——%—| -
C.+1.C, \1-n

_ 45| 0.8667 022 '
10.875 + 20.8667 | 1-0.22

=199.5 m/min

o n

_ [2+ 10.875“1—0-22}
0.8667 ]| 022

= 51.58 minutes
nDI
1000 f'V
7 x 150 % 600
1000 % 0.25 % 199.5
=5.669 minutes

. . C,||1-n
Optimum tool life, 7= | ¢, + C

Machining time, 7, =
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t t,
Total time= ¢, + 1, +t, + —+T, [1 + L} (107)
p T
= 5+5.669 [1 ;2 } = 10.89 minutes
51.58
t
Cost of operation = C, (’1 +it, 1, + ij +T,[C,+1.C,] (108)
p
=0.8667 X 5+ 5.669 [(10.875 + 2 % 0.8667)] (109)
=10.63%
Maximum Production Rate criterion:
n
Optimum cutting speed, V' =C — (110)
t.(1-n)
0.22
=475 — 022 " _308.7 m/min
2x(1-0.22)
t. (1-
Optimum tool life, =<1 =" (111)
n
2(1-0.22) )
=—————="7.091 minutes
0.22
C . 7 x 150 % 600 )
Machining time, 7, = = 3.664 minutes
1000 x 0.25 x 308.7

Total time = 5 + 3.664[1 42
7.091

} = 9.697 minutes

!
Cost of operation= C, (t, +t,+1,+ lj +T,[C,+1t.C,]
p

= 0.8667 X 5 + 3.664 [(10.875 + 2 X 0.8667)]

=14.02%
Throw away Tools:
Tool cost, C, = % =53 (112)

Tool change time, 7, = 1.5 minutes

Minimum Cost criterion:

0.22
. . _ 0.8667 0.22
Optimum cutting speed, V' = 475[5 T 15%03667 (1 — 0.22H (113)
=232.4 m/min

) ) 5 1-0.22 i
Optimum tool life, 7= | 1.5+ = 25.77 minutes
0.8667 0.22
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7 X150 x 600

Machining time, 7, = 10000252324 4.866 minutes

1.5
25.77

Total time = 5+ 4.866 [1 + } = 10.149 minutes

Cost of operation = 0.8667 X 5 + 4.866 [(5 + 1.5 % 0.8667)]
=9.74%

Maximum Production Rate criterion:

0.22

Optimum cutting speed, V' = 475| ———=——
1.5%x(1-0.22)

0.22
} =328.87 m/min
1.5(1-0.22)
0.22

Machining ti T 7 X150 % 600 3439 mi
achining time, 7, = 1000025 x328.87 " minutes

1.5
5.318

Cost of operation = 0.8667 X 5 +3.439 [(5 + 1.5 X 0.8667)]
=11.388%

Optimum tool life, 7= = 5.318 minutes

Total time = 5 +3.439 [1 + } = 9.409 minutes

The above results are summarised in the following table:

Parameters ‘ Brazed Tools Throw Away Tools
Minimum Cost Maximum Minimum Cost Maximum
Production Rate Production Rate

Cutting speed, m/min 199.5 308.7 232.4 328.87

Tool life, Minutes 51.58 7.09 25.77 5.318
Machining time, minutes 5.669 3.664 4.866 3.439
Operation time, Minutes 10.89 9.679 10.149 9.409
Cost, 10.63 14.02 9.74 11.388

The results present interesting reading. For example, when the production rate is to be maximised, the
cutting speed has increased to nearly the maximum value, giving rise to a very low value for the tool life. The
reverse is also true. This is happening because the earlier optimisation does not have any constraints on the
variables. Hence the variables go to the extreme. However, it is necessary to get more useful values so that
the optimisation can be carried out using various constraints on the variables. For example, the following are
some of the possible constraints. More details can be found in the literature cited at the end of this chapter.

(i) The maximum cutting power available at the machine tool spindle,

(i1) the maximum cutting force permissible,

(ii1) the surface finish and the diametral tolerance to be achieved on the machined surface

(iv) the limits on speed, feed and depth of cut imposed by the machine tool and the cutting tool.

(v) maximum permissible cutting temperature,

(vi) maximum permissible chatter,
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(vii) maximum permissible work piece static and dynamic instability,
(viii) tool life and tool fracture.
Some of the possible constraints as mentioned above have been explained further in terms of the possible
formulation in case of turning:

Power constraint: The power constraint assumes significance only in case of rough machining and hence
can be ignored in the case of finish machining. The power consumed, P during a turning operation can be
expressed as,

PV frrdrk,
"~ 60%1000 x 1

This value of cutting power should not exceed the maximum power, P,,, available on the machine tool.
In the above expression, the value of specific cutting force is constant for a particular work material. Hence,

the expression for this constraint can be written as

C V”pfbpdcp <P C —k—c
P - maxe P 60%x1000x 7
Surface finish constraint: This constraint limits the maximum feed that can be used to attain the required
surface finish on the machined feature. This constraint becomes active during finish turning. The expression
for CLA value of the geometric surface finish obtained during turning operation with a tool of nose radius
‘r’ is given as

f2
18+/3r

Based on the surface finish, SF’

max

SF =1000 x

specified on the turned surface, the constraint on feed can be expressed
as

C,f2<SF c. =-1000

max ° 3_18\/§r

Maximum and minimum speed constraints: Usually, these constraints are imposed by the machine tool. How-
ever, in the case of carbide and ceramic tools, certain minimum cutting speeds need to be maintained to avoid
the failure of these cutting tools due to BUE formation or micro-chipping. Hence, the minimum speed con-
straint is determined as the larger of the values of minimum cutting speed from machine tool and minimum
cutting speed due to cutting tool (¥,;;,)- Thus, the speed constraint can be expressed as

in

nDN_; n DN,
axq———=— Vo p SV S ——— %
1000 1000
Maximum and minimum feed constraints: The maximum feed permissible for the cutting tool (f,,,,) is set as
per the recommendations given by the cutting tool manufacturer. As per these recommendations, f,,., should

not exceed 0.4 — 0.5 times the insert corner radius for triangular inserts and 0.6 — 0.7 times the corner nose
radius for square inserts. The minimum feed value is set to the smallest feed rate available on the machine
tool. This constraint prevents the feed rate during finishing operation from becoming too small. Thus the feed
constraints can be expressed as,

fmin st min {fmaxaftmax}
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Maximum and minimum depths of cut constraints: The maximum depth of cut constraint has relevance in
roughing operations, while the minimum depth of cut constraint should be considered in finishing operations.
The maximum limit on depth of cut due to cutting tool (d, ,,,,) is set to half the cutting edge length for inserts
with included angle of 55° or 60° and for inserts with included angle of 80°-100°, d,,,., is set to two-thirds
of the cutting edge length. Minimum limit on depth of cut (d,,;,) is set to 0.5mm for finishing operations and
Imm or depth of pocket, whichever is lower, for roughing operations. The depth of cut constraints can thus
be expressed as,

dy,<d<d

— Ytmax

It is possible to develop mathematical models using the above constraints and the extended Taylor’s tool
life equation to get more realistic and practical results for optimised machining process parameters.

S

Metal cutting forms the basis for all the machine tools. In this chapter an overview of metal cutting is
presented, which explains the underlying principles used in all the metal cutting machine tools.

e A cutting tool performance is significantly affected by its geometric parameters such as rake angle
and clearance angle.

e Cutting takes place due to the shear ahead of the cutting edge, and different types of chips such as
discontinuous, continuous and continuous with BUE are formed during this process.

e Merchant’s thin shear plane model predicts the performance of orthogonal cutting and based on this
theory it is possible to predict the performance of the process.

e Shear angle plays a very important role in metal cutting, and a lot of effort was put to develop a
simple equation for it.

e Cutting tool geometry specification as standardised by ASA is widely practiced because of its
simplicity. Improved specifications by ISO helps in clarifying the concepts better.

e Dynamometers are used to measure the cutting force utilizing some form of transducing the cutting
force into some easily measurable quantity.

e High speed steel and cemented carbides are the most widely used cutting tool materials. Ceramics,
CBN and diamond tools are selectively used for specific applications.

e Cutting temperature is affected to a great extent by cutting speed and to a lesser extent by the other
parameters.

e Tool wear is predominantly of two types: crater wear and flank wear.

e There are a number of tool life criteria that are used in metal cutting. Tool life is controlled in a
majority of situations by the flank wear due to processing requirements.

e Surface finish is an important requirement that is controlled by the feed rate used and the tool nose
radius.

e Different types of cutting fluids such as water soluble, mineral oils and mineral oils with additives
are used in metal cutting operations.

e There are a number of ways the cutting fluids can be applied.

e It is possible to optimise a metal cutting operation based on a number of constraints that need to be
satisfied along with the necessary optimal criterion.
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2.1 Explain with a neat sketch what you understand by ‘Orthogonal Cutting” and its relevance in metal
cutting study. How can orthogonal cutting be realised in practice?

2.2 What are the conditions that would allow a continuous chip to be formed in metal cutting?

2.3 From the machining performance view point which type of chip is preferred? Explain your answer
with suitable justification. Also show the conditions which favour such a chip formation.

2.4 Explain with a neat sketch what you understand by ‘Orthogonal Cutting’ and its importance? How can
orthogonal cutting be realised in practice.

2.5 In an orthogonal cutting tool what are the important angles that are to be maintained? For each of the
angle explain its influence on the machining performance.

2.6 How is metal removed in metal cutting? Explain the process by giving any simple model to explain
the metal removal process.

2.7 What is meant by built-up-edge (BUE)? With a neat sketch explain the formation of a BUE. Explain
the conditions, which promote the growth of BUE along with its consequences.

2.8 Derive the expression for shear angle in orthogonal cutting in terms of rake angle and chip thickness
ratio.

2.9 Show schematically the Merchant's force circle in orthogonal cutting. Derive the equations for shear
and friction forces in terms of the material properties and cutting process parameters. Give in detail
the assumptions made while arriving at the final equations.

2.10 Derive the expression for the main cutting force in orthogonal cutting in terms of work material
properties and cutting process parameters.

2.11 Derive the expression for the specific cutting energy in orthogonal cutting in terms of the shear angle
and the mean shear strength of the work material. Assume Merchant's minimum energy principle
holds good and that rake angle is zero.

2.12 A single point cutting tool has a zero rake angle and 2 degree clearance angle. By what percentage
would the life of the tool between re-grinds be increased if a clearance angle of 8 degree was provided?
State any assumptions made.

2.13 Derive the shear angle relationship based on Merchant's minimum energy principle. Discuss its
validity from the experimental observations.

2.14 Discuss the importance of shear angle from the standpoint of metal cutting performance. What factors
influence its value?

2.15 Discuss the nature of friction found in metal cutting. How do you explain the large value of apparent
friction coefficient found in metal cutting?

2.16 What are the various forms of wear found in cutting tools? Show with a neat sketch.

2.17 How does the cutting process parameters affect the cutting tool wear in single point tools?

2.18 Show diagrammatically the variation of flank wear of cutting tool with time and explain its importance
from the tool life point of view.

2.19 What are the types of cutting tool wear patterns observed in single point tools? How do they affect the
metal cutting performance?

2.20 How do you define Tool Life? Explain the parameters that control the tool life of a single point cutting
tool.

MT4e-V2_02.indd 62 @ 7/13/2018  4:16:25 PM



Metal Cutting  2.63

2.21 Which are the suitable tool failure criteria that are generally practised in industry? Explain your
answers with examples.

2.22 What is the most generally used method for measuring average chip tool interface temperature?
Explain its principle with a neat sketch.

2.23 What are the various methods available for measuring the cutting tool temperature? Explain their
applications and disadvantages.

2.24 How are the cast cobalt alloys differ from cemented carbides in terms of material composition and
machining performance?

2.25 What are the desirable characteristics of a cutting tool material? Explain how these are satisfied in the
case of high speed steel tools.

2.26 How are the cemented carbides classified by ISO? Explain the general applications of each category.

2.27 How are the properties of cemented carbides affected by grain size, composition and amount of
bonding material? Explain them with reference to metal cutting application.

2.28 How do you expect the coatings on carbides improve the machining performance?

2.29 Explain the advantages of coated carbides over the uncoated carbides. Name any three materials used
for coatings.

2.30 How do you compare cutting tool made of CBN with that made by cemented carbides? Your answer
should be based on tool material composition, structure, and cutting performance.

2.31 Why are synthetic diamonds preferred to natural diamonds as cutting tools?

2.32 What are the situations where diamonds are used as cutting tools?

2.33 What are the advantages and disadvantages of ceramics as cutting tool materials?
2.34 How are the ceramic tools made?

2.35 What are the main applications of cutting fluids?

2.36 What are the mechanisms that are generally responsible for the effectiveness of cutting fluid in
improving machining performance?

2.37 What are the points from which a cutting fluid may be applied in a machining operation? Explain their
relative merits.

2.38 Explain the basis for the selection of a specific cutting fluid for a given application. Take the example
of turning, milling and grinding, and suggest the type of cutting fluid used.

2.39 What is the mechanism suggested for the cutting fluid to reach the chip-tool interface in spite of the
adverse conditions of high pressure existing there? Explain with a neat sketch.

2.40 What is meant by machinability? Explain the method of representing the machinability.

2.41 What are the factors that control surface finish in turning? How do you select the cutting process
parameters for finish turning?

2.42 Derive the relationship for the minimum cost cutting speed in single point turning of a cylindrical
work piece. State the assumptions made.

2.43 Derive the relationship for the maximum production rate cutting speed in single point turning of a
cylindrical work piece. State the assumptions made.

2.44 Derive the relationship for the minimum cost tool life from first principles in single point turning of
a cylindrical work piece. State the assumptions made.

2.45 Derive the relationship for the maximum production rate tool life in single point turning of a cylindrical
work piece. State the assumptions made.
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2.46 Discuss the forms of tool life equations generally used with their applicability.

2.47 Suggest the grade of carbide you would use for i) rough milling of medium carbon steel, ii) finish
turning of white cast iron rolls. Justify your recommendation.

2.48 Find the tool life for the minimum cost per piece in single pass turning given:
a = machine rate including labour and overhead,
b = tool cost per cutting edge, and
t = tool change time,
n = exponent in Taylor’s tool life equation.
C = constant in Taylor’s tool life equation.
Make any valid assumptions with justification.
2.49 Give a comparative evaluation of the various cutting tool materials.
2.50 What are the desirable properties of a cutting tool material?

2.51 What are the locations where heat is produced in an orthogonal cutting tool? Show their approximate
percentages.

2.52 Explain how effective tungsten carbide is as a cutting tool material in comparison to the other cutting
tool materials. What are the improvements caused by the coated carbides?

2.53 Explain the tool nomenclature as used in ASA and ORS systems.

2.54 Compare ASA and ORS systems of tool nomenclature.

2.55 Give the significance of various tool angles with a neat sketch.

2.56 What do you understand by the name tool signature? Give a typical tool signature in ASA system.
2.57 Explain the principles used in designing a metal cutting dynamometer.

2.58 Give any one type of metal cutting dynamometer design you are familiar with and explain its function.

||| Problems Jj _

2.1 A 100 mm bar is turned by means of a tool with a rake angle of 15° orthogonally. Depth of cut is 5
mm while the feed rate is 0.25 mm/rev. If the mean length of a cut chip representing one rotation of
the work piece is 90.5 mm, find the shear plane angle. [17.63°]

2.2 During a metal cutting test under orthogonal conditions in a lathe with a tool of rake angle 20°, with
a depth of cut of 3 mm and feed rate of 0.38 mm/rev, the following data is recorded.

Average chip thickness = 0.89 mm
Horizontal component of the cutting force = 1600 N
Vertical component of the cutting force = 2340 N

Calculate the following:
(a) coefficient of friction at the chip tool interface
(b) shear plane angle, and

(c) shear stress at the shear plane. [3.905, 25.17°, 168.95 MPa]
2.3 The following data was obtained from an orthogonal cutting test.
Rake angle = 20° Depth of cut = 6 mm

Feed rate = 0.25 mm/rev
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Chip length before cutting = 29.4 mm
Chip length after cutting = 12.9 mm
Vertical cutting force = 1050 N
Horizontal cutting force = 630 N

Using Merchant's analysis, calculate

(a) magnitude of resultant force,

(b) shear plane angle, and

(c) friction force and friction angle. [1224.5 N, 25.88°, 1174 N, 78.3°]

2.4 In an orthogonal cutting of a steel component with carbide tool, the following data was obtained:
Tool rake angle = 10° Chip width = 6 mm
Uncut chip thickness = 0.10 mm
Chip thickness ratio = 0.33
Horizontal cutting force = 1290 N
Vertical cutting force = 1650 N
Sketch the force diagram and calculate the mean shear stress on the shear plane. [375.35 MPa]
2.5 In an orthogonal cutting test with a tool of rake angle 10°, the following observations were made:
Chip thickness ratio = 0.37
Horizontal component of the cutting force = 1000 N
Vertical component of the cutting force = 1500 N

From the Merchant's theory, calculate the various components of the cutting forces and the coefficient
of friction at the chip tool interface. [1751.56 N, 426.66 N, 374.51 N, 1763.45 N, 4.105, 21.7°]

2.6 SAE 113 cold rolled steel is orthogonally cut on a lathe with a HSS tool having a rake angle of 20°.
The following data is obtained during the test.

Width of cut =5 mm Cutting speed = 8.5 m/min
Uncut chip thickness = 0.25 mm Cutting ratio = 0.351
Vertical cutting force = 1030 N

Horizontal cutting force = 550 N

Calculate the friction, shear and total energies consumed during the metal cutting process.
[1225.73 J/min, 3449.3 J/min, 4675 J/min]

2.7 Mild steel tube is being cut with a carbide tool having a rake angle 5°, orthogonally at a cutting
speed of 250 m/min. Feed used is 0.21 mm/rev while depth of cut is 2 mm. The cutting ratio is 0.31.
The vertical cutting force is 1030 N and the horizontal cutting force is 550 N. Calculate from the
merchants theory, the various work done in metal cutting and shear stress.

[54.256 kJ/min, 83.235 kJ/min, 137.500 kJ/min, 153.17 MPa]
2.8 In an orthogonal cutting of C35 steel with HSS tool, the following conditions were noted.
Width of cut = 1.2 mm; Rake angle = 15° Cutting ratio = 0.35
Cutting force = 800 N; Thrust force = 800 N
Calculate the shear angle and other force components.
[17.59°,520.8 N, 1004.4 N, 979.8 N, 565.7 N]
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2.9 In an orthogonal cutting test on an alloy of aluminium, the following values were known or obtained
from experimental data.

Rake angle = 20° Thrust force =340 N
Uncut chip thickness = 0.125 mm Width of cut = 3.75 mm
Cutting speed = 0.5 m/s Chip thickness = 0.51 mm

If the force in the cutting speed direction is 1.3 times that of the thrust force, calculate the average
yield shear stress of the work material. State the assumptions made and derive any expression required
for the calculations from the first principles. [115.42 MPa]

2.10 In an orthogonal cutting test, the following data were obtained.
Uncut chip thickness = 0.2 mm Chip thickness = 0.5 mm
Chip width = 2.0 mm Cutting force = 900 N
Thrust force = 600 N Rake angle = 8°
Cutting speed = 0.6 m/s

Calculate the average friction angle at the chip tool interface, shear stress and energies consumed in
friction and shear. [64.3°, 198.06 MPa, 125.6 J/s, 233.93 J/s]

2.11 The following data was obtained in orthogonal cutting of mild steel.
Uncut chip thickness = 0.25 mm Chip thickness = 0.75 mm
Chip width =2.50 mm Cutting force = 900 N
Thrust force =450 N Rake angle = 0°
Calculate a) the angle of friction along the tool rake face and b) shear strength of the work material.
[63.43°, 138 MPa]
2.12 In an orthogonal cutting of C35 steel with HSS tool, the following conditions were noted.
Uncut chip thickness = 0.25 mm Chip thickness = 1.0 mm
Width of cut = 2.5 mm; Rake angle = —5°
Cutting force = 900 N; Thrust force = 900 N
Calculate the shear angle, mean shear strength of the work material and other force components.
[13.7°,250.55 MPa, 818.1 N, 975 N, 661.2 N, 1087.5 N]
2.13 Show that in metal cutting, when the rake angle is zero in orthogonal cutting, the ratio of the shear

strength of work material, 7, to the specific cutting energy, u,, is given by
7, r(l—pur)
Z - 1+ 72
where (1 is the coefficient of friction in the chip tool interface while 7 is the cutting ratio.

2.14 In an orthogonal cutting, if the frictional force, F on the tool rake face is equal to K 7 A, show that the
following relationship between the mean coefficient of friction, ( and the shear angle, ¢, is valid.

B K cos? (¢ — o)
~ Ksin(¢—oa)cos(dp—oa)+1

u

where K is a constant, 4 is the area of cross section of the chip and « is rake angle.
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2.15 If the shear angle relationship given by Lee and Shaffer [¢ =2y (ax-pB )} is valid, show that the
specific cutting energy, u, is given by 4
u,=T(1+ cot §)
where 7 is the mean shear strength of the work material.
2.16 In an orthogonal cutting test the following values were known or obtained from experimentation.

Rake angle = 20° Thrust force = 500 N

Uncut chip thickness = 0.14 mm Width of cut =5 mm

Cutting speed = 2 m/s Chip thickness = 0.70 mm

If the force in the cutting speed direction is two times that of the thrust force, calculate the average
yield shear stress of the work material. [16.52 MPa]

2.17 During a metal cutting test under orthogonal conditions in a lathe with a tool of rake angle 20°, with
a depth of cut of 3 mm and feed rate of 0.38 mm/rev, the following data is recorded.

Average chip thickness = 0.89 mm
Horizontal component of the cutting force = 1000 N
Vertical component of the cutting force = 1840 N

Calculate the following:
(a) coefficient of friction at the chip tool interface
(b) shear plane angle, and (c) shear stress at the shear plane. [6.67,25.2°,45.35 MPa]

2.18 The following data was obtained from an orthogonal cutting test.
Rake angle = 20° Depth of cut = 6 mm
Feed rate = 0.25 mm/rev Cutting speed = 0.6 m/s
Chip length before cutting = 29.4 mm
Vertical cutting force = 1050 N
Horizontal cutting force = 630 N
Chip length after cutting = 12.9 mm

Using Merchant's analysis, calculate

(a) magnitude of resultant force,

(b) shear plane angle,

(c) friction force and friction angle, and

(d) wvarious energies consumed. [1224.5 N, 25.88°, 1202 N, 79°, 61.5 J/s, 316.487 J/s]

2.19 Show that in an orthogonal cutting, when rake angle is 45° and the thrust and cutting forces are equal,
the shear angle, ¢ is given by

FZ

cos!|2-2_25

o Y F;
2

where v is the shear strain

F_ force along the shear plane
Fy; cutting force in the direction of the cutting speed
State any relevant assumptions made.
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2.20 In an orthogonal cutting test, the following data were obtained.
Uncut chip thickness = 0.2 mm Chip thickness = 0.5 mm
Chip width = 2.0 mm Cutting force = 900 N
Thrust force = 600 N Rake angle = 8°
Cutting speed = 0.6 m/s
Calculate average friction angle at the chip tool interface. [64.3°]

2.21 For aproduction turning operation, past records have shown that the tool life varies with cutting speed
as shown in the following table:

Cutting speed, V, m/s Tool Life, T, min
2.08 110
2.54 37
Estimate the tool life for this operation at a speed of 2.3 m/s. Outline all the assumptions used to
obtain this estimate. [63.61 minutes]
2.22 An orthogonal cutting process is being carried out with the following process parameters:
Uncut chip thickness = 0.15 mm Cutting speed = 120 m/min
Rake angle = 10° Width of cut = 6 mm
The observed values of the other parameters are as follows:
Chip thickness = 0.225 mm Horizontal force = 550 N

Vertical force = 1230 N.
Calculate the percentage of the total energy that goes into overcoming the friction at the chip-tool

interface. [83.87%]
2.23 If the Taylor’s tool life constants for a given operation are specified as » = 0.5 and C = 400, what is
the percentage increase in tool life when the cutting speed is reduced by half? [400]

2.24 In an orthogonal cutting operation, given the rake angle is 10°, what is the percentage change in the
chip thickness when the friction angle changes from 30 to 50°? Do not use the shear angle relationship
derived by the Merchant’s minimum energy principle. [45%]

2.25 Using the Merchant’s cutting mechanics analysis derive a relationship between shear energy and

Wp  sinftano

Ws ~ cos(p+B-a)

2.26 The tool life of a high speed steel (HSS) tool and carbide tool have the same tool life of 60 minutes at
a cutting speed of 75 m/min. The exponent of tool life in Taylor’s equation (n) is 0.15 for HSS while
itis 0.2 for carbide. Compare the life of the two tools at a speed of 90 m/min.

[17.28 minutes, 24.12 minutes]

2.27 An automatic lathe is to be used to machine brass component 75 mm long and 50 mm in diameter with
a depth of cut of 1.25 mm and feed rate of 0.2 mm/rev. The lathe has 3 kW motor with drive efficiency
of 70%. Select the cutting speed to give the minimum machining cost under the following conditions.

frictional energy in terms of rake angle, shear angle and friction angle.

Operating cost of the lathe = ¥75 per hour

Regrinding cost of cutting edge =315 per edge

Time to load and unload a component = 15 seconds

Tool change time = 5 minutes

Tool life constants n = 0.2; C = 400. [172 m/min]
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2.28 In a normal turning operation the tool life varies with cutting speed as shown in the following table:

Cutting speed, V, m/min Tool Life, T, min
25 30
70 2
Estimate the tool life for this operation at a speed of 60 m/min. [2.99 minutes]

2.29 A carbide cutting tool has tool life exponent n = 0.27. It gives a tool life of 60 minutes while machining
amild steel work piece at a cutting speed of 120 m/min. Compute the tool life if it is to be cut at a 20%
higher cutting speed. Also what is the cutting speed if the tool life is to be doubled?

[30.39 minutes, 99.387 m/min]

2.30 Free cutting steel work pieces of 200 mm long and 100 mm in diameter are to be turned on a lathe
using a feed of 0.15 mm/rev and a depth of cut of 2 mm. It is possible to use brazed and throw away
type cemented carbide tools for the operation. The overhead cost is ¥80 per hour, while the tool life
constants are n = 0.25 and C = 200. Compare the minimum cost and maximum productivity times and
costs of these with the following data:

Brazed tools Throw away tools
Tool cost =390 330
No of regrinds = 10 No. of edges =4
Regrinding cost =315
Tool change time = 3 min 1 min
2.31 In ametal cutting experimentation, the tool life were found to vary with cutting speed in the following
manner:
Cutting speed, V, m/min Tool Life, T, min
100 120
130 50
Derive the Taylor’s tool life equation for this operation and estimate the tool life at a speed of 2.5 m/s.
Also estimate the cutting speed for a tool life of 80 minutes. [31.1867 minutes, 113.072 m/min]

2.32 A bar of 150 mm long and 60 mm in diameter is to be turned with a feed rate of 0.25 mm/rev. The
machine and labour overhead is 150 per hour. The tool cost is ¥15 per edge and the tool changing
time is 1 minute. Two different work materials A and B satisfy the requirements of the operation
whose tool life constants are given below:

Material n C

A 0.15 125

B 0.16 150
Compute the economical work material for this operation. [Material B]

| | Multiple Choice Questions i ]
2.1 Rake angle of a cutting tool can be defined as (c) Angle between flank face of the cutting
(a) Angle between rake face and flank face tool and normal to the machined surface
of a cutting tool (d) Angle between flank face of the cutting
(b) Angle between rake face of the cutting tool and the machined surface

tool and normal to the machined surface
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2.2

23

24

2.5

2.6

2.7

MT4e-V2_02.indd 70

Clearance angle of a cutting tool can be

defined as

(a) Angle between rake face and flank face
of a cutting tool

(b) Angle between rake face of the cutting
tool and normal to the machined surface

(c) Angle between flank face of the cutting

tool and normal to the machined surface

(d) Angle between flank face of the cutting

tool and the machined surface

Continuous chip can form during the cutting
of

(a) Ductile materials

(b) Brittle materials

(c) Any material at low cutting speeds

(d) Any metal at high depths of cut

Discontinuous chip can form during the
cutting of

(a) Ductile materials

(b) Brittle materials

(c) Any material at high cutting speeds

(d) Any metal at low depths of cut

Built-up-edge can form during the cutting of
(a) Soft materials at high cutting speeds

(b) Brittle materials at low cutting speeds
(c) Hard material at low cutting speeds

(d) Soft materials at low cutting speeds

An important assumption of Merchant’s

cutting force analysis is

(a) The cutting tool is perfectly sharp

(b) Rake angle of the cutting tool is positive

(c) Rake angle of the cutting tool is negative

(d) Chip thickness is proportional to the rake
angle

Apositive rake angle is generally preferred for

(a) Brittle work piece materials to reduce
cutting forces

(b) Cutting tool materials that are hard and
brittle

(c) Ductile work piece materials to reduce

cutting forces

(d) Cutting tool materials that have poor

thermal conductivity

2.8

2.9

2.10

2.11

2.12

2.13

Shear angle in orthogonal cutting is

(a) The angle between the flank face and the
shear plane

(b) The angle between the rake face and the
shear plane

(c) The angle between the flank face and the

machined surface

(d) The angle between the rake face and the

machined surface

A negative rake angle is generally preferred
for

(a)
(b)
(©)
(d)

Brittle work piece materials to reduce
cutting forces

Cutting tool materials that are hard and
brittle

Ductile work piece materials to reduce
cutting forces

Cutting tool materials that have higher
shock resistance

P grade cemented carbide cutting tool bit is
used for

(a) Ferrous material with short chips

(b) Ferrous material with long chips

(c) Non-ferrous material with short chips
(d) Any non-ferrous metal

Ceramic cutting tools should be used

(a) With cutting fluid

(b) With low cutting speeds because of their
brittleness

(c) With very high cutting speeds

(d) With old machine tools

Tool life criterion normally used is

(a) Crater wear

(b) Flank wear

(c) Crater wear and flank wear

(d) Crater wear and nose wear

Cutting fluids are used during the machining
operation to

(a) Cool the work piece only

(b) Cool the cutting tool and work piece

(c) Clean the work piece

(d) Clean the machine tool
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2.14 Water soluble cutting fluids are mainly used

2.15

2.16

2.17

to

(a) Cool the cutting tool and work piece

(b) Clean the work piece

(c) Clean the machine tool

(d) Lubricate the cutting tool and work piece
interface

Why is the cutting speed of 150 m/min better

than 30 m/min when using cemented carbide

cutting tools?

(a) There would be better shaped chips

(b) Less heat is produced at 150 m/min than
at 30 m/min

(c) The higher speed is less likely to burn
the edge of a carbide tool

(d) The higher speed would produce a better
finish

When using low cutting speeds and negative
rake tools to cut soft metals, the result is often
(a) Along, and uniform coiled chip

(b) The metal splitting ahead of the tool

(c) Abuilt-up edge

(d) A good surface finish

Cutting tools with negative rake angle require
(a) Frequent resharpening

(b) Less frequent resharpening

Answers to MCQs

2.1
2.6
2.11
2.16
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(b) 22 (d) 2.3 (a)
(a) 2.7 (c) 2.8 (b)
(©) 2.12 (b) 2.13 (b)
(©) 2.17 (c) 2.18 ()

2.18

2.19

2.20

(c) More horse power for a given cut

(d) Less horse power for a given cut

Effect of hardness of work material on its
machinability

(a) No effect

(b) Increases machinability

(c) Decreases machinability

(d) Very little effect on machinability

Effect of rake angle of cutting tool on ma-

chinability

(a) No effect

(b) Increases machinability up to a certain
limit

(c) Decreases machinability

(d) Very little effect on machinability

The cutting speed for maximum profit rate

should be chosen as

(a) Below the speed for minimum cost

(b) In between the speeds for minimum cost
and maximum production rate

(c) Equal to the speed for minimum cost

(d) Higher than the speed for maximum pro-
duction rate

2.4 (b) 2.5 (d)
2.9 (b) 2.10 (a)
2.14 (a) 2.15 (d)
2.19 (b) 2.20 (b)
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CAsE StupYy

In a machine shop, annealed AISI 4140 steel rods of 150 mm diameter are to be turned to 149 mm. The
hardness of the material is BHN 250. The length of the rods is 100 mm. The optimum cutting speed
and feed can be obtained from Machinery’s Handbook (30 edition, p 1071) for different cutting tool
materials. For example, the optimum cutting speeds for the following tool materials as in the table are
108, 192 and 375 m/min. The feed rates are 0.43, 0.43 and 0.25 mm/rev. These speeds and feeds are
valid for a tool life of 15 minutes. In regular production, it means the tool need to be replaced every 15
minutes which adds a lot of idle time on the machine and the operator involvement. From the Taylor
tool life equation it is noticed that for increasing the tool life the cutting speed needs to be reduced. For
carbide tools, to increase the tool life the cutting speed is to be multiplied by 0.86 for 45 minute tool
life, 0.78 for 90 minute tool life, 0.71 for 180 minute tool life. The factors for coated carbides are 0.80,
0.70 and 0.61 respectively. Similarly for ceramic tools are 0.89, 0.82 and 0.76 respectively. When the
cutting speed is decreased, the machining time will increase. It may be noticed that the increase in tool
life is not directly proportional to the reduction in cutting speed. The machining times can therefore be
recalculated for all tool lives as given in the following table:

Machining Time, min

Life, min | Uncoated Carbides Hard Grade | Coated Carbides Hard Grade Ceramics, Hard
15 1.01 0.57 0.50

45 0.90 0.39 0.94
90 1.07 0.49 1.11
180 1.27 0.61 1.10

The relationship between tool life and the machining time can be better understood by actually
comparing the number of parts that can be completely machined before a tool change is done in the
machine. The data can be calculated with the results as follows:

Tool Number of Parts Made before Tool Change

Life, min | Uncoated Carbides Hard Grade | Coated Carbides Hard Grade Ceramics, Hard

45 38 63 80
90 70 111 148
180 127 193 274

Assuming the tool cost of coated carbides and ceramic tools to be 1.4 times and 1.2 times respectively,
compared to uncoated carbides, work out the economics for each tool/ work piece combination. One
word of caution is that the relationship of the surface finish produced based on the cutting speed and
feed used as well as the rigidity of the machine for suitability of the process was not considered in the
above calculations.
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Objectives

Machine tools are the main engines of the manufacturing industry. This chapter tries to
cover a few of the details that are common to all classes of machine tools in this book. After
completing this chapter, the reader will be able to

> Understand the classification of the various machine tools used in manufacturing industries
> Find the differences between generating and forming of surfaces

> Llearn various methods used to generate different types of surfaces
>

Distinguish the different accuracies and surface finishes that are achievable with different
machine tools

Understand the different components of the machine tool and their functions

Learn about the different support structures used in the machine tools

Understand various power transmission systems that are utilized in machine tools
Understand various actuation systems that are useful to generate the required surfaces

Learn the different types of guideways used in the machine tools

vV VW VvV VvV VvV Vv

Understand briefly about the work holding requirements

3.1 INTRODUCTION

The earliest known machine tools are the Egyptian foot-operated lathes. The machine tools were developed
essentially to allow for the introduction of accuracy in manufacturing.

A machine tool is defined as one which while holding the cutting tools would be able to remove metal from
a work piece in order to generate the requisite product of given size, configuration and finish. It is different
from a machine, which essentially is a means of converting the source of power from one form to the other.
The machine tools are the mother machines since without them no components could be produced in their
finished form. They are very old and the industrial revolution owes its success to a very great extent to them.

A machine tool is required to provide proper support to the work piece and cutting tool as well as provide
motion to one or both of them, in order to generate the required shape on the work piece. The form generated
depends upon the type of machine tool. The details of these will be seen in this chapter.
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3.2  Manufacturing Technology—Metal Cutting and Machine Tools

In the last two centuries, the machine tools have developed to a very great extent, because of new
inventions. The machine tool versatility has grown to cater to the varied needs of the new inventors who
made major developments. For example, James Watt’s steam engine could be proven only after a satisfactory
method was found to bore the engine cylinder with a boring bar by Wilkinson around 1775.

A machine tool is designed to perform certain primary functions, but the extent to which it can be exploited
to perform other (secondary) functions is a measure of its flexibility. Generally the flexibility of the machine
tool is increased by the use of secondary functional attachments, such as radius (spherical) turning attachment
for a centre lathe. Alternatively to improve productivity, special attachments are added which also reduce the
flexibility.

3.2 CLASSIFICATION OF MACHINE TOOLS

There are many ways in which the machine tools can be classified. One such classification based on the
production capability and application is shown below:

(1) General purpose machine tools (GPM) are those designed to perform a variety of machining
operations on wide ranging types of components. By the very nature of generalisation, the general
purpose machine tool though capable of carrying out a variety of tasks, would not be suitable for large
production, since the time for setting-up such operations is large. Thus the idle time on the general
purpose machine tool is more and the machine utilisation is poor. The machine utilisation may be
termed as the percentage of actual machining (chip generating) time to the actual time available. This
is much lower for the general purpose machine tools. They may also be termed as the basic machine
tools.

Further skilled operators would be required to run the general purpose machine tools. Hence their
utility is in job shops (catering to small batch, large variety job production) where the requirement is
versatility rather than production capability. Examples are lathe, shaper and milling machine.

(2) Production machine tools are those where a number of functions of the machine tools are automated
such that the operator skill required to produce the component is reduced. Also this would help in
reducing the idle time of the machine tool thus improving the machine utilisation. It is also possible that
a general purpose machine tool may be converted into a production machine tool by the utilisation of
jigs and fixtures for holding the work piece. These have been developed from the basic machine tools.
Some examples are capstan and turret lathes, automats and multiple spindle drilling machines. The
time required for setting-up for a given job is more. Also tooling design for a given job is more time
consuming and expensive. Hence these machines can only be justified for large volume production.

(3) Special purpose machine tools (SPM) are those machine tools where the setting operation for the job
and tools is practically eliminated and complete automation is achieved. This would greatly reduce
the cycle time (the actual manufacturing time) of a component and helps in the reduction of the costs.
These are used for mass manufacturing. These machine tools are expensive compared to the general
purpose machines since they are specifically designed for the given application, and also restrictive in
their application capabilities. Examples are cam shaft grinding machine, connecting rod twin boring
machine, and piston turning lathe.

(4) Single purpose machine tools are those, which are designed specifically for doing a single operation
on a class of jobs or on a single job. This is the highest amount of automation and is used for really high
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rate of production. These are used specifically for one product only and thus have the least flexibility.
However these do not require any manual intervention and are most cost effective. Examples are
transfer lines composed of unit heads for machining any given product completely.

The application of these four types can be shown graphically in Fig. 3.1.

Single-purpose

nachine tool
A,
o)
\
O/;

—_

c
ke
g
g | Special- "\/@*‘
= purpose ’6/7,1',
5 machine v
o tool
]
14
Production
machine tool

General-purpose
machine tool

Variety of production ——>

Fic. 3.1 Application of machine tools based on the capability

The other classification is based on the actual motions which is shown later in this chapter.

3.3 GENERATING AND FORMING

Generally the component shape is produced in machine tools by two different techniques, namely Generating
and Forming.

Generating is where the required profile is obtained by manipulating the relative motions of the work
piece and the cutting tool edge. Thus the obtained contour would not be identical to the shape of the cutting
tool edge. This is generally used for a majority of the general profiles required. The type of surface generated
depends upon the primary motion of the work piece as well as the secondary (feed) motion of the cutting tool.

For example, when the work piece is rotated and a single point tool is moved along a straight line parallel
to the axis of rotation of the work piece, a helical surface is generated as shown in Fig. 3.2(a). If the pitch of
the helix (feed rate) is extremely small then the surface generated may be approximated to a cylinder. This is
carried out in lathes and called turning or cylindrical turning.

An alternate method of obtaining the given profile is called forming in which the shape of the cutting
tool is impressed upon the work piece as shown in Fig. 3.2(b). Thus the accuracy of the shape obtained is
dependent upon the accuracy of the form of the tool used.

However many of the machine tool operations are actually combinations of the above two. For example,
when a dove tail is being cut, the actual profile is obtained by sweeping the angular cutter along the straight
line. Thus, it involves forming (angular cutter profile) and generating (sweeping along a line) as shown in
Fig. 3.3.
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Angle milling
cutter

Work piece
blank

Generated surface

Secondary motion
(Feed)

(a) (b)

Fic. 3.2 Generating and forming of surfaces by machine tools

Angular
E‘Iﬂ't'é‘? ‘ Dovetail ‘ ‘ ‘ Feed direction
fom | Y| e -

ey M [

Fic. 3.3 Generation of surface

3.4 METHODS OF GENERATING SURFACES

A large number of surfaces could be generated or formed as the case may be with the help of the motions
given to the tool and work piece. The shape of the tool also makes a very important contribution to the final
surface obtained. Basically there are two types of motions in a machine tool. The primary motion given to the
work piece or cutting tool constitutes the cutting speed which cause a relative motion between the tool and
work piece such that the face of the cutting tool approaches the material to be removed. Usually, the primary
motion consumes most of the cutting power. The secondary motion is which feeds the tool relatively past
the work piece. The combination of the primary and secondary motions is responsible for the generation of
specific surfaces, the details of which are discussed below. Sometimes there would be a tertiary movement in
between the cuts for specific surfaces.

A classification of machine tools based on the motions is shown in Fig 3.4 for single point tools and
Fig. 3.5 for multi-point tools. In the case of job rotation, cylindrical surfaces would be generated as shown
in Fig. 3.6 when tool is fed in a direction parallel to the axis of rotation. When the feeding direction is not
parallel to the axis of rotation, complex surfaces such as cones (tapers) (Fig. 3.7), or contours (Fig. 3.8) can
be generated. The tools used in the above cases are of single point. If the tool motion is perpendicular to the
axis of rotation, then a plane surface would be generated as shown in Fig 3.9. However, if a cutting tool of a
given form is fed in a direction perpendicular to the axis of rotation (plunge cutting), then a contour surface
of revolution would be obtained as shown in Fig. 3.10.
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SINGLE-POINT TOOLS

Plane surfaces

Surface of revolution
(Job rotating) |

I
| I
Feed parallel to Feed not Tool _Job
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(cylindrical surfaces) slotting p 9
[ ]
External Internal
turning boring
screw internal screw
cutting cutting
At any angle Simultaneous
(conical surfaces) two axes
motion
| contouring
| | copy turning
External Internal
taper taper boring
turning
facing

Fic. 3.4 Classification of machine tools using single point cutting tools

MULTI-POINT TOOLS
|
I

Cylindrical surface Plane surfaces

Two edge Multi edge )
cutting drilling cutting Sizeable chips Small chips
(Milling) (Grinding)
Broaching Surface grlndlng
Gear shaping
| Small Ih' Face milling
Sizeable chips matl cnips
(Milling, Gear cutting) {Grinding)
Spiral milling grinding
Gear hobbing Centreless

grinding
Fic. 3.5 Classification of machine tools using multi-point cutting tools

Plane Surface Generation in Shaping
Plane surfaces can be generated when the job or tool reciprocates the primary motion as shown in Fig. 3.11

without any rotation.
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Fic. 3.6 Generation of a cylindrical surface by a single point cutting tool
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Fic. 3.7 Generation of a conical surface by a
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Fic. 3.9 Generation of a flat surface by a single point cutting tool
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Fic. 3.10 Forming a surface with a forming tool
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< . .
Primary motion

Secondary motion
(Feed)

Fig. 3.11 Generating a flat surface with linear motion of a single point cutting tool

With the multi-point tool generally plane surfaces are generated as shown in Fig. 3.12. However, in this
situation it is generally the combination of forming and generating to get a variety of complex surfaces, which
are otherwise impossible to get through the single point tool operations. Some typical examples are the spur
gear hobbing or spiral milling of formed cavities, which are described in later chapters.

Face milling
. (vertical milling machine)

Fic. 3.12 Multi-point cutting tool generating a plane surface

3.5 ACCURACY AND FINISH ACHIEVABLE

It is necessary to select a given machine tool or machining operation for a job such that it is the lowest cost
option. There are various operations possible for a given type of surface and each one has its own character-
istics in terms of accuracy, surface finish and cost. At the time of process planning this selection is made. The
obtainable accuracy for various types of machine tools is shown in the following Table 3.1. The surface finish
expected from the various processes is shown in Fig. 3.13. The values presented in Table 3.1 and Fig. 3.13 is
only a rough guide. The actual values are greatly varying depending upon the condition of the machine tool,
cutting tool used and the various cutting process parameters as explained in Chapter 2.
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Accuracies achievable in machining operations

Machining Operation
Turning

Shaping, Slotting

Accuracy
+ 25 um
+ 25 um/side

Planing + 65 um/side
Milling +12to 25 um
Drilling in drill press—Location + 250 um

Hole +125 um

Jig hole + 50 um
Drilling in lathe—Location +12 um

Hole +2.5 um
Boring +2.5um
Internal grinding +2.5um
Reaming +25 um
Reaming with jig +12.5 um
Jig boring—Hole +2.5um
Location + 5 um
Cylindrical and surface grinding +2.5um
Thread cutting products + 50 um
Broaching +12.5 um
Lapping +5 um
Honing +12.5 um
Super finishing +0.5 pm
Roughness (R.M.S.) microns
Operations
25 [125(6.25| 3.2 |16 | 0.8 | 0.4 | 0.20| 0.10| 0.05 |0.025

Flame cutting, Sawing

Hand grinding

Filing, Disc grinding

Turning, Shaping, Milling

Boring

Drilling

Surface grinding

Cylindrical grinding

Honing, Lapping

Polishing

Super finishing

Buffing

Fic. 3.13 Achievable surface finishes by different machining processes
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3.6 BASICELEMENTS OF MACHINE TOOLS

The various components that are present in all the machine tools may be identified as follows:

Worlk holding device To hold the work piece in the correct orientation to achieve the required accuracy
in manufacturing, e.g. chuck

Tool holding device To hold the cutting tool in the correct position with respect to the work piece and
provide enough holding force to counteract the cutting forces acting on the tool, e.g. tool post

Work motion mechanism To provide the necessary speeds to the work piece for generating the requisite
surface, e.g. head stock

Tool motion mechanism To provide the various motions needed for the tool in conjunction with work
piece motion in order to generate the different surface profiles as desired, e.g. carriage

Support structure To support all the mechanisms as shown above and maintain their relative position
with respect to each other and also allow for relative movement between the various parts to obtain the req-
uisite part profile and accuracy, e.g. bed

The type of device or mechanism used varies, depending upon the type of machine tool and the function
it is expected to serve. In this chapter some of the more common elements would be discussed. However,
further details may be found in the chapters where the actual machine tools are discussed.

The two motions that need to be provided in the machine tool are cutting speed and feed. The range of
speed and feed rates to be provided depends upon the capability of the machine tool and the range of work
materials that are expected to be processed. Basically the actual speed and feed chosen depends upon the

e work material

e production rate desired

e surface finish required

e accuracy expected

The drive units in a machine tool are expected to provide the required speed and convert the rotational
speed into linear motion as required. Details of these may be found in books dealing with machine tool
design.

3.7 SUPPORT STRUCTURES

The broad categories of support structures found in various machine tools are shown in Fig. 3.14. They may
be classified as beds (horizontal structures) or columns (vertical structures).

The main requirements of the support structure are:

e Rigidity

e Impact resistance

e Accuracy of guideways

e Wear resistance

Bed Bed provides a support for all the elements present in a machine tool. It also provides for the true
relative positions of all units in machine tools. Some of these units may be sliding on the bed or fixed. For
the purpose of sliding, accurate guideways are provided. Bed weight is approximately half the total of the
machine tool weight.
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Fic. 3.14 Different types of structures found in machine tools

The basic construction of a bed is like a box to provide the highest possible rigidity with low weight. To
increase the rigidity the basic box structure is added with various types of ribs as shown in Fig. 3.15. The
addition of ribs complicates the manufacturing process for the beds.

Beds are generally constructed using cast iron or alloy cast iron consisting of alloying elements such as
nickel, chromium and molybdenum. With cast iron, because of the intricate designs of the beds the casting
defects may not be fully eliminated.

Alloy steel structure is also used for making beds. The predominant manufacturing method used is
welding. The following advantages can be claimed for steel construction.

(a) With steels, the wall thickness can be reduced, thus greater strength and stiffness for the same weight

would be possible with alloy steel bed construction.

(b) Walls of different thicknesses can be conveniently welded whereas in casting this would create

problems.

(c) Repair of welded structures would be easier.

(d) Large machining allowances would have to be provided for casting to remove the defects and hard

skin.

Concrete is also used as bed material. Its choice is mainly because of the large damping capacity. For
precision machine tools and measuring machines granite is also used as the bed material.

The major types of bed styles used in the machine tools are shown in Fig. 3.16.
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Fic. 3.15 Different types of ribs used for strengthening machine tools beds

: i
|
AT 7. ¥

(a) (b) (c)
Fic. 3.16 Different styles of beds used in machine tools

Slant Bed Construction

With the advent of numerical control machines, slant bed con-
struction for lathes has become more common. The slant bed as
shown in Fig. 3.17 allows for better chip and coolant disposal
besides better torsional rigidity compared to the conventional
flatbed construction. It provides a better view of the machining
area for the operator.

3.8 POWER TRANSMISSION

The main power is provided by the spindle motor in most of the
machine tools. From this source with a standard speed, the pow-
er need to be transmitted to run the spindle at different speeds
and also provide feeds as required for differing machining situations. As seen earlier, speeds and feeds used
during machining operations have a great effect on the tool lives and machining performance. The machine
tool need to provide large variety of speeds and feeds to cater to the diverse range of materials that are cut.

Fic. 3.17 Typical slant bed construction
usedin lathes for easy disposal
of chips

Spindle Speeds

The choice of the range of speeds that need to be provided will depend upon the range of cutting speeds to be
obtained along with the range of diameters of work pieces that need to be cut. The final speed at the spindle
can be obtained in two ways:
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(a) Stepped drive (Fixed speeds), or

(b) Step less (infinite speeds)

Stepped drives will have a fixed number of speeds that are generally obtained through multiple stages
(generally 2 or 3). In the case of step less drives an infinite number of speeds can be obtained, either in single
stage or multiple stages.

In either case when considering the design of the power transmission system it is important to take the
following elements into consideration:

(a) Maximum spindle speed required (V,,,,,)

(b) Minimum spindle speed required (N,;,)

(c) Total number of speeds (n)

(d) The number of stages

The speed range, N, is defined as the ratio of maximum to minimum spindle speeds to be used. Typical
ranges of values for N, are given in Table 3.2

Speed ranges that are generally used in conventional machine tools

Machine Tool Speed Range
Centre lathe 40 to 60
Milling machine 30 to 50
Drilling machine 20 to 30
Grinding machine 1to 10

The cutting speed, V' is related to the work piece diameter, D and the revolving speed of the work piece/
tool, NV as follows:

Y= DN

1000

m/min

This equation can be rewritten as
I 1000V
=———rpm
nD P

The maximum and minimum spindle speeds can be obtained from an idea of the maximum and minimum
work piece that need to be considered assuming it to be a lathe. In the case of a milling machine it should be
the smallest and largest size of the cutter diameters to be used. Hence

. ) 1000 V.
Maximum spindle speed, N, = P rpm
.. . 1000 Vmin
Minimum spindle speed, N, = D rpm
Where, V,,,, = maximum cutting speed to be used, m/min

V min = minimum cutting speed to be used, m/min
D,,..x = maximum diameter of the work piece/cutter, mm
D,,;, = minimum diameter of the work piece/cutter, mm

Rather than selecting the individual cutting speeds between the maximum and minimum speeds arbitrarily,
they are chosen following any one of the progressions such as arithmetic progression, geometric progression
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or logarithmic progression. A typical ray diagram of speeds is shown in Fig. 3.18. This is a plot of cutting
speed vs. diameter. The full lines in the Fig. 3.18 represent the constant spindle speeds, N1, N2, etc. For
example at a spindle speed of N1, the maximum and minimum diameters need to be between D1 and D2 to
achieve the range of cutting speeds for which the machine tool is designed. It is interesting to note that as
spindle speed is increased, the range of diameters decrease to maintain the range of cutting speeds.

N5 N4 N3

N2

N1

Cutting speed, V

D2 D1
Diameter, D ——>

Fic. 3.18 Typical ray diagram of spindle speed

Arithmetic Progression

An arithmetic progression is a sequence in which each term (except the first term) is obtained from the previ-
ous term by adding a constant known as the common difference. For arithmetic progression the intermediate
speeds can be obtained by using the following formula:
Speed, N, =Ny, t(@—1Da
Nmax = Nmin + (I’l - 1) a

Where, a = common difference,

n = number of speeds.
Hence a= M
’ n—1

For example, if 12 speed layout is to be chosen with minimum speed of 100 and maximum speed of 3400

rpm.

) 3400 —100
Then common difference, a = SETEEE =300 rpm

Thus the required speeds are: 100, 400, 700, 1000, 1300, 1600, 1900, 2200, 2500, 2800, 3100, and 3400.

Geometric Progression

Geometric progression is a sequence in which each term (except the first term) is derived from the preceding
term by the multiplication of a non-zero constant, which is the common ratio. For geometric progression the
intermediate speeds can be obtained by using the following formula:
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Speed, N; = Nyip' ™V
Maximum speed, N, = Ny, ¢V

O ¢ ( 1 ) Nmax
I, — (n-1) /22
V N, min

Where ¢ = Common ratio.

For example, if 12 speed layout is to be chosen with minimum speed of 100 and maximum speed of 4050
rpm.

Then common ratio, ¢ = (‘2—‘)/% =14

Thus the required speeds are: 100, 140, 196, 274, 384, 538, 753, 1054, 1476, 2066, 2893, and 4050.

It can be noticed that the speed steps in the case of geometric progression are more dispersed at higher
speeds, which allows for a range of work piece diameters to be used unlike in arithmetic progression where
the range of work piece diameters that can be used at the higher spindle speeds is very limited. This limits the
productivity of the machine tools. Hence geometric progression is generally preferred by the machine tool
designers. The common ratios that are employed are 1.26, 1.41 and 1.58 for general work.

Logarithmic Progression

Another method that is possible for arranging range of spindle speeds is :
logarithmic progression (LP). Though the calculations involved are a little |
complex and utilizes trial and error procedures, LP reduces the crowding WL
of speeds in the higher range while the gaps at the lower range are also A\ | J
narrowed down. '

Step Less Drives N +E} I

The problem with the stepped drives is due to the fixed spindle speeds, it is
not possible to use optimum cutting speeds with any of the work piece di- '
ameters. This reduces the productivity of the machining operation since the | i |
operator will be working at non-optimum values most of the time. Also the i
speed change operation reduces the productivity further since the machine
has to be stopped. The surface finish achieved will not be uniform as the =
cutting speed is likely to vary when the work piece diameter changes with \
fixed spindle speed.

One type of step less drive utilizing V-belts is shown in Fig. 3.19. This
system consists of two pairs of conical discs that form V-belt like sheaves ET']:-L
as shown in Fig. 3.19. The belt rides on the two conical discs. To change :
the speed ratio, the top discs are moved out (or in) while the bottom ones 1 3
are drawn together (or out) by the same distance to maintain the constant
belt length. Changing the axial distance of the discs will vary the point of /
contact between the belt and the discs. When the discs come closer the belt - | -
is pushed towards the periphery of the discs thereby increasing the effective
diameter of the pulley. The reverse action reduces the effective diameter of ~ F16:3.19 Step less drive
the pulley by bringing the belt closer to the centre. Since the length of the utilizing V-belt
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belt is constant, there is a corresponding change in the Chain
diameter of the other pulley. This way it is possible to
vary the speed ratios continuously. This process can be j/ Input shaft

done without stopping the machine tool. A K
Another step less drive used is a positively-infinitely- .

variable or PIV drive as shown in Fig. 3.20. In this L(g _

system a chain is used in place of the V-belt as shown P Hinge

earlier. Because of the use of a chain the transmission :,é/

will be a positive torque transmission. This system C—1 Output shaft

consists of two pairs of conical wheels A, B, C and D, /

which are movable on their axis as shown in Fig. 3.20. E b~ j:gL

¥4
o)
(O]

These conical wheels are connected by means of a Frame— | ~TT—D
special chain. The conical wheel faces are radially - -
serrated. The laterally movable slats of the chain _M"E'm
engage the tooth spaces of the conical wheel face and

transmit the torque positively. When the conical wheels Screw

move axially the effective diameter of engagement Fic.3.20 PV drive
varies thereby changing the speed ratio. The chains are

normally provided with an automatic chain tensioning device for positive power transmission.

3.9 ACTUATION SYSTEMS

Lead Screws

The rotary motion from the drive motor needs to be converted to linear motion to move the various axes of
the machine tool. In conventional machine tools, the square (Acme) thread is normally used for this purpose.
However, in view of the metal-to-metal sliding contact between the nut and the screw, the friction is very
high. This results in greater power being utilised for the movement of the axes. Typical friction coefficients
for these systems are shown in Table 3.3. Further, in view of the clearance provided between the nut and the
screw in the case of Acme thread as shown in Fig. 3.21 to reduce friction, there is the problem of backlash
whenever there is a reversal of motion. If any attempt is made to reduce the backlash, the friction increases.
Hence most of the higher end machine tools use a lead screw with a recirculating ball nut.

Lead screw efficiencies

Efficiency (%)
Median
Recirculating Ball screw - nut 95 90 85
Acme with metal nut* 55 40 35
Z Sin(zie metallic nuts usually require a viscous lubricant, the coefficient of friction is both speed and temperature
ependent.

In the case of recirculating ball screws, the nut is replaced by a series of balls, which circulate in the
channel in the form of threads as shown in Fig. 3.22. This results in a highly efficient rolling motion of balls
in the space between the screw shaft and nut. The balls at the end of the thread portion in the nut will be
re-positioned into the beginning of the thread form by a deflector as shown in Fig. 3.22. The size of the nut
being an internal return of the balls is small compared to the external return type using an external return tube.

MT4e-v2_03.ndd 15 @ 7/10/2018  4:19:31 PM



3.16 Manufacturing Technology—Metal Cutting and Machine Tools

Clearance Nut

*ﬂk— (Backlash)

NN

Recirculating
balls

FiG. 3.22 Recirculating ball screw
Further, the ball screws can be preloaded to eliminate the axial displacement, which consequently also

reduces the backlash. One of the methods followed for pre-loading is keeping a spacer between the two nuts
as shown in Fig. 3.23. This increases the axial rigidity of the nut while decreasing the axial displacement.

Nut B Spacer Nut A
\ \ Fa \§
—_—

FoX \ N Fa

i -l

FiG. 3.23 Pre-loading of the recirculating ball screw and nut arrangement
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The recirculating ball screws have a number of advantages compared to the conventional type of screws.

(a) They have a longer life.

(b) The wear of the screw is relatively small. Hence it will maintain accuracy through the entire life of
the screw.

(c) The frictional resistance offered is small, hence can be used for carrying heavier loads at faster speeds.

(d) The power required for driving is small due to less friction.

3.10 GUIDEWAYS

Guideways (slideways) are linear bearings for translatory movement between two members of a machine
tool, such as carriage and bed in a lathe. They should provide

e alignment and fit

e ample load carrying capacity

e absence of stick-slip jerk

e adjustment for wear and lubrication

When motion starts there should be instant and accurate response with repeatability both for feeding and
pre-locating. The slide is at the end of a transmission train and the time lag between the input command and
output response for a small effort will depend primarily upon the stiffness of the transmission, the friction,
etc.

The requirements of the guideways are:

e High accuracy

e High surface finish

e Low value of frictional force

e [ow wear rate

A close grained material is used along with inclusion of alloying elements. The bearing surfaces are flame
and induction hardened for better wear characteristics. The bearing surfaces can be either ground or scraped.
Grinding being high heat production process should be properly managed and the checking of the guideways
for straightness should be done when it returns to normal temperature. Scraping when used should confirm
to a specified number of high spots per unit area, the low spots forming minute oil wells. Flaring cup wheel
grinding forms a multitude of oil channels, but the grain marks can abrade the mating surfaces. For very high
accuracy such as jig boring, scraping is used.

The types of guideways may be classified as

e Guideways with sliding friction also termed as slide ways.

e Guideways with rolling friction also termed as anti-friction ways. In this there are two varieties with

balls or rollers as anti-friction elements.

3.10.1 Types of Slideways

There are a number of types of slideways conventionally used in machine tools. They are (Fig. 3.24):
(a) V-slideways
(b) Flat slideways
(c¢) Round slideways
(d) Dovetail slideways
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(a)

"

() (d)

Fic. 3.24 Different types of slideways used in machine tools

The shape of slideway depends basically upon the function it is expected to serve. The following are some
guiding principles in identifying the shape of a slideway.
e load carrying capacity
ease of manufacture
ease of chip disposal
effective lubrication
position of slideway

V-slideways

They can adjust clearances under the weight of the moving member. Machining accuracy is not greatly
affected by the wear of guideways. The chips would not clog the slideways. However, they are difficult
to manufacture and provide very small bearing area. They can be symmetrical as in Fig. 3.24(a) or more
generally asymmetric as in Fig. 3.25. Symmetrical is good when the acting load is perfectly vertical since
the load will be equally distributed among the faces of V. However in metal cutting, we have seen that
tangential force is more compared to radial force. Thus, in asymmetrical V, the longer face is normally made
perpendicular to the direction of the resultant force. This allows for uniform wear in both the faces.

Flat Slideways

Flat slideways [Fig. 3.24(b)] are easier to manufacture and are able to provide a large amount of bearing area.
However, the locational accuracy and other advantages provided by the V-slideways are missing. Hence
the flat slideways cannot be used on their own, but in conjunction with the V-slideways. The most common
arrangement found in lathes is shown in Fig. 3.26. Similar arrangement is also used in planers and horizontal
boring machines.

MT4e-V2_03.ndd 18 @ 7/10/2018  4:19:32 PM



Machine Tools  3.19

Fic. 3.25 Single V-slideway used in machine bed

FiG. 3.26 Asymmetric V-slideway used in machine tool bed.

Round Slideways

Round slideways [Fig. 3.24(c)] are kinematically sound since they constrain all possible motions except the
direction required, but are only used in vertical type of machines such as drilling (radial and pillar). Main
reasons for their non-acceptance are:

o low rigidity

e difficulties in manufacture to the given accuracy

e (difficulties in assembling and the resultant accuracy in motion

Dovetail Slideways

Dovetail slideways [Fig. 3.24(d)] are compact, but difficult to manufacture. These are generally used for
vertical movement and where space is at a premium. However they provide good rigidity and alignment.
Dovetails are generally used in carriage of lathe, for moving knee of a milling machine.

Materials for Slideways

Generally cast iron is used as the bed material and with integral slideways cast iron can also become the
material for slideways. However cast iron is poor in wear resistance and hence has to be induction hardened.
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Alternatively separate steel guideways can be used which can be welded in case of welded bed construction.
Steel guideways have all the requisite properties and are easier to manufacture and maintain accuracy.

A very high level of friction is encountered in slideway systems as shown in the above varieties because
of the metal to metal contact existing between the members. Also because of the large variation in the static
and dynamic friction coefficient, stick slip phenomenon would be observed with metal to metal contact. This
is undesirable, particularly for high speed operations such as those found in the modern machine tools.

A method which is often used to minimise the stick slip motion and provide some measure of damping
capacity and improve the wear resistance, is when composite materials of small thickness are provided in
between the moving members of a slideway system. The slideway composite materials are made from two or
more materials so that one of them provides the friction reduction capability, and others increase the strength,
wear resistance and load bearing capacity. Another advantage is when this material wears out, the composite
material can be re-pasted. A slideway system with composite material is shown in Fig. 3.27. A number of
composite materials are commercially available such as Turcite-B, SKC-3, and Ferobestos LA3.

Fic. 3.27 Anti-friction material used between the bed and the carriage of a lathe

Anti-friction Slideways

The anti-friction guideways involve intermediate rolling members (balls or rollers) between the sliding mem-
bers, thus reducing the friction as shown in Fig. 3.28.

s & &b o
&, o

()

Fic. 3.28 Different types of anti-friction guideways used in machine tools

The use of anti-friction guideways because of the low friction during motion, and high stiffness, will
provide very high velocities possible for slideway movement. These are generally used in high precision
machine tools.

MT4e-V2_03.ndd 20 @ 7/10/2018  4:19:32 PM



Machine Tools  3.21

3.10.2 Linear Motion Elements

With the advent of the CNC machine tools, the need for decreasing the friction in linear motion has been felt
to a very great extent. The concept of linear motion elements is to provide friction free (with rolling friction
from the rolling balls or cylinders) and rigid motion with linear travel, e.g. for slides. A large variety of LM
devices is available and is extensively used in CNC machine tools. The typical rapid positioning speeds as
a result of the linear motion elements or sometimes termed as LM devices is an astounding 20 to 40 m/min.

Linear Motion Systems

Since the friction is high in the conventional slideways, the antifriction slideways are generally used which
makes use of the rolling friction by the use of re-circulating balls. A typical linear motion guide using the rails
is shown in Fig. 3.29. As shown in the cross-sectional view there are a number of re-circulating balls provid-
ing a rolling motion between the slider and the rail. At the end of the block there are end plates to ensure that
the balls circulate through the rolling tracks. These provide a very high rigidity and very low friction for the
movement of the axes. In view of the low friction, there is less wear and hence these systems are able to main-
tain the accuracy throughout its long life. A number of varieties of these LM guides are available off the shelf.

LM block
(Fastened to table)

)
]

4R
4]

D
I\
LM rail

Fic. 3.29 Linear motion system

Another type of linear motion device is the use of a ball bush where the balls are arranged in a track inside
of a bush, which can slide along a ground rod to provide the linear motion similar to a round slideway used
in conventional machine tools.
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3.11 GENERAL WORK HOLDING METHODS

Work holding is a very important function since the accuracy achieved depends upon the accuracy with
which the component is held. Also a large number of work holding devices are required to cater to the range
of work piece profiles present. The following are some of the types of generally used work holding devices:

e Vices

e Chucks

e Clamps

Vices

These are used for general purpose work holding on milling machines, shapers and grinding machines. The
vice consists of a fixed jaw and moving jaw and is generally useful for jobs which are prismatic and with
plane faces. The location available is the jaw surface which is generally a plane. However it is also possible
to change the types of jaw to suit the external contour of the job. For example a VEE jaw can be used as for
cylindrical external contours.

Chucks

Chucks are basically used for axi-symmetric jobs as well as for irregular surfaces where the job requires to be
rotated during or in between the machining operation. They are generally used in lathes, cylindrical grinding
machines and milling machines fitted with dividing heads.

The chucks may have two, three or four jaws depending upon the desired fixturing requirement. More
details of chucks are given in Chapter 4.

Clamps

The table of machine tools generally have the flat surface with accurately machined T-slots, which are gen-
erally used for work holding purpose. Various clamps and locating elements are available to hold complex
surfaces on these surfaces. These are discussed in later chapters that relate to specific machine tools.

SUMMARY

Machine tools are mainly used to provide higher accuracy that is essential in the manufacturing industry.
A machine tool is able to hold a cutting tool and removes material from the stock to get the required part
geometry.
e Machine tools are classified into different types based on their application, as general purpose,
production and special purpose machine tools.
e Part geometry can either be generated or formed.
e Depending upon the surface a large number of different motions are used, based on the type of tools
in operation.
e There is a large variation in accuracy and surface finish between the different operations.
e All the machine tools have work holding, tool holding, support, and work and tool motion
mechanisms built in them.
e There is a variety of support structures used in machine tools depending upon the type of motions
desired.
e Power transmission in machine tools is utilized to obtain a range of speeds and feeds that are
required to cater to the different work materials and machining conditions.
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e Lead screws are used in machine tools to convert rotary motion to linear motion, which is used to
move the table or cutting tool depending upon the type of machine tool.

e Recirculating ball screws are used for more efficient load transmission.

e Antifriction guideways are used in a majority of the modern machine tools, while the conventional
guideways are also used.

e A number of work holding systems are possible based on the part geometry.

3.1 How do you classify the various machine tools based on the motions used for generating the surfaces?
Explain with the help of suitable block diagram.

3.2 What are the various methods available for generating plane (flat) surfaces with machine tools?
3.3 Compare Generating and Forming with reference to metal cutting machine tools.
3.4 Explain the term ‘Machine Tool” and how is it different from machine.

3.5 Explain the classification of machine tools based on production capacity. Give the relative advantages
with reasons and applications.

3.6 How do you select a machine tool for a given application? Give your answer with an application.

3.7 What are the various elements present in a machine tool for the purpose of generating any specified
surface? Explain their relevance from the viewpoint of the final requirement.

3.8 What are the materials used for the manufacture of support structures in machine tools? Give their
applications and disadvantages.

3.9 What are the types of slideways used in machine tools with particular reference to a centre lathe?
Explain why such a geometry is preferred.

3.10 How do you classify various manufacturing machines based on the motions of the machine axes?
Show the example surfaces generated for each of them.

3.11 What are the types of guide-ways used in machine tools? Explain about the various types generally
used in lathe machines.

3.12 What is the function served by a lead screw in a machine tool?
3.13 Give the advantages derived by the use of re-circulating ball screws.
3.14 Write a brief note on linear motion elements used in machine tools.

| | Multiple Choice Questions i ]

3.1 General purpose machine tools are used 3.2 Generating a surface compared to forming is
(a) For high production rates (a) Requires less power
(b) In normal workshops and repair shops (b) Less accurate
(c) For large production volumes (c) More accurate
(d) For automated production (d) Requires more power

MT4e-V2_03.ndd 23 @ 7/10/2018  4:19:33 PM



3.24 Manufacturing Technology—Metal Cutting and Machine Tools

3.3

34

3.5

3.6

3.7

3.8
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Steel structure with welding is preferred to

cast iron for machine tool structure because

they

(a) Absorb impact loads

(b) Reduce noise

(c) Are heavier

(d) Repair of welded structure is easy

V-slideway is preferred in lathe bed because

it

(a) Is easy to manufacture

(b) Adjusts clearance under the weight of
the moving member

(c) Is asimple design

(d) No specific advantage

Speeds in a gear box of a machine tool are

chosen to follow the geometric progression

because it

(a) Allows to have fixed speed difference
between any two consequent speeds

(b) Appears more geometrical

(c) Allows more uniform dispersion of
speeds in the entire range

(d) Allows more speeds in the maximum

speed range

Recirculating ball screws are used because

(a) They are easy to manufacture

(b) Power required for driving them is small
due to small friction

(c) Frictional resistance is more compared
to Acme threads

(d) Variable friction present due to the recir-

culating balls

The following system has the lowest frictional

resistance

(a) Dove tail slideway

(b) Round slideway

(¢) Linear motion device used in the slide-
way

(d) V-slideway

Ribs are provided in machine tool structures

to

(a)

(b)

(c)

(d)

Increase the weight of the structure
Increase the rigidity of the structure
Improve the appearance of the structure
Store the chips during the machining op-
eration

3.9

3.10

3.11

3.12

3.13

3.14

Flat surface can be produced on a machine
tool

(a) Using a single point tool moving along
the axis of rotation of work piece

Using a single point tool moving per-
pendicular to the axis of rotation of work
piece

Using a single point tool moving at an
angle to the axis of rotation of work
piece

Using a single point tool moving along
the axis of rotation of work piece

(b)
(c)

(d)

The following process provides best surface

finish

(a) Hand grinding

(b) Cylindrical grinding

(c) Cylindrical turning

(d) Milling

The following process provides highest

dimensional accuracy

(a) Cylindrical turning

(b) Jig boring

(c) Shaping

(d) Milling

The most complete definition of a machine

tool is that

(a) converts the energy from one type to
other

(b) holds the work piece and provides rotary
motion

(c) holds the work piece and the cutting tool
to remove metal

(d) holds the cutting tool to remove metal

Special purpose machine tools (SPM) are used

(a) For small batch manufacture

(b) In normal workshops and repair shops

(c) For large production volumes

(d) For one off production of complex ge-
ometries

Production machine tools are

(a) Used for small batch manufacture

(b) Normal machine tools fitted with jigs or
fixtures

(c) Used for large production volumes

(d) For one off production of complex ge-

ometries
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3.15 Forming a surface by a machine tool is done
by
(a) Controlling the motion of the cutting
tool to generate the profile
(b) Transferring the shape of the cutting tool
directly to the work piece

Answers to MCQs

3.1 (b) 32 (c) 3.3 (d)
3.6 (b) 3.7 () 3.8 (b)
3.11 (b) 3.12 (c) 3.13 (c)

(c) Controlling the motion of the cutting
tool and the work piece to generate the
profile

(d) Controlling the motion of a general pur-
pose cutting tool to generate the profile

3.4 (b) 3.5 (c)
3.9 (b) 3.10 (b)
3.14 (b) 3.15 (b)
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Centre Lathe

Objectives

Centre lathe is the most common and versatile machine found in practically all machine shops.
After completing this chapter, the reader will be able to

> Understand the importance of lathe and its many varieties
Understand the basic structure of a centre lathe
Choose various aids that are used to locate and support work pieces in a lathe
Select the large variety of cutting tools that can be used in a lathe
Practice a variety of common operations that can be performed in a lathe
Understand the various methods used to carryout the taper turning operations in a lathe
Understand the requirements and the methods to be used to cut precision threads in a lathe

Estimate the machining time and power required for any given operation in a lathe

vV VW VvV VvV VvV VvV VvV Vv

Plan typical setups that can be done in a lathe

4.1 INTRODUCTION

Lathe is the oldest machine tool invented, starting with the Egyptian tree lathes. In the Egyptian tree lathe,
one end of the rope wound round the work piece was attached to a flexible branch of a tree while the other
end was pulled by the operator, thus giving the rotary motion to the work piece. This primitive device has
evolved over the last two centuries to be one of the most fundamental and versatile machine tool with large
variants to be used in practically all the manufacturing shops.

The principal form of surface produced in a lathe is the cylindrical surface. This is achieved by rotating
the work piece while the single point cutting tool removes the material by traversing in a direction parallel to
the axis of rotation as shown in Fig. 4.1 and termed as turning. The popularity of lathe is in view of the fact
that a large variety of surfaces could be produced.

Considering the versatility, a large number of variants of lathes are used in manufacturing shops. The
variations are:

1. Centre lathe
e Bench Lathe
2. Tool room lathe
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4.2  Manufacturing Technology—Metal Cutting and Machine Tools

3. Special purpose lathes

o Copying lathe

o Gap bed lathe

e Hollow spindle lathes
4. Capstan and turret lathes
5. Automatic lathes

Dog plate

Rotation of the

Dog
:::_-—_\4 rDepth of cut work piece
X N

E — Dead centre
—~—— Feed

L~

Live centre

FiG. 4.1 Cylindrical turning operation in a lathe

The centre lathe is the most common of the lathes, which derives its name from the way a work piece is
clamped by centres in a lathe, though this is not the only way in which the job is mounted. This is sometimes
also called engine lathe in view of the fact that early lathes were driven by steam engines. This is used for
more general applications and thus the construction of the machine tool is more rigid. This is discussed in
greater detail in this chapter.

The tool room lathe is generally meant for applications of tool making, where the accuracy desired is
much higher than is normally required for general production work. Also the range of sizes and materials
handled would normally be large. Thus the machine would have a higher range of speeds and feeds along
with greater rigidity. Also the range of accessories and attachments would generally be larger.

The special purpose lathes are developed from the centre lathe, to cater to special forms of application
which cannot be handled by the conventional centre lathe.

Capstan and turret lathes and automatic lathes are the form of lathes to cater for high rate production and
thus would be used for very special applications. These have the special features to help in improving the
production rate and also work unattended if necessary. These are discussed in the next chapter.

4.2 CONSTRUCTIONAL FEATURES OF A CENTRE LATHE

The typical centre lathe is shown in Fig. 4.2. The major elements present in the lathe are:

The headstock houses the power source, all the power transmission, gear box and the spindle. The
headstock is fixed at the left-most end on the bed. The spindle is hollow and should be sufficiently rigid to
provide accurate rotary motion and maintains perfect alignment with the lathe axis. A live centre fits into the
Morse taper in the spindle hole for the purpose of locating the work piece axis.

The main gear box provides the necessary spindle speeds considering the range of materials to be turned
in the lathe. The headstock also houses the feed gear box to provide the various feed rates and thread cutting
ranges.
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Headstock
—~—> Adjustment
Spindle oo > Feed
y/« revolves ’/\ Spindle speed
‘ Toolpost Carriage (saddle)
Cross-slide

Spindle does
not revolve

Tailstock

Feed change

gear box
Compound
rest and Feed rod : .’
slide (swivels) eedro
Bed
Lead screw

FiG. 4.2 General view of a centre lathe showing various mechanisms and features

The tailstock is towards the right-most end on the bed, and houses the tailstock spindle for the purpose of
locating the long components by the use of centres. The tailstock is movable on the inner guideways provided
on the bed to accommodate the different lengths of work pieces. It also serves the purpose of holding tools
such as centre drill, twist drill, reamer, etc. for making and finishing holes in the components, which are
located in line with the axis of rotation.

The third major element in the lathe mechanism is the carriage, which provides the necessary longitudinal
motion for cutting tool to generate the necessary surfaces. This also houses three parts: the cross slide for
giving motion (cross feed) to the cutting tool in a direction perpendicular to the axis of rotation, the compound
slide which provides an auxiliary slide to get the necessary special motion for specific surface generations,
and the tool post which allows for the mounting of the cutting tool.

The motion from the spindle motor is communicated to the carriage through a lead screw. Engagement
of the lead screw with the carriage is through the use of a half nut. Though the lead screw could be used
for feeding the cutting tool in a direction parallel to the axis of rotation, many a times a separate feed rod
is provided for this function. The main reason is that the lead screw would be more accurate and would be
sparingly used only for thread cutting, such that it maintains its accuracy. For routine feeding, the feed rod
is used.
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4.2.1 Lathe Specifications

In order to specify a lathe, a number of parameters could
be used based on the specific application. However, the
major elements used for specification should invariably
be based on the components that would be manufactured
in the lathe. Thus the following are the basic elements
generally specified for the capability of the lathe ma-
chine (Fig. 4.3).

e distance between centres—this specifies the
maximum length of the job that can be turned in
the lathe

e Swing over the bed—this specifies the maximum
diameter of the job that can be turned in the lathe
machine, generally restricted to small length jobs.

e Swing over the cross slide—this specifies the maximum diameter of the job that can be turned in the
lathe machine with the job across the cross slide, which is generally the case.

Though the above give the basic capacity of the machine as shown in Fig. 4.3, there are a number of other

factors that should also be specified to fully describe the lathe machine. They are:

e horse power of the motor

cutting speed range

feed range

screw cutting capacity

Accuracy achievable

spindle nose diameter and hole size

Typical specifications of some centre lathes are given in Table 4.1.

Fic. 4.3 Capacity specifications for a lathe

Specifications of Centre Lathes

Centre Height, mm 250,300 375,450 525,600 750,900
Bed Width, mm 325,375 450,550 650,750 900,1050
Sizes Available, mm 1650 to 4200 2400 to 9600 2400 to 9600 2400 to 9600
Distance Between Centres (mm) 500 to 3100 1000 to 8200 800 to 8000

Power Capacity, H.P. 3 5 7.5/10 10/15
Spindle speed Range 30 to 550 30 to 350 15 to 200 15 to 200

Further specifications would be based on the accessories used with the machine tool and their respective
capabilities.

4.3 AIDS FOR SUPPORT AND LOCATION

The work holding devices normally used should have the following provisions:
e suitable location
e effective clamping
e support when required
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The most common form of work holding device used in a lathe is the chuck. Chucks come in various
forms with a varying number of jaws. Of these the three jaw chuck or the self-centring chuck as shown in
Fig. 4.4 is the most common one. The main advantage of this chuck is the quick way in which the typical
round job is centred. All the three jaws would be meshing with the flat scroll plate. Rotating the scroll plate
through a bevel pinion would move all the three jaws radially inward or outward by the same amount. Thus,
the jaws will be able to centre any job, whose external locating surface is cylindrical or symmetrical, like
hexagonal. Though it is good for quick centring, it has limitations in terms of the gripping force and also the
accuracy is gradually lost due to the wear of the mating parts.

Bevel teeth
on scroll plate

Scroll N

plate \
Bevel N
pinion 1

ot

FiG. 4.4 3-jaw chuck and principle of operation

Jaw

The independent jaw chuck has four jaws, which can be moved in their slots independent of each other
(Fig. 4.5), thus clamping any type of configuration. Since each of these jaws could move independently any
irregular surface could be effectively centred. Better accuracy in location could be maintained because of the
independent movement. However more time is spent in fixturing a component in a 4-jaw chuck compared to
the 3-jaw chuck. This is generally used for heavy work pieces and for any configuration.
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Jaw screw
Jaw
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Fic. 4.5 4-jaw chuck
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4.6 Manufacturing Technology—Metal Cutting and Machine Tools

The jaws in a 4-jaw chuck could be reversed for clamping large diameter work pieces as shown in Fig. 4.6.
The soft jaws are sometimes used in these chucks for clamping surfaces of a component whose surface is
already finished and which is likely to be disfigured by the hard surface of the normal jaws used in them.

Chuck
—— *—Depth of cut
iy !
@ I R, N | _
L
I ()
Feed

FiG. 4.6 Chuck and reverse jaw usage

The 3-jaw and 4-jaw chucks would normally be suitable for short components. However in the case of
long components, supporting is done at only one end, because in the case of chucks would make it deflect
under the influence of the cutting force. In such cases the long work pieces are held between the centres. The
work piece ends are provided with a centre hole as shown in Fig. 4.7. Through these centre holes the centres
mounted in the spindle and the tailstock would rigidly locate the axis of the work piece.

Dog plate
Dog
.-_-_—< ' Depth of cut
A
I N g -
Feed Dead centre
Live centre

Fic. 4.7 Centre hole, locating between centres

Centres as shown in Fig. 4.7 would be able to locate the central axis of the work piece, however would not
be able to transmit the motion to the work piece from the spindle. For this purpose, generally, a carrier plate
and a dog, as shown in Fig. 4.8, are used. The centre located in the spindle is termed live centre while that in
the tailstock is termed the dead centre. The shank of the centre is generally finished with a Morse taper which
fits into the tapered hole of the spindle or tailstock.

Live centre rotates with the work piece, and hence it remains soft. Whereas the dead centre does not rotate,
it is hardened as it forms the bearing surface. However, in case of heavier work pieces the relative movement
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between the work piece and the dead centre causes a large amount of heat to be generated. In such cases, a
revolving centre is used. In this the centre is mounted in roller bearings thus it rotates freely reducing the
heat generation at the tailstock end. In cases where a facing operation is to be carried out with centres, a half
centre would sometimes be used.

Tapered shank (Morse taper)

Live centre 60° Dead centre
points

Driver plate
Bent-tail lathe dog
Headstock

Work piece Dead centre

\

\

Live centre Tailstock

FiG. 4.8 Dog carrier and revolving centre, half centre, and steady

Some of the precautions to be observed during the use of centres are:

e The centre hole in the work must be clean and smooth and have an angle of 60° bearing surface, large
enough to be consistent with the diameter of the work. For heavier work this may be changed to 75°
or 90°.

e The bearing must take place on the countersunk surfaces and not on the bottom of the drilled hole.

When the job becomes very long, it is likely to deflect because of its own weight as well as due to the
cutting force acting away from the supports provided at both the ends. A steady is used for supporting the
work piece at the maximum deflection point. Sometimes a steady is fixed to the carriage, so that it moves
with the tool thus effectively compensating for the acting cutting force.

For odd shaped components a faceplate is more widely used where the locating and clamping surfaces
need not be circular. This has radial slots on the plate as shown in Fig. 4.9 for the purpose of locating the
component and clamped by means of standard clamps. The method is somewhat similar to the clamping of
work pieces on a milling machine table using the T-slots on the table. However, in view of the fact that the
faceplate rotates, it is possible that the component is off centre. This would cause vibrations due to the mass
unbalance. A balancing mass would therefore be provided as shown in Fig. 4.9. Sometimes angle plates along
with the faceplate may have to be used for typical components where the locating surface is perpendicular to
the plane of the faceplate as shown in Fig. 4.9.
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4.8 Manufacturing Technology —Metal Cutting and Machine Tools

al

0

o O O

Fic. 4.9 Faceplate

For holding components with locating holes, for the purpose of generating external surfaces, a mandrel is
generally used. Various types of mandrels used are shown in Fig. 4.10.

Jl

| _—Work piece

. Mandrel

71 | A

~

t
FiG. 4.10 Type of mandrels used for work holding
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Centre lathe 4.9

The given work holding devices are more useful for general purpose work. However, for production work
such devices would mean that considerable time is spent in locating and holding individual work pieces. In
production machine tools it is therefore necessary to use work holding devices which require very less time
for clamping purpose. Collet is one such device, which provides good clamping accuracy with very little time
required for clamping and unclamping.

Collet has a sleeve as the holding part, which is slit along the length at a number of points along the
circumference as shown in Fig. 4.11. When uniform pressure is applied along the circumference of the sleeve,
these segments would elastically deflect and clamp the component located inside. Since the deflection of the
sleeve is in the elastic range, it would spring back once the clamping pressure is removed, thus releasing the
component located inside. This clamping method is very accurate and fast in operation, in addition to the
fact that it would hold the work uniformly over the entire circumference. However, the size range in which a
collect becomes operational is very small in view of the limit on the elastic deformation allowed. Thus a large
number of chucks need to be maintained in the inventory to cater to the variety of diameters to be worked in
the machine tool. These are normally used for large scale production where saving in terms of the locating
and clamping time would be desirable.

Closing sleeve with inside taper

Springing
movement
of the jaws

—————

L

Cutting
Bar stock tool
Taper that opens
and closes the collet
Fic. 4.11  Collet chuck principle
Steady Rest

The steady rest, also called a centre rest, should be used when turning or boring long work pieces. It is
also used for internal threading operations where the work piece projects a considerable distance from the
chuck or faceplate. The steady rest (Fig. 4.12) is clamped to the lathe bed at the desired location (where the
maximum deflection is likely to occur) and supports the work piece with three adjustable jaws. The jaws
must be carefully aligned to properly locate the axis of rotation of the work piece. The area of contact must
be lubricated frequently. The top section of the steady rest swings away from the bottom section to permit
removal of the work piece without disturbing the jaw setting. For machining with very high cutting speeds,
steady rests as shown will generate substantial heat, so they will be provided with a ball or roller bearings
built into the jaws. Another problem with this type of rest is that since the carriage cannot pass it, the work
piece needs to be turned in two set-ups by reversing after the first portion is machined.
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4.10 Manufacturing Technology —Metal Cutting and Machine Tools

Locking
pin

Work piece @
|

| Cross slide
\(
Lathe bed

Fic. 4.13 Follower rest used to support long, slen-

Cutting tool

FiG. 4.12 Steady rest used to support long, der work pieces in centre lathe which
slender work pieces in centre lathe moves with the carriage
Follower Rest

The follower rest (Fig. 4.13) on the other hand has two jaws that bear against the work piece. The follower
rest is fastened to the lathe carriage so that it will follow the cutting tool and bear upon the portion of the
work piece that has just been turned. The cut must first be started and continued for a short longitudinal
distance before the follower rest may be applied. The rest is generally used only for straight turning and for
threading long, thin work pieces. Steady rests and follower rests can be equipped with ball-bearing surfaces
on the adjustable jaws. These types of rests can be used without excessive lubricant or having to machine a
polished bearing surface.

4.4 CUTTING TOOLS

4.4.1 Cutting Tool Geometry

The size of the tool is generally square or rectangular in cross section. The shank is that part of the tool on
one end of which the cutting point is formed. It is supported in the tool post of the lathe. The base is that part
of the shank which bears against the support and bears the tangential force of the cut.

In Chapter 2 the orthogonal cutting tool geometry is discussed in a simplified manner to suit the discussion
on metal cutting principles. The detailed turning tool geometry as given in Fig. 4.14 has a number of angles
that fully describe it. The details are given in Chapter 2.

These individual angles have considerable influence on the cutting performance. They have to be judicially
chosen for a given application. For example the side cutting edge angle controls the width and thickness of
the chips produced. A very large angle means that the uncut chip thickness reduces resulting in higher specific
cutting resistance. When it approaches zero, the radial component of the cutting force is minimum while the
axial component is maximum. This is generally the preferred condition since the vibration resistance is at its
best in this condition. The recommended tool angles for various types of work and tool material combinations
are given in Tables 4.2 and 4.3.
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End-cutting edge angle

w

Tool face

Nose radius

Side-cutting edge angle

Work

Side-rake angle Back-rake angle

[ —

Tool base

[

Side-relief angle End-relief angle

FiG. 4.14 ASA Turning tool geometry

Recommended tool angles in degrees for high speed steel cutting tools

Work Material | Back Rake Side Rake Side Relief | Front Relief | Side Cutting | End Cutting

Angle Angle Angle Angle Edge Angle Edge Angle
Steel 8-20 8-20 6 6 10 15
Cast steel 8 8 6 6 10 15
Cast iron 0 4 6 6 10 15
Bronze 4 4 6 6 10 10
Stainless steel 8-20 8-20 6 6 10 15

Recommended tool angles in degrees for carbide cutting tools

Work Material Back Rake Side Rake Side Relief End Relief
Angle Angle Angle Angle
Aluminium and magnesium alloys 0-10 10-20 6 6
Copper 0-4 15-20 6-8 6-8
Brass and bronze 0-5 -5-8 6-8 6-8
Cast iron -7-0 -7-6 5-8 5-8
Plain carbon steels -7-0 -7-6 5-8 5-8
Alloy steels -7-0 -7-6 5-8 5-8
Stainless steels -7-0 -7-6 5-8 5-8
Titanium alloys -5-6 -5-0 5-8 5-8
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4.4.2 Different Types of Tools Used

A large variety of tools are used in centre lathes in view of the large types of surfaces that are generated. The
actual type of tool used depends upon the surface of job being generated as well as the work piece. A variety
of tools used for normal generation of external surfaces are shown in Fig. 4.15. Similar tools will be available
for generating the internal surfaces as well. The choice of a particular tool depends upon the actual surface
to be generated as shown in Fig. 4.16.

N
[ N
Right- Left- Radius Chamferi
Parting ~ Turning Hand Hand Turning Thread F amiering
Tool Tool Turning Turning Form Cutting orm
Tool Tool Tool Tool Tool

FiGc. 4.15 Different kinds of tools used for external surfaces

U7,
"_'J?\'_'_'_'_'_'_"T'_ T

7

Internal Internal Recess or Internal
turning facing groove making threading

FiG. 4.16 Different kinds of tools used for internal surfaces

The tools have primary cutting edge by means of which the direction of the movement of the tool for
removing the metal is indicated. The direction is termed as right or left depending upon the movement
direction. The tool is termed right when it cuts during the movement towards the head stock. It is derived by
the fact that when the right palm is placed on the tool, the direction of the thumb indicates the direction of
tool motion. Similarly the left hand tool cuts during its motion in the direction of tailstock.

The variations in the type of tools are indicative of the variety applications for which these tools are used.
The large variety is needed because of the large number of surfaces to be generated. For example, by the side
cutting edge angle of the tool, it is possible to know the application of pockets for which the tool could be
used. Similarly some tools would be required for facing applications while others are used for boring.

Form tools are generally used for machining short profiles. Typical form tools are shown in Fig. 4.17. The
Fig. 4.17 shows two types of form tools that are generally used. The circular form tool shown in Fig. 4.17(a)
is held in a holder mounted on the cross slide. The centre of the tool should be mounted slightly above the
centre of the work piece in order to get a clearance angle such that the tool will not rub the work. The circular
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form tool has a long life as it can be continuously sharpened as shown in the Fig. 4.17(a) over 270° of the
tool. The straight or flat form tool shown in Fig. 4.17(b) is the simplest type. It is sharpened by grinding the
top face that reduces the strength of the tool.

Bar stock
Rotation of the

Rotational axis of work piece

the spindle
—~
Sharpened
_______1_ here

Direction of

feeding and
7 return

L

Offset to provide
clearance

Hole for
I D NG mounting
(a)
Sharpened ?
here
Angle to
provide
clearance
Dovetail to ‘
fit holder

(b)
FiG. 4.17 Form tool types used in centre lathe, (a) Circular form tool, (b) Straight form tool

As of now a majority of the tools used are of the cemented carbide type with indexable insert type. It
therefore becomes necessary to understand the ISO coding systems for these to be able to easily make the
selection. The ISO coding system (as per ISO 1832—1991) for tungsten carbide inserts and external turning
tools is shown in extracted form in Fig. 4.18 and 4.19.

The actual selection of the tools for a particular application has to carefully match the geometry. Generally
the manufacturer’s catalogue provides such application information. For example, referring to Fig. 4.20 the
use of PDJNR type tools is for the external turning requires that the maximum contour angle be 30° as shown
in Fig. 4.20. It also shows the other type of features that can be machined by the tool.
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Insert shape

T—triangle
S—square
R-Round
C-Diamond 80°
D-Diamond 55°
V-Diamond 35°

Insert
clearance
angle
N-0° Cutting
B-5° edge
c-7* length
N M G 22
Tolerance
Insert type
G—+0.001 A-With hole .
M-+0.002 G-Clamp on with
U-+0.005 chip breaker
M-Hole and

special features

04

Insert
thickness

08

Nose
Radius

04-0.4 mm
08-0.8 mm
12-1.2 mm
16-1.6 mm
24-2.4 mm

FiG. 4.18 The ISO coding system for tungsten carbide inserts used in turning

Clamping system

- Insert
C~top clamping clearance
D—Rigid clamping angle
M-Top and hole .
clamping N-0° Cutting
P—Hole clamping B-5° Shank Shank edge
S—Screw clamping c-7* height  width length
P C L N R 16 16 H 09
Insert shape Holder style ‘
A-Straight shank 0° SCEA Hand of tool Tool length
T—triangle B-straight shank 15° SCEA R-right H-100 S-250
S-square D—straight shank 45° SCEA L-left K-125 T-300
R-Round E-straight shank 30° SCEA N—Neutral M-150 U-350
C-Diamond 80° F—offset shank 0° ECEA P-170 V—-400
D-Diamond 55° K—offset shank 15° ECEA Q-180 W-450
V-Diamond 35° L—offset shank 5° SCEA R-200 Y-500

M-Straight shank 40° SCEA

FiG. 4.19 The ISO coding system for tungsten carbide turning tool holders used in external turning (SCEA -
side cutting edge angle, ECEA - end cutting edge angle)
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Fic. 4.20 Typical contour capability of external turning tools (Courtesy Seco Tools, Germany. Redrawn from
Seco Catalogue)

4.4.3 Errorsin Tool Setting

The tool should be set exactly at the centre of the work piece for proper cutting. If the tool is kept below or
above the work piece, the tool geometry gets affected as shown in Fig. 4.21. For example, if the tool is set at
a position below the work piece centre by a distance h, then the expected changes are:

R=yr?—h? (1)

where R is the actual radius of the component produced, and
r is the radius set

o = sin”! (ﬁj )

r

Rake angle

End clearance
angle

FiG. 4.21 Tool setting errors

The above angle decreases the actual rake angle a while the clearance angle increases by the same amount.
Thus the cutting forces increase because of the reduction in the rake angle. In the case of setting the tool
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4.16 Manufacturing Technology —Metal Cutting and Machine Tools

above the centre, it causes the rake angle to increase, while the clearance angle reduces. This would cause for
more rubbing to take place in the flank face.
The following example shows the magnitude of error that is involved in a cutting tool setting.

= Example 4.1 —

While turning a diameter of 90 mm, the turning tool is set below centre line by an amount equal to 5 mm.
Find out the change in the effective cutting tool geometry.

Solution o =sin"' [ |=637937° 3)
45

If the actual back rake angle is 10°, the effective rake angle would be (10 — 6.38) = 3.62°.

Similarly if the clearance angle is 5°, the effective clearance angle would be (5 + 6.38) = 11.38°.

If the tool is set at a point above the centre line, there would be a corresponding increase in the rake angle
by the same amount, while the clearance angle would be (5 — 6.38) = —1.38°, which would cause rubbing
(interference) with the work piece.

4.4.4 Types of Tool Posts

The turret tool post is a swivelling block that can hold many different tool bits or tool holders. Each cutting
tool can quickly be swivelled into cutting position and clamped into place using a quick clamping handle.
The turret tool post is used mainly for high-speed production operations. The heavy-duty or open-sided tool
post is used for holding a single carbide-tipped tool bit or tool holder. It is used mainly for very heavy cuts
that require a rigid tool holder.

4.4.5 Chip Control

Chips produced with some ductile materials become very long and often become hazardous to the operator
as well as the surface finish of the part produced. Hence most of the tools need a mechanism by which these
long chips can be broken. If the rake surface of the tool is flat, the chip will slide over the surface and will
not have a chance to break as shown in Fig. 4.22(a). However if a groove is made on the surface as shown in
Fig. 4.22(b), then the chip will curl like the figure 9 and then will be broken by the extra curl. An example of
the type of chip breaking groove provided for the carbide tools is shown in Fig. 4.23.

(a) (b)

Fic. 4.22 Chip breaking groove, (a) Cutting with a tool without chip breaking groove; (b) Cutting with chip
breaker. Notice the chip being broken by the extra curl taken by the chip.
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Chip-breaker groove

Carbide insert

Fic. 4.23 Chip breaker groove on a tungsten carbide tool bit

4.5 OPERATIONS PERFORMED IN A CENTRE LATHE

As discussed before, in a lathe, it is possible to achieve a large number of surfaces based on the various
settings that are possible.

4.5.1 Turning

Turning is by far the most commonly used operation in a lathe. In this the work held in the spindle is rotated
while the tool is fed past the work piece in a direction parallel to the axis of rotation. The surface thus gener-
ated is the cylindrical surface as shown in Fig. 4.1.

4.5.2 Facing

Facing is an operation for generating flat surfaces in lathes as shown in Fig. 4.24. The feed in this case is
given in a direction perpendicular to the axis of revolution. The tool used should have a suitable approach
angle so that it would not interfere with the work piece during the tool feeding.

Chuck

Machined flat Rotation of the
surface 7 p |

JJJ Feed

FiG. 4.24 Facing
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Also the radius of work piece at the contact point of the tool varies continuously as the tool approaches the
centre, thus the resultant cutting speed also varies in facing, starting at the highest value at the circumference
to almost zero near the centre. Since the cutting action and the surface finish generated depend upon the
actual cutting speed, the finish becomes very poor as the tool approaches the centre. Also while choosing the
rotational speed of the work piece due care has to be taken of this fact.

4.5.3 Knurling

Knurling is a metal working operation done in a lathe. In this a knurling tool having the requisite serrations
is forced on to the work piece material, thus deforming the top layers as shown in Fig. 4.25. This forms a top
surface, which is rough and provides a proper gripping surface.

Oil freely ]

b

Revolving

\

/

@ rerpees

Fic. 4.25 Knurling
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4.5.4 Parting

Parting and grooving are similar operations. In this a flat nosed tool would plunge cut the work piece with a
feed in the direction perpendicular to the axis of revolution as shown in Fig. 4.26. This operation is generally
carried out for cutting off the part from the parent material. When the tool goes beyond the centre, the part
would be severed. Otherwise a rectangular groove would be obtained. It is also possible, in similar operation,
to use a special form of tool to obtain the specific groove shape.

/ Chuck

k&

Work piece

Rotation of the

£ Groove  \york piece i

k

Parting tool

Feed

FiG. 4.26 Parting tool in operation

4.5.5 Drilling

Drilling is the operation of making cylindrical holes into the solid material as shown in Fig. 4.27. A twist
drill is held in the quill of the tailstock and is fed into the rotating work piece by feeding the tailstock quill.
Since the work piece is rotating, the axis of the hole is very well maintained, even when the drill enters at an
angle initially. The same operation can also be used for other hole making operations such as centre drilling,
counter sinking and counter boring. This operation is limited to holes through the axis of rotation of the work

piece and from any of the ends.

Faceplate
-,—.!/‘r— Clamp

Tailstock
quill
Drill

4{

Work piece

Feed

Spindle

Tailstock clamp

Hand wheel
for moving
tailstock
quill

/}/ Tailstock quill clamp

S

/x Tailstock

FiG. 4.27 Drilling operation in a lathe
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4.5.6 Boring

Boring is the operation of enlarging a hole already made by a single point boring tool termed as boring bar
as shown in Fig. 4.28. The operation is somewhat similar to the external turning operation. However, in view
of the internal operation, it is more restricted. The cutting forces experienced are somewhat more than the
external operation. Also the tool used is less rigid compared to turning tool and as a result it cannot withstand
the large cutting forces. Thus the process parameters used are somewhat lower than those used for turning.
Boring is used for generating an accurate hole with good surface finish.

Boring bar

Fic. 4.28 Boring operation in a lathe

4.6 TAPER TURNING METHODS

Cutting tapers on a lathe is one of the most common applications. A number of methods are available for
cutting tapers in a lathe. They are:

e using a compound slide

e using form tools

e offsetting the tailstock

e using taper turning attachment

The compound slide is an auxiliary slide underneath the tool post and above the carriage. It is possible to
swivel the compound slide to the desired angle of the taper as shown in Fig. 4.29 for cutting the tapers. The
tool is then made perpendicular to the work piece and feed is given manually by the operator. Some of the
features of this method are:

e Short and steep tapers can be easily done.

e Limited movement of the compound slide.

e Feeding is by hand and is non-uniform. This is responsible for low productivity and poor surface finish.

Another method that is normally used for production applications is the use of special form tool for
generating the tapers as shown in Fig. 4.30. The feed is given by plunging the tool directly into the work.
This method is useful for short tapers, where the steepness is of no consequence, such as for chamfering.
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Work piece
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Fic. 4.29 Compound slide method for taper turning

Work piece

g

Chuck

FiG. 4.30 Taper turning using Form tools

When turning long tapers with form tools, the tool is likely to chatter (vibrate) resulting in poor surface finish.
However, care of the form tools, particularly for regrinding is a careful exercise. The cutting edge should be
perfectly straight for good accuracy.

Still another method sometimes used is the method of offsetting the tailstock from the centre position.
By offsetting the tailstock, the axis of rotation of the job is inclined by the half angle of taper as shown in
Fig. 4.31. The feed to the tool is given in the normal manner parallel to the guideways. Thus the conical
surface is generated.

Referring to Fig. 4.31, the offset can be calculated as follows:

BC

sin @ =—= 4)

AB
S=ABsin o= L sin o
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% Tailstock
— Taper angle = 2 set-over

| — Lathe axis C
T '}>' —'—'—-)‘4==:::::::::::::i/:<E‘—'—“""_'_ o
@ Q‘—\D; H Axis of work piece

Tool movement
parallel to lathe
axis BC

)

(a)

FiG. 4.31 Tail stock offset

If o is very small, then we can approximate

D-d .
o (6)

sin o = tan o =

(D-d)
21
This is the most general situation where the taper is to be obtained over a small portion of the length, 1 of
the job while the actual length of the work piece, L could be long. However when they are equal
(D-d)
2
The offset, S that is possible is generally limited, and as such this method is suitable for small tapers over

a long length. The disadvantage is that the centres are not properly bearing in the centre holes and as such
there would be non-uniform wearing taking place.

S=L

(7

if L=1,then S=

®)

== Example 4.2 —

Find the setting required turning a taper of 85 mm diameter to 75 mm diameter over a length of 200 mm,
while the total length of the job is 300 mm between centres. Tailstock offset is to be used for generating the
prescribed taper.

(75 — 60)

Solution S= 300m =11.25 mm 9)

Still another method for turning tapers over a comprehensive range is the use of taper turning attachment.
In this method a separate slideway is arranged at the rear of the cross slide. This slide can be rotated at any
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angle to be setup. The block that can slide in this taper slide way is rigidly connected to the cross slide as
shown in Fig. 4.32. The cross slide is made floating by disconnecting it from its lead screw. As the carriage
moves for feeding, the block moves in the inclined track of the slide, it gets the proportional cross movement
perpendicular to the feed direction, the cross slide and in turn the cutting tool gets the proportional movement.
Thus the tool tip follows the taper direction set in the attachment. However, in this condition, the cross slide
cannot be used for normal turning operations.

Pivot for adjustable guide Taper .
attachment Rod for clamping the
Sliding follower ) \ taper attachment to
—_

the bed \

\ Adjustable straight guide

Connection between sliding follower
and cross-slide

Work piece\
AN Taper

{ &)
)

—
\ Direction

of feeding

Rotation of
the work piece

| _— Compound rest

l«— Cross-slide

FiG. 4.32 Taper turning attachment

This method is most commonly used for a range of tapers. Setting of the cutting tool is most important,
since the form of the taper cut would be affected by the position of the cutting tool with respect to the work
piece. For example consider the case of a cutting tool set below the centre line of the work piece as shown in
Fig. 4.33. The work piece is to have r as radius at the small end and R as the radius at the big end, with L as
the length of the taper. The original taper angle, a to be produced is given by

R—-r
tan o =

(10)
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l<~>

FiG. 4.33 Possible error in taper turning using taper turning attachment because of the wrong positioning
of the cutting tool.

where R =radius of the work at the big end
r = radius of the work at the small end
[ = length of the taper

DE=y/0D*~0E* =\/r = (11)
If we consider a section along the length at a distance of x, from the small end, the radius, y at that point

is given by
Y =1 +x*sin’ a (12)

This can be rearranged as

y? x*tan’ .
2 2

(13)

This is the equation of the taper produced, which is a hyperbola. Thus, the surface produced by a tool
located away from the centre is hyperboloid.

To find the taper angle, we may calculate the radius at the big end for a corresponding small end diameter
r as follows. From the Fig. 4.33

OC? = OF* + CE* = OE* + (CD + DE)? (14)
2
:h2+[1tana+«/r2—h2] (15)
Since OC = OB = Radius of big end
AB=0B-r

The taper angle generated is given by

tan o :g (16)

\/(1tana+\/r2—h2)+h2 (17)

1

tan o =
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== Example 4.3 —
While turning a taper using taper turning attachment, the setting was done for 4°, but the tool is set 3 mm
below the centre. If the work piece diameter at the small end is 40 mm, calculate the actual taper produced.

Solution The taper angle is 4°, and the big end of the work piece considering the length of the taper to be
100 mm.
R =100 tan 4° = 6.9927 mm

2
oc*=3%*+ [100tan4+\/202—32J =725.44 (18)

OC= ~/725.44 =26.933 mm (19)
The produced taper angle is therefore
26.933-20

}— 3.9657°
100

o =tan”! [

The error produced is
Error in half taper = 4 — 3.9697 = 0.0303° = 2’

4.7 THREAD CUTTING METHODS

Cutting screws is another of the most important tasks carried out in lathes. A typical thread form is shown in
Fig. 4.34. There are a large number of thread forms that can be machined in lathe such as Whitworth, Acme,
ISO metric, etc.

Pitch Crest Root

Minor

diameter diMaJor

ameter

Thread
angle

Fic. 4.34 Simple thread definition

Thread cutting can be considered as another form of turning since the path to be travelled by the cutting
tool is helical. However, there are some major differences between turning and thread cutting. Where as in
turning the interest is in generating a smooth cylindrical surface, in thread cutting the interest is in cutting
a helical thread of a given form and depth which can be calculated from the formulae for different forms of
threads as given in Table 4.3.
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Formulae for some common thread forms

Thread Form ‘ Formulae for Calculating the Parameters

British Standard Whitworth (BSW) Depth = 0.6403 x Pitch
Angle = 55° in the plane of the axis
Radius at the crest and root = 0.137329 X Pitch

British Association (BA) Depth = 0.6 x Pitch
Angle = 47.5° in the plane of the axis
) 2 % Pitch
Radius at the crest and root = T

International Standards Organisation (ISO) Max. Depth = 0.7035 x Pitch
metric thread Min. Depth = 0.6855 x Pitch
Angle = 60° in the plane of the axis
Root radius
Maximum = 0.0633 X Pitch
Minimum = 0.054 x Pitch
American Standard ACME Height of thread = 0.5 x Pitch + 0.254 mm
Angle = 29° in the plane of the axis
Width at tip = 0.3707 X Pitch
Width at root = 0.3707 x Pitch — 0.132 mm

The shape of the cutting tool is of the same form as the thread to be generated.

For the purpose of feeding the tool for generating the thread, the feed is given by the lead screw. Feed is
same as the lead of the pitch to be generated. In normal turning the thickness of the uncut chip is same as the
feed rate chosen, whereas in the thread cutting case it is controlled by the depth of cut, d, in view of the thread
form being generated as shown in Fig. 4.35(a). The uncut chip thickness, ¢,, can be shown to be

s by

t,=2XdxXtan (20)

The depth of cut in the case of thread cutting can be given in two ways: plunge cutting as shown in
Fig. 4.36(b) or compound cutting as in Fig. 4.35(a).

\V YAV V4

a) Compound cutting b) Plunge cutting
Fic. 4.35 Depth of cut in screw cutting
In the case of plunge cutting, the cutting of the thread takes place along both the flanks of the tool. This

would mean that the cutting tool would have to be provided with a zero or negative rake angle. In addition
the relief along the cutting edges cannot be provided in view of the form to be achieved. Cutting is also taking
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place along a longer length of the tool. This gives rise to difficulties in machining in terms of higher cutting
forces and consequently chattering (violent vibrations). This results in poor surface finish and lower tool life,
thus this method is not generally preferred.

With the compound feeding, the tool needs to be moved in both the directions (along the bed as well as
a direction perpendicular to it) simultaneously to position the tool tip along one flank of the thread. This
configuration helps in smoother flow of chips as the cutting takes place only along one cutting edge. This
method therefore is much preferred compared to the earlier method. Only problem is to move the tool for
giving the depth of cut along the flank of the thread, which can be achieved by the use of compound slide for
giving the depth of cut as shown in Fig. 4.36, while feed is given by the carriage in the conventional manner.

T _+ ) Work piece

Spindle . \

. Tool fixed
to nut via
carriage

FiG. 4.36 Thread cutting using compound slide

The compound slide is rotated by the half angle of
the thread, and the cutting tool is adjusted to make it [—-—- —5ED
perpendicular to the work piece surface. For this purpose
a thread setting gauge which contains the required form
of the thread being cut is kept perpendicular to the surface
of the work piece, and the tool tip is set as shown in

Fig. 4.37. ]
The next important consideration for thread cutting (a) External threads (b) Internal threads

is the feeding of the tool along the helical path. For this Fic. 4.37 Setting-up the cutting tool for
purpose, the lead screw is normally employed for feeding thread cutting in a lathe
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the tool along the length of the job. In turning the engaging of tool at any point would be of no consequence
since the surface to be generated is cylindrical. However in thread cutting it is essential that the tool tip should
always follow the same thread profile generated in the first cut, otherwise no thread would be generated.

One of the methods that can be followed in this case is to reverse the spindle while retaining the engagement
between the tool and the work piece. The spindle reversal would bring the cutting tool to the starting point
of the thread following the same path in reverse. After giving a further depth of cut the spindle is again
reversed and the thread cutting is continued in the normal way. This is easy to work and is somewhat more
time consuming due to the idle times involved in the stopping and reversing of the spindle at the end of each
stroke.

Another alternative method is to use a chasing dial to help in following the thread. As shown in Fig. 4.38
the chasing dial consists of a worm gear located inside the carriage in mesh with the lead screw. A vertical
shaft connected with the worm gear has a dial with separate markings to indicate equal divisions of the
circumference. Since the worm gear is in continuous contact with the lead screw, which is in continuous
engagement with the spindle, markings on its surface indicate the precise position of the thread being cut on
the work piece. Thus it is possible to engage with the work piece at any desired location.

Graduated dial

“O” Index line

H

i

Bracket Worm gear

FiGc. 4.38 Chasing dial principle

It is also possible to cut threads on a tapered surface by combing the thread cutting concepts as explained
above along with the taper turning attachment as shown in Fig. 4.39.
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FiG. 4.39 Setup for thread cutting on a taper

4.8 SPECIAL ATTACHMENTS

Most of the details discussed so far allow for general purpose machining operations to be carried using a
centre lathe. In addition, it is possible to provide special enhancements to the capability of a lathe whereby it
could be used for special applications using special attachments. One such attachment discussed earlier is the
taper turning attachment for obtaining cylindrical tapers or conical surfaces.

4.8.1 Milling Attachment

This is an attachment used in lathes to carry out milling operations. The attachment is provided with a sepa-
rate spindle (Fig. 4.40) where the milling cutters could be located, and is attached to the cross slide, replacing
the compound slide. The work is held between the lathe centres as in normal centre lathes. The milling cutter
can normally be fed in all the three directions, thus permitting any type of milling operation.

4.8.2 Grinding Attachment

Similar to the milling attachment, a grinding attachment is used to finish a part in the lathe by completing
the required grinding operations without disturbing the setup. It can be mounted in place of the tool post on
the compound slide. These have two or three-axis movement and will be able perform a number of grinding
operations.

4.8.3 Copy Turning Attachment

Many a times the need exists for machining complex contours, which require the feeding of the tool in two
axes (X and Y) simultaneously, similar to taper turning. For such purposes copy turning is to be used. In this,
the cross slide is directly driven by a stylus which can trace a master for the actual contour to be produced.
The cross slide is made similar to the taper turning attachment.

MT4e-V2_04.indd 29 7/10/2018 4:19:52 PM



4.30 Manufacturing Technology —Metal Cutting and Machine Tools

N

Spindle for
milling tools

Input power

iy~

FiG. 4.40 Schematic of a milling attachment for lathe

4.8.4 Radius Turning Attachment

In this attachment, the cross slide is attached to the bed by means of a radius arm whose length is same as
the radius of the spherical component to be produced as shown in Fig. 4.41. The radius arm couples any
movement of the cross slide or the carriage and hence the tool tip traces a radius R as shown in Fig. 4.41.

Component ~——
Qw ZI\\ Cross-slide Radius
arm length
equal to
component
radius, R
X

>~ @)
| R e
i
9 }
Locus of Bar rigidly —>

tool point ] clamped to

lathe bed
Motions of cross-slide

and saddle
constrained by radius arm W e~—

FiG. 4.41 Radius turning attachment
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4.9 MACHINING TIME AND POWER ESTIMATION

To estimate the machining times, it is necessary to select the proper process parameters. For this purpose
it is necessary to know the work piece material and the cutting tool material combinations to arrive at the
right combination of the process parameters, cutting speed, feed and depth of cut. Their choice is somewhat
difficult and a lot depends upon the shop practices as well as the experience of the operator/planner.

Some typical values of these parameters are given in Table 4.4 for the materials that are generally used.
These should be considered as starting values and should be modified further based on the shop experience.
Some of the problems that are likely to be noticed during machining process are identified and shown in
Table 4.5 with the possible causes. If any of these problems are observed during the actual machining, then
the operator should take care of it by solving the root problem as given in the table.

Suggested cutting process parameters for turning

Work Material

Grey cast iron 150-180 30 0.25 140 0.30
Grey cast iron 220-260 20 0.25 90 0.30
Malleable Iron 160-220 33 0.25 50 0.25
Malleable Iron 240-270 — — 45 0.30
Cast steel 140-180 40 0.25 150 0.30
Cast steel 190-240 26 0.25 125 0.30
C20 Steel 110-160 40 0.30 150 0.38
C40 Steel 120-185 30 0.30 145 0.38
C80 Steel 170-200 26 0.30 130 0.30
Alloy Steel 150-240 30 0.25 110 0.38
Alloy Steel 240-310 20 0.25 100 0.30
Alloy Steel 315-370 15 0.25 85 0.25
Alloy Steel 380-440 10 0.20 75 0.25
Alloy Steel 450-500 8 0.20 55 0.25
Tool Steel 150-200 18 0.25 70 0.25
Hot Work die steel 160-220 25 0.25 120 0.25
Hot Work die steel 340-375 15 0.25 75 0.25
Hot Work die steel 515-560 5 0.20 23 0.20
Stainless Steel 160-220 30 0.20 120 0.25
Stainless Steel 300-350 14 0.20 70 0.25
Stainless Steel 375-440 10 0.20 30 0.25
Aluminium Alloys 70-105 210 0.30 400 0.38
Copper Alloys 120-160 200 0.25 300 0.25
Copper Alloys 165-180 85 0.25 230 0.25
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Possible causes for the turning problems

Observed Problem ‘ Possible Cause

Vibration Work or chuck out of balance
Chatter Work improperly supported
Feed rate too high

Tool overhang too large
Tool is not properly ground or length of tool edge contact is high

Work piece not turned straight Headstock and tailstock centres not aligned
Work improperly supported
Tool not in the centre

Work piece out of round Work loose between centres
Centres are excessively worn
Centre out of round

Turning:
The cutting speed in turning is the surface speed of the work piece. Thus,

V= DN
1000

1)

where, V= cutting speed (surface), m/min
D = diameter of the work piece, mm
N = rotational speed of the work piece, rpm

The diameter, D to be used can be either the initial diameter of the blank or the final diameter of the work
piece after giving the depth of cut. However, there is practically not much change in the values obtained by
using either of the values. To be realistic, the average of the two diameters would be better.

From the above equation, we get
1000 V
N =
nD

(22)

The rpm obtained from the previous equation may not be an exact value of the speed available on the lathe
machine, since any lathe would only have limited range of rpms available. It therefore is necessary to adjust
the values obtained to that available in the speed range considering the work and tool material combination.
This is demonstrated later using an example.

The time, ¢ for a single pass is given by
L+L,
fN

where L = length of the job, mm

t (23)

L, = over travel of the tool beyond the length of the job to help in the setting of the tool, mm
f = feed rate, mm/rev

The over travel to be provided depends upon the operator’s choice but usual values could be 2 to 3 mm
on either side.
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The number of passes required to machine a component depends upon the left-over stock (stock allowance).
Also depending upon the specified surface finish and the tolerance on a given dimension, the choice would
have to be made as to the number of finishing passes (1 or 2) while the rest of the allowance is to be removed
through the roughing passes. The roughing passes, P, is given by

o (24)
r dr
where A = Total machining allowance, mm
A, = Finish machining allowance, mm
d,.= Depth of cut in roughing, mm
The value calculated from the above equation is to be rounded to the next integer.
Similarly the finishing passes, P;is given by
Ay
Py = dT_ (25)

where  d, = Depth of cut in finishing, mm

= Example 4.4 —

Estimate the actual machining time required for the 120
component (C40 steel) shown in Fig. 4.42. The available
spindle speeds are, 70, 110, 176, 280, 440, 700, 1100, 1760
and 2800. Use a roughing speed of 30 m/min and finish
speed of 60 m/min. The feed for roughing is 0.24 mm/ [~~~ "~ "~ "~—“""—" """ """/ @42
rev while that for finishing is 0.10 mm/rev. The maximum
depth of cut for roughing is 2 mm. Finish allowance may
be taken as 0.75 mm. Blank to be used for machining is 50 Fic. 4.42 Machining time example 1
mm in diameter.

. 50-42
Solution Stock to be removed = 5 =4 mm

Finish allowance = 0.75 mm

Roughing:

Roughing stock available =4 — 0.75 = 3.25 mm

Since maximum depth of cut to be taken is 2 mm, there are 2 roughing passes.

Given cutting speed, /=30 m/min

50+ 42
Average diameter = 3 =46 mm
Spindl d, N= 109030 =207.59 RPM
pindle speed, N = ——— = =207.

The nearest RPM available from the list is 176 RPM as 280 is very high compared to 207 as calculated.
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L (120+2) :
Machining time for one pass = 024x176 2.898 minutes
Finishing:

Given cutting speed, /= 60 m/min
) 1000 % 30
Spindle speed, N = Taxdr 439.05 RPM

The nearest RPM available from the list is 440 RPM.

(120+2)

Machining time for one pass = 0.10x440 2.77 minutes

Total machining time = 2 x 2.888 + 2.77 = 8.546 minutes

Facing:

In facing the choice of the spindle speed is affected by the fact that the cutting tool is engaged with the work
piece at a gradually changing radius. As a result the actual cutting speed changes from the highest value at
the surface to almost zero at the centre. Thus the diameter used for calculating the rpm in Eq. 20 should be

the average of blank diameter and the lowest diameter (zero in case of complete facing) of the face being
generated.

Taper turning:

The time calculation of taper turning depends upon the method used for the purpose. In the case of taper
turning attachment, the calculation is similar to turning, as the feed motion is given by the carriage parallel
to the axis of rotation. However, when the tailstock offset method is used, the motion of the tool is parallel to
the actual taper surface generated and then that length should be used in Eq. 21.

All the other operations are similar to turning where care has to be taken to find the actual distance
travelled in the operation.

— Example 4.5 —

In Fig. 4.43 a component is shown to be machined from a stock of CRS C40 steel, 40 mm in diameter
and 75 mm long. Calculate the machining times required for completing the part with (a) HSS tool and

(b) Carbide tool.
75 75
40
——-— - — | — - — @32 R
{ SSSST
VLLLLLLLL L LA L
(a) Part drawing (b) Machining plan

FiG. 4.43 Machining time Example 2

The machining is to be carried out in two stages as pockets marked in Fig. 4.43(b) as 1 and 2.
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Pocket 1: HSS Tool

Assume Cutting speed, V=30 m/min
Feed rate, /= 0.30 mm/rev.

Depth of cut =2 mm

) 1000 x 30
Spindle speed = ———=-— =265.25 RPM = 265 RPM
7T X36
Time fi hini _ D2 =0.9686 mi
ime for machining one pass = === = =0. minutes
Number of ed 40 -32
umber of passes required = ———— =

Carbide Tool

Assume Cutting speed, V' = 145 m/min
Feed rate, /= 0.38 mm/rev.

Depth of cut =2 mm

1000 x 145
Spindle speed = —————— =1282.05 RPM = 1280 RPM
T x36
Time hin 75+2 . )
ime for machining one pass = e~ o0 = 0.158 minutes
Pocket 2: HSS Tool
Number of red= 222 _35-3
umber of passes required = ———— =25 =
) 1000 x 30
Spindle speed = ———-— =353.677 RPM = 355 RPM
Tx27
Time fi hini o M2 =0.394 mi
ime for machining one pass = =~ —or = 0. minutes
Carbide Tool
) 1000 x 145
Spindle speed = ———— =1709.44 RPM = 1710 RPM
T x27
Time f hini 4042 )
ime for machining one pass = =71 = 0.065 minutes

Total machining time:

For HSS tool =2 x 0.9686 + 3 x 0.394 = 3.1192 minutes
For Carbide tool =2 x 0.158 + 3 x 0.065 = 0.511 minutes

The above gives only the estimation of actual machining time taken by the machine (tool in contact with
the work piece). In addition to this there are certain other times, often termed as idle times, associated with

the machining which needs to be estimated. Some representative values of these elemental times are given
in Table 4.6.
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Idle time elements for lathe

Time Element

Load and unload between centres with dog carrier with a work piece weight

Load and unload in 3-jaw chuck with a work piece weight

Start/stop spindle

Reverse spindle

Change speed

Change feed

Engage/disengage feed

Index tool post

Approach tool, set to mark, return in turning
Approach tool, set to mark, return in boring
Move cross slide upto 100 mm

Move saddle upto 150 mm

Move saddle upto 500 mm

Fit/remove tool in tailstock
Approach/remove tailstock

Advance/return tailstock quill upto 50 mm

1 kg
2 kg
4 kg
8 kg

1 kg
2 kg

kg
8 kg

20
30
40
50

30
40

A W
oS o

—_ =
O W O AN WA\ W WK — B W

Time Seconds

Power required in Turning: The power required at the spindle for turning depends upon the cutting speed,
depth of cut, feed rate and the work piece material hardness and machinability. The power required depends
upon the cutting force, which was shown in Chapter 2 to be a power function of feed rate, f'and depth of cut,

d. However, for the sake of gross estimation it can be safely assumed that

Cutting force, F =KX d X f

where K is a constant depending on the work material, which is given in Table 4.7.

Constant K for power calculation

Material being Cut ‘
Steel, 100—-150 BHN

Steel, 150-200 BHN

Steel, 200-300 BHN

Steel, 300-400 BHN

Cast Iron

Brass

Bronze

Aluminium

K (N/mm?)

1200
1600
2400
3000

900
1250
1750

700

Then Power, P=F X V
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Combining the above two equations
Power, P=KXdXfxV

== Example 4.6 —

Calculate the power required for roughing and finishing passes in Ex. 4.4.

Solution

Roughing:

Given feed rate, /= 0.24 mm/rev
Depth of cut, d =2 mm

. T X176 X 46 .
Cutting speed, V= ———— =25.43 m/min
1000
The value of K from Table 4.7 = 1600 N/mm?
1600 x 25.43 % 0.24 x 2
Power = o =325.5W=0.326 kW

Finishing:
Given feed rate, f= 0.10 mm/rev
Depth of cut, d = 0.75 mm

i 7 x 440 % 43.5 )
Cutting speed, V= ———  — =60.13 m/min
1000
1600 x 60.13x0.10 x 0.75
Power = 50 =120.26 W=0.120 kW

= Example 4.7 =—
Calculate the power required for roughing and finishing passes in Ex. 4.5.

Solution

Pocket 1: HSS Tool

Assume Cutting speed, V=30 m/min

Feed rate, /= 0.30 mm/rev.

Depth of cut =2 mm

The value of K from Table 4.7 = 1600 N/mm?
1600 x30x0.3x2

Power = 0 =480 W =0.48 kW

Carbide Tool

Assume Cutting speed, V' = 145 m/min
Feed rate, /= 0.38 mm/rev.

Depth of cut =2 mm

1600 x 145 % 0.38 x 2
Power = 0 =2939 W =294 kW
For the second pocket also, the power required remains the same since the processing parameters did not

change.
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4,10 TYPICAL SETUPS

It is necessary to consider all the factors while planning for a job on any machine tool. A few examples of tool
layouts are discussed that can be machined in a centre lathe.

In the examples the components are shown as a general cross-section of the type that would be machined
on centre lathes. The examples are shown in the form of process diagrams where the material to be removed
is shown in the form of a closed pocket which is hatched. The type of tool to be chosen is based on the type
of pocket to be machined.

Example 1 The example is a cylindrical pin which can be turned from a long bar, with each part being
parted off. The typical sequence in which the material is produced is shown in Fig. 4.44. In the first operation,
the external diameter of 16 mm is produced to the required length using a right hand turning tool. The
chamfering form tool to produce the right hand chamfer in operation 2 will follow this. In the third operation
the undercut is produced again by using a form tool with plunge feed. Then the part will be parted off from
the bar stock with a parting tool. In the next operation, the part will be held from the other side and then the
facing and chamfering will be done to complete the job.

32 o
l(—26> Chamfer 1 x 45
T 1

@221+ - -— -— - -9*16 e
L 1.5x 0.5 deep
|15 05 dec

PART STOCK (long bar)

Op. 1: Turn the outer dia. Op. 2: Chamfer one end

Op. 3: Under cut and part off Op. 4: Face and chamfer other end

FiG. 4.44 Typical process pictures for machining a pin from a cylindrical bar on a lathe involving only
external features

Example 2 The second component shown in Fig. 4.45 is a bit more complex for processing in view of the
close tolerances specified on some dimensions.

As shown the close tolerances cannot be achieved by turning and hence a grinding allowance is left on the
32 mm diameter portion and the rest is completed in the centre lathe as shown in Fig. 4.46.

In this case, since the large diameter of the component is in the middle, the part needs to be machined at
least in two setups, with the part being clamped from both the sides alternatively. First the part is held from
the right side and the outer diameter is turned leaving the allowance for finishing using a right hand turning
tool. In the second operation the part is gripped from the turned side and the two steps are created on the other
side using a right hand turning tool, leaving the allowance for the next operation. In the next operation the two
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shoulders are faced to get the squareness desired in the part. Finally the undercut is made with a form tool and
the part leaves the centre lathe for finishing.

137
+0.02
55 19002 38'505 25
@22 - @45 -@32000—1 - — 919
P
&° §
>|l<«<—1.5

FiG. 4.45 Typical component (pin) normally produced on a lathe

137
+0.02 +0.15 137
55 19002 38002 25 |
022 @45 | (332000 ‘o109 a6
Y T T 932 5051~ 2 I ’
N 1.5 &
A = Stock
20 38 24
Part
A
@23 +--—-—-—-—f————-—-— - r-—-—-—-—fF—-1 @33--- -___QVZO
Op. 1: Rough turn one end Op. 2: Rough turn opposite end
19 38 25 19 38 25
A * A
e—e—-—-—t— -1+ @33— -+ -—-— 320 -—-—-—-—}— -1+ @33 — -4 -— -—4020
¥ ¢ ¥
Op. 3: Face the shoulders Op. 4: Undercut

FiG. 4.46 Typical process pictures for machining a pin on a lathe

Example 3 Next example is a component with both external and internal details as shown in Fig. 4.47. In
this though the part diameter is toleranced, the accuracy is achievable in a centre lathe. In the first operation
the part is drilled to make the central hole with a twist drill held in the tailstock. After this the part is turned to
get the outside diameter using a right hand turning tool. In the next operation, boring of the hole is done to get
the necessary finish and accuracy. After the boring operation the facing of the shoulders is done to complete
the processing of operation from one end. Then the part is reversed in the chuck and turned and faced on the
other side to complete the machining of the part.
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[7, 157/ F A R - ®26®ﬁ:8(5) R ) R

Part Stock

Op. 1: Dirill the central hole

o
©
N
-
c
=
=}
-
>
[}
[}
x
-
[}
=
>
=
=1
o

Op. 3: Bore the hole Op. 4: Face the end surfaces

Op. 5: Turn and face the flange
FiG. 4.47 Typical process pictures for machining a bush on a lathe involving external and internal features

SUMMARY

Lathe is the most important and common machine tool found in practically all machine shops. It is one
of the oldest known machine tool, though major developments have appeared in the last two centuries.
e A large variety of lathes have been developed to cater to the different processing requirements.
e A lathe consists of a bed, headstock, tailstock and a carriage as major components along with a few
other items that provide the necessary support and motions.
e A variety of chucks such as universal 3-jaw, independent 4-jaw, and faceplate, are used to locate and
support work pieces in a lathe for common machining applications.
e Though single point cutting tools are used for most of the operations in a lathe, a variety of them are
available, depending upon the type of surface that needs to be generated.
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e There are a large variety of operations such as turning, facing, knurling, contouring, etc. that can be
carried out in a lathe. In fact practically all types of surfaces can be generated in a lathe.

e Taper turning is a special type of operation that requires the tool to be moved in two different
directions simultaneously to generate the surface. For this purpose, a variety of methods are used in
a lathe such as compound slide, tailstock offset or a special attachment.
Precision threads can be cut in a lathe using the lead screw and special methods.
There are various special attachments such as a milling attachment, grinding attachments, etc. that
enhance the range of surfaces that can be generated in a lathe.

e Machining time for different operations can be estimated using the cutting process parameters and
the geometry of the part.

4.1 What type of work holding devices are generally used in a lathe? Give the typical applications,
comparative accuracies, precautions and disadvantages for each type of work holding device.

4.2 How is a lathe specified? Explain with a neat sketch the relevance of each of the specification points.

4.3 What type of work holding devices are generally used in a lathe? Give the typical applications,
comparative accuracies and disadvantages.

4.4 What are the applications, achievable (comparative) accuracies and disadvantages of the following
type of work holding device:
(a) 3-jaw chuck (b) 4-jaw chuck

4.5 Compare the applications, accuracies and disadvantages of 3-jaw and 4-jaw chucks.

4.6 What are the types of surfaces that can be generated in a centre lathe? Show with the help of sketches
how these are achieved?

4.7 Explain the methods used for the generation of threads in lathe.
4.8 How is thread chased in a lathe?

4.9 What are the precautions and settings to be done for cutting single start threads on a centre lathe? Give
a practical method that will allow the cutting tool to follow the thread.

4.10 What are the various methods available for taper turning in a lathe? Explain their specific advantages
and limitations.

4.11 Describe the method of generation of a long and small taper in a centre lathe.

4.12 Explain the procedure for turning a job, which is very long. List the various operations and tools
(cutting and holding) required for the operation.

4.13 What are the various methods available for taper turning on a centre lathe? Explain in detail with a
sketch the method used for machining steep tapers of short length.

4.14 What are the various methods available for supporting long components and frail components in a
lathe? Explain with sketches.
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4.15 Draw a setup required for cutting external threads on a centre lathe. Explain clearly the various
methods that are followed for the purpose of engaging the cutting tool for giving the depth of cut in
threading.

4.16 What are the types of lathes you are familiar with and give their applications?

4.17 What are the applications, achievable (comparative) accuracies and disadvantages of the following
type of work holding device when used in a centre lathe? State the any precautions to be used with
their application.

(a) Face plate (b) 4-jaw chuck
4.18 Explain the steady rest and follower rest as used in engine lathes. Give their functions.

| Problems |

4.1 A grey cast iron shaft is machined in a centre lathe in 1 minute with a single cut. The shaft is 100 mm
long and 75 mm in diameter. If the feed used is 0.30 mm/revolution, what cutting speed was used?

[7.854 m/min]

4.2 In a centre lathe equipped with a taper turning attachment, a 3° taper is to be produced. The small
end of the work piece is 25 mm in diameter. The taper attachment is set at 3° but the tool is set 3 mm
below centre. Calculate the error in taper due to the incorrect setting of the tool. [0.018°]

4.3 Calculate the maximum possible error (distance from the centre of the work piece) in setting the
turning tool with a clearance angle such that the tool starts rubbing at the clearance face (clearance
angle become zero). The work piece is 50 mm in diameter. If the rake angle is 10°, what is the
effective rake angle for this condition? [5°]

4.4 A high speed steel tool has a tool life of 105 minutes while turning cast iron at a cutting speed of 20
m/min. If the tool life is given by the Taylor’s tool life equation as V7! = C, calculate the tool life for
a cutting speed of 15 m/min. [1862.9 minutes]

4.5 While taper turning a taper of 1 in 6, the tool is wrongly set at a distance 4 mm below the work piece

centre. If the small end of the work piece is 35 mm in diameter, calculate the actual taper obtained.

[9.42°]

4.6 The taper turning attachment of a lathe is set to turn a taper of 1 in 6. The larger end of the work piece

is 50 mm in diameter and the length is 100 mm. If the tool is set 5 mm below the centre of the work

piece, calculate the actual taper produced. [9.425°]

4.7 A work piece of 30 mm diameter is being turned on a centre lathe. The tool angles are a rake of

12° and clearance of 7°. If the tool is set at a distance of 0.8 mm above the centre line, calculate the

resultant tool angles. [3.94°]

4.8 A work piece with 25 mm diameter is turned in a centre lathe with a back rake angle of 12° and front

relief angle of 7°. Calculate the actual cutting angles if the cutting tool is set (a) 0.8 mm above the
centre line of the work piece, and (b) 0.8 mm below the centre line of the work piece.

[3.33°,10.67°]

4.9 A work piece with 50 mm diameter is turned in a centre lathe with a back rake angle of —12° and front

relief angle of 7°. Calculate the actual cutting angles if the cutting tool is set (a) 1.2 mm above the
centre line of the work piece, and (b) 1.2 mm below the centre line of the work piece.

[4.25°,9.75°]
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4.10 A work piece with 100 mm diameter is turned in a centre lathe with a back rake angle of 15° and front
relief angle of 8°. Calculate the actual cutting angles if the cutting tool is set (a) 1.5 mm above the
centre line of the work piece, and (b) 1.5 mm below the centre line of the work piece.

[16.72°, 6.28°, 13.28°, 9.72°]
4.11 A work piece with 125 mm diameter is turned in a centre lathe with a back rake angle of —10° and
front relief angle of 8°. Calculate the actual cutting angles if the cutting tool is set (a) 1.2 mm above
the centre line of the work piece, and (b) 1.2 mm below the centre line of the work piece.
[-8.9°,6.9°,-11.1°,9.1°]
4.12 Calculate the tailstock offset required for a taper of 8° on a job that is 120 mm long. With the same
setting, what would be the taper produced if the length of the shaft change by £ 3 mm.

[7.8°,8.21°]
4.13 Calculate the power required for turning a mild steel bar of 50 mm diameter with a spindle speed of
140 RPM. Assume a depth of cut of 3 mm and a feed rate of 1 mm/rev. [1.76 kW]

4.14 The following component (Fig. 4.48) is to be manufactured at the rate of 500 components per month.
Specify the machine tools and cutting tools to be used for the component. The machining faces are
identified with the help of the letter °f’. Justify your choice. If an alternative, less economical choice
is possible just mention it with explanation.

— e 22405 o _ge o218 @20

+0.1
79
130
Lathe dead centre
All dimensions in mm
T103 steel
Fic. 4.48

4.15 Component shown in Fig. 4.49 is to be manufactured from a C45 steel bar stock of 75 mm diameter. A
batch of 10 such components need to be manufactured using the general purpose machines available
in the shop. The tolerances on all dimensions are + 0.100 mm. Mention the machine tool used along
with any accessories and tools needed. Calculate the actual machining time (ignoring the idle times)
for a single component. Make any valid assumptions. [7.44 minutes]

< 110 —> < 80 >

A
s e T

270
FiG. 4.49
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| | Multiple Choice Questions i ]

4.1

4.2

43

4.4

4.5

MT4e-V2_04.indd 44

Lathe specification of swing over bed
specifies

(a) Maximum diameter of job that can be
turned in the lathe

Minimum diameter of job that can be
turned in the lathe

Maximum radius of job that can be
turned in the lathe

Minimum radius of job that can be
turned in the lathe

(b)
(c)
(d)

Lathe specification of distance between
centres specifies

(a) Minimum length of the job that can be
turned

Maximum length of the job that can be
turned

Minimum diameter of the job that can be
turned

Maximum diameter of the job that can
be turned

(b)
(©)
(d)

Spindle of a lathe is housed in

(a) Tailstock

(b) Headstock

(c) Carriage

(d) Apron

3-jaw chuck is used in a lathe to clamp

(a) Cylindrical work piece to locate the axis
of rotation

Eccentric work piece to locate the axis of
rotation

Square bar to locate the axis of rotation
Any type of work piece to locate the axis
of rotation

(b)

(©)
(d)

4-jaw chuck is used in a lathe to clamp

(a) Only for cylindrical work piece to locate
the axis of rotation

Only for eccentric work piece to locate
the axis of rotation

Only for square bar to locate the axis of
rotation

(b)
(©)

4.6

4.7

4.8

4.9

4.10

(d) Any type of work piece to locate the axis
of rotation

A face plate is used in a lathe to clamp

(a) Only for cylindrical work piece to locate
the axis of rotation

Only for eccentric work piece to locate
the axis of rotation

Only for square bar to locate the axis of
rotation

Any odd shaped work piece to locate the
axis of rotation

(b)
(©)
(d)

The most common included angle for the
centre hole is

(a) 45° (b) 60°

(c) 90° (d) 75°

A collet chuck is used for holding

(a) Cylindrical work piece to locate the axis
of rotation quickly

Eccentric work piece to locate the axis of
rotation quickly

Square bar to locate the axis of rotation
quickly

Any type of work piece to locate the axis
of rotation quickly

(b)
(©)
(d)

For proper cutting, the cutting tool in a lathe
should be set

(a) Slightly below the axis of the work piece
so that no rubbing takes place

Exactly at the centre of the axis of the
work piece

Slightly above the axis of the work piece
so that no rubbing takes place
Anywhere, since the work piece is actu-
ally rotating

(b)
(©)
(d)

Facing operation in a lathe is used for
producing

(a) A cylindrical surface

(b) A plane surface

(c) A tapered surface

(d) Ahole
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4.11

4.12

4.13

4.14

4.15

4.16

Knurling operation in a lathe is used for
producing

(a) A plane surface

(b) A cylindrical surface

(c) A serrated surface

(d) A tapered surface

Boring operation in a lathe is used for
(a) Generating a plane surface

(b) Enlarging a hole

(c) Generating a serrated surface

(d) Generating threads

Taper turning using the compound slide is
used for

(a) Only for small tapers over long length
(b) Only for large and steep tapers

(c) Only for small and steep tapers

(d) For all types of tapers

Taper turning using the tailstock offset
method is used for

(a) Only for small tapers over long length
(b) Only for large and steep tapers

(c) Only for small and steep tapers

(d) For all types of tapers

Taper turning using the taper turning attach-
ment is used for

(a) Only for small tapers over long length
(b) Only for large and steep tapers

(c) Only for small and steep tapers

(d) For all types of tapers

Thread chasing is required in cutting screw
threads because

(a) It improves surface finish

(b) It is necessary to follow the thread

Answers to MCQs

4.1
4.6
4.11
4.16
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(a) 42 (b) 43 (b)
(d) 47 (b) 48 (a)
(©) 4.12 (b) 4.13 (o)
(b) 417 (o) 4.18 (a)

4.17

4.18

4.19

4.20

(c) It increases the threading tool life
(d) It reduces the cutting forces

Giving the depth of cut using the plunge

cutting method in thread cutting in a lathe is

(a) Preferred because it improves the sur-
face finish

(b) Preferred because it increases the thread-
ing tool life

(c) Not preferred because the surface finish
is poor

(d) Preferred because it produces accurate
thread

Giving the depth of cut using the compound

cutting method in thread cutting in a lathe is

(a) Preferred because it improves the sur-
face finish

(b) Not preferred because it decreases the
threading tool life

(c) Not preferred because the surface finish
is poor

(d) Preferred because it produces accurate
thread

Centre lathe is used

(a) For high production rates

(b) In normal workshops and repair shops

(c) For large production volumes

(d) For automated production

The lead screw of a centre lathe is 6 mm. If a

thread of 1.5 mm pitch is to be cut on a work

piece, which is rotating at 120 rpm, what

should be the rpm of the lead screw?

(a) 20 rpm (b) 30 rpm
(c) 120 rpm (d) 180 rpm
44 (a) 4.5 (d)
4.9 (b) 4.10 (b)
4.14 (a) 4.15 (d)
4.19 (b) 4.20 (b)
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~

CAsE StupYy

PROCESS PLANNING

Analyze and interpret the following components from process planning point of view for mass produc-
tion. All dimensions are in mm. Stock material is 40 mm diameter x 92 mm length AISI 4340 CRS steel.
Using the planning tables given, provide the detailed analysis of the part drawing, giving the following
information: The Brinell hardness of 4340 steel is about 250.

+.50 | | +.30 +.00
10.007 55" — 1 33.007 54 ~——26.00] ¢
©5.00%.10 .05 M5x0.8 - 6H ¥ 15.00
Liosi \/ $6.00 X 90.0°
|
f [ T1 &
A3 | 1] N
.8| I ’ [ | é 3 _ B
] | | @
1) |1 8
' I_Jrl
A0 2
1.00 X 45.0° Chamfer =
S
=
\&6/ a
+.50
20.007 57" —

90.00+.50

AISI 4340 Steel
All dimensions in mm

Fic. 1 A part that needs to be mass produced using automated machining

Manufacturing Considerations

e The overall length of the part is 90.00 mm diameter and this dimension should be within +0.50
mm.

e Datum A is located on the surface of the ©¥18.00 mm with a tolerance of 18.00f8j58 mm with a
length of 33.0070 30 mm.
The left end is of the shaft is diameter 16.00"03) mm.
The left end is of the shaft has a concentricity tolerance of 0.05 mm with datum A.
The right (small) end of the part is having a diameter of 10.00 mm with h10 tolerance and a length
0f 26.00°3% mm.

e The largest diameter of the shaft is 38.00 £0.20 mm with a width of 10.0075:50 mm.

e The right end of the large diameter has a perpendicularity tolerance of 0.05 mm from datum A.

e Ignore the chamfers, radial hole and the tapping to be done on the right end.

Machining operations required to achieve the specified dimensions and tolerances

The dimension 10h10 is 10.00t8;82§ mm.
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Given stock size of 40 mm diameter, chucking on one end, Facing, turning 10, and 18 mm, and
chucking on the other end turn 38 and 16 mm.

Process Planning Sheet

Part Name: ‘ Part no: Q1 ‘ Drg. No.:

Quantity: ‘ Material: 4340 Steel ‘ Planner:

Date: Dec. 10,2017 Revision no.: Page 1 of 1 Order no.:

Op. no.: | Description Dimension and Allowance, Machine Tool

Tolerance, mm mm

10 Facing 91.0 1.0 CNC Turning center
20 Rough turning @19 +0.10 2x5 CNC Turning center
30 Finish turning 21854 0.5 CNC Turning center
40 Facing CNC Turning center
50 Turning ?11.0+0.10 mm 3.5 CNC Turning center
60 Grinding 107935 0.5 Cylindrical grinder
70 Facing 90.0 1.0 CNC Turning center
80 Turning 038 1.0 CNC Turning center
90 Turning D16 11 CNC Turning center
100 Facing CNC Turning center

For the process plan that is given above

e Identify the cutting tools to be used for each of the operation.

e Identify the cutting process parameters to be used based on the manufacturing requirements.
e Calculate the machining time for each of the operation.
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Objectives

Special purpose lathes are developed to facilitate the mass manufacturing industry. After
completing this chapter, the reader will be able to

> Understand the limitations of centre lathe for mass production

> Utilise capstan and turret lathes for different parts

> Understand different types of automatic lathes and their application methods
>

Develop tool layouts for an automatic lathe for a given part

5.1 LIMITATIONS OF A CENTRE LATHE

As discussed in the previous chapter, the centre lathe though a general purpose machine tool, has a number
of limitations that preclude it to become a production machine tool. The main limitations of centre lathes are
as follows:

e The setting time for the job in terms of holding the job is large.

e Only one tool can be used in the normal course. Sometimes the conventional tool post can be replaced

by a square tool post with four tools.

e The idle times involved in the setting and movement of tools between the cuts is large.

e Precise movement of the tools to destined places is difficult to achieve, unless proper care is exercised

by the operator.

All these difficulties mean that the centre lathe cannot be used for production work in view of the low
production rate. Thus the centre lathe is modified to improve the production rate. The various modified lathes
are:

e Turret and capstan lathes

e semi-automatics

e automatics

The improvements are achieved basically in the following areas:

e work holding methods
multiple tool availability
automatic feeding of the tools
automatic stopping of tools at precise locations
automatic control of the proper sequence of operations
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5.2 Manufacturing Technology—Metal Cutting and Machine Tools

5.2 CAPSTAN AND TURRET LATHES

The main characteristic feature of the capstan and turret lathes is the six sided (hexagonal) block mounted
on one end of the bed replacing the normal tailstock as shown in Fig. 5.1. This allows for mounting six tool
blocks each of which can contain one or more tools depending upon the requirement. Further on the cross
slide, two tool posts are mounted, one in the front and the other in the rear. Each one of them can hold up to
four tools each. Thus the total carrying capacity is a maximum of 14 tools when only one tool is mounted in
each of the locations.

Rear
Spindle Toolpost

/ I-Zj/ | Ram

Bed /

Headstock

Cross-slide Carriage turret

turret

Fic. 5.1 A view of the turret lathe

As shown in Fig. 5.1 the turret lathe consists of an all gear, heavy duty headstock with a greater range of
spindle speeds. The turret is mounted on a saddle, which in turn is sliding on the bed. When the saddle moves
on the bed during the return stroke it would automatically be indexed to the next tool position, thus reducing
the idle time of the machine.

The tools in the turret lathe are provided with a system of stops and trips on the feed rod which can
precisely control the actual distance moved by the tool. Thus it is possible to set and control the individual
movements of the tools as required by the component.

The type of work holding devices that can be used with turret lathes is similar to the conventional lathes,
but in view of the higher productivity demanded and greater repeatability required, generally automatic
fixtures such as collets, self centring chucks or pneumatic chucks are used.

The collet chucks come in a variety of designs as shown in Fig. 5.2. The actual clamping is done by the
movement of the collet tube along the axis of the spindle by either pushing Fig. 5.2(a) or pulling Fig. 5.2(b).
Sometimes it is possible that the bar material will be either pushed or pulled back during the closing of
the collet. This can be prevented by having an external tubular locking stop so that the axial movement is
prevented as shown in Fig. 5.2(c).

Often a large variety of components on a turret lathe are machined from raw material which is in a bar
form. For the purpose of continuous feeding of the bar special bar feeding arrangements are available which
pushes the bar by a precise amount against a stop provided on the face of the hexagonal turret at the beginning
of the cycle. The last operation in such cases is the parting off operation from the cross slide tool which
separates the machined component from the bar stock.

Most of the tools used in the cross slide tool post are very similar to those used in the centre lathe. Form
tools are generally used in the cross slide. A large variety of special tool holders are available for use in the
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Fic. 5.2 Different forms of collet chucks used in turret lathes
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5.4 Manufaciuring Technology —Metal Cutting and Machine Tools

turret for providing greater productivity. A few of such specialised tooling are shown in Fig. 5.3 and 5.4.
A box tool is generally used for long turning jobs since the tool while cutting also supports the job. They
have a cutting tool and also support rollers for providing the necessary support to the work piece. This helps
in machining of bars which are not well supported and is generally used for bar work. There are a number
of ways in which the bar can be supported during the machining operation as shown in Fig. 5.3. It is also
possible to have more than one cutting tool held in a box tool such that there is an overlap of the cuts while
also providing support for the work piece.

- ICF | Cutter L -
I W;% : = =
é e [l ; |] s (\ l\ i

Support

Fic. 5.3 Different types of box tools used in turret lathes

Combination tool holders allow for mounting multiple cutting tools with the provision for their adjustment
to suit the machining situation. These have the ability to perform more than one cutting operation at the same
time, thereby reducing the actual machining time required for the operation. Some typical tools are shown in
Fig. 5.4. They can have both the internal and external cutting tools in a single tool holder such that the work
piece support can be taken care of, thereby allowing higher accuracy to be achieved.
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FiG. 5.4 Special tooling used in turret lathes

Many turret lathes would be fitted with taper turning attachment very similar to that used in centre lathes,
for machining tapers. Small tapers can be produced by form tools from the cross slide, while internal tapers
are produced by taper reamers.

Thus the various differences between capstan and turret lathes, and a general purpose centre lathe are:

1.

Nk wD

MT4e-V2_05.indd 5

Headstock has more range of speeds and is heavier to allow for higher rate of production.
Tool post is indexable (four tools). Any one tool can be brought into cutting position.
Tail stock is replaced by a tool turret with six tool positions.

Feed of each tool can be regulated by means of feed stops.

Two or more tools mounted on a single tool face can cut simultaneously.
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5.6 Manufacturing Technology—Metal Cutting and Machine Tools

6. Semi-skilled operators are required.
7. Used for production operations involving better repeatability.

A variation of the turret lathe is the capstan lathe, in which the turret moves on the saddle while the saddle
can itself be fixed at any position on the bed, depending upon the length of the job as shown in Fig. 5.5. Thus,
the tool travel length is limited to the length of the saddle. This type of arrangement is normally used for
small size machines.

O O/ |_Turret

Turret slide I

Saddle OQ
50

Bed

Fic. 5.5 Intermediate slide arrangement in capstan lathe

The various differences between capstan and turret lathes are given in Table 5.1.

Differences between capstan and turret lathes

Capstan Lathe ‘ Turret Lathe

Short slide since the saddle is clamped on the bed in posi- = Saddle moves along the bed, thus allowing the turret to be

tion of large size.

Light duty machine, generally for components whose Heavy duty machine, generally for components with large

diameter is less than 50 mm diameters such as 200 mm

Too much overhang of the turret when it is nearing cut Since the turret slides on the bed, there is no such over-
hang

5.2.1 Typical Tool Layouts

The tool layout for a given job is the predetermined order of machining operations to be performed to produce
it. An efficient tool layout produces accurate parts as per the requirements, at the most economical cost. The
tool layout is generally influenced by the nature of the job, the condition of the raw materials whether casting,
forging or bar stock, the amount of stock to be removed and the number of pieces to be produced.

It is very important that the planner should fully understand the capability of the turret lathe and the
available tooling, to reduce the total machining time. Very careful consideration is to be given for planning
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the best tool layout. A few rules that one should consider while planning the operations on turret lathes is
given below:

1. For small batches use the standard tooling as far as possible and make the layout simple.

2. Cuts should be combined as far as possible. For example a tool from the hexagonal turret along with
another from the square tool post on the cross slide can cut simultaneously. It would also be desirable
to increase the number of tools operating simultaneously.

3. Similarly it is also necessary the handling operations be combined with the cutting operations such
that total cycle time is reduced.

4. The planning for the finishing operations must be done till the end of the cycle. In between, there
is a possibility of spoiling the finished surface. Also the combination of rough and finish operations
in the same cycle should be done only when there is no detrimental effect on the quality of surface
produced.

5. When multiple cutting tools are cutting at the same time, they should be so arranged that the cutting
forces by the different tools get balanced.

6. If a given surface is achieved in a number of cuts, a finishing cut with a single tool is desirable in the
interest of quality.

7. When concentricity is desired between two or more surfaces, all such surfaces should be machined in
single setting only.

8. Contoured form surfaces are better obtained in two cuts rather than in single cut as far as possible.

9. While doing any heavy operation such as threading, care has to be taken to consider the rigidity of
the work piece. Do not carry out any operation in the early stages, which reduces the rigidity of the
component. Examples are deep grooves or large bores.

10. It is desirable to use centre drill before final drilling in case of small size drills. This would give rise
to better drill axis location and smooth drilling.

11. Cored holes should normally be expanded and finished by boring and not by drilling.

12. In the case of stepped holes, make the large size hole first and follow with the small hole later. This
would help in reducing the total drill travel and also reduce the machining time. The small drill would
also not have to travel a long distance, which is always difficult.

13. To drill very long holes (e.g. length > 3 diameter) special care has to be taken. For example frequent
withdrawal of the tool from the hole for flushing chips lodged in the flutes with cutting fluid is
necessary in deep hole drilling, which is termed as peck drilling.

Some typical tool layouts are shown in Fig. 5.6 to 5.8 to get an idea about the range of capability and

productivity that can be obtained with the turret lathes.

Fig. 5.6 shows the tool layout and machining plan for a cast iron V-belt pulley. The casting is held in the
capstan lathe by means of a standard 3-jaw chuck. A total of 10 operations are required to complete the job.
The operational sequence and the type of tools required are shown in Fig. 5.6 which is self-explanatory.
Generally the roughing operations are completed before doing the finishing to size for accuracy consider-
ations.

Fig. 5.7 shows the tool layout for the closing sleeve of a collet chuck. The component is made of alloy
steel. The sequence of operations is as follows:

1. Drill 45 mm diameter hole

(a) Rough form 16 mm groove from the cross slide tool

2. (a) Rough bore 58.74 mm diameter

(b) Rough turn 90.5 mm outside diameter
3. Rough bore 74.6 mm diameter
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Chamfer hole

5. Rough groove

(
Rough bore hole —»&“
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Adjustable
E==—— back stop

3. Rough face flange and hub
Q\\4. Rough turn
10. Finish groove

he

7. Fin. face flange and hub
8. Fin. turn

1 Semi-finish bore hole Ream hole

Fic. 5.6 Tooling layout of cast iron V-belt pulley casting

4. Finish and chamfer the end face
5. Rough form 16 mm and 7 mm radii and also form 0.8 mm radius
6. (a) Finish bore 58.74 mm and 74.60 mm diameter
(b) Finish turn 90.5 mm outside diameter
(¢) Form 0.8 mm radius on 58.74 mm diameter
7. Finish form 16 mm groove
8. Chamfer corners of 16 mm groove
9. Finish profile to form 16 mm and 7 mm radii
Figure 5.8 shows a brass pipe bend casting being machined in a turret lathe. The part is held in a pneumatic
chuck fitted with a setting block and balance weight in view of the odd shape of the part. The operational
sequence is as follows:
1. Load the casting using a loading bar
2. Turn thread diameter ‘A’ using a tool in the knee turning tool
3. (a) Taper bore ‘B’ using taper boring reamer
(b) Face end ‘C’ and chamfer ‘D’ using a facing and chamfering form tool in the holder
4. Cut the external threads on ‘A’ using a die head and automatic cam operated elevating holder
5. Finish turn taper ‘B’ using a single point turning tool
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(a) Part

(b) Tool layout
Fic. 5.7 Tooling layout of closing sleeve of a collet chuck made of steel
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Fic. 5.8 Tooling layout of brass pipe bend casting
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5.3 AUTOMATIC LATHES

The term automatic is somewhat loosely applied, but is normally restricted to those machine tools capable of
producing identical pieces without the attention of an operator after each piece is completed. Thus after set-
ting up and providing an initial supply of material, further attention beyond replenishing the material supply
is not required, until the dimensions of the work pieces change owing to tool wear.

All operations in machining a work piece on a metal cutting machine tool are classified as processing
and handling operations. Processing operations are those in which the actual cutting process or chip removal
takes place. The rest are handling operations and include loading and clamping the work, advancing and
withdrawing the cutting tools, releasing and unloading the work, checking the size of the work, etc.

In up-to-date machine tools, the processing operations are performed by the operative mechanisms of the
machine tool. Handling operations are performed in various ways in different machine tools. A part or even
all of the handling operations are performed in certain cases by corresponding mechanisms. The operators of
other types of machine tools perform the handling operations themselves.

The faster the working and handling operations are performed in a machine tool, the less time will be
required to produce a work piece and more work pieces can be produced in the same period of time by a given
machine tool, i.e. higher is the productivity of the machine tool. If more handling operations are performed
by the machine tool without the participation of the operator, he will spend less time on attending the given
machine tool, and can handle other machine tools at the same time.

Highly automated machine tools especially of the lathe family are ordinarily classified as automatics and
semi-automatics.

Automatics as their name implies are machine tools with a fully automatic work cycle.

Semi-automatics are machine tools in which the actual machining operations are performed automatically
in the same manner as on automatics. In this case however, the operator loads the blank into the machine,
starts the machine, checks the work size and removes the completed piece by hand.

5.3.1 Classification

The automatic lathes may be classified based on their

e size
type of blank machined
processing capacity (operations performed)
machining accuracy obtained
principle of operation design features
number of spindles and work positions

e type

A typical classification of the automatic lathes is given in Fig. 5.9. In accordance with the arrangement of
the spindles, they are called horizontal or vertical.

The vertical machines are more rigid and more powerful than the horizontal models and are designed for
machining large diameter work of comparatively short length. Vertical machines occupy less floor space in
the shop but require higher bays than horizontal machines.

Automatic bar machines are designed for producing work pieces of bar or pipe stock while magazine
loaded automatic lathes process work from accurate separate blanks.
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Automatic lathes

Horizontal spindle
Vertical spindle

Semi-automatics

Single spindle Multiple spindle

Centre  Chucking  Turret Special Centre  Chucking  Turret Special

type type type type type type
Automatics
|
Single spindle Multiple spindle
1
Cutting  Swiss Automatic  Special Cutting  Drilling, forming,  Bar Special
off type screw type type off bar cutting off bar type

Fic. 5.9 Classification of automatic lathes

Chucking machines are employed for machining separate blanks (hammer or die forgings, castings or
pieces of previously cut-off bar or pipe stock).

Automatic bar machines are employed for the manufacture of high quality fastenings (screws, nuts
and studs), bushings, shafts, rings, rollers, handles, and other parts usually made of bar or pipe stock. The
machining accuracy obtained by these automated machines depends on the type of machine and cutting tool
employed.

Multiple spindle machines may have two to eight spindles. Their production capacity is higher than that of
single spindle machines but their machining accuracy is somewhat lower. The rate of production of a multiple
spindle automatic is less than that of the corresponding number of single spindle automatic machines. The
production capacity of a four spindle machine, for example may be about 2 ' to 3 times more than that of a
single spindle machine.

The typical operations carried out on automatic lathes are:

e centring
turning cylindrical, tapered and formed surfaces
drilling
boring
reaming
spot facing
knurling
thread cutting
facing
cutting off

MT4e-V2_05.ndd 12 @ 7/10/2018  4:20:10 PM



Special Purpose lathes 5.13

5.3.2 Cutting off Machines

They can produce short work pieces of simple form by means of cross feeding tools. These automatics are
simple in design. The headstock with the spindle is mounted on the bed. Two cross slides are located on the
bed at the front end of the spindle as shown in Fig. 5.10. Cams on a cam shaft actuate the working movements
of the cross slides through a system of levers.

l Rear
lid
Headstock cross siide

- [H——" stockstop
CT

Front
cross

slide

- ‘
1
|

FiG. 5.10 Typical arrangement of tool slide in a cutting-off type automat

Typical machining sequence of a cutting-off machine comprises of the following sequence:
1. Stock stop advances to the working position
Stock is fed till it meets the stock stop
Stock is chucked
Stock stop is withdrawn
Rapid approach of the tool slides
Working feed of the tool slides
Rapid return of the tool slides
. Release of the stock
Depending upon the requirement some of these operations are carried out simultaneously. Setting up of
these machines is a simple procedure with very little adjustment and resetting.

N LA WD

5.3.3 Swiss Type Automatics or Sliding Headstock Automatics

These are designed for machining long accurate parts of small diameter (4 to 25 mm). An exclusive feature
of these machines is the longitudinal travel of the headstock or of a quill carrying the rotating work spindle.
The end of the bar, projecting from the chuck, passes through a guide bushing (steady rest) beyond which the
cross feeding tool slides are arranged. A wide variety of formed surfaces may be obtained on the work piece
by co-ordinated alternating or simultaneous travel of the headstock (longitudinal feed) and the cross slide
(approach to the depth of cut). Holes and threads are machined by attachments.

The bar stock used in these machines has to be highly accurate and is first ground on centre less grinding
machines to ensure high accuracy. These consist of two rocker arm tool slides (front and rear) on which the
turning tools are normally clamped. In addition three radial slides are arranged for additional tools.
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Fic. 5.11 Schematic of a Swiss automatic lathe
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5.3.4 Automatic Screw Machines

These are essentially wholly automatic bar type turret lathes. These are very similar to capstan and turret
lathes with reference to tool layout, but all the tool movements are cam controlled such that full automation
in manufacture is achieved. They are designed for machining complex external and internal surfaces on parts
made of bar stock or of separate blanks. Up to ten different cutting tools may be employed at one time in
the tooling of such a screw machine. The tools are clamped in the holes at the positions of the periodically
indexing turret and in the cross slide. The stationary headstock, mounted on the left end of the bed, houses
the spindle, which rotates in either direction. The turret slide is arranged at the right end of the bed and
carries the turret having six tool holes. Two cross slides (front and rear) are provided for cross feeding tools.
A vertical slide attachment that provides an additional (third) cross slide may be employed. It is installed
above the work spindle. All movements of the machine units are actuated by cams mounted on the cam shaft.
Since these are fully automated, an operator can take care of more than two single spindle screw cutting or
also called as bar automatic lathes, unlike a turret lathe for which an operator is required for each machine
tool.

5.3.5 Multiple Spindle Automatics

In these machines there is more than one spindle where the work piece can be mounted. As a result, more than
one work piece can be machined simultaneously in these machines. The number of spindles present could be
four, five, six or eight. Each of the spindles is provided with its own set of tools for operation. The possible
types of multi spindle machines are:

e Parallel action

e Progressive action

In parallel action machines the same operation on each spindle and a work piece is finished in one working
cycle. This means that as many work pieces can be simultaneously machined as there are spindles. Such
machines have a very high rate of production but may be applied for very simple work only, since the whole
machining process takes place at one position.

These are usually automatic cutting off bar type machines as shown in Fig. 5.12 and are used to produce
the same work as single spindle automatic cut off machine.
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FiG. 5.12 Parallel action multi spindle machine tool

In progressive action machines, the blanks clamped in each spindle are machined progressively in station
after station as shown in Fig. 5.13.

As a rule, these machines have a headstock mounted at the left end of the base. It contains the spindle
carrier. Independent side tool slides are provided on both sides of the spindle carrier. The end tool slide,
which accommodates tooling for all of the spindles, travels on the spindle carrier stem.

The spindles of these machines are mounted on a carrier which periodically indexes through a definite
angle. In one revolution of the spindle carrier the number of components produced is equal to the number of
spindles. It is evident then that many complex shapes can be produced by progressive type machines.

=00

)N —==
@) )

Fic. 5.13 Progressive action multi-spindle machine tool

There can also be a parallel progressive machine.
The accuracies that can be achieved using the automatics are given in the following Table 5.2.
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Accuracies achievable in Multi spindle machines

Types and Bar Capacities or Chucking Maximum Out of Maximum Taper Maximum

Capacities, mm Roundness mm per Diameter Variation
Length mm in a Single Lot, mm

Swiss type automatic

3106.5 0.01 0.01 per 50 0.02
6.5t0 10 0.01 0.01 per 50 0.03
16 to 25 0.01 0.02 per 100 0.04
Automatic screw machines

10to 16 0.015 0.02 per 50 0.04
251040 0.015 0.03 per 100 0.05
Single spindle semi-automatic

80 to 100 0.015 0.03 per 100 0.08
120 to 200 0.020 0.03 per 150 0.10
250 to 300 0.030 0.03 per 200 0.15
400 to 500 0.040 0.03 per 250 0.20
Multiple spindle automatic bar machine

25 to 40 0.015 0.03 per 100 0.08
65 to 100 0.020 0.03 per 150 0.10
Multiple spindle semi-automatic chucking

machine 0.015 0.03 per 100 0.10
80 to 100 0.020 0.03 per 150 0.12
120 to 200 0.030 0.03 per 200 0.20
250 to 300 0.040 0.03 per 250 0.25
400 to 500

Work Holding and Feeding

A chucking device must clamp the stock or blank reliably and rotate it with an accuracy that guarantees
finished work of the specified form and size. Most of the time spring collet chucks are generally used with
automats. They are very accurate besides the quick action, which can be achieved by the use of a simple lever.
Typical accuracy of spring collet is

12 mm dia 0.02 to 0.03 per 30 to 35 mm
40 mm dia 0.02 to 0.05 per 100 mm

Movement of the tool slides in case of automatic lathes is controlled by means of cams operated by a cam
shaft which is linked to the main spindle drive. Mostly plate cams are used for this purpose while drum cams
are used in multi-spindle automats. Cam controls the time, length of the tool stroke, as well as feed rate as
illustrated in Fig. 5.14. The cam design has to be individually done for each of the component and is one of
the most crucial parts in the use of automated lathes.

MT4e-V2_05.indd 16 @ 7/10/2018  4:20:11 PM



Special Purpose lathes 5.17

Fic. 5.14 Cam controlling the tool stroke in automatic machine tool

5.4 TOOLING LAYOUT AND CAM DESIGN FOR AUTOMATIC LATHES

The tool layout and cam design for a job constitutes the predetermined plan for the order and method of the
machining operations necessary to produce it. Accuracy and cost of manufacture are largely dependent on
an efficient layout. The following steps are recommended while planning the layout for an automatic lathe.
1. Choose the best available machine taking into consideration the availability as well as price of the
component.
Determine the sequence of operations.
Choose the available standard tooling as far as possible.
Decide on any possible design for special tooling if absolutely necessary.
Based on the machine capability and surface finish desired, decide the cutting process parameters for
each of the tool to be used. In case of heavy jobs, the available spindle power of the machine may be
verified.
Check the movement of each of the tool in conjunction with the work piece for machining.
7. Arrange for any overlap of operations to reduce the total cycle time.
8. Compute the processing time including the idle time and from that the number of revolutions needed
for each operation.
9. Calculate the spacing required on the cam periphery.
10. Draw the tool layout and cam details while verifying all the tool movements and clearances.

whk e

a

5.4.1 Tool Layouts

The making of a knurled screw using a single spindle automatic machine tool is shown in Fig. 5.15. It re-
quires operations like external turning, drilling, threading (tapping), knurling and parting off. The following
is the sequence in which they are carried out.
1. The bar is fed against a stop located in the first turret position.
2. Index the turret and rough turn the large diameter using an overhang turning attachment. At the same
time the drilling of the large hole is done to the full depth using a twist drill located in the second turret
position.
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3. Index the turret and knurl the external diameter using a knurling tool located in the third turret
position.

4. Index the turret and drill the small hole to the full depth using a twist drill located in the fourth turret
position. At the same time the overhang form tool is used to do the chamfering. In the same operation
(1a) turn the external profile using circular form tool located in the front cross slide.

5. Index the turret and cut the external thread using a die located in the fifth turret position.

4)

\%/{\r‘\\w‘

®)

Fic. 5.15 Tooling layout for a knurled screw machining in a single spindle automatic
machine tool
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6. Index the turret and cut the internal thread using a tap located in the fifth turret position. Simultaneously
the component is parted off using the parting tool located in the rear cross slide which is generally
used for parting off.

The cam profiles as used for carrying out the above machining operations are shown schematically in

Fig. 5.16.
0
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—— - —  Forrear cross slide

Fic. 5.16 Cams used for carrying out the operations shown in Fig. 5.15
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5.4.2 Cam Design

To carry out the cam design, it is necessary to consider the operation sequence in great details, to determine
the amount of movement to be provided to each of the tool together with their relative timing to achieve the
necessary part geometry. For this purpose, a few details need to be looked into before the actual cam design.

Tool Travel or Throw

In each instance the distance the tool must travel is finally determined by carefully considering the component
drawing; often a large scale drawing of the component will assist in this direction. Normally an amount
varying between 0.125 to 0.180 mm, sometimes more, is added to the computed figures to provide an
“approach” so that the tool when under control of the cam makes contact free from shock.

Dwell

With a number of operations, the tool is given a dwell so that any spring caused by the cutting forces may
be eliminated and the correct size obtained. Normally stated in revolutions of the machine spindle, the dwell
varies from 3 to 15, depending upon the actual operation.

Overlapping Operations

A problem encountered with the majority of automatic lathe layouts arises when planning is to be done for the
simultaneous use of tools placed in both the cross slide and turret. Much depends upon the characteristics of
the component, but the aim, when considering the overlapping of one or more stages in the production cycle,
is to achieve an increase in the hourly output.

Example Knurled thumb screw shown in Fig. 5.17 is to be produced from a brass rod of 16 mm in diameter.
The analysis of the component gives the following sequence of operations:

Operation Tool Tool position
1. Turn the external dia of M8 Hollow mill Turret
2. Knurl Knurling tool Turret
3. Cut the external threads Threading die Turret
4. Form the head shape Form tool Rear cross slide
5. Parting off Parting off tool front cross slide

For the work material (free cutting brass), a feed rate of 0.15 mm/rev and spindle speed of 2100 rpm has
been selected in view of the small diameter of the component.

Step 1: Calculate the tool travel required for each of the operation.

Hollow milling tool:
Approach 0.4 mm
Cutting (20 — 0.4) 18.6 mm
Total travel 19.0 mm
Knurling tool:
Approach 1.6 mm
Length to knurl 6.0 mm
Over run 1.6 mm
Total travel 9.2 mm
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FiG. 5.17 Machining plan for the knurled thumb screw in a single spindle automatic machine tool
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5.22 Manufacturing Technology—Metal Cutting and Machine Tools

Threading tool:
Approach 7.0 mm
Length of thread 16.0 mm
Total travel 23.0 mm
Forming tool:
Approach 0.25 mm
Cutting 0.5(16 - 8) 4.0 mm
Total travel 4.25 mm
Parting tool:
Approach to cut position 4.25 mm
Cutting 0.5(16 - 8) 4.0 mm
Allowance for trailing angle 1.40 mm
Over run 0.4
Total travel 10.05 mm
Step 2: Convert the tool travel in terms of the number of revolutions of the work piece by deciding on the
feed rate.
Hollow milling tool:

Revolutions =19 + 0.15 = 127

Knurling tool:

Assume a feed rate of 0.50 mm/rev for running on while it is 1.0 mm/rev for running off.
Revolutions running on =9.2 + 0.50 = 19
Revolutions running off =9.2 + 1.00 = 10

Threading (Die) tool:

For M8 thread, pitch = 1.25 mm

Number of threads =16+ 1.25=12.8 = 13

Revolutions = Number of threads + approach = 13 + 5 =18
The threading operation needs to be done at a lower cutting speed compared to the other operations. Hence,
taking a correction ratio of 5, the actual revolutions required is 90

Forming tool:
A feed rate of 0.06 mm/rev is assumed for this operation.
Revolutions of approach =4.25 + 0.06 = 71
Revolutions for dwell = 10
Total revolutions 81

Parting tool:
Assume a feed rate of 0.13 mm/rev for approach while 0.06 mm/rev for cutting.
Revolutions for advancing =4.25 + 0.13 = 33
Revolutions for cutting = 5.8 + 0.06 = 97
Total Revolutions 130

Step 3: Check for any possibility of overlapping operations.
This component allows very limited possibilities and hence no overlapping is possible.

Step 4: Tabulate the above calculations with reference to machine tool requirements. The total number of
revolutions required is 505. A check with the machine manual says that a 21 second cycle has 612 revolutions.
The number of revolutions is therefore corrected to reflect this value in the last column of the table on next

page.
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Tool | Operation Cam Rise | Feed mm Revolutions of Work Spindle
Position LT Pre ) Est. Work | Corrected
Operation | Cutting Cycle Cycle
1 Feed 24 24 29
Index 24 24 24
2 Turn 19 0.15 127 127 127
Index 24 24 24
3 Knurl on 9.2 0.50 19 19 21
Knurl off 9.2 1.00 10 10 12
Clearance
Change speed and index 24 24 24
4 Screw 24 1.25 18 90 92
Change speed and index 24 24 24
5 Form head and dwell 4.25 0.06 81 81 81
6 Part off advance 4.25 0.13 33 33 33
Cutting 5.8 0.06 97 97 97
Clearance and index 24 24 24
Total 529 144 457 612

Step 5: The corrected cycle having calculated along with the cam rises required are located on the type of
cams to be used for each of the slides (turret, front slide and rear slide) to get the actual cam profiles on stan-
dard cam blanks.

SUMMARY

Centre lathe is good for general machining applications in a job shop but is not suitable for production
application.
e Capstan and turret lathes improve productivity by utilising a number of tools simultaneously.
e By controlling the tool travel in sequence, capstan and turret lathes allow for controlling the precise
geometry of the part.
e A number of types of automatic lathes are developed that can be used for large volume manufacture
applications such as single spindle automatics, Swiss type automatics and multi spindle automatics.
e In automatic lathes, the tool motion is controlled by cams for precise geometry control.
e Tool layouts signify the proper sequence of the action of the tools, which can then be converted into
a cam profile that is used for the control of the tool.

5.1 What are the various types of automatic lathes you are familiar with in the multi-spindle category?
Explain their differences and applications. Is the productivity of multi spindle machines higher
compared to single spindle automatic lathe? Explain your answer.
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5.2 Describe with a simple sketch the operation of a Swiss type (sliding headstock) automatic lathe in
terms of operations possible, tools used, method of setting and types of components made on the lathe.

5.3 What are the differences between automatic lathe and capstan lathe? Give an example component
suited for capstan lathe with dimensions.

5.4 What is the classification method that could be used for the different type of automatic lathes used in
the industry? Explain briefly about each of the types in two sentences.

5.5 What is the importance of tool layout in automats? Explain with an example any one type with a
component sketch.

5.6 Briefly explain with neat sketches the types of work holding devices that are commonly employed in
automatic lathes. Specify the limitations of them.

5.7 Describe the method of operation of the Swiss type automatic lathe, with applications and tools used.
What is its speciality?
5.8 List three most commonly employed types of single spindle automatics.
5.9 Sketch four parts suitable for production on a Swiss-type automatic.
5.10 Sketch four parts not suited for production on a single spindle automatic.

5.11 What are the steps of procedure involved in changing over to a new part production on a Swiss-type
auto?

5.12 List the items of specification of a Swiss-type of automatic lathe.

5.13 Name the industry in which the Swiss type of automatic lathes are used.

5.14 How does an automatic cutting- off machine differ from a Swiss type machine?

5.15 List the number of tool locations on the Swiss-type auto.

5.16 State the features of machine construction, which lead to the attainment of high accuracy of the parts.
5.17 What is the accuracy requirement of the bar stock for this machine?

5.18 Give a sketch illustrating the principle of operation of the Swiss-type automatic.

| | Multiple Choice Questions i ]

5.1 Automatic lathes are used (d) When it reaches the end of the work
(a) For automated production piece
(b) In repair shops 5.4 Abox tool is normally used in turret lathes
(c) For single piece production (a) For turning jobs with multiple tools
(d) For small batch production (b) For short turning jobs
5.2 Capstan lathes can be used (c) Long turning jobs since it supports the
(a) For fully automated production work piece to reduce its deflection under
(b) In repair shops cutting force
(c) For single piece production (d) For facing operation
(d) For small batch production 5.5 In an automatic lathe the motion of the tool is
5.3 In a capstan or turret lathe the tool motion is controlled
stopped (a) By cams
(a) By cams mounted on the lead screw (b) By trip dogs
(b) By trip dogs mounted on the feed rod (c) By special mechanism
(c) By special mechanism (d) By motors
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5.6

5.7

5.8

Automatic lathes of cutting-off type are used

only for

(a) Any type of parts

(b) Simple parts produced by cross feeding
tools

(c) Small parts with different contours

(d) Long parts

Swiss type automatic lathes are used only for

(a) Small axi-symmetric parts

(b) Long parts

(c) Simple parts produced by cross feeding
tools

(d) Parts with cross holes

Special feature of the Swiss type automatic
lathe is

Answers to MCQs

5.1
5.6

MT4e-V2_05.indd 25

(a) 52 (d)
(b) 5.7 (a)

5.3 (b)
5.8 (b)

(a) Any type of tool motion is possible

(b) Headstock slides for feeding the tools

(c) Simple parts can be produced by cross
feeding tools

(d) Parts with cross holes can be produced

5.9 In a progressive action type multi-spindle

automatic lathe, the spindles are arranged in

such a way that

(a) Each spindle produces identical parts

(b) Each spindle has different types of tools
and produce different surfaces on the
same part

(¢) Some spindles carry only the parting-off
tool

(d) Some spindles carry only the drill

54 (c)
5.9 (b)

55 (a)
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Reciprocating Machine Tools

Objectives

The reciprocating machine tools utilise single point cutting tools to generate plane surfaces.
After completing this chapter, the reader will be able to

> Understand the operation of a shaper for producing plane surfaces
> Learn the operation of a planer for producing large plane surfaces

> Understand the operation of a slotter for producing slots in vertical axis

6.1 INTRODUCTION

In the previous chapters, discussion was centred on the lathes and the various varieties that are used for
general purpose work as well as mass manufacture. In the lathes the component is rotated while the cutting
tool is axially moved to generate cylindrical surfaces. In the present chapter, the machines which use only
reciprocating motion are discussed. The major machine tools that fall in this class are:

e Shaper

e Planer

e Slotter

The main characteristics of this class of machine tools are that they are simple in construction and as a
result are very economical in initial cost as well as cost of operations.

6.2 SHAPER

The shaper is a relatively slow machine tool with very low metal removal capability. Hence it is replaced by
more versatile milling machine in many shops. This is a low cost machine tool and hence is used for initial
rough machining of the blanks. It is rarely used in production operations.

It uses a single point tool similar to a lathe which is clamped to a tool post mounted to a clapper box which
in turn is mounted to a reciprocating ram as shown in Fig. 6.1. The ram while undertaking the cutting stroke
pushes the cutting tool through the work piece to remove the material. When the ram returns, no cutting takes
place. In between the return and cutting strokes, the table moves in the horizontal direction perpendicular to
the cutting direction, which is termed as the feed direction.
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6.2 Manufacturing Technology—Metal Cutting and Machine Tools

6.2.1 Shaper Construction

The main constructional pieces of a mechanical shaper are:
e The Base

Column

Ram

Tool head (clapper box)

Cross rail

Table

Clapper box Ram

Cutting tool

Work piece Cross rail
i

Table —1 A

| — Column

/

| — Base

Fic. 6.1 Schematic block diagram of a shaper with main parts shown

The Base The base provides the stability for the shaper as it supports all other equipment present as well
as absorbs the forces coming due to the cutting. Generally it is made of grey cast iron and has the necessary
arrangement of bolts so that it can be bolted to the factory floor with proper levelling.

Housing (column) The housing is a box like structure to provide the necessary rigidity and also houses
all the motors and power transmission equipment. On the top of the housing the necessary guideways are
provided for the linear motion of the ram for the cutting stroke.

Ram It is the part of shaper that provides the reciprocating motion for the cutting tool. Ram gets the motion
directly from the quick return mechanism (described later) present in the housing.

Tool head (clapper box) The single point cutting tool is clamped in the tool head as shown in Fig. 6.2.
The tool head has the ability to swivel the cutting tool at any angle while clamping the tool with any overhang
depending upon the requirement. The swivelling ability is important for the tool to machine surfaces that are
not in horizontal plane. Further the tool should be firmly supported during the forward motion to carry out
the material removal. During the return stroke, the cutting tool will not do the cutting and hence will be an
idle stroke. If the tool is held firmly as in the cutting stroke, the tool will rub the already machined work piece
and also the flank surface of the tool will wear out quickly. To reduce this, the tool is lifted during the return
stroke by the clapper box arrangement as shown in Fig. 6.2.
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Clapper box

Tool lifts
on return
stroke

Vise

Worktable
Fic. 6.2 Typical arrangement of work piece and the tool in shaper

Table A heavy table is present at the front end of shaper. Table is provided with T-slots for mounting the
work pieces or work holding fixtures. The table can be moved up and down along the guide ways provided
on the cross rail attached to the housing.

A shaper is generally used for machining flat surfaces in horizontal, vertical and angular directions. It can
also be used for machining convex and concave curved surfaces. The actual surface generated is by means
of the linear motions of the cutting tool. The feed rate and the depth of cut are so arranged that the resultant
surface is a flat surface as shown in Fig. 6.3 schematically.

Because of the nature of the tool geometry, the actual surface generated consists of triangular hills with the
angles that are based on the tool geometry. The feed rate has to be reduced to lower the hill to valley height
and thereby improve the surface finish. This is schematically shown in Fig. 6.4 for different feed rates. It is
also possible to use a broad nosed cutting tool, which has a flat cutting edge parallel to the work piece surface,
to provide a surface that is smoother. This allows for larger feed rates thereby reducing the machining times.
However, these are prone to chatter.
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Cutting
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FiG. 6.3 Generation of a flat surface with a single point tool
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Fic. 6.4 Effect of feed per stroke on the flat surface generated in shaping

6.2.2 Quick Return Motion

The major motions required in a shaper are the reciprocating motion of the cutting tool and the auxiliary
motion. During the forward motion of the tool cutting is performed while during the return stroke the tool will
simply be sliding. Hence it is necessary to reduce the idle time of the machine to make the return stroke faster
compared to the forward motion. This is generally accomplished by means of a quick return mechanism. One
typical mechanism used in shapers is the quick return mechanism as shown in Fig. 6.5(a).
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Crank for
positioning the
ram

— < Ram
N Tool head

Slot of the rocker arm

Pin carried by the bull-gear

Block which slides in the
slot of the rocker arm

Rocker arm

(a) Schematic sketch

}

Cutting
+
0

Velocity

Return

{

[<——Displacement ———>
(b) Velocity diagram

Fic. 6.5 The quick return motion in a crank shaper

The motor drives the bull gear, which carries a pin in a circular motion. The RPM of the bull gear is
controlled by the motor. This pin fits into the slot of the rocker and is free to slide in a straight line path. As
the bull gear rotates, the rocker arm oscillates about its pivot point. The end of the rocker arm is connected
to the ram of the shaper through a link arm. The length of the stroke is changed by changing the radius of the
circle in which the pin on the bull gear rotates. The length of travel should be a little longer than the actual
length of the work piece. This allows sufficient time for the tool block of the clapper box to swing back to
its position for cutting.

The typical velocity profile of the crank mechanism is shown in Fig. 6.5(b). As can be noticed the cutting
speed continuously varies through the entire rotation of the bull gear. Also, the return stroke has higher
velocity while the forward stroke has lower velocity.
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An alternative to the crank mechanism as described above is a geared shaper, where one or two racks
are fixed on the underside of the ram. The rotary motion from the motor is converted by the rack-pinion
arrangement through appropriate belting and idling pulleys. Adjustable dogs on the ram, engage the belt
shifting linkage to move the forward belt onto the fixed pulley for the cutting stroke, replacing it with the
reverse belt for the return stroke.

6.2.3 Mechanical Feed Drive

Automatic feeding of the cutting tool at the end of
the cutting stroke is obtained by moving the feed
screw as shown in Fig. 6.6 through part of a revolu-
tion. The feed screw is engaged by a pawl that sits in
a notched wheel attached to the feed screw. The pawl
operates once for each of the rotation of the bull gear.
During one revolution of the bull gear, the oscillating
motion of the pawl carrier moves the pawl forward
and then back by one or more teeth, depending upon
the feed rate that was set. The oscillating motion is
generally obtained by means of a crank pin arranged
to make one cycle per revolution of the bull gear.
The feed is normally given during the return stroke.
The amount of feed is controlled by the number of
teeth in the notched wheel that are moved during the
return stroke.

Knob
Pin in groove

Pawl

Pawl carrier

Feed screw

Fic. 6.6 Intermittent feeding arrangement in
mechanical shapers

6.2.4 Shaper Specifications

Shapers can be specified by means of a number of
parameters as follows:
e Maximum length of stroke, mm
Maximum table size, length, mm X width, mm X height, mm
Maximum table travel, length, mm X width, mm
Maximum power of the drive motor used in the machine, kW
Range of cutting speeds, strokes/min
Range of feeds, mm/stroke
Maximum weight of the machine
Maximum dimensions of the machine for installation (Floor space)

6.2.5 Types of Shapers

The standard mechanical shaper is described above. In addition to that, there are a few more variations of
shapers that are used in the industry. They are:

Universal shaper It is similar to the mechanical shaper, but has a table that can be tilted about an axis
parallel to the ram ways as well as an axis that is perpendicular to the ram ways.

Draw cut shaper Similar to the mechanical shaper, but built much heavier. The heavier construction
helps it to take much deeper cuts without any chatter thereby increasing the material removal rate. Another
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difference is that the cutting stroke is when the ram moves towards the body rather than the away motion, as
is most common in the mechanical shapers.

Vertical shaper It is similar to a mechanical shaper except the reciprocating axis here is vertical. This is
similar to a slotter (described later) in action and often used interchangeably. The vertical shaper is a much
smaller version of the slotter, and was developed for tool room work. The stroke of the ram is generally
limited below 300 mm. The main difference between the two is that while the slotter only allows for vertical
motion, the vertical shaper has the ability to adjust the ram in the vertical position about 15° from the vertical.
This will help in cutting of proper clearances in tools and dies.

6.2.6 Hydraulic Shaper

The mechanical shaper has the problem of inertia of the main drive components, which require some time
for reversal for every stroke and as a result, a large proportion of time is spent with the tool cutting air. An
alternative drive system can be provided by means of a simple hydraulic circuit to provide the reciprocating
motion shown schematically in Fig. 6.7.

CuEing [ ‘\

Velocity 0

| J

Retumn Displacement
Velocity diagram

Trip dogs y/ Ram

c {o} {o} )

i P
Pilot valve%

~~— Hydraulic or electrical
control lines for operating the

\ 4-way valve
Start, stop and—-. o . |
flow control P \;' _f_t\ 4-way valve

valve R I:—l

Tool head

Cylinder

Piston

Overload
relief
valve

Hydraulic oil

Tank or sump

FiG. 6.7 Schematic representation of the functioning of a hydraulic shaper
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In a hydraulic shaper, the ram is connected to a hydraulic cylinder, which is controlled by means of a
4-way valve. The hydraulic fluid is pumped to the hydraulic cylinder through the 4-way valve. The 4-way
valve is also connected to the sump. 4-way valve controls the direction of high pressure fluid into the cylinder
thereby controlling the direction of motion, either the cutting stroke or return stroke. The flow control valve
controls the flow rate of the hydraulic fluid thereby controlling the speed with which the ram moves.

A finger operated lever serves the purpose of starting and stopping the machine. An adjustable trip dog
operated lever controls the operation of the 4-way valve to control the reversal of the ram.

Advantages of hydraulic shaping

1. Cutting speed remains constant throughout most of the cutting stroke unlike the crank shaper where
the speed changes continuously.

2. Since the power available remains constant throughout, it is possible to utilise the full capacity of the
cutting tool during the cutting stroke.

3. The ram reverses quickly without any shock due to the hydraulic cylinder utilised. The inertia of the
moving parts is relatively small.

4. The range and number of cutting speeds possible are relatively large in hydraulic shaper.

5. More strokes per minute can be achieved by consuming less time for reversal and return strokes.

Disadvantages
1. It is more expensive compared to the mechanical shaper.
2. The stopping point of the cutting stroke in hydraulic shaper can vary depending upon the resistance
offered to cutting by the work material.

6.2.7 Work Holding in Shaping

The work pieces which are small are normally held in a vice fixed to the shaper table. Some other work hold-
ing arrangements such as angle plates, strap clamps and support elements can also be used. Their use depends
upon the work piece shape and the geometry to be generated.

6.2.8 Cutting Tools Used

A large variety of single point cutting tools with various approach and edge geometries can be used in the
shaper. Single point cutting tools similar to the types used in lathe are used in shapers too. The main differ-
ence is that the clearance angle required will have to be properly ground into the tool as there is no adjustment
possible in a shaper’s clapper box arrangement. Both the right hand left hand tools are used in shapers. Since
the cutting speeds used are relatively low, high speed steel is the most widely used cutting tool material for
shaping tools.

The cutting tool in the tool head needs to be rotated to a suitable angle to make it at right angles to the work
piece surface being generated as shown in Fig. 6.8.

6.2.9 Shaping Time and Power Estimation

The stroke of the mechanical shaper should be adjusted in such a way that the tool starts the cutting stroke a
small distance before the work piece and completes the stroke after a further small distance. This distance is
necessary to give sufficient time for the reversal of motion and also the cutting does not take place at a very
low speed, which is the case at the beginning and end of the stroke. The approach distance and over travel
each can be taken as 15 to 25 mm.
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Work

Fic. 6.8 Swivelling of the tool head in shaper to suit the work piece surface

The cutting speed in the case of shaping is the speed of the cutting tool in the forward direction during
actual cutting. In the case of mechanical shaper it is the average speed. Let N be the rotational speed of the
bull gear and L be the length of the stroke. The speed ratio indicates the proportion of time actual cutting is
taking place and is defined as

Time for forward stroke N

The speed ratio, r = —; = =3 (normally)
Time for return stroke N, 2

The value of r for typical mechanisms is about 1.5. This means that the time for completing the stroke is
N
NX(N;+N,)
The cutting speed is the speed of the ram in the cutting direction.
LXN (N, +Ny)
Ny

Time for completing the cutting stroke =

Thus the cutting speed, V' =

The time for completing one stroke, T is
L .
T= — minutes
N

Feed in shaping is the small lateral movement given to the tool in a direction perpendicular to the cutting
speed direction. It is given before the beginning of each cutting stroke. This feed is specified as mm/stroke.

Number of strokes, Sy required for removing one layer of material from the surface of the work piece
depends upon the width of the work piece, /¥ and the feed rate, femployed.
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Number of strokes required, Sy = %

Total machining time = ' X Sy,

— Example 6.1 —

A shaper is operated at 120 cutting strokes per minute and is used to machine a work piece of 250 mm in
length and 120 mm wide. Use a feed of 0.6 mm per stroke and a depth of cut of 6 mm. Calculate the total
machining time to for machining the component. If the forward stroke is completed in 230°, calculate the
percentage of the time when the tool is not contacting the work piece.

Solution Let the approach distance = 25 mm

Length of stroke, L = 250 + 25 =275 mm

Number of strokes required, Sy = 120 _ 200

0.6
The time for completing one stroke, 7 is

215
120

Total machining time = 2.292 x 200 = 458.33 minutes
The forward stroke is during 230°.

T = 2.292 minutes

360 - 230

Percentage of time when tool is not cutting = 360 =36.11%
- ) 4y 275x120x 360 51,65 mymi
e cutting speed, V' = 1000230 & m/min

= Example 6.2 —

A part measuring 250 mm x 100 mm X 40 mm is to be machined using a hydraulic shaper along its wide face
(250 mm x 100 mm). Calculate the machining time taking approach as well as over travel as 20 mm each.
Take cutting speed as 5 m/min, and a machining allowance on either side of plate width is 3 mm and feed is
1 mm/stroke.

Solution Given the approach and over travel distance = 20 mm

Length of stroke, L =20 + 250 + 20 = 290 mm

Width of the plate to be completed =3 + 100 + 3 = 106 mm

Given Feed = 1 mm/stroke

Number of strokes required, Sy = % =106

Cutting speed, v =5 m/min = 5 000 mm/min = 83.3333 mm/s

For calculating time for one stroke, the total distance travelled is twice the stroke length (taking the return
distance). The time for completing one stroke, 7" is

_2x290
83.3333
Total machining time = 6.96 X 106 = 737.76 s = 12.296 minutes

= 6.96 seconds
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Power consumed

In a very simple way the power consumed can be calculated using the following formula.

Power = K x MRR HP

Where MRR = material removal rate in mm?>

— Example 6.3 —

Calculate the power in shaping steel with a hardness of 375 BHN with a depth of cut of 2.8 mm, the cutting
speed 65 m/min and the work diameter is 40 mm. The feed rate used is 0.4 mm/rev.

Solution Material removal rate = ¥ f'd = 1000 x 65 x 2.8 x 0.4 = 72.8 x 10° mm®
Power required = 79 x 72.8 x 10° x 10°® = 5.3 HP

The constant K for calculating the horse power consumed.

Material Hardness Constant K X 10°
BHN Machining Operation
‘ Turning/Shaping Drilling Milling

Aluminium alloys 30-150 12 12 18
Copper alloys 20-80 Ry 37 31 37

80-100 Ry 61 49 61
Cast iron 110-190 49 49 49

190-320 85 79 98
High-temperature alloys 200-360 98 98 122
Nickel alloys 80-360 110 110 128
Steels 85-200 61 49 61

300-375 79 67 73

375-500 98 85 98

500-600 110 98 110
Stainless steel 135-275 73 61 67

300450 73 67 79

6.3 PLANING MACHINE (PLANER)

Planing machine is very similar to the shaper in terms of the surfaces that can be generated. Generally planer
is used for machining large work pieces, which cannot be held in the shaper. In the shaper, the cutting tool
reciprocates during the cutting motion, while in the case of planer the work table reciprocates. Feeding mo-
tion in the planer is given to the cutting tool, which remains stationary during the cutting motion.

A typical planer is shown in Fig. 6.9. The main constructional pieces of a planer are:

e Bed
Table
Column
Cross Rail
Tool head
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Bed The bed of a planer, generally made of cast iron, is large in size and consequently is heavier to sup-
port the heavy machine. Levelling jacks, or pads, are included on the bottom of the bed to provide a means
of levelling it during installation. The bed is a little more than twice the length of the table to provide the full
reciprocating motion for the entire part mounted on the table. Guide ways both 7 and flat as described in
chapter 3 are used depending upon the size of the planer are present along the entire length of the bed.

Column Column

Cross rail Cross ralil

| \'I\ Tool head /‘l” |

Table

Bed

Fic. 6.9 Schematic of a planing machine

Table The table is the platform where the work will be setup for machining. The table supports and recip-
rocates the heavy work pieces during the cutting action. The table moves back and forth on the bed, carrying
the work past the stationary tool. T-slots are provided on the entire length of the table for securely fastening
the work pieces to the table. In addition to the T-slots, a row of holes are provided on the table to accept stop
pins that prevent the movement of the work under the heavy cuts common to the planer. To reverse the table
automatically at the end of each stroke adjustable dogs are provided on the side of the table. Tool feed is
normally adjusted to occur during the return stroke of the work.

Similar to a shaper, the planer also has a quick return mechanism to save on idle time during the return
stroke of the table. However the type of mechanism used is different. The customary return stroke of a planer
is three or four times faster than the cutting stroke. This is normally achieved by the use of DC reversible
motor and an associated pinion and herringbone rack under the table. The herringbone gears equalize the side
thrust which is present when cutting tools are used.

Column On cither side of the bed two heavily ribbed columns are located. Two tool heads can be mounted,
one on each of these columns. Within the columns are the various mechanisms that transmit power to the
upper parts of the machine from the main drive motor.

Cross Rail A cross rail is connected to the two columns to help in accommodating a third tool head. If
necessary an additional tool head can be mounted on the cross rail. The rail can be clamped at any position
on the columns by means of hand or power clamps. The tool heads can be fed manually or more generally
by automatic feeding arrangement with the power coming from the motor and feed gearbox that is housed
within the table.

MT4e-V2_06.ndd 12 @ 7/10/2018  4:20:26 PM



Reciprocating Machine Tools  6.13

Arch
7 Rail Z .
2 head \ C,fgiTS :j ~<—— Column

)
i

i,

TR RERET CCb R RS

\\\\\\\\\\\\\\\\\\ Dl

H 21BN

|

Platen Side head

25 25 25 25

D
Li
1

oo

AN M\

Bed

FiG. 6.10 The construction of a planing machine

Toolhead The tool head in planer is similar in construction to the clapper box of a shaper and is mounted
on the cross rail through a saddle. The tool head can be moved along the cross rail for the feeding action while
the depth of cut can be controlled by moving the tool downwards. The tool head can be tilted for any given
angle cut on the work piece. The tool heads will be provided with counterweights for force equalization and
smooth movement. As shown in Fig. 6.10, it is possible to mount more than one tool head on the cross rail as
well as on the columns on both sides, so that multiple surfaces can be completed simultaneously. This helps
in reducing the total machining time since planing is a relatively slow operation like shaping.

The types of surfaces that are generally produced in planers are:

e Flat surfaces either in the horizontal plane or vertical plane

e Curved surfaces

e Any inclined plane

e Slots, grooves and dovetails

Typical examples of parts machined on a planer include the following: large castings, bases and tables for
different types of machine tools, lathe beds, frames for printing presses, textile machines, forging-hammer
die blocks, large fixtures and moulds, rolling-mill parts, and parts for large hydraulic presses.

The work piece during the machining operation will have to remain fixed to the table. Since heavy cuts
are made in planing, the cutting forces are also large and the work piece should not be shifted due to these
forces. Most of the time complex work pieces will be machined, so the setting up process requires heavy duty
T-bolts, clamps, angle plates, planer jacks, step blocks and stops to cater to the wide variety of geometries
that can be handled.
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The cutting tools used in planers in general are single point cutting tools similar to shapers. However in
view of the heavy cuts taken these normally have large cross section and are more rigid. If the entire tool is
made from high speed steel, it becomes expensive. Tool holders made from less expensive heat-treated steel
may be used to hold the high speed steel bits that are used for actual cutting. Cemented carbides tools can also
be used with planers to get higher material removal rates. The tool geometries are similar to that of the shaper.

Similar to shapers, planers also can be mechanically or hydraulically driven.

6.3.1 Types of Planers

The type of planer that is common and described above is the double housing planer. Some other types of
planers are as follows:

Open Side Planer Open side planer consists of only one vertical column or housing with the cross rail
mounted as a cantilever. The column and the cross rail carry tool heads. This type of machine is suited for
oversize work pieces.

Planer-miller This is a hybrid of a planer and a milling machine (Chapter 7), but is generally considered
as a planer because of the size and construction. The construction is similar to a double housing planer, with
a tool head which is different from the conventional planer tool head with a single point tool. The miller head
holds a tool similar to a shell end mill (described in Chapter 7) driven by its own motor. The main advantage
of this type of tool head is that more power can be provided to the tool so that higher material removal rates
can be achieved.

Pit Planer A pit planer is used for work pieces that are larger than the ones taken by normal planers. In this
the table and the work piece remain stationary while the cutting tool reciprocates across the work surface.
The work piece is either mounted on a stationary table under the rail, or on the factory floor. No clamping of
the work piece is required because of the massive sizes involved. One or two tool heads can be mounted on
the cross rail as required. The tool heads will be travelling along the cross rails driving the cutting tool past
the work surface during operations.

Divided Table Planer (Duplex Table Planner) The planer work in general calls for a lot of time in set-
ting up the work piece because of the massive sizes involved. This type of planer has two work tables, such
that when machining is taking place on one table the other work piece can be set on the other table, thereby
increasing the productivity of the planer. It is also possible to join the two tables together for really large
work pieces.

This would also be useful in situations in gang planing (a situation where a number of parts are to be
machined at the same time) where setup time is generally large because of arranging all these parts in proper
alignment.

Plate Planer (Edge Planer) 1t is a single purpose planer to machine the edges of heavy work pieces
such as armour plates. The work piece is clamped on the bed and remains stationary while the side mounted
carriage supporting the cutting tool is reciprocated along the edge of the work piece. Cutting can take place
during both directions of carriage travel.

6.3.2 Planer Specifications

The geometric dimensions of the planer are identified by the width, height and length in that order. The
width in this case refers to the maximum width of the work that can be planed on the machine, taking some
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margins around the housings. The height refers to the maximum height of the work that can be planed while
the length of a planer refers to the maximum table stroke or to the maximum length of a piece of work that
can be planed on the machine. In addition to these geometric specifications, the rest of the specifications are
similar to that explained for shapers.

6.3.3 Planing Time Estimation

The suggested starting parameters for planning for common work materials are shown in Table 6.2. The time
required to take one cut over a given surface in planing can be calculated based on the length of stroke, width
of the surface to be cut, feed per stroke, cutting speed and table return speed. The approximate time can be
calculated from the formula:

Suggested Starting Speeds and Feeds for Planers

Work Material | HSS Tool
ork Materia .0 ———————————————
‘ Speed, m/min ‘ Feed, mm/Stroke

Aluminium 60-90 3.00

Brass (soft) 45-75 6.30
Bronze (medium) 20-40 1.90
Bronze (hard) 10-20 1.25

Cast iron (soft) 15-25 3.00

Cast iron (hard) 10-15 1.50
Malleable iron 15-30 2.25

Cast steel 10-20 1.25

Steel (soft) 20-30 1.25

Steel (medium) 15-20 1.50

Steel (hard) 5-10 0.90

VAN

c r

Planing time, ¢ = w (L + L + aj

Where /= length of the planer stroke, m
W = width of surface to be cut, mm
f= feed rate, mm/stroke
V', = cutting speed, m/ min
V.. = table return speed, m/ min
a = time for reversal of table, min which is about 0.015 to 0.040 minutes
Due allowance should be made for the approach and over travel distance and side allowance for the width

of machining while calculating the time, similar to those taken while calculating the shaping time. However
their effect on machining time is very small and hence can be neglected.
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== Example 6.4 —

The flat surface of a large cast iron part measuring 2 m X 1 m X 300 mm is to be machined using a planer
along its face (2 m X 1 m). Estimate the machining time taking approach as well as over travel as 20 mm each.
Take cutting speed as 20 m/min, return speed is 40 m/min and a machining allowance on either side of plate
width is 5 mm and feed is | mm/stroke.

Solution Given the approach and over travel distance = 20 mm

Length of stroke, /=20 + 2000 + 20 = 2040 mm = 2.04 m

Width of the plate to be completed =5 + 1000 + 5= 1010 mm

Given Feed, f= 1 mm/stroke

Cutting speed, V., = 20 m/min; ¥, = 40 m/min

Take a = 0.02 minutes

o w il / 1010 ( 2.04 | 2.04
= | —+—+al|= +
Planing time, ¢ ! (V vV a) 1 ( 20 40

c r

+ 0.02) = 174.73 minutes

Neglect the allowances, Planing time, ¢t = 1000 (L + 2z + 0.02) = 170 minutes

1 \20 40
— Example 6.5 —
Estimate the time required to machine a grey cast iron part measuring 6 m long X 1.25 m wide on a double
housing planer. Cutting tools used are made of carbide which can take a cutting speed of 80 m/min and return
speed is 160 m/min. To finish the part it requires two rough cuts with a feed of 1.5 mm/stroke and two finish
cuts with a feed of 0.5 mm/stroke. Assume the time for reversing the table is 0.02 minutes.
Solution Length of stroke, L =6 m

Width of the plate to be completed = 1.25 m = 1250 mm
Roughing Passes:

Given Feed = 1.5 mm/stroke
Cutting speed, v = 80 m/min; Return speed = 160 m/min
Take a = 0.02 minutes

N Wl /
== —+—+
Planing time, ¢ 7 (V % a)

Nz 80 160
Finishing Passes:

_ 112550 ( 6 +L+o.oz) = 110.417 minutes

Given Feed = 0.5 mm/stroke
Cutting speed, v = 80 m/min; Return speed = 160 m/min

Take a = 0.02 minutes

S w1 / 1250 [ 6 6 .
=—|—+—+a|=—"7|—+——+002| =
Planing time, ¢ 7 (Vc v a) 0.5 (80 160 ) 331.25 minutes

Total machining time =2 x 110.417 + 2 x 331.25 = 883.333 minutes = 14.72 hours
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6.4 SLOTTING MACHINE (SLOTTER)

Slotting machine is basically a vertical axis shaper. This is a larger version of the vertical shaper with ram
strokes up to 1800 mm long. Thus the work pieces, which cannot be conveniently held in a shaper, can be
machined in a slotter. Generally keyways, splines, serrations, rectangular grooves and similar shapes are
machined in a slotting machine. The stroke of the ram is smaller in slotting machines than in shapers to
account for the type of the work that is handled in them.

A typical slotter is shown in Fig. 6.11. The main constructional pieces of a slotter are:

e Base

e Table

e Column

e Ram

Base Similar to a shaper and planer the base of the slotter is a heavy structure to support all the weight of
the machine tool and the accompanying cutting forces. Since the cutting force in slotting is directed against
the table, the base of the machine is rigidly built. Precision guide ways are provided on top of the base for
the cross-slide to move.

Table Table is generally a circular one similar to the rotary table of a milling machine. T-slots are cut on
the table to facilitate the fixing of work pieces utilizing various fixturing elements such as T-bolts, clamps,
etc. Tables on slotters can be rotated as well as moved longitudinally or transversely. With such flexibility in
the feed direction, a slotter can cut any type of groove, slot, or keyway.

Column The column of a slotter is a support structure to the cutting tool and its reciprocating motion. It is
also massive and houses the power and drive mechanism used for the reciprocation of the cutting tool.

Ram The ram holds and supports the tool head during the cutting action. Since gravity acts on the ram
during its upward travel, a counterweight is added to equalize the power requirements on the upward and
downward strokes. This will provide a smooth action to the machine. The actual cutting takes place during
the downward motion of the tool. The stroke length can be adjusted suitably depending upon the part.

The types of tools used in slotter are very similar to that of a shaper except that the cutting actually takes
place in the direction of cutting. However in view of the type of surfaces that are possible in the case of
slotter, a large variety of boring bars or single point tools with long shanks are used. A typical component that
is being machined in a slotter is shown in Fig. 6.12.

Ram
Column
Cutting tool
Work piece
Table ——M8M8™— |
I 1
\ // Base
\ /

Fic. 6.11 Schematic of a typical slotting machine
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6.5 COMPARISON OF RECIPROCATING MACHINE TOOLS

As can be seen there are a large number of similarities between the different reciprocating machine tools in
the operation, while there are a number of significant differences which make them suitable for the type of
applications for which they are used. Table 6.3 summarizes these differences.

Comparison of shaper, planer and slotter

1 | Work-Tool motion

2 Construction and
rigidity

3 | Motor Power
required

4  Typical work size
and setup time

5  Number of
surfaces that can be
machined at a time

6 Material removal
rate (MRR)

7 | Tool size

8 Range of speeds
and feeds

‘ Shaper

Tool reciprocates in
horizontal axis and work
feeds in intermittently

Lighter in construction and
less rigid

Relatively less power

Relatively small parts.
Typical work envelope is: 450
X 450 x 600 mm. Quick setup
time.

Only one surface at a time
Low MRR
Regular size similar to lathe

Smaller range and smaller
number of speeds and feeds

‘ Planer

Work reciprocates in
horizontal axis and tool feeds
in intermittently

Heavier in construction and
more rigid

Higher power compared to
shaper

Bigger parts require lengthy
setup time. Typical work
envelope is: 3 X3 X 15 m

Three surfaces can be
machined at a time

High since multiple tools can
work at a time

Bigger size tools that can take
higher depth of cut and feed

Wide range and more number
of speeds and feeds available

Rotary table

Fic. 6.12 Typical component machined in a slotting machine

‘ Slotter

Tool reciprocates in vertical
axis and work feeds in
intermittently

Lighter in construction and
less rigid

Relatively less power

Relatively small parts.
Typical work envelope is:
450 x 450 x 300 mm. Quick
setup time.

Only one surface at a time
Low MRR
Regular size similar to lathe

Smaller range and smaller
number of speeds and feeds
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SUMMARY

Unlike other machines tools, this class of machine tools do not have any rotating spindle, and the material
gets removed by the reciprocating motion of a single point cutting tool. There are three types of machine
tools that are normally found in this category.
e Shaper is by far the simplest type of machine tool in this category.
e Mechanical shapers are the simplest and low cost machine tools used for small size parts for
generating flat surfaces.
e Hydraulic shapers offer better performance.
e Planers are with reciprocating table rather than the tool. As a result large size parts can be machined.
e Slotters are used to cut small grooves generally along the vertical axis similar to the keyways in
shafts.

||| Questions J|

6.1 Explain with a neat sketch the operation and need for a clapper box in a mechanical shaper.
6.2 Give a schematic sketch of a shaper labelling important parts and their functions.
6.3 What are the applications of shaping machines in a typical machine shop?

6.4 Explain the following principal parts of a mechanical shaper.
(a) Ram
(b) Tool post
(¢) Quick return motion

6.5 Give the details of different types of shapers and their applications.

6.6 Give the various details that need to be specified for a shaping machine.

6.7 Describe the operation of the quick return motion in a mechanical shaper.

6.8 How are the tools held in a shaper?

6.9 Describe the methods of holding the work pieces in shapers. Give simple sketches of the same.
6.10 Give a neat sketch of the mechanical feed drive of a horizontal shaper and explain its function.
6.11 Describe with a schematic sketch the operation of a hydraulic shaper.

6.12 Give the advantages of Hydraulic shaper compared to mechanical (crank) shaper.

6.13 Compare the shaper and planer in terms of the operation, and type of work pieces.

6.14 What are the different planing machines used in industrial shops? Explain double housing planer and
plate planer (edge-planing machine).

6.15 What is a planing machine? Explain the principal parts of a planing machine with neat sketches.

6.16 What type of work holding is normally used in planing machines?

6.17 Give the various details that need to be specified for a planing machine.

6.18 Give similarities and differences among shaping and planing machines with respect to constructed
features, applications and working.

6.19 Write a small note on slotting machines.
6.20 Give a neat sketch of a slotter and describe its main parts.
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6.21 Give similarities and differences among shaping, planning and slotting machines with respect to
constructed features, applications and working.

6.22 Give similarities and differences among shaping, and slotting machines with respect to constructed
features, applications and working.

6.23 What is the main difference between a vertical shaper and slotter?

| Problems |

6.1 Calculate the RPM of the bull gear of a mechanical shaper if the cutting speed is 35 m/min with the
stroke length adjusted to 250 mm. Assume the ratio of cutting stroke to idle stroke as 1.5.

[233.333 RPM]

6.2 Calculate the machining time required for shaping a flat surface of 250 mm long and 200 mm wide
on a hydraulic shaper using a cutting speed of 40 m/min and feed of 0.5 mm per stroke. The depth of
cut is 4 mm. Calculate the material removal rate and the power required.

[80 000 mm?>/stroke, 4.88 HP]

6.3 A hydraulic shaper is used for shaping a plane surface of 30 X 250 mm with a cutting speed of 60 m/
min and feed of 0.6 mm per stroke. Calculate the machining time and material removal rate if the
depth of cut is 3 mm. Also calculate the power consumed in the process.

[0.306 minutes, 108 000 mm?*/stroke, 6.588 HP]

6.4 The two faces of a 90° V-block with dimensions of 50 mm each and width 150 mm is to be cut on
a mechanical shaper. Calculate the actual machining time required. Make judicious assumptions if
required and justify them. [145.833 minutes]

6.5 A 60° male dovetail with a dimension of 100 mm and width 50 mm is to be cut on a mechanical
shaper. Calculate the machining time required. Make judicious assumptions if required.

[100 minutes]

6.6 A part measuring 300 mm X 100 mm X 40 mm is to be machined using a hydraulic shaper along its
wide face (300 mm X 100 mm). Calculate the machining time taking approach as well as over travel
as 25 mm each. Take cutting speed as 15 m/min, and a machining allowance on either side of plate
width is 5 mm and feed is 0.4 mm/stroke. [12.83 minutes]

6.7 The flat surface of a large cast iron part measuring 1 m X 0.5 m X 300 mm is to be machined using
a planer along its face (1 m X 0.5 m). Take cutting speed as 20 m/min, return speed as 40 m/min and
feed is | mm/stroke. Neglect the over travel and approach distances in calculating the planing time.
Assume the time for reversing the table is 0.02 minutes. [47.5 minutes]

6.8 Estimate the time required to machine a grey cast iron part measuring 5 m long X 1.50 m wide on
a double housing planer. Cutting tools used are made of carbide which can take a cutting speed of
85 m/min and return speed is 170 m/min. To finish the part it requires two rough cuts with a feed of
1.5 mm/stroke and two finish cuts with a feed of 0.5 mm/stroke. Assume the time for reversing the
table is 0.02 minutes. [14.43 hours]

6.9 A casting made from a class 30 gray iron is to be machined on a planer with a high speed cutting tool.
The feed rate to be used is 0.4 mm/stroke for roughing and 0.15 mm/stroke for finishing. Cutting
speed to be used is 20 m/min and while return speed is 40 m/min. Estimate the machining time if
the surface area to be machined is 2 m long X 1.25 m wide. For finishing two roughing cuts and one
finishing cut is required. Assume the time for reversing the table is 0.02 minutes. [64.93 hours]
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6.10 A shaper is operated at 2 cutting strokes per second and is used to machine a work piece of 150 mm

length at a cutting speed of 0.5 m/s using a feed of 0.4 mm per stroke and a depth of cut of 6 mm.

(a) Calculate the total machining time to produce 800 components each 100 mm in width.

(b) If the forward stroke is over 230°, calculate the percentage of the time when the tool is not
contacting the work piece. State any assumptions made.

[27.78 hours, 36.11%)]

| | Multiple Choice Questions i ]

6.1

6.2

6.3

6.4

6.5
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Which of the following machine tools has

only linear motion for the cutting tool and the

work piece for generating any type of surface?

(a) Lathe machine

(b) Shaper

(c) Milling machine

(d) Grinding machine

In which of the following machines, the

work piece reciprocates while the cutting tool

remains stationary during cutting?

(a) Planer

(b) Shaper

(c) Milling machine

(d) Grinding machine

For generating flat surfaces with large

material removal rates, the following process

is the most economical

(a) Facing

(b) Shaping

(c) End milling

(d) Surface Grinding

One of the advantages of a hydraulic shaper

compared to the mechanical shaper is

(a) Variable cutting speed during the cutting
stroke

(b) Cutting speed remains constant through-
out the cuttings stroke

(c) Higher cutting speed at the start

(d) Higher cutting speed in the end

One of the disadvantages of a hydraulic

shaper compared to the mechanical shaper is

(a) Stopping point of the cutting stroke can
vary depending upon the resistance of-
fered to cutting

(b) Less strokes per minute

6.6

6.7

6.8

6.9

6.10

(c) Power available varies during the cutting
stroke

(d) Cutting speed remains constant through-
out the cuttings stroke

The cutting tool moves in a vertical
reciprocating motion in this machine tool

(a) Shaper

(b) Slotter

(c) Planer

(d) Vertical Lathe

In a planer the reciprocating motion of the

table is obtained by

(a) Slider crank and connecting rod mecha-
nism

(b) Cams and trip dogs

(¢) Rack and pinion with associated belt

(d)

drives and trip dogs
None of the above

In a shaper the reciprocating motion of the

table is obtained by

(a) Slider crank and connecting rod mecha-
nism

(b) Cams and trip dogs

(¢) Rack and pinion with associated belt
drives and trip dogs

(d) None of the above

The best machine tool to cut an internal spine

in steel is

(a) Milling machine

(b) Slotting machine

(c) Lathe

(d) None of the above

In which of the following machines the cut-
ting tool reciprocates while the work piece
remains stationary during cutting?
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(a) Lathe machine 6.13 The standard work table in the following
(b) Shaper machine tool can have rotary motion in
(c) Milling machine addition to the translatory motion
(d) Grinding machine (a) Slotter

6.11 The best machine tool to cut T-slots on a (b) Shaper
large milling machine table is (c) Planer
(a) Slotter (d) Milling machine
(b) Shaper 6.14 The machine tool that has the cutting stroke
(c) Planer (removes material) when the ram moves
(d) Milling machine towards the body is

6.12 More than one tool head can be used in which (a) Universal shaper
of the following machine tools? (b) Draw cut Shaper
(a) Slotter (c¢) Mechanical shaper
(b) Shaper (d) Vertical shaper
(c) Planer

(d) Milling machine

Answers to MCQs

6.1 (b) 6.2 (a) 6.3 (b) 6.4 (b) 6.5 (a)
6.6 (b) 6.7 () 6.8 (a) 6.9 (b) 6.10 (b)
6.11 (c) 6.12 (c) 6.13 (a) 6.14 (b)
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Objectives

Milling is a versatile machine tool that uses a rotating milling cutter while the work piece
reciprocates in contact with the cutting tool. After completing this chapter, the reader will be
able to

> Understand the characteristic features of the milling process

Know the various types of milling machines and their applications

Select the various types of milling cutters based on the application

Understand the different types of milling operations that can be done in the milling machines
Select the type of work holding device to be used for a given part surface

Understand different types of indexing possibilities for parts

vV VWV VvV WV VvV Vv

Understand the mechanics of milling operations to appreciate the effect of different process
variables on the performance

v

Calculate the machining time and power based on the material properties

> Setup special operations in the milling machine for specific types of surfaces

7.1 INTRODUCTION

After the class of lathes, milling machines are the most
widely used machine tools for manufacturing applica-
tions. In milling, the work piece is fed into a rotating
milling cutter, which is a multi-point tool as shown
schematically in Fig. 7.1. It is unlike a lathe, which uses
a single point cutting tool. The tool used in milling is
called milling cutter. Machined

The milling process is characterised by: surface

% Cutter axis of rotation

Work
Interrupted cutting Each of the cutting edges piece
removes material for only part of the rotation of the
milling cutter. As a result, the cutting edge has time to
cool before it removes material again. Thus the milling
operation is much cooler compared to the turning operations seen earlier. This allows for much larger material
rates.

Peripheral milling
Fic. 7.1 Schematic of milling operation
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7.2 Manufacturing Technology—Metal Cutting and Machine Tools

Small size of chips Though the size of the chips is small, in view of the multiple cutting edges in contact,
a large amount of material is removed and as a result the component is generally completed in a single pass

unlike the

turning process which requires a large number of cuts for finishing.

Variation in chip thickness This contributes to the non-steady state cyclic conditions of varying cutting
forces during the contact of the cutting edge with the chip thickness varying from zero to maximum size or
vice versa. This cyclic variation of the force can excite any of the natural frequencies of the machine tool
system and would be harmful to the tool life and surface finish generated.

This is
shops and

one of the most versatile machine tools. It is adaptable for quantity production as well as in job
tool rooms. Versatility of milling is because of the large variety of accessories and tools available

with the milling machines. Typical tolerance expected from the process is about = 0.050 mm.

7.2 TYPES OF MILLING MACHINES

To satisfy

the variety of requirements as mentioned above, milling machines come in a number of combina-

tions , sizes and varieties. In view of the large material removal rates the milling machines come with a very
rigid spindle and large power. The varieties of milling machines available are:

(a) Knee and Column type

Horizontal
Vertical
Universal
Turret type

These are the general purpose milling machines, which have a high degree of flexibility and employed
for all types of works including batch manufacturing. A large variety of attachments to improve the
flexibility are available for this class of milling machines.

(b) Production (Bed) type

Simplex
Duplex
Triplex

These machines are generally meant for regular production involving large batch sizes. The flexibility
is relatively less in these machines that suits productivity enhancement.

(c¢) Plano millers
These machines are used only for very large work pieces involving table travels in meters.

(d) Special type

Rotary table

Drum type

Copy milling (Die sinking machines)
Key way milling machines

Spline shaft milling machines

These machines are special class to provide special facilities to suit specific applications that are not
catered by the other classes of milling machines.

7.2.1

Knee and Column Milling Machine

The knee and column type is the most commonly used machine in view of its flexibility and easier setup. The
typical machine construction is shown schematically in Fig. 7.2 for the horizontal axis. The knee houses the
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FiG. 7.2 Horizontal Knee and column type milling machine

Spindle

Table
| |

feed mechanism and mounts the saddle and table. The table basically has the T-slots running along the X-axis
for the purpose of work holding. Table moves along the X-axis on the saddle while the saddle moves along
the Y-axis on the guide ways provided on the knee. The feed is provided either manually with a hand wheel
or connected for automatic feed by the lead screw, which in turn is coupled to the main spindle drive. The
knee can move up and down (Z-axis) on a dovetail provided on the column.

The massive column at the back of the machine houses all the power train, including the motor and the
spindle gearbox. The power for feeding the table lead screw is taken from the main motor through a separate
feed gear box. Sometimes it is possible that a separate feed motor is provided for the feed gearbox as well.

While the longitudinal and traverse motions are provided automatically, the raising of the knee is generally
made manually.

The spindle is located at the top end of the column. Arbour used to mount the milling cutters is mounted in
the spindle and is provided with a support on the other end to take care of the heavy cutting forces by means
of an over-arm with bearing. As shown in Fig. 7.2 the over arm extends from the column with a rigid design.
The spindle nose has the standard Morse taper, the size of which depends upon the machine size.

The milling cutters are mounted on the arbour at any desired position, the rest of the length being filled
by standard hardened collars of varying widths to fix the position of the cutter. The arbour is clamped in the
spindle with the help of a draw bar and then fixed with nuts.

Milling machines are generally specified based on the following:

e Size of the table, which specifies the actual working area on the table and relates to the maximum size

of the work piece that can be accommodated.

e Amount of table travel, which gives the maximum axis movement that is possible.

e Horse power of the spindle, which actually specifies the power of the spindle motor used. Smaller

machines may come with 1 to 3 hp while the production machines may vary from 10 to 50 hp.

Another type of knee and column milling machine is the vertical axis type (Fig. 7.3). Most of the
construction is very similar to the horizontal axis type except the spindle type and location. The spindle is
located in the vertical direction and is suitable for using the shank mounted milling cutters such as end mills.
In view of the location of the tool, the setting up of the work piece and observing the machining operation is
more convenient.

The vertical axis milling machine is more flexible (Fig. 7.4) and suitable for machining complex cavities
such as in die cavities in tool rooms. Also the vertical head is provided with swivelling facility in horizontal
direction whereby the cutter axis can be swivelled. This is useful for tool rooms where more complex milling
operations are carried out.
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Spindle

Head — |

Movement of —
the head

Spindle nose

T-slots for clamping

Saddle

Column

Accurate screw
for moving table

Knee

(

Fic. 7.3 Vertical Knee and column type milling machine

The universal machine has the table, which can
be swivelled in horizontal plane about 45° to either
the left or right. This makes the universal machine
suitable for milling spur and helical gears, as well
as worm gears and cams.

7.2.2 Bed Type Milling Machine

In production milling machines it is desirable to
increase the metal removal rates. If it is done on
conventional machines by increasing the depth
of cut, chatter is likely to result. Hence another

i
7 %

FiG. 7.4 Some of the Milling Operations normally
carried out on vertical axis machines

variety of milling machines named as the bed type machines, which are made more rugged and consequently
are capable of removing more material. The ruggedness is obtained as a consequence of the reduction in the
versatility. The table in the case of bed type machines is directly mounted on the bed and is provided with

only the longitudinal motion.

The spindle will be moving along with the column to provide the cutting action. Simplex machines
(Fig. 7.5) are the ones with only one spindle head while the duplex machines have two spindles (Fig. 7.6).
The two spindles are located on either side of a heavy work piece and normally remove material from both

sides simultaneously.
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Fic. 7.5 Simplex bed type milling machine
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(a) Top view (b) Side view
Fic. 7.6 Duplex bed type milling machine

7.3 MILLING CUTTERS

There are a large variety of milling cutters available to suit specific requirements. The versatility of the
milling machine is contributed to a great extent by the variety of milling cutters that are available.
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7.3.1 Types
Milling cutters are classified into various types based on a variety of methods.

Based on construction
e Solid
e Inserted tooth type

Based on mounting
e Arbour mounted
e Shank mounted
e Nose mounted

Base on rotation
e Right hand rotation (Counter clockwise)
e Left hand rotation (Clockwise)

Based on helix

e Right hand helix

e Left hand helix

Milling cutters are generally made of high speed steel or cemented carbides. The cemented carbide cutters
can be with brazed tip variety or more commonly with indexable tips. The indexable variety is more common
since it is normally less expensive to replace the worn out cutting edges than to regrind them.

Plain Milling Cutters

These are also called slab milling cutters and are basically cylindrical with the cutting teeth on the periphery
as shown in Fig. 7.7(a). These are generally used for machining flat surfaces.

(@

(b) Slab milling cutter (c) Slitting saw

(d) Side and face cutter (e) Two side and face cutter (f) Staggered tooth cutter (g) Side and face cutter

Fic. 7.7 Arbor mounted milling cutters general purpose
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Light duty slab milling cutters generally have a face width, which is small of the order of 25 mm. They
generally have straight teeth and large number of teeth.

The heavy duty slab milling cutters come with smaller number of teeth to allow for more chip space. This
allows taking deeper cuts and consequently high material removal rates.

Helical milling cutters have a very small number of teeth but a large helix angle. This type of cutter cuts
with a shearing action, which can produce a very fine finish. The large helix angle allows the cutter to absorb
most of the end load and therefore the cutter enters and leaves the work piece very smoothly.

Side and Face Milling Cutters

These have the cutting edges not only on the face like the slab milling cutters, but also on both the sides. As a
result, these cutters become more versatile since they can be used for side milling as well as for slot milling.
Staggered tooth side milling cutters are a variation where the teeth are arranged in alternate helix pattern.
This type is generally used for milling deep slots, since the staggering of teeth provides greater chip space.
Another variation of the side and face cutter is the half side milling cutter, which has the cutting edge only on
one side. This arrangement will allow a positive rake angle and will be useful for machining on only one side.
These have much smoother cutting action and long tool life. The power consumed is also less for these cutters.

Slitting Saws

The other common form of milling cutters in the arbour mounted category is the slitting saw. This is very
similar to a saw blade in appearance as well as function. Most of these have teeth around the circumference
while some have side teeth as well. The thickness of these cutters is generally very small and is used for
cutting off operation or for deep slots.

Special Form Cutters

In addition to the general type of milling cutters described above, there are a large number of special form
milling cutters available, which are used for machining specific profiles.

<

(a) Angle milling cutter (b) Angle milling cutter

(d) Form relieved circular cutter (e) Form relieved circular cutter (f) Woodruff key cutter

Fic. 7.8 Arbor mounted milling cutters special forms
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Angular milling cutters are made in single or double angle cutters for milling any angle such as 30, 45 or 60°.

Form relieved cutters are made of various shapes such as circular, corner rounding, convex or concave shapes.

T-slot milling cutters are used for milling T-slots such as those in the milling machine table. The central
slot is to be milled first using an end mill before using the T-slot milling cutter.

Woodruff key seat milling cutters as the name suggests are used for milling Woodruff key seats.

Some other special form cutters are:

e Dovetail milling cutters

e Gear milling cutters

End Mills

These are shank mounted as shown in Fig. 7.9 and are generally used in vertical axis milling machines. They
are used for milling slots, key ways and pockets where other type of milling cutters cannot be used. A depth
of cut of almost half the diameter can be taken with the end mills.

Length overall ———

Length of cut

{

Dia of shankH—-—-—- — - Dia of cut

+ f 7
(a) Four flute end mill |

(e) End mill used for making a slot

N

! -

A
Shankdia 4— — — (— - Dia
¥
A (f) End mil
T (d) Ball end mill Two flute
(g) Slot drill

Fic. 7.9 Shank mounted milling cutters, various types of end mills

The end mills have the cutting edge running through the length of the cutting portion as well as on the
face radially upto a certain length. The helix angle of the cutting edge promotes smooth and efficient cutting
even at high cutting speeds and feed rates. High cutting speeds are generally recommended for this type of
milling cutters.
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There are a large variety of end mills. One of the distinctions is based on the method of holding, i.e. the
end mill shank can be straight or tapered. The straight shank is used on end mills of small size and held in
the milling machine spindle with the help of a suitable collet. The tapered shank can be directly mounted in
the spindle with the help of the self holding taper. If the taper is small compared to the spindle taper, then an
adopter accommodating both the tapers is used.

The end teeth of the end mills may be terminated at a distance from the cutter centre or may proceed till
the centre. Those with the cutting edge upto the centre are called slot drills or end cutting end mills since they
have the ability to cut into the solid material. The other type of end mills, which have a larger number of teeth,
cannot cut into solid material and hence require a pilot hole drilled before a pocket is machined.

The cutting edge along the side of an end mill is generally straight and some times can be tapered by
grinding on a tool and cutter grinder such that the draft required for mould and die cavities can be automatically
generated. Further the end face can be square with the side as in the normal case or a ball end shape to be used
for milling three dimensional contours such as in die cavities. It can also have a rounded corner for milling

special round edged pockets as shown in Fig. 7.10.

A=<—

N7 |
/- -

End mill

WnNe
VD

FiG. 7.10 End milling using a corner radius

Large size end mills are called shell end mills, which do not have any shank and can be mounted with
the help of a central hole. Consequently these can be used in horizontal axis as well as vertical axis milling
machines. These will be mounted with the help of a stub arbor on to the spindle as shown in Fig. 7.9.
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(a) T-slot cutter (b) Dove tail cutter

Fic. 7.11  Special milling cutters for specific applications

Face milling cutters (Fig. 7.12) are used for machining large, flat surfaces. They have the cutting edges on
the face and periphery. It is generally mounted directly on the nose of the spindle with the entire face free for
machining. The teeth on the face do most of the machining while those on the side are used for cleaning the
surface. These are generally made of carbide insert variety in view of the large material removal involved,
though high speed steel types are also used.

dimension

Radial
dimension
(a) Peripheral milling (b) Face milling

FiG. 7.12 Generating plane surfaces in Milling using face milling
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In connection with the milling cutter designation the following terms are often used.

Hand of cut This refers to the direction in which the cutter is rotated. When viewed towards the spindle,
if the cutter moves counter clockwise it is called right hand rotation while the opposite is called the left hand
rotation.

Hand of helix In case of helical milling cutters, when viewed from the end if the flutes move in a clock-
wise direction it is called the right hand helix while the opposite is called the left hand helix. The axial cutting
force direction depends upon the hand of the helix. If two milling cutters of different helices are arranged side
by side in a gang milling operation, the net axial force can be reduced to zero depending upon the cut taken
by each of the milling cutters.

While selecting a milling cutter for a given application the following points should be considered.
Use standard tools whenever possible.
Use a short overhang from the spindle and largest possible mounting type.
Select a cutter diameter 30% larger than the width of cut (face milling).
Use a close pitch cutter as first choice.
Use a coarse pitch cutter for long overhangs and unstable conditions.
Use an extra close pitch cutter for short chipping materials and small radial depths of cut.

The slab milling cutter can have cutting teeth, which can be straight and parallel to the axis of rotation.
Alternatively they can be at an angle to the axis along a helix as shown in Fig. 7.13.

Radial rake angle

Y X
-

\

(a) Straight teeth

f

Wanl

|<«— Clearance angle

Helix angle

) /"— ~ Radial rake angle

Y

J f

Clearance angle

— ”,

(b) Helical teeth

FiG. 7.13  Slab milling cutter, straight and helical

The straight teeth as shown in Fig. 7.13(a) will always have one tooth in contact with the work piece.
When the cutting starts, the chip thickness is maximum, which gradually reduces to zero, before the next
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tooth comes into contact with the work piece. As a result, the cutting force rises to maximum value and then
rapidly drops to zero before rising again as shown in Fig. 7.14(a) schematically. This force variation gives
rise to impact loads on the milling cutter and may induce vibrations. In the case of the helical milling cutter
each tooth is longer than the straight tooth. As a result, at any given time more than one tooth will be in
contact with the work piece each having a different chip thickness. As a result, the cutting force variation will
be steadier as shown in Fig. 7.14(b).

N -

o

Helix angle = 0

(a)

Leading edge N Trailing edge

’ Force variation
Helix angle # 0

(b)

Fic. 7.14 Slab milling cutter, effect of helix angle
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7.3.2 Up and Down milling

Based on the directions of movement of the milling cutter and the feeding direction of the work piece, there
are two possible types of milling:

e Up milling (conventional milling)

e Down milling (Climb milling)

Up Milling
In up milling the cutting tool rotates in the opposite direction to the table movement. In the conventional
or up milling, the chip starts at zero thickness and gradually increases to the maximum size as shown in

Fig. 7.15(a). This tends to lift the work piece from the table. There is a possibility that the cutting tool will
rub the work piece before starting the removal. However, this process is inherently safe.
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Fic. 7.15 Up Milling and Down milling

The initial rubbing of the cutting edge during the start of the cut in up milling tends to dull the cutting edge
and consequently have lower tool life. Also since the cutter tends to cut and slide alternatively, the surface
generated is left with the machining marks.

Down Milling (Climb Milling)

In down milling the cutting tool rotates in the same direction as that of the table movement. In the climb
or down milling, the chip starts at maximum thickness and goes to zero thickness gradually as shown in
Fig. 7.15(b). This is suitable for obtaining fine finish on the work piece. The cutting force will act downwards
and as such would keep the work piece firmly in the work holding device. This is good for thin and frail work
pieces.

In this case the cutting force direction as well as the lead screw motion being in the same direction, there is
a possibility that the backlash present in the table lead screw will interfere with the actual motion of the table
by making it jerky. Sometimes it is possible that the work may be pulled into the cutter, which may result in
a broken milling cutter or damaged work piece. This may some times be dangerous to the machine tool as
well. Also the chip starts with maximum thickness and this gives a large force, which will have to be taken
care by rigid lead screw for table feeding.

In down milling, though the cut starts with a full chip thickness, the cut gradually reduces to zero.
This helps in eliminating the feed marks present in the case of up milling and consequently better surface
finish. Climb milling also allows greater feeds per tooth and longer cutting life between regrinds than the
conventional milling.

Advantages

1. Suited for machine thin and hard-to-hold parts since the work piece is forced against the table or
holding device by the cutter.

Work need not be clamped as tightly.

Consistent parallelism and size may be maintained, particularly on thin parts.

It may be used where breakout at the edge of the work piece could not be tolerated.

It requires upto 20% less power to cut by this method.

It may be used when cutting off stock or when milling deep, thin slots.

Sk W
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Disadvantages

1. It cannot be used unless the machine has a backlash eliminator and the table jibs have been tightened.
2. It cannot be used for machining castings or hot rolled steel, since the hard outer scale will damage the
cutter.

7.4 MILLING OPERATIONS
7.4.1 Work Holding

Milling machine table comes with precision parallel T-slots along the longitudinal axis. The work piece there-
fore can be mounted directly on the table using these T-slots. Alternatively a variety of work holding devices
can be used for holding the work piece, depending upon the type of work piece and the type of milling to be
done.

Vice is the most common form of work holding device used for holding small and regular work pieces.
The vice is mounted on the table using the T-slots. A variety of vice jaws are available to suit different work
piece geometries.

Universal chuck is used for holding round work pieces for machining of end slots, splines, etc.

Fixtures are the most common form of work holding devices used in production milling operations. These
become almost a necessity to reduce the setup time and increase the locational accuracy and repeatability.

Clamps For large and irregular work pieces, clamps in a variety of shapes are available as shown in
Fig. 7.16. These clamps can be applied in a variety of ways. Some of the methods are shown in Fig. 7.17.
However, care has to be taken while the clamps are used for work holding. The work piece should not be
shifted under the action of the cutting forces. Also the clamping force should not be too high such that the
distortion of work piece takes place.

/ Thin work piece

Y
Work [ |
) Step block
N00000000000000 Y-block
A Mill
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\ AW ( G

\ [
Parallel strips

(a) (b)

LIS

Gooseneck clamp

T-bolt Clamp

't

Finger clamp
(double end) Finger clamp U-clamp
(single end)

Fic. 7.16 Common work holding methods in Milling
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Fic. 7.17 Work holding principles in Milling

7.4.2 Milling Setups

Depending upon the situation, a large variety of milling methods have been developed in view of its versatility.
These methods are more of a convention followed on the shop floor, rather than following any other scientific
basis. The methods are-

String Milling

In this method small work pieces which are to be milled are fed into the milling cutter one after the other. In
other words a number of the work pieces will be kept on the machine table in a line, hence are called ‘string
milling’ or ‘line milling’. The main advantage is that if individual work pieces are milled, the milling cutter
will have to keep the approach distance, which is substantial. By having a number of work pieces kept in line
the approach distance will be only at the beginning and end of the line, thus considerably saving the machine
time.

Abreast or Reciprocal Milling

This is an operation done with special milling fixtures, which have a capability for indexing 180°. While one
component is being machined at position 1, at the second position, which is at 180° to the first one, the second
component will be loaded. When the machining is completed at location one, the fixtures indexes bring the
already clamped component ready for machining. In this case the machine need not remain idle during the
unloading, loading and setup of the blank for machining.

Rotary or Circular Milling

Rotary milling takes the reciprocal milling to a greater length. A number of fixtures depending upon their
size are located on a rotary table such that a number of work pieces can be loaded simultaneously on the
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machine table. This will save the setting time of the work Side and face milling cutter
pieces and keeps the machine cutting all the time except
during the indexing of the rotary table. The rotary can be
integral with the milling machine or a separate accessory
fixed to the milling machine table.

Gang Milling
In gang milling a number of milling cutters are fastened
to the arbor to suit the profile of the work piece to be
machined. For example, two side and face milling cut-
ter with a slab milling cutter at the centre, to mill an in-
verted U-shape. The advantage of gang milling is that
several surfaces are machined at the same time. It is also
possible to combine form cutters along with the general
purpose cutters.

One of the major problems is the choice of the cutting
speed, which is determined by the largest cutter diameter. Fic. 7.18 Gang milling
Hence it is desirable that all the cutters should be similar
in size and shape to allow for larger speeds and feeds. In production milling operations, gang milling is
generally preferred.

Straddle Milling

Straddle is a special form of gang milling where only side and face milling cutters are used.
A typical sequence of processes used and the milling cutters required for a component machined in a
milling machine is shown in Fig. 7.19.

Slab mill
Slot mill

Finished
part

=
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Fic. 7.19 Typical process sequence in milling
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7.5 DIVIDING HEAD

Dividing head is one of the most important attachments with the milling machine and it is almost indispens-
able. The typical construction of the dividing head is shown in Fig. 7.20. The main spindle of the dividing
head drives the work piece by means of a 3-jaw universal chuck or a dog and live centre similar to a lathe.

Worm wheel

Spindle

Hole in index plate

=1

Index pin

T ¥1

M \ Index clamp

i

/ L | Clamp nut
\

Bevel gear Sector

Worm

\

Index plate

FiG. 7.20 Dividing head construction

The index plate of a dividing head consists of a number of holes with a crank and pin. The index crank
drives the spindle and the live centre through a worm gear, which generally has 40 teeth as shown in Fig. 7.21.
As a result, a full rotation of the work piece is produced by 40 full revolutions of the index crank. Further
indexing is made possible by having the index plates with equi-spaced holes around various circles. This
would allow for indexing the periphery of the work piece to any convenient number of divisions.
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Worm wheel
40 teeth

Index head spindle

Sector arm .
Index pin

Worm shaft Worm single
thread

FiG. 7.22 Index plate no. 1 of Brown and Sharpe Dividing head
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The index plates available with the Brown and Sharpe milling machines are

Plate no. 1: 15,16, 17, 18, 19, 20 holes
Plate no. 2: 21, 23,27, 29, 31, 33 holes
Plate no. 3: 37, 39, 41, 43, 47, 49 holes

The index plate used on Cincinnati and Parkinson dividing heads is

Plate 1: Side 1 24, 25,28, 30, 34,37, 38, 39, 41, 42 and 43 holes
Side2 46,47,49, 51, 53, 57, 58, 59, 62 and 66 holes

It is also possible to get additional plates from Cincinnati to increase the indexing capability as follows:
Plate 2: Side 1 34,46,79,93, 109, 123, 139, 153, 167, 181, 197 holes
Side 2 32,44,77,89, 107, 121, 137, 151, 163, 179, 193 holes

Plate 3: Side1 26,42,73, 87,103,119, 133, 149, 161, 175, 191 holes
Side2 28,38, 71, 83,101, 113, 131, 143, 159, 173, 187 holes

7.5.1 Simple or Plain Indexing

Plain indexing is the name given to the indexing method carried out using any of the indexing plates in con-
junction with the worm. With this it is possible to obtain relatively simple divisions. To explain the procedure
let us consider a gear that is to be milled with 20 teeth. This means that the gear blank held in the spindle of
the dividing head is to be divided equally into 20 divisions. Since 40 revolutions of the index crank produces
one full revolution of the work piece, we need to rotate the index crank two full turns for cutting each tooth

of the gear.
Suppose we want to have 6 equal divisions to be made.

The rotation of the index crank = % = 6% turns.

This means that the index crank should be rotated 6 full turns followed by two-thirds of a rotation. The
fraction of a rotation required is to be obtained with the help of the index plates as given above. This can be
done as follows, using any of the Brown & Sharpe plates.

Plate no. I: 10 holes in 15-hole circle

12 holes in 18-hole circle

Plate no. 2: 14 holes in 21-hole circle

18 holes in 27-hole circle
22 holes in 33-hole circle

Plate no. 3: 26 holes in 39-hole circle

= Example 7.1 —

Indexing 28 divisions.

Solution The rotation of the index crank = ;—g = 1% turns.

This can be done as follows using any of the Brown & Sharpe plates

One full rotation + 9 holes in a 21-hole circle in plate no. 2.
One full rotation + 21 holes in a 49-hole circle in plate no. 3.
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= Example 7.2 —

Indexing 62 divisions.

Solution The rotation of the index crank = 6_(2) = % turns.

This can be done as follows using any of the Brown & Sharpe plates

20 holes in a 31-hole circle in plate no. 2.

7.5.2 Compound Indexing

Using the above method a majority of the indexir.lg Index plate
jobs could be completed. However when the avail- movement
able capacity of the index plates is not sufficient
to do a given indexing job, the compound index-

. . Index crank
ing method could be used. In order to obtain more / o— movement
complex indexing the following method is used. ' G \03

First the crank is moved in the usual fashion in the \Sg\x

_.

forward direction. Then a further motion is added
or subtracted by rotating the index plate after lock- C’)/@ %G\O\ \
ing the plate with the plunger. This is termed as

compound indexing. i \ / 135 1356 173 1%} 9! 20}
For example, if the indexing is done by moving

the crank by 5 holes in the 20 hole circle and then (. 7.23 Compound indexing using the Index plate

the index plate together with the crank is indexed no. 1 of Brown and Sharpe Dividing head
back by a hole with the locking plunger registering with 5 holes in 20-hole circle minus 1 hole
in a 15 hole circle as shown in Fig. 7.23. in 15-hole circle
The total indexing done is then
S 1.1
20 15 60

i.e., 11 holes in a 60-hole circle. Unfortunately the 60-hole circle is not available in the Brown & Sharpe
range of index plates. Similarly it is possible to have the two motions in the same direction as well. In that
case the total indexing will be

S, 1.1
20 15 60

i.e., 19 holes in a 60-hole circle.
It is therefore possible that by following this method any other indexing can also be done.

= Example 7.3 —

Indexing 77 divisions.

Solution The indexing required is % considering the worm.

It is necessary to convert this fraction into two fractions corresponding to the two hole circles in the same
plate. Use trial and error method to obtain the same.
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First step in compound indexing is to factorise the number into a suitable hole circles available in a single
plate.
77=11x7

This can be achieved by using plate 2 with
3 holes in 33-hole circle, and

3 holes in 21-hole circle.

This means that 33 and 21 are the hole circles that have been identified for this indexing. The next step is to
find the exact indexing required.

XY _360_40

21733 693 77

33xXx21xY=360
By trial and error, we get, X=9, and Y =3

33x9+21x3=360

9,3 _4

21 33 77
Hence the indexing required is 9 holes in the 21-hole circle added to 3 holes in the 33-hole circle to get
77 divisions.

= Example 7.4 —

Indexing 141 divisions.

Solution The indexing required is T—Ol considering the worm.

It is necessary to convert this fraction into two fractions corresponding to the two hole circles in the same
plate. Use trial and error method to obtain the same.

First step in compound indexing is to factorise the number into suitable hole circles available in a single
plate.

141 =47x3

This can be achieved by using plate 3 with 39 and 47-hole circles.
The next step is to find the exact indexing required.

X,y _13x40 40
39 47 39x47 141
47x X£39x Y=520
By trial and error, we get, X =26, and Y= 18
47 x26 — 18 x 39 =520

26_18 _ 40
39 47 141

Hence, the indexing required is 26 holes in the 39-hole circle subtracted by 18 holes in the 47-hole circle to
get 141 divisions.
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7.5.3 Angular Indexing

Sometimes it is desirable to carry out indexing using the actual angles rather than equal numbers along the
periphery, then angular indexing would be useful. The procedure remains the same as the previous cases, ex-
cept that the angle will have to be first converted to equivalent divisions. Since the 40 revolutions of the crank
equals to a full rotation of the work piece, which means 360°, then one revolution of the crank is equivalent
to 9°.

= Example 7.5 —
Calculate the indexing for 41°.

Solution Indexing required = % = 4%

This is equivalent to 4 full rotations of the crank followed by 10 holes in the 18-hole circle in plate no. 1.

— Example 7.6 —
Calculate the indexing for 15° 30".

Solution Indexing required = 1575 = 1% = 1%

This is equivalent to 1 full rotation of the crank followed by 13 holes in the 18-hole circle in plate no. 1.

= Example 7.7 —
Calculate the indexing for 16° 40°.

1672 7 % 2
1 1 1 = — = 1— = 1—
Solution Indexing required 5 5 )

This is equivalent to 1 full rotation of the crank followed by 23 holes in the 27-hole circle in plate no. 2.

7.5.4 Differential Indexing

Though compound indexing as explained above is a convenient way to get any indexing required, it is fairly
cumbersome to use in practice. Hence differential indexing is used for that purpose which is an automatic
way to carry out the compound indexing method. The arrangement for differential indexing is shown in
Fig. 7.24.

In differential indexing, the index plate is made free to rotate. A gear is connected to the back end of the
dividing head spindle while another gear mounted on a shaft, is connected to the shaft of the index plate
through bevel gears as shown in Fig. 7.24. When the index crank is rotated, the motion is communicated to
the work piece spindle. Since the work piece spindle is connected to the index plate through the intermediate
gearing as explained above, the index plate will also start rotating. If the chosen indexing is less than the
required one, then the index plate will have to be moved in the same direction as the movement of the crank,
to add the additional motion. If the chosen indexing is more then the plate should move in the opposite
direction to subtract the additional motion.

The direction of the movement of the index plate depends upon the gear train employed. If an idle gear
is added between the spindle gear and the shaft gear in case of a simple gear train, then the index plate will
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move in the same direction to that of the indexing crank movement. In the case of a compound gear train an
idler is to be used when the index plate is to move in the opposite direction. The procedure of calculation is
explained with the following example.

Change gears,

. Change gear mounted at compound gearing
Work piece back end of the spindle
Milling
Dog i
P Spindle machine
table
P —] ———
A7 —F/=r 1" |
Sl = %
= _— . -
% E

Centre 5 [~
] U Change gear
l

a —— Shaft which rotates
the index plate

T T
AT
Lock for the index plate in an unlocked Milling machine table
position. The index plate is rotated feed screw

by gearing from the spindle.

Fic. 7.24 Dividing head setup for differential indexing

The change gear set available is
24,24, 28, 32, 40, 44, 48, 56, 64, 72, 86 and 100

== Example 7.8 —
Obtain the indexing for 97 divisions.

Solution Required indexing is % which cannot be obtained with any of the index plates available. Choose

a nearest possible division. For example the indexing decided is 40 _2_38

100 5 20
The actual indexing decided is 8 holes in 20-hole circle. This indexing will be less than required. Ideally
the work piece should complete one revolution when the crank is moved through the 97 turns at the above
identified indexing. Actual motion generated when the crank is moved 97 times is

97x40 340

100 100
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Hence, the index plate has to move forward by this amount during the 97 turns to compensate for the
smaller indexing being done by indexing crank. Hence, the gear ratio between the spindle and the index

crank is
3x40 ¢
100 5
Driven _ 6 _ 48

Change gear set used is —
Driver 5 40

An idler gear is to be used since the index plate has to move in the same direction.

== Example 7.9 =
Obtain the indexing for 209 divisions.

Solution Required indexing is % which cannot be obtained with any of the index plates available.

Choose a nearest possible division. For example, the indexing decided is % = 2;‘2)
The actual indexing decided is 4 holes in 20-hole circle. This indexing will be more than required. Ideally
the work piece should complete one revolution when the crank is moved through the 209 turns at the above

identified indexing. Actual motion generated when the crank is moved 209 times is
209 x 40 9x40
40 - =—
200 200

Hence, the index plate has to move in the reverse by this amount during the 209 turns to compensate for the
larger indexing being done by indexing crank. Hence the gear ratio between the spindle and the index crank is

9x40 36

200 20
Gear on spindle 36

Change gear set used is

Gear on index crank 20

A few points to be remembered during the differential indexing is

(a) Use the hole circles for indexing which will easily factorise with the available gear set. For example,
in the case of Brown & Sharpe, 18, 20, 21 and 27 hole circles should be used.

(b) The difference from the actual to the approximate indexing should be a small value such that the

change gear set can accommodate this ratio. For example a total difference of 0.5 to 1.5 will be most
convenient.

(c) The idler gear has to be provided when the index plate has to move in the opposite direction to that of
the crank movement.

7.6 MILLING TIME AND POWER ESTIMATION
7.6.1 Milling Time Estimation

Typical process parameters used in milling operations are given in Table 7.1. The cutting speed in milling is
the surface speed of the milling cutter. Thus
_ DN
1000
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Data for milling

Work Material Carbide
m/min mm/Tooth

C20 Steel 110-160 20 0.13 90 0.18
C35 Steel 120-180 25 0.13 80 0.18
C50 Steel 160-200 20 0.13 60 0.18
Alloy Steel 180-220 30 0.10 60 0.18
Alloy Steel 220-300 18 0.08 90 0.18
Alloy Steel 220-300 14 0.08 60 0.15
Alloy Steel 300400 14 0.05 60 0.13
Stainless steel 200-300 20 0.10 85 0.13
Cast iron 180-220 16 0.18 58 0.20
Malleable iron 160-240 27 0.15 85 0.18
Cast steel 140-200 16 0.15 50 0.18
Copper 120-160 38 0.15 180 0.15
Brass 120-180 75 0.28 240 0.25
Bronze 160-200 38 0.18 180 0.15
Aluminium 70-105 120 0.28 240 0.25
Magnesium 40- 60 210 0.28 380 0.25

Where, V= cutting speed (surface), m/min

D = diameter of the milling cutter, mm

N = rotational speed of the milling cutter, rpm

Flat surfaces can be generated by using the slab milling as well as face milling. However, each of these

operations is different in terms of the actual machining time required. Schematically the slab milling operation
is shown in Fig. 7.25. All other milling operations using the arbor mounted milling cutters will be similar in
approach. The milling cutter will have to traverse beyond the actual work piece by a distance termed as the
approach allowance, 4, which is given by

Approach distance, 4 = \/(g)z - (% - d)z =d(D-d)

Where D = diameter of the slab milling cutter
d = depth of cut

) 1+2x4
Time for one pass = ———— minutes
fZN

Where Z=number of teeth in the milling cutter
f=feed per tooth, mm

MT4e-V2_07.indd 25 @ 7/10/2018  4:20:46 PM



7.26 Manufacturing Technology—Metal Cutting and Machine Tools

Fic. 7.25 Slab milling operation

=— Example 7.10 =

A C50 steel flat surface of 100 X 250 mm is to be produced on a horizontal axis milling machine. A HSS slab
mill of 100 mm diameter and 150 mm width is to be used for the purpose. The milling cutter has 8 teeth.
Calculate the machining time assuming that entire stock can be removed in one depth of 2 mm.

Solution Given Z=38
D =100 mm
D =2mm
From the table,
Cutting speed, V=20 m/min
Feed rate, /= 0.13 mm/tooth

Approach distance, 4 = \/d (D —d) =4/2(100-2) =14 mm

1me 10r mac lnlng 3 % 8 % 5 . minutes

Fig. 7.26 shows the situation of face milling operation using a vertical axis milling machine.
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FiG. 7.26 Face milling operation

Approach distance for the face milling case is given as

D _D
A= 5 for W Soup to D
_ D
A= (W (D-W) for W<—2
Where W = width of cut

— Example 7.11 =

A surface 115 mm wide and 250 mm long is to be rough milled with a depth of cut of 6 mm by a 16-tooth
cemented carbide face mill 150 mm in diameter. The work material is alloy steel (200 BHN). Estimate the
cutting time.

Solution GivenZ=16

D =150 mm
d=6 mm
W=115 mm

From the table,
Cutting speed, V=60 m/min
Feed rate, /= 0.18 mm/tooth

Spindl d, N= 100000 =127.32 = 125 rev/mi

pindle speed, N = ——~== = 127.32 = rev/min

. D

< —
Since W >
Approach distance, 4 = \/115(150 —-115) =63.44 = 65 mm
250+ 2 % 65

Time for machining = ———————=— = 1.06 minutes

0.18x16x125

MT4e-V2_07.indd 27 @ 7/10/2018  4:20:46 PM



7.28 Manufacturing Technology—Metal Cutting and Machine Tools

7.6.2 Milling Power Estimation

Similar to the turning, milling power can be calculated based on the empirical relations that have been devel-
oped. See Machinery’s handbook for detailed information related to the calculations. It is assumed that the
milling power is proportional to the material removal rate. Material removal rate (Q) in milling is given by

Sawd
~ 60000

Where f,, = feed rate in mm/min = fZN
w = width of cut in mm
d = depth of cut in mm
f=feed rate in mm/tooth as normally given in cutting tables
Z = number of teeth in the milling cutter
N = rotational speed of the spindle in rpm

cm?/s

Milling power (P

m

P, = K,0CWhp

) in horse power units at the cutting tool is given by

Where P,, = milling power in hp
K, = power constant as given in Table 7.2.
C =Feed factor given in Table 7.3
W = Tool wear factor given in Table 7.4

Power constant for Milling (Machinery’s handbook)

‘Work Material ‘ Hardness BHN ‘ Power Constant
Plain carbon Steel 100-120 1.80
120-140 1.88
140-160 2.02
160-180 2.13
180-200 2.24
200220 2.32
220-240 2.43
Alloy Steel 180-200 1.88
200-220 1.97
220-240 2.07
240-260 2.18
Cast iron 120-140 0.96
140-160 1.04
160-180 1.42
180-200 1.64
200-220 1.94
220-240 2.48
Malleable iron 150-175 1.15
175-200 1.56
200-250 2.24
250-300 3.22
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Feed factors for power calculation (Machinery’s handbook)

Feed, mm/Tooth ‘ Feed Factor ‘ Feed, mm/Tooth ‘ Feed Factor
0.02 1.70 0.22 1.06
0.05 1.40 0.25 1.04
0.07 1.30 0.28 1.01
0.10 1.25 0.30 1.00
0.12 1.20 0.33 0.98
0.15 1.15 0.35 0.97
0.18 1.11 0.38 0.95
0.20 1.08 0.40 0.94

Tool wear factors for power calculation (Machinery's handbook)

Operation Tool-wear Factor
Slab milling and end milling 1.10

Light and medium face milling 1.10to 1.25
Heavy face milling 1.30 to 1.60

= Example 7.12 =

Calculate the power required to rough mill a surface 115 mm wide and 250 mm long with a depth of cut of
6 mm by a 16-tooth cemented carbide face mill that is 150 mm in diameter. The work material is alloy steel
(200 BHN).

Solution Given Z=16;d=6 mm; W= 115 mm
From Table 7.1, Cutting speed, V= 60 m/min

Feed rate, /= 0.18 mm/tooth
. 1000 x 20 .
Spindle speed, N= ——— — = 63.66 = 65 rev/min
7 x 100
Where f,, = feed rate in mm/min =fZN = 0.18 X 16 X 65 = 187.2 mm/min

Material removal rate (Q) is

Jawd 187.2x115%x6
cm’/s=————
60000 60000

From Table 7.2, Kp =1.88

From Table 7.3, C=1.11

From Table 7.4, W=1.30

Milling power (P,,) in horse power units at the cutting tool is

P,=188x2.1528x1.11x1.30=5.84hp

=2.1528 cm’ /s

0=
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7.6.3 Milling Trouble Shooting

Milling is a relatively slow speed machining operation. However the material removal rate is generally high
and in view of the production operations in which it is generally used, it is important to achieve the accuracy
and finish desired. The following table lists some of the problems encountered and their likely causes.

Problems encountered in milling operations

Problem Encountered ‘ Possible Cause and Remedy

Chatter is characterised by large amplitude = The machine tool, fixture and the work piece are less rigid
vibrations which spoil the surface finish of = The cutting force is high. Reduce the depth of cut.
the component as well as reduce the tool Milling cutter needs re-sharpening.
life No cutting fluid is applied.
The milling cutter has straight teeth. Change to helical cutter.

Poor dimensional tolerance High cutting force, which causes the deflection leading to inaccuracy.
Reduce the depth of cut.
The chips fill the gaps in the cutter teeth and are not flushed properly by
the cutting fluid.
Chips in the work holding surfaces causing locational errors.

Lower milling cutter life Higher cutting forces causing the cutter to dull quickly. Reduce the depth
of cut.
Insufficient cutting fluid applied.

Poor surface finish on milled work pieces | Higher feed rates used not commensurate with the required finish.
The milling cutter needs re-sharpening.
The cutting speed is low.
The number of teeth on the milling cutter is low which is suitable for
roughing operation. Use a cutter with larger number of teeth.

7.7 SPECIAL SETUPS
7.7.1 Spiral (Helical) Milling

The use of dividing head for dividing the periphery of the work piece has been discussed earlier. Since the di-
viding head has the ability to move the periphery in a continuous fashion, by linking the table feed screw with
the indexing crank, it would be possible to get a helical motion. This is termed as spiral or helical milling.

In order to achieve the helical milling the worm spindle of the dividing head is geared to the lead screw
of the machine table, such that when the lead screw is turned the worm is also rotated by a ratio depending
upon the gearing provided. The gearing has to be fixed based on the lead of the helix to be milled as well as
the lead of the lead screw.

The work piece will rotate a full revolution when the index crank is moved by 40 full revolutions. Hence

Lead of the machine = 40 x Lead of the table feed screw

If the lead of the machine is known, the gearing to be connected between the table and index shaft is given
by

Gear on index plateshaft ~ Lead of the machine

Gear on table lead screw  Lead of the helix to be cut

MT4e-V2_07.indd 30 @ 7/10/2018  4:20:46 PM



Milling  7.31

The hand of the helix whether right hand or left hand is controlled by the presence of an idler gear in the
gear train.

=— Example 7.13 =

The milling machine has a table lead screw with a lead of 5 mm. Calculate the gear train necessary to cut a
helix of lead of 480 mm.

Solution Lead of the machine =40 x 5 =200 mm

Gear on index plate shaft 200 40 » 32
Gear on table lead screw 480 48~ 64

When the dividing head is used in a horizontal axis milling machine, it is necessary to orient the arbor
mounted milling cutter to be rotated by an angle equivalent to the helix angle such that the milling cutter will
not interfere with the side of the helix being cut a shown in Fig. 7.27. For this purpose it is necessary to use a
universal machine where the table will be swivelled by the helix angle. Helix angle, o is given by

7 X Diameter of the work
Lead of helix

tan o =

If the helix is cut by a vertical milling machine using an end mill, then no table swivelling is required since
the cutting portion of the end mill is perpendicular to the cut surface.

—— Axis of
the spindle
Table feed

Rotation of the workpiece provided
, /</ by the dividing head

~—— Helix angle. The milling
. machine table is swivelled
Milling cutter Helical about a central vertical

cut N axis through the helix
angle

Work piece

FiG. 7.27 Helical milling operation

— Example 7.14 —

A left hand helical flutes are to be milled in a reamer that is 40 mm in diameter with a lead of 800 mm. If
the flutes are 8 mm deep and the machine lead screw has a lead of 5 mm, calculate the necessary settings
required.
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Solution Lead of the machine =40 x 5 =200 mm

Gear on index plate shaft 200 24 y 32
Gear on table lead screw 800 48~ 64

To calculate the helix angle, ¢, take the average depth of the flute

7 X Diameter of the work X 32

- = =0.1257
Lead of helix 800

tan o =

or, Helix angle, oc=7° 10’

7.7.2 Cam Milling

A setup similar to the spiral milling explained above could be utilised for machining plate cams with uniform
rise or fall. Typical setup used is shown in Fig. 7.28. The cam milling is carried in a universal milling machine
with a vertical milling attachment. The tool used is the end mill with sufficiently long cutting length and hav-
ing a diameter equal to the diameter of the follower to be used with the cam.

( : Cam blank
N

Cam blank
\ Chuck /Diféi'é‘g

End mill

End mill

Blank at the
start of the cut

The cam after one
! e
complete revolution S T
\ / /
4 //
// ; Table
/ \
7 -
/T
/

End mill

Fic. 7.28 Cam milling setup
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The shaft of the dividing head index plate is connected to the table lead screw by gears as in spiral milling.
The plate cam blank is held in the spindle of the dividing head, which is inclined to the horizontal at an
angle, o. The end mill is also inclined at the same angle such that the axis of the cutter and axis of the cam to
be milled are parallel. As the table starts moving, the plate cam rotates through the dividing head spindle and
the distance between the cutter and the cam becomes smaller, thereby machining the cam profile. Since the
lead of the table lead screw is constant, the rise or fall of the cam machined also becomes constant, the actual
value depending upon the machine setting.

The inclination angle, ¢, that is set can be calculated as follows:

Lead of the cam x Gear ratio
Machine lead

sin o =

If the setting angle is zero, the lead of the cam becomes zero as shown in Fig. 7.29. Any suitable gear ratio
can be used.

End mill

Cam blank

Dividing head —

n
8 — > Feed ) z

—— Cam blank End mill

Feed 1

Fic. 7.29 Cam milling setup at two different angles

=— Example 7.15 =
Calculate the necessary settings for milling a plate cam with 10 mm rise in 60° revolutions. Lead screw of

the machine has a lead of 5 mm.

Solution Machine lead =40 x 5 =200 mm

10x360

0 =60 mm

Lead of the cam =

Assume a gear ratio of 2. Then the angular setting required is

Lead of the cam X Gear ratio 3 60x2 3

- 0.6
Machine lead 200

sin o =

Setting angle, or = 36° 52’

7.7.3 Thread Milling

Cutting threads in the parts is a common exercise for most machine shops. Threads can be cut using taps
discussed in chapter 8 or milled using a milling cutter. Thread milling cutters look similar to taps, but function
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entirely differently. The thread milling is a process that produces threads by circular ramping movement of
thread shaped rotating milling cutter as it moves round the work piece. One of the major disadvantages of
tapping is that a different size tap is required for each size of hole that requires thread. This is particularly
inconvenient because it can consume a large number of valuable, but limited positions in the CNC tool
magazine. Plus, having to switch tapping tools for all of the various sized holes increases the cycle time.

The shape of the thread milling cutter is shown in Fig 7.30 where the similarity to the tap can be seen. The
thread milling cutter is inserted into the hole along the axis of the spindle, and follows a helical path with both
circular and vertical feed motions as shown in Fig 7.30. During this circular motion the thread mill must be
moved along the Z-axis of the machine one thread pitch (or lead) to produce a thread. This combination of
circular and vertical feed motions is termed as “helical interpolation”. The CNC controller of the machine to
be used should have the capability of helical interpolation. After completing the machining, the cutter returns
to the centre of the hole and is extracted from the part.

' Axis of the tool
Thread milling cutter ‘

Work piece

|

|

|

|

|

~
Axis of the ‘
work piece

Fic. 7.30 Schematic of internal thread milling operation

Thread milling cutters are available in HSS, indexable carbide and solid carbide depending upon the
application and the hole sizes. HSS thread mills are generally produced by powder metallurgy and are coated
with TiN, TiCN, or TiAIN to enhance the tool life. These are generally used for softer materials such as those
with hardness less than HRC 30/32. Solid carbide is generally used for production of threads for materials up
to HRC 62. These are used for smaller thread sizes. Indexable carbide thread mills are used for sizes 20 mm
or larger, and accommodate a variety of pitches by replacing the insert.

The quality of thread obtained by threading, particularly the small size holes will appear a bit jagged
because the chips do not have sufficient space to be removed during the machining process.

Some of the situations where thread milling is preferred compared to tapping:

e Cutting threads in thin-walled components
Cutting threads in tough materials that are likely to generate high cutting forces
Materials that cause chip breaking and chip removal problems
Cutting threads all the way to the bottom of a blind hole
Likelihood of the tap breaking inside expensive parts as thread milling cutters can be easily removed
unlike a broken tap
e To reduce the tool inventory
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SUMMARY

Milling is a machining operation using a multi-tooth cutter that rotates and generates short chips.

e Milling machines can be classified based on the axis orientation, or the machine tool structure.

e There are a variety of milling machines used for various production applications.

e A large variety of milling cutters are used to generate some of the most complex shapes in the parts.

e Arbour mounted cutters such as plain milling cutter and side and face cutters are used in horizontal
axis machines to generate flat surfaces.

e End mills are the most common tools used in the vertical axis machines to generate a variety of
surfaces.

e Milling operations are classified, based on the direction of rotation of the cutter and the movement
of the table, as conventional and climb milling.
Common work holding devices used in milling are the vice, and a variety of clamps.
A number of milling setups are used to cater to the wide range of machining applications that are
used with the milling machines.

e Dividing head is an important attachment that is used to divide the periphery of the work piece into
a number of divisions to machine surfaces such as gear teeth.

e Machining time calculation is similar to turning based on the cutting speed and feed and the part
geometry.
Milling power can be estimated based on the material properties using empirical relations.
Special setups such as cam milling can be used for milling special surfaces.

7.1 Explain the characteristics that distinguish a milling process from other machining processes.

7.2 Describe the differences between a lathe and milling machine in terms of the types of surfaces
generated, the types of tools used, and applicability for general and production applications.

7.3 Give a brief classification of various milling machines used in the industry giving a brief note on their
application.

7.4 How is a milling machine specified?

7.5 What are the various types of milling cutters that are used in milling?

7.6 Describe the application and relative merits of various types of milling cutters that are used in milling.
7.7 List the motions of the arbour mounted milling cutter with respect to the work piece.

7.8 What are the various work holding devices used in milling? Explain their relative applications and
disadvantages.

7.9 What are the various types of end mills used in milling? Explain their applications.

7.10 Differentiate between up-milling and down milling. Explain their applications mentioning the most
commonly used method.
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7.11 Explain the difference between straight and helical slab mills bringing out the advantages of the use

of helical teeth.

7.12 Explain the applications and differences with neat sketches, the following with reference to milling:
(a) Straddle milling (b) Gang milling

7.13 Sketch typical setups for
(a) Reciprocal milling (b) String milling

7.14 Explain the construction of a dividing head giving the applications for which it can be used.

7.15 What are the differences between compound indexing and differential indexing? Explain the relative
merits.

7.16 Explain with a sketch what you understand by the words ‘helix angle’ and ‘direction of cut’ in the
case of milling. What is their importance with respect to machining performance? Explain the basis
on which these are selected.

7.17 Briefly explain some of the problems caused in milling. Give their causes and probable remedies.
7.18 Describe a method used for manufacturing (machining) the flutes on a twist drill with a neat sketch.

7.19 Describe the setup that one can use for milling cams in a milling machine. Explain neatly with a
sketch, the various attachments that one needs to use for such machining. Explain the limitations of
such a setup.

7.20 Make a sketch for milling cams on a horizontal knee and column type milling machine. If the lead on
the cam is to be r, show the necessary setup. Explain any necessary precautions.

|| Problems Jj _

7.1 A 20 mm X 150 mm diameter HSS side and face milling cutter is to be used to cut a groove into a
piece of brass with one cut. The groove is 20 mm wide, 4 mm deep and 250 mm long. Calculate the
total machining time. Justify the assumptions made if any. [0.558 minutes]

7.2 In a slab milling operation, the milling cutter has 20 teeth and is 100 mm in diameter. The rotational
speed of the cutter is 5 RPS. If the flat surface to be generated is 200 mm by 50 mm and feed per tooth
is 0.013 mm/rev., calculate the machining time required for 100 pieces. The depth of cut may be taken
as 6 mm. Specify any assumptions made. [1.15 minutes]

7.3 A surface 115 mm wide and 250 mm long is to be rough milled with a depth of cut of 6 mm by a
16-tooth cemented carbide face mill 150 mm in diameter. The work material is medium hard cast iron
(220 — 260 BHN). Estimate the cutting time and justify the process parameters used.

[4.6296 minutes]

7.4 A flat surface of 250 X 350 mm is to be produced on a horizontal axis milling machine. A slab mill
of 100 mm diameter and 150 mm width is to be used for the purpose. Calculate the machining
time assuming that entire stock can be removed in one depth of 1 mm. Make only the requisite
assumptions. [6.25 minutes]

7.5 A grey cast iron casting plane surface, which is 150 mm wide and 450 mm long is to be finished by
milling. It can be machined using a face mill of 200 mm diameter with 10 teeth made of cemented
carbide. The cutting speed is 70 m/min and feed per tooth is 0.25 mm. Calculate the machining time
for finishing the job if all the stock is removed in a single cut. [17 500 mm>/min]
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7.6 The job in Problem 7.5 can also be done by using a high speed steel slab mill of 150 mm diameter and
200 mm wide with 8 teeth. If the cutting speed is 40 m/min and feed per tooth is 0.25 mm, compare
the machining times and material removal rates in both cases.

[3.75 minutes, 10 000 mm®/min]

7.7 The above job can also be completed by shaping using a high speed steel single point cutting tool
on a hydraulic shaper. The feed can be taken as 0.4 mm/stroke while the cutting speed is 40 m/min.
Compare the machining times and material removal rates in all cases.

[6.68 minutes, 16 000 mm?®/stroke]

7.8 Calculate the following indexing requirements:

(a) 41 divisions (b) 76 divisions
(c) 187 divisions
[40 in 41; 10 in 19; Differential — 4 in 18 with change gears 56 and 40 with idler gear]
7.9 Calculate the following indexing requirements:
(a) 10°26 (b) 41°34’
(c) 55°45
[1 rotation plus 4 in 27; 1 rotation plus 11 in 18; 1 rotation plus 5 in 27]
7.10 Calculate the indexing requirement for 127 divisions on a milling machine equipped with a differential
indexing head. The index plates available are
Plate no. 1: 15, 16,17, 18, 19, 20 holes
Plate no. 2: 21, 23,27, 29, 31, 33 holes
Plate no. 3: 37,39, 41, 43, 47, 49 holes
The change gear set available is
24,24, 28, 32, 40, 44, 48, 56, 64, 72, 86, 100
[6 in 18 plus change gear 56 and 24 with idler gear]
7.11 A plate cam of thickness 10 mm and radius 75 mm is to be milled on a horizontal axis milling
machine. The cam has a uniform rise of 40 mm over 90°. Explain with a neat sketch how this can be
accomplished. What modifications in the setup are required, if dwell is to be machined over part of
the cam periphery? If the table lead screw is having 6 mm lead, calculate the actual machining time
for cutting the uniform rise portion. Make any necessary assumptions, but justify them.
[23° 34" 417]
7.12 A helix of lead 150 mm on a shaft of diameter 80 mm is to be milled on a horizontal axis milling
machine. Show the setup used with a neat sketch. Explain the precautions to be taken during the setup.
If the table lead screw is having 6 mm lead, calculate the actual machining time for cutting the helix
considering the length of helix to be one half of the lead. Make any necessary assumptions, but justify
them. [59°10°]
7.13 A C20 steel disc of 300 mm diameter and 10 mm thick is to be cut at 93 equally spaced points on the
periphery. The milling machine is equipped with a simple dividing head without any change gear set.
Calculate the necessary setting required. Assume that the dividing head is provided with a 40 teeth
worm wheel. [9 in 27 plus 3 in 31 — Compound indexing]
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| | Multiple Choice Questions i ]

7.1

7.2

7.3

7.4

7.5

7.6
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An important characteristic of a milling pro-
cess unlike any other machining processes is
(a) Interrupted cutting

(b) Small size chips

(c) Variable chip thickness

(d) All of the above

Identify the machine tool that is most versatile
from the following list of machine tools

(a) Gap bed lathe

(b) Vertical axis milling machine

(c) Pillar drilling machine

(d) Surface grinding machine

The following type of milling machine is
normally used for very high production rates
(a) Horizontal knee and column milling ma-
chine

Vertical knee and column milling ma-
chine

Simplex bed type milling machine
Duplex bed type milling machine

(b)

(©)
(d)
The following milling cutter is used for
machining rectangular slots on a horizontal
knee and column milling machine

(a) Slab milling cutter

(b) Face mill

(c) Side and face milling cutter

(d) Shell end mill

The following milling cutter is used for

machining rectangular slots on a vertical

knee and column milling machine

(a) End mill

(b) Ball end mill

(c) Slitting saw

(d) Side and face milling cutter

Advantage of down milling (climb milling)

compared to up milling (conventional mill-

ing) is

(a) Can be used in machines without back-
lash eliminator

7.7

7.8

7.9

7.10

7.11

(b) Can be used for machining castings or
rolled steel directly

(c) Work piece need not be clamped tightly

(d) Can only be used for rigid parts

Disadvantage of down milling (climb mill-

ing) compared to up milling (conventional

milling) is

(a) Cannot be used in machines without
backlash eliminator

(b) It requires more power to cut

(c) Work piece need to be clamped tightly

(d) Can only be used for rigid parts

String milling is used for

(a) Large work pieces

(b) Small work pieces

(c) Heavy work pieces

(d) All of the above

Gang milling is used for

(a) Large work pieces

(b) Small work pieces

(c) A number of milling cutters are used to
cut simultaneously

(d) Only one milling cutters is used to cut
heavy work piece

To cut an involute gear on a milling machine
the following is required

(a) Angle milling cutter

(b) Differential indexing head

(c) Slab milling cutter

(d) None of the above

Poor surface finish on the milled work pieces

is caused by

(a) Higher feed rates

(b) Milling cutter is worn out and needs re-
sharpening

(c) Cutting speed is low

(d) All of the above
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7.12 Chatter (large amplitude vibration) during

milling is caused by

(a) Milling machine is less rigid

(b) High depth of cut increasing the cutting
force

(c) No cutting fluid is applied

(d) All of the above

Answers to MCQs

7.1 (d) 7.2 (b) 7.3 (d)
7.6 (c) 7.7 (a) 7.8 (b)
7.11 (d) 7.12 (d) 7.13 (a)
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7.13 An end mill having 4 teeth is rotating at 250
RPM. If the feed per tooth is given as 0.1
mm, what is the table feed in mm/min?
(a) 100 mm/min
(b) 10 mm/min
(¢) 250 mm/min
(d) 25 mm/min

74 (¢) 7.5 (a)
7.9 (¢) 7.10 (b)
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Hole Making Operations

Objectives

Practically all components have some holes that need to be completed before the part could be
used. Thus, hole making operations are an important part of a machine shop. After completing
this chapter, the reader will be able to

> Understand the various types of holes that are used in manufactured parts

> Know the various elements of a twist drill geometry as well as the types of drills used in
industry

Understand the variety of machine tools and their construction

Calculate the drilling time and the power required for the drilling operation
Understand and take precautions while drilling deep holes

Select the appropriate finishing operations such as reaming and boring

Use tapping with appropriate speeds to get good screw threads in holes

vV VWV VvV VvV VvV Vv

Know the differences between various other hole making operations

8.1 INTRODUCTION

Machining round holes in metal stock is one of the most common operations in the manufacturing industry.
It is estimated that of all the machining operations carried out, about 20% are hole making operations.
Practically any work piece will not leave the machine shop without making a hole in it. The various types of
holes are shown in Fig. 8.1.

% ' Z

I

Through Blind Blind Counter Counter Spot Step
hole hole hole bore sink facing drill
with
flat
bottom

Fic. 8.1 Various types of holes
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The types of hole making operations performed on the holes are:
Drilling
Boring
Reaming
Counter sinking
Counter boring and
Tapping
Whereas drilling is used for making a hole in solid material, all the other operations are used to enlarge the
hole or improve the quality of the hole, depending upon the requirement. Comparative process capabilities
of these processes are given in Table 8.1. In the Table 1 is the length of the hole and D is the diameter of the
hole. In this chapter the basic details related to all these operations will be discussed.

Comparative characteristics of hole making operations

Hole Parameter ‘ Drilling ‘ Reaming ‘ Boring ‘ Counter Boring
Smallest size, mm 1.6 1.6 9.5 6

Largest size, mm 50 100 250 75
Negative tol., mm 0.896 x D3 0.010 0.008 0.512 x D%3 + 0.064
Positive tol., mm 0.896 x D™ +0.075 0.010 0.008 0.640 x D3+ 0.075
Straightness, mm 0.013 x (I/D)? + 0.050 2.5 0.013 0.250
Roundness, mm 0.100 0.013 0.025 0.075
Parallelism, mm 0.025 x (I/D)*+0.075 0.25 0.025 0.250

Depth limit, mm 300 400 225 500

True position, mm +0.200 +0.25 +0.003 +0.003
Surface finish, um 2.54 0.41 0.20 1.25

8.2 DRILLING
8.2.1 Twist Drill Geometry

The cutting tool used for making holes in solid material is called the twist drill. It basically consists of two
parts; the body consisting of the cutting edges and the shank which is used for holding purpose. This has
two cutting edges and two opposite spiral flutes cut into its surface as shown in Fig. 8.2. These flutes serve
to provide clearance to the chips produced at the cutting edges. They also allow the cutting fluid to reach the
cutting edges.

The drill blanks are made by forging and then twisted to provide the torsional rigidity. Then the flutes are
machined and hardened before the final grinding of the geometry. Twist drill geometry is shown in Fig. 8.2.
These are made with either straight or taper shank. Straight shank drills are held in the machine spindle in a
drill chuck. The taper shank drills are directly held in the spindle with the help of the self-holding taper. The
tang at the end of the taper shank fits into a slot in the spindle. The tang helps to drive the drill, prevents it
from slipping and provides a means of removing it from spindle.
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Drill axis
A
@
N
Tang
Shank
A
A
A
Overall
‘ length
Helix
angle
Body
Land or margin \ Back tapered
Flute A over this length
length (
Lead
of
helix Body
clearance
Point angle
Face /
Y T Y Y
Point length Cutting lip
Lip length < >
Diameter

Fic. 8.2 Twist drill geometry
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The surface on the drill, which extends behind the cutting lip to the following flute, is termed as flank. Face
is the portion of the flute surface adjacent to the cutting lip on which the chip moves as it is cut from the work
piece. The cutting lip is the edge formed by the intersection of the cutting edge or face and the flank face. Land
or margin is the cylindrically ground body surface on the leading edge of the drill sometimes also termed as
cylindrical land. The cutting edge is reduced in diameter after the margin to provide a body clearance.

Axial rake angle is the angle between the face and the line parallel to the drill axis. At the periphery of the
drill, it is equivalent to the helix angle. Helix angle is the angle between the leading edge of the land and the
axis of the drill. Sometimes it is also called spiral angle. The lip clearance angle is the angle formed by the
portion of the flank adjacent to the land and a plane at right angles to the drill axis measured at the periphery
of the drill. Lead of the helix is the distance measured parallel to the drill axis, between corresponding point
on the leading edge of the land in one complete revolution.

The chisel edge is formed by the intersection of the two flanks. In order to provide strength to the drill the
cutting edge is thickened gradually from the bottom. It is termed as web. Also a back taper is provided on the
body towards the shank to provide longitudinal clearance.

The shape of the drill point is the most important. The lip angle should be correct for the given application.
In general 118° is found to be suitable for mild steel and other general materials. Larger values are used for
hard and brittle materials, while smaller values are used for soft materials. Some representative values are
given in Table 8.2.

Lip angles for various work materials

Work Material Lip Angle, Degrees
Deep-hole drilling 128
Hard materials 136
Soft nonferrous materials 90
Hardened steel 125
Wood and nonmetals 60

The two cutting edges of the drill should be equal in length as well as the same angle with the drill axis.
Otherwise, there will be unequal cutting forces along the cutting edges causing a torsional load. This will
cause the drill to wear out quickly. Also the holes produced with such a drill tend to be oversized.

The rake angle in case of drilling is complex since it depends upon the helix angle of the flutes, the point
angle and the feed rate. The various rake angles possible are shown in Fig. 8.3. Thus the thrust force is the
maximum at the web where the material is compressed and extruded rather than sheared to the minimum
value at the end of the cutting edge.

Since the web does not cut, sometimes direct drilling of large diameter holes makes it difficult to achieve
the positional tolerance. For these situations a centre hole is made first with a centre drill or a small hole drill
as a pilot hole. The size of the pilot hole drilled takes care of the web portion and thereby allows for more
accurate location of the hole.

Twist drills are designed with the web, which gradually thickens as it moves from the point along the
length of the flutes as shown in Fig. 8.4. This is necessary for providing strength and rigidity to the cutting
tool. A twist drill is re-ground at the cutting lip to remove the worn out portion. This gradually decreases
the total length of the drill. However, along with it the web thickness also increases as shown in Fig. 8.4. As
explained above, the web will only compress the material and as a result, the thrust on the drill increases with
an increase in the web thickness. Also, it is likely that out of round and over sized holes may result, because
of the additional thrust.
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Fic. 8.3 The rake angle in case of a twist drill
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Fic. 8.4 Change in thickness of the web due to the regrinding process
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After sometime, it therefore becomes necessary to thin the Original thickness
web. Web thinning has to be carefully done such that the
thinning is blended evenly into the flutes. Further, the chisel
edge should not be excessively reduced by carefully removing
equal amounts of material from either side. Some of the ways in
which the web thinning is done are shown in Fig. 8.5.

8.2.2 Types of Drills

A large variety of drills are developed in addition to the standard
twist drill, as detailed above, for specific applications.

Oil hole drills These are most useful for deep hole drilling.
These are provided with two internal holes extending through
the length of the drill through which the cutting fluid can be
pumped under pressure. This keeps the cutting edge cool while
flushing away the chips as well.

Fic. 8.5 Thinning of the web by
different methods

Step drills A variety of step drills are developed for combining machining of operations such as multiple
hole drilling, counter boring and counter sinking.

Core drills These are special holes meant for enlarging already existing holes such as those in castings.
These are either three-flute or four-flute type. The four-flute type is used for enlarging the drilled holes while
the three-flute type is used for punched or cored holes. The three-flute type keeps the chatter to a minimum
due to the fact that the cutting lips are not diametrically opposite.

Shell core drills These are similar to the core drills, but do not have a normal shank for the purpose of
holding and are for the large diameters. This needs to be mounted using a stub arbour similar to the shell end
mills with the help of the central hole present.

Spade drills Spade drills are used to make smaller diameter holes with low cutting speeds and high feed
rates. These have a long supporting bar with the cutting blade attached at the end. These are less expensive
since the support structure can be made more rigid using ordinary steel with no spiral flutes. Spade drills are
also used to machine small conical shapes for subsequent drilling or making a bevel (similar to countersink-
ing) on the existing holes to facilitate the subsequent tapping and assembling operations.

Carbide tipped drills Most of the drills are made of high speed steel. However, for machining hard mate-
rials as well as for large volume production, tungsten carbide tipped drills are available as shown in Fig. 8.6.
The tungsten carbide tips of suitable geometry are clamped to the end of the tool to act as the cutting edges.

As explained earlier in Chapter 2, coatings provide a better alternative in improving the cutting tool life.
This is more so in the case of a high speed steel drill. The titanium nitride (TiN) coating on the drills improves
the drill tool life on an average by 2 to 10 times while drilling steel.

8.2.3 Drilling Machine Construction

In order to carry out the drilling operation, the motions required are the rotation of the drill while it is fed
linearly into the work piece. Drilling machines come in a variety of shapes and sizes.
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Oil hole

Indexable insert

Fic. 8.6 Drill with carbide inserts

Drill Press

Typical drill press is shown in Fig. 8.7. The cutting tool in this case called the drill bit is mounted into the
spindle either with the help of the drill chuck for small sized drills that are straight shank type, or by means of
the spindle taper. The spindle is located inside a quill, which can reciprocate by means of manual operation or
by means of power feed. The work piece is normally placed on the table and clamped using a suitable work
holding device. These are relatively simple and less expensive in operation. However, these are not suitable
for mass production.

Radial Drilling

The radial drilling machine is more versatile than the drill press as described earlier. The schematic of radial
drilling machine showing the principal parts and motions is shown in Fig. 8.8. The drill head can move along
the radial arm to any position while the radial arm itself can rotate on the column, thus reaching any position
in the radial range of the machine. They are more convenient to be used for large work pieces, which cannot
be moved easily because of their weight, such that the drill head itself will be moved to the actual location on
the work piece, before carrying the drilling operation. In addition to the twist drills other hole making tools
will also be used.

Multiple Spindle Drilling

For production operations, it is necessary to carry out a large number of operations simultaneously, which
can be done through the multiple-spindle drilling machines. In the drilling heads of these machines more
than one drill can be located with each of them getting the power from the same spindle motor. The use of
these machines becomes more economical for large volume production of identical parts. These machines are
capable of producing a large number of holes in a short time. Some machines have a fixed number of spindles
in fixed locations while the others have the number fixed but their locations can be changed to suit the work
piece geometry. The latter type of machines are more versatile.
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ne

] Spindle
M= Belt

Hand feed \
lever

N

Quill — |
|
[
Hole for removing
taper shanks with
a drift
Ld
I
[
I
[
[
— Column —
Drill chuck —>
\
Drill —> Work piece
2l/ I
‘<~—— Throat distance ——>

Fic. 8.7 Thedrill press
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Gang Drilling

Gang drilling machines are the equivalent
of the progressive action type multiple
spindle lathes. These machines have a
number of spindles (often equal to four)
laid out in parallel. Each of the spindles can
have different drills or other hole making
operation tools fixed in sequence. The work
piece will move from one station to the Column
other, with each completing the designated
hole making operation. These are used for
volume production with the work pieces
located in a jig, with reasonable size to allow
the operator to move the part with jig to the
next station generally on a roller conveyor.

Radial arm

Work Holding

Work holding in drilling machines is simi-
lar to milling. Most of the small components
are held in vices for drilling in job shops.
However, for production operations, it is
not only necessary to locate and clamp the
work piece properly, but also to locate and
guide the drill. Hence jigs are used to serve Fic. 8.8 The radial drilling machine
this function. An example of a drilling jig is

shown in Fig. 8.9.

Cam latch ;
Jig plate Jig bush

|
[0 i (O]
Part

Latch pin | /I—l /’J'_| ’\ |
il \

| | Supports Locators

(a) Open position (b) Clamped position
Fic. 8.9 Drilling Jig for drilling a hole in a part
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8.2.4 Drilling Time Estimation

Typical process parameters used in drilling operation are given in Table 8.3, 8.4 and 8.5. The cutting speed in

drilling is the surface speed of the twist drill. Thus,

_ DN
1000

Where, V = cutting speed (surface), m/min
D = diameter of the twist drill, mm
N = rotational speed of the drill, rev/min

Cutting process parameters for drilling

Feed mm/rev

Hardness
Work Material
BHN Speed m/min

Cast iron 200 25-35
Cast steel 280-300 12-15
AISI 1020 110-160 35
AISI 1040 170-200 25
Manganese steel 185-215 5
Nickel steel 200-240 18
Stainless steel 150 15
Spring steel 400 6
Tool steel 150 23
Tool steel 200 18
Tool steel 215 15
Tool steel 300 12
Tool steel 400 5
Malleable iron 110-130 26
Aluminium 95 275
Aluminium alloys 170-190 18
Copper 80-85 21
Brass 190-200 70
Bronze 180-200 54
Zinc alloys 110-125 70
Glass 4.5

0.13-0.30
0.06-0.19
0.20-0.50
0.13-0.30
0.06-0.19
0.06-0.19
0.13-0.30
0.06-0.19
0.20-0.50
0.13-0.30
0.13-0.30
0.06-0.19
0.06-0.19
0.20-0.50
0.13-0.90
0.13-0.30
0.06-0.19
0.20-0.50
0.20-0.50
0.20-0.50
0.06-0.19
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Cutting speeds for drilling using tungsten carbide tip drills

Work Material ‘ Cutting Speed m/min
Aluminium 50 to 150
Brass 50 to 100
Bronze 50 to 100
Cast iron soft 30to 55
Cast iron chilled 10to 15
Cast iron hard 30 to 45
Steel over 450 BHN 25 to 35

Feed rates for drilling using tungsten carbide tip drills

Drill Size ‘ Feed mm/rev
Upto 1.5 mm 0.010 to 0.025
1.5 t0 3.0 mm 0.025 to 0.075
3 to S mm 0.05 t0 0.10
6 to 8 mm 0.08t0 0.13
9to 11 mm 0.10 to 0.20
12 to 18 mm 0.15t0 0.25
19 to 25 mm 0.20 to 0.30

The drill will have to approach the start of the hole from a distance and also traverse beyond the actual hole
by a distance termed as the total approach allowance, 4. The initial approach is generally a small value for
positioning the drill above the hole. This distance, 4; can generally be taken as 2 to 3 mm. The traverse
distance beyond the hole is often termed as the breakthrough distance and is required because of the conical

shape of the twist drill as shown in Fig. 8.10. This value is dependent upon the drill diameter and the lip angle
and is given by

Breakthrough distance, 4 = D
2tan o
For the most common case of o= 59°, it is given by N

D T3
3.3286 L !
' Y

Total length of tool travel, L =1+ 4 + 2 mm

Where [/ =length of the hole, mm - ’?
Time for drilling the hole = L minutes /@
/N «
Where f= feed rate, mm/rev Fic. 8.10 End of the twist drill showing the
The total volume of the material present in the hole breakthrough distance

indicates the material removal rate. In the case of a solid material without coring, the material removal rate
MRR is given by the area of cross-section of the hole times the tool travel rate through the material. Thus,

zD*fN
MRR = —f
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8.12 Manufacturing Technology—Metal Cutting and Machine Tools

= Example 8.1 —

A hole of 40 mm diameter and 50 mm deep is to be drilled in mild steel component. The cutting speed can be
taken as 65 m/min and the feed rate as 0.25 mm/rev. Calculate the machining time and the material removal
rate.

Solution Given, V=65 m/min
f=0.25 mm/rev

D =40 mm
L=50mm
) 1000 x 65 .
Spindle speed, = T Ixa0 517.25 rev/min
=520 rev/min
Breakthrough distance, 4 = 40 _ 12.02 mm
2 tan 59
Total length of drill travel, L =50+ 12 + 3 = 65 mm
Time for drilling the hole = % = 0.50 minutes
7 x 407 x 0.25 x 520
The material removal rate is MRR = 4 =163362.82 mm>/min

=163.363 cm*/min

8.2.5 Drilling Force Estimation
The two major forces acting on the drill during the machining operation are the torque and the thrust. The
torque acting on a twist drill is given by

M=Cd" f* N mm

Where d is the diameter of the drill in mm
F is the feed rate of the drill in mm/rev The constant Cfor torque calculations

And C is a constant whose values are given Iy R—-_. ‘ Hardness, BHN ‘ Constant, C
in Table 8.6.

o Steel 200 616
The thrust force is given by 300 795
T = Kdf0.7 Newtons 400 872
The values of K are given as Aluminium alloys 180
Steel = 84.7 Magnesium alloys 103

Cast iron = 60.5
Brasses 359

— Example 8.2 —

Estimate the force and thrust for a 20 mm drill with a feed of 0.2 mm/rev rotating at 150 rev/min, while drill-
ing mild steel.

Solution From the table C=616
Torque acting is M = 616 x 20" x 0.2°8 = 50392.0 N.mm
=50.392 Nm
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Thrustis T=K d %7 = 84.7 x 20 x 0.2°7 = 549.1 Newtons

The tolerance on the achieved dimension in drilling depends upon the geometry of the drill to a great
extent, but also on the diameter of the drill. Typical tolerances that can be achieved in drilling with a properly

ground drills is given in Table 8.7.

Limits of tolerance on drilling

Diameter, mm

Upto3
3to6
6to 10
10to 18
18 to 30
30 to 50
50 to 80
80 to 120

Limits of Tolerance, mm

High (+) Low (-)

0 0.014
0.018
0.022
0.027
0.033
0.039
0.046
0.054

S O O O o o o

Some common problems that are found in the case of drilling are shown in the following Table 8.8.

Common problems in drilling

Drilling Problem ‘ Probable Cause and its Remedy

Chipping of cutting lips

Breaking of drill

Drill chatter

Hole over size

Rough hole

Drill will not enter the work

High feed rate

High lip relief angle

Drill point improperly ground
High feed rate

Drill needs regrinding

Flutes clogged with chips

Loose moving parts of the machine
Reduce overhang

Fixture not properly clamped
Unequal angle of cutting edges
Loose spindle

Unequal lengths of cutting edges
Point improperly ground

High feed rate

Fixture not rigid

No cutting fluid

Drill needs regrinding

The drill web is too thick

Lip relief is too small
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8.14 Manufacturing Technology—Metal Cutting and Machine Tools

8.2.6 Deep Hole Drilling

The deep hole is normally classified as hole, which is longer than three times its diameter. Since the depth is
longer, it creates some problems. The rigidity of the drill becomes low because of the extra length required.
Further the chip space becomes small compared to the amount of chips generated. The cutting speed and feed
used for deep hole drilling should be reduced. The cutting speed for deep holes, V., is given by

S . Depth of hole
deep = Varill X 40 x Dia. of hole

Similarly the feed rate is also reduced as follows:

Depth of hole }

=fam X |l -————
fdeep Jarin { 50 x Dia. of hole

The major problem with deep hole drilling is total volume of chips generated. The flute space will be
simply jammed if no proper care is taken to prevent it. One of the methods to be adopted is the withdrawal
of the drill from the hole at periodic intervals such that the drill can be flushed with the cutting fluid. The
recommended method is that the first drill to be used is the normal drill of short length and completes the
hole up to 3 to 4 times the diameter. Later change to an extra long drill and continue drilling with the care
to see that the drill is withdrawn from the hole every 1 to 2 times the diameter for really deep holes. This is
sometimes called as peck drilling (similar to the wood pecker action of boring the tree trunk). The problem
gets further compounded when the work piece material generates ductile and continuous chips. In such
cases, it is necessary to have some form of chip breaking arrangement. One common method used is to grind
grooves in the flank of the point.

Very small hole drilling such as those with diameters ranging from 0.4 to 1.0 mm will always be classified
as deep hole drilling because of the length of the hole involved. To maintain the strength of these drills, the
web is generally thicker than that for the normal size drills. As a result the cutting conditions have to be
carefully adjusted to get a reasonable tool life.

8.2.7 Gun Drilling

Gun drilling is the process of drilling extremely long or deep holes. It was originally developed for making
the gun barrels from which it derives its name. This process is widely applied to produce precision long and
short holes up to 200 mm dia and 30 m long. A typical gun drill consists of a hollow tube with a ¥ shaped
groove or flute along its length with a carbide cutting tip which also acts as its own guide bushing as it drills
the hole as shown in Fig. 8.11(a). A gun drill can produce holes up to 100 times its diameter. The success in
gun drilling is achieved by choosing suitable speeds and feeds which facilitate proper chip management and
adequate coolant pressure for lubrication of the brazed carbide tip along with the chip evacuation through the
drill’s single flute. High-pressure oil or water-soluble coolant flows through an internal coolant passage of
the gun drill to the cutting area.

Cutting fluid forces the chips formed by the cutting action up the flute and out of the hole. The high-
pressure (140 MPa or higher) coolant system includes chip separation and filtration units to maintain clean
coolant. If not done properly chips in the coolant directed to the tool will impair its function and clog small
drills. Drilling action takes place off the centre point, and as a result considerable pressure acts on the wear
pad that is used to help guide the drill and create a burnishing effect as the hole is drilled. Typical surface
finish of a gun drilled hole is from 0.8 to 1.5 wum. Rotate the tool instead of the work wherever feasible. Gun
drilling machines in which the work rotates are more sensitive to misalignment than those in which the tool
is rotated. Gun-drilling machines should have the highest rigidity to provide accurate alignment.
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Back taper Outer angle
—p— Margin
Cutting fluid
passag
| Duboff Wear pad
Flute
Inner angle

(a) Gun-drilling tool

Cutting fluid

ﬂ Gun drilling tool Work piece

Spindle 3/

NG

Feed

Bed

(b) Schematic of a gun-drilling machine

Fic. 8.11 Gun drilling operation, (a) Gun drilling tool, (b) Schematic of a gun drilling machine

8.2.8 Trepanning

Trepanning produces a hole in solid material by directly cutting the circumference of the hole and not the full
hole. After the trepanning operation the core at the centre of the hole which forms bulk of the material is left
intact and can be re-used for other purpose. There are two forms of trepanning: one type used for thin sheets
while the other is used on much heavier material.

The tool used for thin sheet trepanning consists of a single point tool that is fixed to an adjustable arm
that revolves around a pointed centre shank as shown in Fig. 8.12. The centre locates the tool to generate the
required geometry and also keeps it rigid. This operation is very similar to drawing circles using a compass for
engineering drawing. Using this tool disks up to 6 mm thick and 150 mm in diameter can be machined. The
main advantage of the process is that the centre disk can be re-used for other purpose instead of converting
into chips as in solid drilling.

To make deep and large holes (greater than or equal to 50 mm in diameter), another trepanning tool has to
be used. This process is similar to gun drilling where once the cutting starts forced lubrication and cooling is
used. This process is faster (10 to 15% compared to solid drilling) with very few chips produced and gives a
straighter bore because the tool is self-truing. Straightness and diametric tolerances are almost comparable to
gun drilled holes. Since the central portion of the bore is not converted into chips, it can be salvaged which is
an advantage in case of expensive alloys.
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The trepanning tool is essentially a tube with one end fixed with a Spindle
shank and the other end consists of a tool bit wider than the width of
the tool to provide the clearance. Similar to gun drilling cutting fluid
is introduced around the tool and the chip and spent fluid evacuates
through the tool’s centre. The cutting fluid flow rate increases as the
tool advances into the work material. For re-circulating the cutting
fluid it has to be filtered to remove all the chips with a fine mesh
and cooled to improve the efficiency of machining. For this purpose

the coolant tank is larger than that used in conventional machine Work piece

tools. This process can deliver tolerance on the hole diameter up to

+0.050 mm and surface finishes from 2 to 3 um. Fic. 8.12 Thin sheet trepanning
operation

8.3 REAMING

Reamer is a multi-tooth cutter, which rotates and Limits of tolerance on reaming
moves linearly into an already existing hole. The ‘

. . [P Diameter, mm Limits of Tolerance, mm
previous operation could be drilling or prefera-

bly boring. Reaming will provide smooth surface | High(H) | Low ()
as well as close tolerance on the diameter of the | 1to3 0.009 0.002
hole. Generally the reamer follows the already |3 t0 6 0.012 0.004
existing hole and therefore will not be able to | ¢ 10 0015 0.006

correct the hole misalignment. Typical geometry

s . 10to 18 0.018 0.007

of a reamer along with its nomenclature is shown
in Fig. 8.13. Typical limits of tolerances that can 18 to 30 0.021 0.008
be obtained by reaming are given in Table 8.9, |30to50 0.025 0.009
which can be used for process selection purpose. | 50 to 80 0.030 0.011
A reamer is more like a form tool, since | gg o120 0.035 0.013

the cylindrical shape and size of the reamer is
reproduced in the hole. In reaming very little
material is removed. The normal reaming NLUIX:B{J Reamingallowances

allowances are shown in Table 8.10. At the Size of ‘ Stock Allowance, mm
bottom of the reamer the flutes (cutting edges) NI S [ Lo I e
are made slightly tapered to facilitate its entry mm
into the existing hole. Generally the reamer is | Up to 10 0.30 0.20
expected to cut from the sides and not from the | 1010 14 0.40 0.25
end. These are most suitable for reaming through 14 t0 18 050 025
holes. However for reaming blind holes with flat
bottom, special end cutting reamers that look 18 10 30 0-50 0.30
30 to 50 1.00 0.40

similar to end mills will have to be used. They
have the cutting edges also formed in the end.

The reamer flutes are either straight or helical. The helical flutes promote smoother cutting and should be
used specifically for the holes that are not continuous such as those with keyways parallel to the axis of the
hole. The cutting action of the helical flutes is smoother and helps in preventing chatter, which is likely in
view of the large area of contact between the tool and the work piece.

The reamers are termed as left hand or right, depending upon the direction in which they are moved,
starting from the shank to the cutting portion. Also the reamer as it is rotated to the right advances towards
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Overall length

[~<<——— Shank length ———

/ Tang
I Taper shank )

p Flute length ——
Cutter Chamfe%‘

sweep angle

Helix angle \\
Straight shank Ac*tual
! - B L N | size

N/ i

Shank length l Helical flutes \
9 ' R.H. helix shown Body

| < Chamfer
length

Chucking reamer, straight and taper shank

Overall length

eck| Pilot

—~—— Shank Length Neck| Flute length
I guide

|N
Starting
taper

—————

- Axis

~___
/ Actual size A Cutter sweep

Squared shank Cutter sweep straight flutes

]
\

Hand reamer, pilot and guide

Starting ) ~<Relieved land  Chamfer | <Chamfer length )
'ftaper—» ~ Margin > angle ‘ Chamfer relief :‘ —< Land width
Cutting edge Relief angle \1\ Margin Radial rake
angle
Land Flute Heel Chamfe1 relief oliel %
i i angle D
width Actual Cfuat;t:lgg : J Actual
size size
\ Land
X
Bevel Core diameter
Helical flutes Zero degrees radial Straight flutes Positive radial rake angle
left hand rake angle hand shown and right hand rotation
helix shown right hand shown
rotation shown
Hand reamer Machine reamer

Fic. 8.13 Typical geometry of a reamer and its nomenclature

the cutting portion and is termed as the right hand helix. The reverse is termed as the left hand helix. The right
hand reamer with right hand helix is used for roughing cuts, since the tool tends to go into the work piece
more efficiently and thereby promote the material removal. Similarly a right hand reamer with left-hand
flutes is used for finishing cuts.
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Since the reamer follows the already existing hole, [T E-REI Cutting speeds for reaming

any misalignment present in the hole is likely to break . . .
. . . . Work Material ‘ Cutting Speed, m/min
the reamer if mounted in the conventional spindle.

Hence floating reamer holder is used between the | Aluminium and its alloys 45-70
machine spindle and the reamer to adjust for any small | Brass 45-70
misalignment between the spindle axis and hole axis. Bronze 15-20
Tl}lle czilttti}rllg fspzeds used lin ieaming are recllattively Cast iron, soft 20-35
small and the feeds generally large compared to an .
equivalent drilling oserationyto agssure tIl)le required Cast iron, hard 15-20
surface finish. Suggested cutting speeds are given in | Steel low carbon 15-20
Table 8.11. Steel medium carbon 12-15
Since reaming is used essentially to achieve a good | Steel high carbon 10-12
surface finish along with high dimensional tolerance, | gieel alloy 10-12
use of cutting fluids is essential. Suggested cutting fluids Stainless steel 590

for different work materials are given in Table 8.12.

LLUTX: B ] Cutting fluids for reaming

Work Material ) Soluble Oil Kerosene Sulphurised Oil Mineral Oil
Aluminium X X

Brass X X

Bronze X X X

Cast iron X

Steel Low carbon X X

Steel Alloy X X

Stainless steel X X

Chatter is often caused in reaming due to the lack of rigidity in the operation. To reduce the chatter,
reduce the cutting speed, increase the feed rate, add a chamfer to the hole being reamed to facilitate the easier
entrance of the reamer, or use a reamer with a pilot. The work piece should be properly supported during the
reaming operation, otherwise over sized holes will be produced. If the reamer axis is misaligned with the axis
of the hole, a bell mouthed hole will result.

Work piece

8.4 BORING Existing

hole
Final

Boring is an operation of enlarging a hole. The single hol
ole

point cutting tool used for the boring operation is shown
in Fig. 8.14. Generally the single point tool bit is mount-
ed in the boring bar of suitable diameter commensurate
with the diameter to be bored. The overhang of the tool
is to be maintained as small as possible to reduce the

chatter, which is very common in boring. Cutting tool Boring bar
It is possible to carry out the boring operation in

a lathe for limited applications while in drilling and Fic. 8.14 Boring with a single point turning

milling machines a large range of holes can be bored tools in a boring machine
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using the multiple point cutting tools in addition to the single point tool as explained earlier. Boring with
a single point cutting tool being a semi-finishing operation very small amount of stock is left out to be
removed. Typical boring allowances are given in Table 8.13.

LLUTX: B k] Machining allowance in boring

Hole Diameter, mm Machining Allowance, mm
Rough Boring Semi Finish Boring

Upto 18 0.8 0.5
18 to 30 1.2 0.8
30 to 50 1.5 1.0
50 to 80 2.0 1.0
80 to 120 2.0 1.3
120 to 180 2.0 1.5

Major problem of boring with a boring bar with single point turning tool is lack of rigidity of the boring
bar. The size of boring bar is dictated by the size of the hole to be bored, while its length depends upon the
geometry of the bore. Typically up to a length of boring bar equal to 5 times the diameter of the bar, simple
boring bars would be able to serve the purpose. However beyond this length, chatter becomes predominant
reducing the finish of the bore produced. It is necessary to use special damped boring bars for boring above
this range.

8.4.1 Horizontal Boring Machine

The work piece where a hole is already present is mounted on the table of a horizontal-boring machine. Gen-
erally heavy work pieces that are difficult to be rotated in the drilling machines, are bored in horizontal boring
machines. A drilled hole, which is not properly located, can be made concentric with the axis of rotation of
the spindle by the boring operation.

Horizontal boring machine or boring mill comes in a variety of configurations. The basic units that are

present in any boring machine are:

e Headstock: Itis the heart of the equipment that houses all the spindles with speed and feed arrangement.
Different spindles are available depending upon the power and speed requirements of the different
operations planned. The headstock also provides a station on which other attachments can be mounted.
The spindle feed and hand feed controls are contained in the headstock.

e Column: The headstock is supported by the column and guides it up and down accurately by means
of guideways. Columns are attached to bases. Some columns are stationary while others move with
their bases.

e Column base: This base supports and secures the column. It houses the various gear and driving
mechanisms.

e End-support column: An additional column is sometimes required for operations that involve the use
of long boring bars or heavy tools. An outboard bearing in this column is utilized to support the end of
the bar. This is also called backrest.

e Runways: These are used to carry the main column and end-support column in some machines.

e Table and saddle: It is provided for locating and clamping work piece. The table has accurate
guideways to move the table in two perpendicular directions (X and Y in horizontal plane).

e Bed: Similar to the bed for heavy machine tools to support most of the machine tool parts.
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e Floor plate: Similar to a stationary bed and is provided with T-slots for mounting work piece.

e Ciross rail: The cross rail is similar to the cross rail of a planer.

Table-type horizontal boring machine (Fig. 8.15): This is the most common boring machine seen in the ma-
chine shops. As can be seen in Fig. 8.15 it has a headstock, column, column base, table, saddle, end support,

and bed.

End support

Table

Spindle

- Saddle

Column

Bed

Fic. 8.15 Schematic of a table type Horizontal Boring machine

Headstock

Floor-type horizontal boring machine (Fig. 8.16): This is normally used for very large work pieces. It has a
headstock, column, column base, runway, end support, end-support runway, and floor plate to accommodate
large work pieces. Because of the heavy nature of the work pieces machined on this machine they remain
stationary while the spindle and its support are traversed along the runway past the work.

End support
/ Column
Spindle
[ ————— Column base \
Runway I~
Floor plate Runway

Fic. 8.16 Schematic of a floor-type Horizontal Boring machine
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Planer-type horizontal boring machine (Fig. 8.17): The table in this machine is similar to a planer with
reciprocating table. It has a headstock, column, runway, end support, end-support run-way, table, and bed.
Guideways for reciprocating are provided in the bed. This machine is used for long work where exceptional

rigidity is required. The tool remains stationary while the work moves past the tool.

End support

Table

Spindle

Column

Headstock

Runway

Bed

Runway

Fic. 8.17 Schematic of a planer type Horizontal Boring machine

Multiple-head-type horizontal boring machine (Fig. 8.18): This type of machine has multiple units of head-
stock (two to four), two columns with a cross rail, bed, and table. This machine looks and works like a planer-
miller described in chapter 6. All the headstocks have the capability of swivelling for angular cuts. Because
of the way the headstocks are positioned it can do both vertical and horizontal boring, and milling.

Column

—F—

Column

Cross rail

Headstock

Table

Spindle

Bed

Headstock

Fic. 8.18 Schematic of a Multiple-head-type Horizontal Boring machine
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Tools Used

On horizontal boring machines practically all hole making operations such as reaming, counter boring, and
tapping can be done in addition to boring. Regular boring bars as well as stub boring bars are used depend-
ing upon the hole geometry to be bored. Work always remains stationary while the tool is rotated to remove
the metal. For enlarging holes which are close to the column offset boring bars are used. The offset boring
bars are adjustable by means of a dovetail slide, and are provided with a fine graduate scale. The tool can be
moved outward by a precise amount and clamped in any position depending upon the diameter to be bored.
To reduce the machining time, regular boring bars have several slots to add multiple single point tools in
sequence. These can be used for roughing, semi-finish and finish tools all in a single setup. Also all types of
milling cutters can be used.

8.4.2 \Vertical Boring Machine

Vertical boring mill (Fig. 8.19) is the largest machine tool. It has a number of tool heads (up to four), two
columns, cross rail similar to a planer, table (rotary), and bed. It is used to machine internal and external
diameters as well as to face large work pieces that are axi-symmetrical. A large rotary table is used to clamp
the work piece and is rotated against a fixed tool, so only circular cuts can be made. The rotary table is
mounted on the bed. Any size of the work piece that is within the size of the rotary table can be machined.
Really large machines of this category are constructed with their tables flush with the floor. If necessary these
tool heads can be arranged for angular cuts.

Tool head

Column Column

Cross ralil

Tool head

Table

Bed

Fic. 8.19 Schematic of a Vertical Boring machine
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8.4.3 Vertical Turret Lathe

The vertical turret lathe (Fig. 8.20) is similar to vertical
boring machine except it is much smaller in size. The
types of jobs that can be done in a vertical turret lathe
are similar to those of its larger cousin but much smaller  Cross rail 4|—
in size. It looks almost like a turret lathe (Chapter 5)
rotated 90° from the horizontal, in such a way that its
headstock is sitting on the floor and its axis is vertical. Tool head
The work piece is clamped to the table with jaws and
is normally called a chuck. The tool holder is a five-
sided turret mounted on the cross rail. It has five tool
positions all of which can be used to machine a work Table — — L
piece in a single setup. Also it is possible that any of
these five positions can support multiple tooling, in
which up to 10 tools can be mounted, so that a work
piece can be completely machined without changing Bed — ——
any tools in the turret.

1
Ram ——M8M8M8 ™ |

8.4.4 JigBoring Machine Fic. 8.20 Schematic of a Vertical Turret Lathe

A jig boring machine (Fig. 8.21) is similar to a vertical

axis milling machine (Chapter 7) with the table closer [ ] — Spindle head
to the floor and built with heavy, rigid and accurate
construction. Table and saddle are mounted on the
rigid bed that provide the necessary two axes (X and
Y) movement for the work piece. A massive column |
supports all the necessary drives to provide power to
the spindle. To provide the Z-axis movement the spindle — Spindle housing
moves inside a quill which is rigidly supported by the | Spindle
spindle head. The quill can also move vertically thereby

providing a telescoping movement with added rigidity
to extend the range of Z-axis movements for the tool. All
the mechanisms involved in the three axes movement Table |

are manufactured under extremely careful and exacting | Saddle |
conditions so that there will be no motion lost during
tool movement. The materials for the housing are also
carefully chosen so that thermal expansions due to the
changes in temperature are minimized. The jig boring
machine must be rugged enough for heavy cuts while remaining sensitive enough for light cuts. Accurate
system of measurement is provided in jig boring machines for locating the tool positions precisely.

| —Column

—

| Quill

Bed

Fic. 8.21 Schematic of a Jig Boring Machine

8.5 TAPPING

In chapter 4 we discussed the machining of screw threads using a single point tool in a lathe. A faster way of
producing internal holes is by the use of tapping operation. A tap is a multi-fluted cutting tool with cutting
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edges on each blade resembling the shape of threads to be cut. A tap of the required size is to be used after
carrying out the pre-drilling operations. The tapping drill sizes for ISO metric threads are given in Table 8.15.
Similar tables can be seen for other forms of threads from the handbooks. Important features of the taps are

shown in Fig. 8.22.

Basic minor dia
—— Base of thread

<— Overall length ———————
Sive of < Shank length —>- Thread length —>| Core dia
square —> t?g%h ‘ﬁxis Chamfer | >
/ AMAAAMAMAMAMAA \C>_Ch_amfer
\\ Point 5 relief
L\— U e —— g
f Q ’ Flute
Shank dia 900\” grl;]gle:d foad Internglxct:?am?écentres
Pitch :
_>| |<—Tap crest
—>| |<— Basic crest
IR y )
; i v, A Angle of thread
Mrlr'néjg?p h%gﬁ%)f v //% //;//////Il v ”ile Ok -
A t K an
Max. tap dia . Ei / % //////
dia malor Z Y

Basic pitch dia
Cutting edge Relieved to
No relief cutting edge
Heel

/
7
7,
/ Y,
Land
Negative Zero rake Positive
rake angle rake angle
Fic. 8.22 Important features of a tap
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LICIIE: B Y] Recommended drill sizes for ISO metric threads

Nominal Tap Size, mm Lead, mm Tapping Drill Size, mm | Clearance Drill Size, mm
1 0.25 0.75 1.05
2 0.40 1.60 2.05
3 0.50 2.50 3.10
4 0.70 3.30 4.10
5 0.80 4.20 5.10
6 1.00 5.00 6.10
7 1.00 6.00 7.20
8 1.25 6.80 8.20
9 1.25 7.80 9.20

10 1.50 8.50 10.20
11 1.50 9.50 11.20
12 1.75 10.20 12.20
14 2.00 12.00 14.25
16 2.00 14.00 16.25
18 2.50 15.50 18.25
20 2.50 17.50 20.25
22 2.50 19.50 22.25
24 3.00 21.00 24.25
27 3.00 24.00 27.25
30 3.50 26.50 30.50

The cutting edges being of the same shape as that of the ~JIUIIX:®EY Recommended cutting speeds
thread to be machined, the helical angle forces the chips to to be used in tapping

be moved ahead through the flutes. The flutes therefore are Material ‘ Tyt Sioeedl mfie

straight increasing the strength of the tap.

Tap is basically a form tool and therefore care has to Al LS
be taken while re-grinding to maintain the form as well as | Brass 15t0 75
dimensions. The leading end of the tap is tapered as shown | Bronze 15 to 35
in Fig. 8.15 to help in starting the tap and to distribute the | Cast iron 15t0 35
ma.jority of the .cutting action over a number of threads. T 10 to 20
This type of tap is used for tapping through holes only. For .
blind holes requiring a flat bottom, special bottoming taps Magnesium 251065
without taper have to be used. Malleable iron 10 to 20

While tapping, care has to be taken to see that the tap is | Steel free machining 13 to 25
started in proper alignment with the hole. Once started, the Stainless steel 2t0 10
tap is automatically drawn into the hole by the threads and | ;... 20 to 50

hence it should not be forced in. Sometimes it may become
necessary to reverse the tap slightly to break the chips and clear the chip space and then continue in the
normal way. Use of copious quantity of cutting fluid is essential since tapping is a heavy and slow material
removal operation.
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Tapping speeds used are generally smaller compared to drilling in view of the large feeds that are used.
Typical tapping speeds are given in Table 8.15. These are considered as the starting values, and if any problem
is noticed during the tapping operation, they need to be adjusted based on the problem. The speed need to
be lowered as the length of the hole increases because of the problem of the chip removal and their potential
ability to get welded to the tap, thereby reducing its cutting ability.

For machine tapping the tap should be held in a floating holder to allow for sufficient flexibility for the tap
to follow the existing hole. The tap should be rotated in the reverse direction to extract it from the hole after

completing the tapping operation.

8.6 OTHER HOLE MAKING OPERATIONS

Counter Boring

Already existing holes in the components can be
further machined for counter boring as shown in
Fig. 8.23. Counter boring is done on surfaces that are
rough, uneven and not evenly perpendicular to the axis
of the hole. The counter boring can be done by a tool
similar to the shell end mill (Fig. 8.24) with the cutting
edges present along the side as well as the end, while a
pilot portion is present for the tool to enter the already
machined hole to provide the concentricity with the
hole. The pilot should fit snugly in the hole and should
have sufficient clearance facilitating the free movement

0 7

Counter
bore

Counter
sink

Spot
facing

Fic. 8.23 Other hole making operations

of the tool. In the counter boring operation, the hole is enlarged with a flat bottom to provide proper seating
for the bolt head or a nut, which will be flush from the outer surface.

/

Fic. 8.24 Tools used for other hole making operations
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Generally the speeds and feeds used for counter boring are slightly smaller than those used for the
corresponding drilling operation. Typical starting values for cutting speed are given in Table 8.16, while the
recommended feeds are given in Table 8.17.

LU BT Recommended cutting speeds for counter boring

Material Cutting Speed, m/min
Mild steel 25 to 30

Alloy steel 10 to 25

Cast iron Soft 40 to 45

Brass 50 to 100

I BY¥A Recommended feeds for counter boring

Counter Bore Size, mm ‘ Feed, mm/rev
5to 10 0.08t0 0.13
11to 15 0.10t0 0.15
16 to 21 0.13t0 0.18
22 t0 30 0.15t0 0.20
31to38 0.18 t0 0.23
39 to 50 0.20 to 0.25

Spot Facing

Spot facing is similar to the counter boring, but removes only a very
small portion of material around the existing hole to provide a flat
surface square to the hole axis. This is normally done to provide a
bearing surface for a a-washer or a nut or the head of a bolt. This has
to be done only in cases where the existing surface is not smooth.
The tool used can be same as that for counter boring or the tool as
shown in Fig. 8.17.
Sometimes it becomes necessary to spot face a surface that is not
accessible from the outside. For this purpose inverted spot facers are ’
developed. These have the cutting portion that can be easily attached
to the holder as shown in Fig. 8.18. First the holder is passed through
the hole then the spot facer is attached at the end. After completing

the operation, the spot facer is removed and the holder is taken out. —

Counter Sinking

Counter sinking is also similar to counter boring; except that the Fic. 8.25 Inverse spot facing
additional machining done on a hole is conical to accommodate the application

counter sunk machine screw head as shown in Fig. 8.25. Again the
depth of counter sinking should be large enough to accommodate the screw head fully flush with the surface.
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SUMMARY

There are a large number of hole making operations depending upon the geometry of the hole to be made.
e Drilling is the most common hole making operation.
o Twist drill geometry with two cutting lips arranged helically around the central web acts as the main
cutting tool for drilling.
e A large variety of drill types are used such as step drills, spade drills, and shell core drills.
Drill press, radial drilling machine and multiple spindle drilling machines are some of the varieties
of drilling machines used.
Drilling time can be estimated based on the hole length and the drilling process parameters.
Drilling force and power can be estimated using the empirical relations.
Deep hole drilling requires special precautions to take care of the removal of large volume of chips.
Reaming is a finishing operation done to provide close-toleranced holes.
Boring is an operation used to enlarge a hole using a single point cutting tool.
Tapping is used to make inside threads where a finished hole is already present.
Tapping is an operation using slow cutting speeds.
Counter boring, spot facing and counter sinking are the other operations that are used to finish the
holes for specific requirements.

||| Questions J|

8.1 Explain the different types of hole types and the processes used for manufacturing them.

8.2 Explain briefly the construction of a radial drilling machine with emphasis on how the requisite
motions are obtained.

8.3 Explain different types of drilling machines that are used in machine shops and their features.

8.4 Show with sketches the principal features of any three hole making operations you are familiar with
along with the tools used.

8.5 Show with neat sketches the constructional features of a twist drill and label the important features.

8.6 Explain briefly the construction of a drill press with emphasis on how the requisite motions are
obtained.

8.7 What are the different types of drills used? Explain the function of each of the type of drill.

8.8 Define cutting speed, feed, and depth of cut as they are referred to drilling and explain how machining
time in drilling is calculated.

8.9 Write a brief note on deep hole drilling operation.
8.10 Describe (a) Gang Drilling, and (b) Multiple spindle drilling operations.
8.11 Discuss about the problems faced in drilling operation with their causes and possible remedies.
8.12 Show with neat sketches the constructional features of a hand reamer and label the important features.

8.13 Explain the following terms related to reamers; a) left and right hand reamers, and (b) left hand and
right hand helix in reamers. Explain their applications.

8.14 Is it possible to correct an out-of-round hole with a reamer? If not give reasons. If possible specify the
type of reamer used for the purpose.
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8.15 Explain the differences between drilling, reaming and tapping.

8.16 Write a brief note on trepanning.

8.17 Describe with the help of a neat diagram the construction and working of a precision horizontal
boring machine? And also mention some salient design features?

8.18 Briefly discuss about the following types of boring machines:
(a) Floor type boring machine
(b) Planer type boring machine.
(c) Multiple head type boring machine.

8.19 Write short note on the following:
Lip, Helix and Rake angle in drilling

| Problems |

8.1 A series of 5 mm holes (total number 6) are to be drilled in a circle of 150 mm diameter on a 6 mm
glass sheet. Describe the method of manufacture to be used with a neat sketch of the setup. What are
the process variables to be controlled giving their effect on the final hole quality and the production
rate? [Normal drilling cannot be done but use USM]

8.2 Ahole of 25 mm diameter and 35 mm deep is to be drilled in mild steel component. The cutting speed
can be taken as 35 m/min and the feed rate as 0.20 mm/rev. Calculate the machining time and the
material removal rate. [0.511 minutes, 43 197 mm®/min]
Calculate the drilling torque and thrust force acting in the above example.

[969.373 N mm, 686.35 N]
In C40 steel sheet of 25 mm thickness, 3 holes of 15 mm diameter are to be drilled. The cutting speed
can be taken as 30 m/min and the feed rate as 0.15 mm/rev. Calculate the machining time and the

material removal rate. [0.6984 minutes, 16 700 mm®/min]
| | Multiple Choice Questions i ]
8.1 Back taper is provided on a drill to 8.3 Helix angle of a drill is
(a) Increase the strength of the drill (a) The angle between the leading edge of
(b) Provide longitudinal clearance the land and the axis of the drill
(c) Decrease the cutting thrust (b) The angle between the face and the line
(d) Decrease the cost of the drill parallel to the drill axis
8.2 Axial rake angle of a drill is (c) The angle formed by the portion of the
(a) The angle between the leading edge of flank adjacent to the land and a plane at
the land and the axis of the drill right angles to the drill axis
(b) The angle between the face and the line (d) None of the above
parallel to the drill axis 8.4 The lip clearance angle of a drill is
(c) The angle formed by the portion of the (a) The angle between the leading edge of
flank adjacent to the land and a plane at the land and the axis of the drill
right angles to the drill axis (b) The angle between the face and the line
(d) None of the above parallel to the drill axis
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8.5

8.6

8.7

8.8

(¢) The angle formed by the portion of the
flank adjacent to the land and a plane at
right angles to the drill axis

(d) None of the above

The lip angle used in a drill for common
drilling applications is

(a) 128°

(b) 136°

(c) 118°

(d) 125°

The following type of drill cannot be used for
drilling into a solid material (can only enlarge
an existing hole)

(a) Twist drill

(b) Core drill

(c) Spade drill

(d) Oil hole drill

A 15 mm through hole is to be drilled in a
mild steel plate of 20 mm thickness. Take the
over travel of the drill as 5 mm. What is the
drilling time if the feed rate is 125 mm/min.
(a) 2 min

(b) 0.2 min

(c) 0.02 min

(d) 0.1 min

The cause for experiencing a lot of drill
chatter (large vibrations)

(a) Loose moving parts of the machine

(b) Reduce overhang

(c) Fixture not properly clamped

(d) All of the above

Answers to MCQs

8.1
8.6
8.11
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(b) 8.2 (b) 8.3 (a)
(b) 8.7 (b) 8.8 (d)
(b) 8.12 (b) 8.13 (c)

8.9

8.10

8.11

8.12

8.13

The cause for very poor surface finish of the
hole being drilled is

(a) Point improperly ground

(b) High feed rate

(¢) Fixture not rigid

(d) All of the above

The machining operation used to enlarge an
existing hole is termed as

(a) Drilling

(b) Boring

(c) Counter sinking

(d) Reaming

Boring operation is used for

(a) Drilling a hole

(b) Enlarging a hole

(c) Dirilling a stepped hole in solid material
(d) None of the above

The operation to be used for obtaining smooth
and close toleranced hole is

(a) Drilling

(b) Reaming

(c) Tapping

(d) Gun drilling

The type of reamer used for rough reaming
operation is

(a) Left hand reamer with right hand helix
(b) Right hand reamer with left hand helix
(c) Right hand reamer with right hand helix
(d) None of the above

8.4 (c)
8.9 (d)

8.5 (c)
8.10 (b)
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Grinding and
other Abrasive Processes

Objectives
Abrasive processes utilise very small abrasive grains to remove material in order to provide
good finish on metallic parts. After completing this chapter, the reader will be able to
> Understand the basic principles of abrasive processes

> Understand the designation of the grinding wheel and the significance of the various
elements of the codes

Appreciate the different types of grinding machines and their applications
Understand the grinding process and the variables that affect the operation

Estimate the time and power required for the grinding operation

vV VvV VvV Vv

Utilise various types of abrasive processes such as honing and lapping for final finishing
operation

9.1 INTRODUCTION

Grinding is a process carried out with a grinding wheel made up of abrasive grains for removing very fine
quantities of material from the work piece surface. The required size of abrasive grains are thoroughly mixed
with the bonding material and then pressed into a disc shape of given diameter and thickness. This can be
compared to a milling process with an infinite number of cutting edges.

Grinding is a process used for

e Machining materials which are too hard for other machining processes such as tool and die steels and

hardened steel materials,

e Close dimensional accuracy of the order of 0.3 to 0.5 um, and

e High degree of surface smoothness such as R, =0.15 to 1.25 um.

This accounts for 25% of all the machining processes used for roughing and finishing processes.

The characteristics of some of the abrasive processes are given in Table 9.1.

The abrasive grains are basically spherical in shape with large sharp points, which act as cutting edges. All
the grains are of random orientations and as such the rake angle presented to the work material can vary from
positive to a large negative value. Many grit also slide rather than cut because of its orientation.
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9.2  Manufacturing Technology—Metal Cutting and Machine Tools

Characteristics of various abrasive processes

Process ‘ Particle Mounting ‘ Features

Grinding Bonded Wheels, generally for finishing. Low material removal rate

Creep feed grinding Bonded Open soft Wheels, slow feed and large depth of cut

Snagging Bonded, Belted High material removal rate, roughing to clean and deburr castings
and forgings

Honing Bonded Stones contain fine abrasives for hole finishing

Lapping Free For super finishing

The depth of cut taken by each of the grain is very small. However, a large number of grits act simultaneously,
hence the material removed is large. Also cutting speeds employed are large. Chips produced as a result are
very small and are red hot. Often they get welded easily to the abrasive grain or to the work piece. Thus the
grinding process is a very inefficient one compared to the conventional metal cutting processes.

Specific energy of grinding = 50 J/mm?

Specific energy of other processes = 2 to 5 J/mm?

9.2 GRINDING WHEEL DESIGNATION AND SELECTION

The grinding wheels are produced by mixing the appropriate grain size of the abrasive with the required bond
and pressed into shape. The characteristics of the grinding wheel depend upon a number of variables. They
are described below:

9.2.1 Abrasive Types

These are the hard materials with adequate toughness so that they will be able to act as cutting edges for a
sufficiently long time. They also have the ability to fracture into smaller pieces when the force increases,
which is termed as friability. This property gives the abrasives the necessary self-sharpening capability. The
abrasives that are generally used are:

e Aluminium oxide (Al,O5)

e Silicon Carbide (SiC)

e Cubic Boron Nitride (CBN)

e Diamond

Aluminium Oxide (Al,05)

This is one of the natural abrasives found called corundum and emery. However the natural abrasives gener-
ally have impurities and as a result their performance is inconsistent. Hence the abrasive used in grinding
wheels is generally manufactured from the aluminium ore, bauxite.

Silicon Carbide (SiC)

Silicon carbide is made from silica, sand, and coke with small amounts of common salt.

Cubic Boron Nitride (CBN)

Cubic Boron Nitride (CBN) next in hardness only to diamond (Knoop hardness ~ 4700 kg/mm?). It is not a
natural material but produced in the laboratory using a high temperature/ high pressure process similar to the
making of artificial diamond. CBN is less reactive with materials like hardened steels, hard chill cast iron,
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and nickel base and cobalt based super alloys. CBN grains have 55 times higher thermal conductivity, four
times higher the abrasive resistance and twice the hardness of the aluminum oxide abrasives. They can retain
their strength above 10,000°C. CBN is very expensive, 10 to 20 times that of the conventional abrasive such
as aluminium oxide.

Diamond

Diamond is the hardest known (Knoop hardness ~ 8000 kg/mm?) material that can be used as a cutting tool
material. It has very high chemical resistance along with low coefficient of thermal expansion. Also it is inert
towards iron.

Characteristics of abrasives used in grinding wheels

Abrasive Vickers Knoop Thermal
Hardness Hardness Conductivity,
Number W/m K
Aluminium oxide 2300 2000 to 3000 6 Softer and tougher than SiC used for
steels and high strength materials
Silicon carbide 2800 2100 to 3000 85 Nonferrous, non-metallic materials,
Hard and dense metals and good
finish
Cubic Boron 5000 4000 to 5000 200 Hard and tough tool steels, stainless
Nitride steel, aerospace alloys, hard coatings
Diamond 8600 7000 to 8000 1000 to 2000 Some die steels and tungsten carbide
(synthetic)
Hardened steel ~700

9.2.2 Grain Size

Compared to a normal cutting tool, the abrasives used in a grinding wheel are relatively small. The size of an
abrasive grain, generally called grit, is identified by a number which is based on the sieve size used. These
would vary from a very coarse size of 6 or 8 to a super fine size of 500 or 600. Sieve number is specified in
terms of the number of openings per square inch. Thus larger the grain number finer is the grain size.

The surface finish generated would depend upon the grain size used as shown in Table 9.3. The fine grains
would take a very small depth of cut and hence a better surface finish is produced. Also fine grains generate
less heat and are good for faster material removal. Though each grain cuts less, there are more grains per unit
surface area of the wheel in case of fine grain size. Fine grains are also used for making the form grinding
wheels.

Surface finish obtained with grain size

Grain Size Surface Finish, [Lm
46 0.8
54 0.6t00.8
60 0.4 t0 0.6
80 0.2t0 0.4
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Coarse grains are good for higher material removal rates. These have better friability and as a result are
not good for intermittent grinding where they are likely to chip easily.

9.2.3 Bond

The function of the bond is to keep the abrasive grains together under the action of the grinding forces. The
commonly used bond materials are:
e Vitrified
e Silicate
Synthetic resin
Rubber
Shellac
Metal

Vitrified
This is the most commonly used bond. The bond is actually clay mixed with fluxes such as feldspar, which
hardens to a glass like substance on firing to a temperature of about 1250°C and develops the strength. This

bond is strong, rigid and porous, and not affected by fluids. However, this bond is brittle and hence sensitive
to impacts. This bond is also called ceramic bond.

Silicate

This is sodium silicate (NaSiO;) or water glass and hardens when heated. Not as strong as vitrified. This can
be used in operations that generate less heat. It is affected by dampness but less sensitive to shocks. Relatively
less used.

Synthetic Resin or Resinoid

These bonding materials are thermosetting resin such as phenol formaldehyde. This bond has good strength
and is more elastic than the vitrified bond. However, this is not heat and chemical resistant. Generally used
for rough grinding, parting off and high speed grinding (50 to 65 m/s). It can also be used for fine finishing
of roll grinding.

Rubber
Of all the bonds used, this is the most flexible. The bond is made up of natural or synthetic rubber. The

strength is developed with vulcanisation. This has high strength and is less porous. This bond is affected
by dampness and alkaline solutions. Generally used for cutting off wheels, regulating wheels in centre less
grinding and for polishing wheels.

Shellac

This is relatively less used bond. Used generally for getting very high finish. Typical applications are rolls,
cutlery, and cam shaft finishing.

Metal

This is used in the manufacture of diamond and CBN wheels. The wheel can be made of any high thermal
conductive metal such as copper alloys or aluminium alloys. The periphery of the wheel up to a small depth
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of the order of 5 mm or less contains the abrasive grit. The choice of the metal depends on the required
strength, rigidity and dimensional stability. In view of the strong bond, the grit will not be knocked out till it
is fully utilised. Powder metallurgy techniques are used to make the abrasive periphery.

9.2.4 Grade

It is also called the hardness of the wheel. This designates the force holding the grains. The grade of a wheel
depends on the kind of bond, structure of wheel and amount of abrasive grains. Greater bond content and
strong bond results in harder grinding wheel. Harder wheels hold the abrasive grains till the grinding force
increases to a great extent. The grade is denoted by letter grades as indicated in Fig. 9.1.

Soft wheels are generally used for hard materials and hard wheels are used for soft materials. While
grinding hard materials the grit is likely to become dull quickly thereby increasing the grinding force, which
tend to knock of the dull abrasive grains. This keeps the grinding wheel in sharp condition. In contrast the hard
grinding wheel while grinding soft materials will be able to retain the grit for longer periods thus improving
the material removal. Typical suggested wheel hardnesses for various materials are shown in Table 9.4.

Very soft Medium Very hard
ABCDEFGHIJKLMNOPQRSTUVWXYZ

Manufacturer's Grain Grade Structure Type of = Manufacturer's
Option size bond reference
Nature of Type of

abrasive abrasive

51 A 36

L 5 V 23
A——Al,O, T \
C-SiC

Coarse Medium Fine Very Close Open V — Vitrified
fine S — Silicate
10 30 80 220 0 8 R- Rub‘ber_
12 36 100 240 1 9 B — Resinoid
14 46 120 280 2 10 E — Shellac
16 54 150 320 3 11
20 60 180 400 4 12
500 5 13
600 6 14
7
Soft Medium Hard

ABCDEFGHIJKLMNOPQRSTUVWXYZ

Fic. 9.1 Grinding wheel standard marking system

9.2.5 Structure

The structure of a grinding wheel represents the grain spacing. It can be open or dense and is shown in
Fig. 9.2 conceptually. It is generally denoted by numbers as shown in Fig. 9.1. The spacing between the
grains allows for chips to collect as shown schematically in Fig. 9.3. This helps avoiding the loading of the
grinding wheel. Open structures are used for high stock removal and consequently produce rough finish.
Dense structures are used for precision forms and profile grinding.
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Grinding wheel hardness for different work materials

Work Piece Material Wheel Hardness
Cylindrical Surface Internal Deburring
Grinding Grinding Grinding
Steel up to 80 kg/mm? L, M,N K, L K, L
Steel up to 140 kg/mm? K K,J J 0,P,Q,R
Steel more than 140 kg/mm? J LJ I
Light alloys J LK 1
Cast iron K J J
Bronze, brass and copper L,M J,K J

P R0 SND 9
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(b) Medium

Fic. 9.2 Grinding wheel structure

8Pog w
@%@% 5°

e

Fic. 9.3 Illustration showing how the spaces between grit help in clearing the grinding chips

The grinding wheel marking system should be able to specify the abrasive used, grain size, grade, structure
and bond used in the sequence as shown in Fig. 9.1.
Typical grinding wheel selections are given in Table 9.5.
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Grinding wheel specifications for different grinding operations

Operation ‘ Grinding Wheel Designation
Cylindrical grinding of hardened steel A60LSV
Cylindrical grinding of soft steel AS54M5V
Cylindrical grinding of aluminium C36K5V

Surface grinding of hardened steel A60F12V

Surface grinding of soft steel A46J5V

Surface grinding of grey cast iron C36J8V

Tool grinding of high speed steel A46K8V

9.2.6 Grinding Wheel Types

Grinding wheels come in a variety of shapes and standardised sizes as shown in Fig. 9.4. These suit various
work piece shapes and sizes, and are also used in different types of grinding machines. The most common is

Type 1 Straight

Type 2 Cylinder
Type 1 Cut-off

Type 6 Straight cup
Type 5 Recessed one side \\ //
Type 7 Recessed two side Type 1 Flaring cup

Type 12 Dish
Type 13 Saucer

FiG. 9.4 Grinding wheel shapes
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the straight shape, shown as type 1 in Fig. 9.4 which is used for a variety of cylindrical grinding applications.
The type 1 wheel will have further modification of the end shape as shown in Fig. 9.5 to suit specific appli-
cations. The cylinder shown as type 2 is used for grinding flat surfaces. Similarly the flaring cup is used for

grinding the cutting tools.
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Fic. 9.5 Various faces of grinding wheel form for the straight (Type 1) wheel shown in Fig. 9.4

The size of the grinding wheel is normally specified by the
e Diameter of the wheel

e Diameter of the spindle hole

e Face width of the wheel

9.2.7 Wheel Balancing

New grinding wheels when used should be properly balanced. Balance of a grinding wheel also depends
upon the machine spindle as well as the condition of tightening which will have to be properly taken care of.
In view of the high rotational speeds used, any residual unbalance left would be harmful for the machine part
and also produce poor surface finish. Such wheels are provided with movable balance weights for adjusting
the balance mass location. The balancing operation can be carried in two ways:

e Static balancing

e Dynamic balancing

In static balancing the grinding wheel is rotated on an arbour and the balance weights adjusted until the
wheel no longer stops its rotation in any one specific position. To do this the balance weights are removed
and the wheel is kept on the balancing ways. The wheel is allowed to rotate such that the heavier portion
of the wheel settles at rest. Place a chalk mark at the heavier portion (bottom most point). Try to rotate the
wheel slightly and see where the wheel is resting. The chalk mark should always point to the bottom, which
confirms that the heaviest portion is identified. Two weights are now inserted such that they are equidistant
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from the heavy mark and slightly above the horizontal mark in that position as shown in Fig. 9.6(a). If the
wheel stops again at the same point, then move the weights closer. If the wheel stops in the opposite direction,
move the weights further apart. It should be possible to find a point of proper balance by repeating this
process. If it is not possible by any combination to find a balance, then add more balance weights as shown in
Fig. 9.6(b).

Balance weights

Balance weights
7/ trial position

</ trial position

Horizontal
marks

Horizontal
marks

Heavy mark
(a) (b)
FiG. 9.6 Static balancing of the Grinding wheel

9.2.8 Dressing and Truing

With continuous use a grinding wheel becomes dull with the sharp abrasive grains becoming rounded. This
condition of dull grinding wheel with worn out grains is termed as glazing. Further, some grinding chips get
lodged into the spaces between the grit with the resulting condition known as loaded wheel. Loading is gen-
erally caused during the grinding of soft and ductile materials. A loaded grinding wheel cannot cut properly.
Such a grinding wheel can be cleaned and sharpened by means of a process called dressing. A simple dressing
is done by means of small steel disks, which are free to rotate at the end of a stick. When these disks contact
the grinding wheel face they sharpen the wheel by removing a small portion of the face of wheel. Though the
dressing is simple, it will not produce a true concentric surface because it is done manually.

Dressing can also be done by abrasive disks made of silicon carbide (less frequently boron carbide) for
smaller-size wheels. The stick is applied directly to the wheel surface. A free rotating dressing wheel mounted
on the table firmly with silicon carbide grains in hard vitrified bond wheel fixed on a ball bearing spindle
can also be used for dressing. The wheel will crush the grinding wheel surface thus providing an improved
control of the dressed surface characteristics.

A true surface of the grind wheel in terms of either the form or concentricity can be achieved with the help
of a diamond dressing tool. A diamond used for truing is set in a closely fitting hole at the end of a short steel
bar and is brazed as shown in Fig. 9.7. To do the truing operation, the grinding wheel is rotated at its normal
speed and a small depth of 0.025 mm is given while moving the dressing tool across the face of the grinding
wheel in an automatic feed. The cross feed rates are controlled depending upon the required surface. Slow
feed rates are used for generating fine finishes while faster feeds are used for free cutting. The feed rate also
depends upon the grain size of the wheel. The cross feed rates to be used are given in Table 9.6. Diamond
dressing is also used to generate the necessary form, other than the straight form. Diamond dressing on CNC
grinding machines can generate any form of wheel.
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FiG. 9.7 Truing of a Grinding wheel using a diamond dresser on a surface grinder

Cross feed for Diamond truing

Grain Size ‘ Cross Feed per Wheel Revolution, mm
30 0.350 to 0.600
36 0.300 to 0.475
46 0.200 to 0.350
50 0.175 t0 0.300
60 0.150 to 0.250
80 0.100 to 0.175

9.3 TYPES OF GRINDING MACHINES

Grinding operations are generally classified based on the type of surface produced. The grinding operations
possible can be classified into

e Cylindrical grinding for generating cylindrical surfaces

e Surface grinding for generating flat surfaces, and

e Centre less grinding for generating axi-symmetric shapes.

Typical shape of these processes is shown in Fig. 9.8.

Grinding machines since used for precision work are generally produced with rigid frames, accurate
spindles and heavy power for producing parts with close dimensional tolerances.

9.3.1 Cylindrical Grinding

The cylindrical grinding machine is used generally for producing external cylindrical surfaces. The machine
is very similar to a centre lathe. Typical movements in a cylindrical grinding machine are shown in Fig. 9.9.
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Fic. 9.8 Typical grinding operations
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Fic. 9.9 C(ylindrical Grinding operation
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The grinding wheel is located similar to the tool post,
with an independent power driven at high speed suit-
able for grinding operation. Both the work and the
grinding wheel rotate counter clockwise. The work that
is normally held between centres is rotated at much
lower speed compared to that of the grinding wheel as
shown in Fig. 9.10.

If the finished section to be ground is wider than
the wheel, the wheel is fed in the transverse direction.
Plunge grinding is done if the part is the same size as
or less than the width of the wheel. Very fine finishes
are obtained with cylindrical grinding. It is possible
to get accuracies within 0.25 um with extreme care.
Work pieces are normally mounted between centres
and are driven by a dog. If necessary, the work should
be supported by work rests, placed opposite the wheel to prevent deflection.

The traverse feed of the work piece past the grinding wheel is provided by using a hydraulic arrangement.
In feed is provided by the movement of the grinding wheel head into the work piece. Economical grinding
allowances that can be left are about 0.1 to 0.3 mm.

Fic. 9.10 Relative motions of grinding wheel and
the work in the cylindrical grinding
operation

9.3.2 Surface Grinding

Surface grinding machines are generally used for generating flat surfaces. By far these are used for the largest
amount of grinding work done in most of the machine shops. These machines are similar to milling machines
in construction as well as motion. There are basically four types of machines depending upon the spindle
direction and the table motion as shown in Fig. 9.11. They are:

e Horizontal spindle and rotating table

Wheel speed

N

-—

Infeed Cross-feed Infeed Seel speed
‘) Work speed &
Work speed
Wheel speed
/\ ) |
/ Wheel speed
Cross-feed In-feed )
Infeed
Work spe:N Work sm

FiG. 9.11 Different surface Grinding operations
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e Vertical spindle and rotating table
e Horizontal spindle and reciprocating table
e Vertical spindle and reciprocating table

Horizontal Spindle and Rotating Table

In this machine the grinding wheel cuts on its periphery, while the spindle traverses horizontally from the
edge to the centre of the table. Feed is accomplished by moving the work mounted on the table up into
the wheel with the table moving in a rotary fashion. Since the table and work rotate in a circle beneath the
grinding wheel, the surface pattern is a series of intersecting arcs. This machine is used for round, flat parts
because the wheel is in contact with the work at all times.

Vertical Spindle and Rotating Table

Vertical spindle machines are generally of bigger capacity. Complete machining surface is covered by the
grinding wheel face. They are suitable for production grinding of large flat surfaces. In this machine both the
work and the wheel rotate and feed into each other. By taking deep cuts this machine removes large amounts
of material in a single pass. The side or the face of the wheel does the grinding. The wheel can be either
complete solid or split into segments to save wheel material and in the process also provide cooler grinding
action. In the case of small parts, the surface patterns created are a series of intersecting arcs if they are off
centre around the table. It is a versatile machine and can be used to grind production parts and very large
parts, as well as for grinding large batches of small parts as shown in Fig. 9.11.

Horizontal Spindle and Reciprocating Table

The table in the case of reciprocating machines is generally moved by hydraulic power. The wheel head is
given a cross feed motion at the end of each table motion. In this machine, the wheel should travel over the
work piece at both the ends to prevent the grinding wheel removing the metal at the same work spot during
the table reversal. This is the most common grinding machine found in the tool rooms. The tables for this
type of machines are rectangular and usually 150 mm wide by either 300 mm or 450 mm long. The high-
production types have tables as big as 2 m by 5 m. The grinding wheels cut on their peripheries and vary in
sizes from 175 mm in diameter and 12.5 mm in width to 500 mm in diameter and 200 mm in width. This type
of surface grinder is the most commonly used because of its high accuracy and the fine surface finishes that
it imparts. The grinding wheel traverses in a straight pattern that results in superior finish and high precision.

Vertical Spindle and Reciprocating Table

The grinding wheel in this machine is cylindrical and cuts on its side rather than on its periphery. The work is
fed by the reciprocating motion of the table. Generally, the diameter of the wheel is wider than the work piece
and as a result no traverse feed is required. These are generally high-production machine tools removing large
amounts (as much as 10 mm) in a single pass.

9.3.3 Centre Less Grinding

Centre less grinding makes it possible to grind cylindrical work pieces without actually fixing the work piece
using centres or a chuck. As a result no work rotation is separately provided. Principle of operation is shown
in Fig. 9.12(a) for external cylindrical surfaces.

The process consists of two wheels, one large grinding wheel and another smaller regulating wheel. The
work is held on a work rest blade. The regulating wheel is mounted at an angle to the plane of the grinding
wheel. The centre of the work piece is slightly above the centre of the grinding wheel. The work piece is
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Regulating wheel

Work rest blade

Grinding wheel

Grinding wheel "
Grinding wheel \\
End stop and
Work: Ejector Work
Regulating wheel End stop
Regulating wheel \\

(b) (©)
Fic. 9.12 Centre less Grinding operations; (a) Through feed, (b) in feed and (c) end feed

supported by the rest blade and held against the regulating wheel by the grinding force. As a result the work
rotates at the same surface speed as that of the regulating wheel. The regulating wheel is generally a rubber
or resinoid bonded wheel with wide face. The axial feed of the work piece is controlled by the angle of tilt of
the regulating wheel. Typical work speeds are about 10 to 50 m/min.

There are three types of centre less grinding operations possible as shown in Fig. 9.12. They are

(a) Through feed centre less grinding Fig. 9.12(a) as described above.

(b) In feed centre less grinding shown in Fig. 9.12(b), where the grinding is done only by plunge feeding
so that any form surface could be produced. This is useful if the work piece has an obstruction which
will not allow it to traverse past the grinding wheel. The obstruction could be a shoulder, head, round
form, etc. The work piece will be loaded into the machine while the work rest blade and the regulating
wheel are withdrawn.

(c) End feed centre less grinding shown in Fig. 9.12(c), where tapered work pieces can be machined.

Advantages of centre less grinding

1. There is no need for having and maintaining centres and centre holes.

2. Work pieces can be loaded and unloaded from the machine rapidly. Grinding is almost continuous for
through feed grinding.

3. Backing up the work piece by the regulating wheel and work rest blade practically eliminates any
deflection of the work piece. This permits maximum material removal rates.

4. Minimum wear is observed in view of the large grinding wheels used. This minimises the adjustments
needed for staying within dimensional tolerances and maximises the periods of time between wheel
dressings.

5. Work pieces may often be loaded into the machine by the automatic feeding devices.
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6. Less grinding allowance may be required, because the out-of-roundness is corrected across the
diameter rather than the radius.

Limitations of centre less grinding
1. Setup time for a centre less grinding operation is usually large.
2. This process is useful only for large volume production. It may be necessary to have special equipment
and additional setup time for special profiles.
3. This process is not suitable for large work piece sizes.

Internal Centre-less Grinding

It is also possible to apply centre-less grinding for Pressure roll

internal surfaces as well. However, in this case, the Regulating roll
work piece needs to be supported by two support
rolls as shown in Fig. 9.13. The main advantage of
the process is that the ground hole will be concentric
with the outside diameter of the work. The process
is capable of grinding straight cylindrical or
tapered holes. These holes can be blind, through,
interrupted, or even with a shoulder.

First support roll is mounted below the work to
support it and control the distance from the work
centre. The second support roll is a pressure roll
and holds the work in contact with the other two.
This roll moves in and out to allow for loading and
unloading the machine. The third roller as shown is
the regulating roll that drives the work and controls
its speed and direction. The grinding wheel remains
in a fixed position, and the work traverses past
the grinding wheel. This is almost similar to through feed center-less grinding with simplified setup and
automatic loading of work pieces.

Work piece

Support roll
Grinding
wheel

FiG. 9.13 Internal Centre-less Grinding operation

9.4 GRINDING PROCESS

To understand the grinding process, it is convenient to study the metal removal process by the abrasive grain.
For the sake of simplicity the surface grinding process is considered in the following segment.

9.4.1 Surface Grinding ol
The removal of metal by a single abrasive grit in surface grinding 3 0 | <
operation is shown in Fig. 9.14. The action is very similar to a
milling machine. From the figure, C/E E
cosg=2F _y__d_ 1) \\&B A
D/2 D/2
d= D (1- cos 6) () Fic. 9.14 Geqmetry o]f single al?rasive
2 grain removing material
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Also from the figure

CF = g sin 6 3)

Using Eq. 2, Eq. 3 may be written as
2 2
D d
2o = == 4

CF =+ Dd - d* )

[ = Arc length of BC = Chord length BC

1=BC=yCF?+d* = Dd (6)

The shape of the chip can be approximated as shown in Fig. 9.15. In that case

2
{=CE sin = 2CE i—(ij %)
\D D

2
From this, (%) can be neglected, as d/D is very small.

CE is the distance moved by the table during the time the grinding wheel

.
S m
le— ~

makes 1/K revolutions. c o G B
. . . Fic. 9.15
K is the number of abrasive grains on the surface.
v
CE=—" ®)
KN
where, v, = Table speed, and
N = Grinding wheel rpm.
Hence,
2v, |4
t=—=]— (€]
KN \' D
If there are C grains per cutting unit square of the surface of the wheel, and if the average width of each cut
is b, then
K =nrDbC (10)
2 Y |d
== _t |4 11
bCV,\ND (D

It is possible to show for cylindrical grinding case, the expression would be as follows:

4 v [d.d
-4 a4 a
"V, +v, \D D, (12)
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where
+ for external grinding
— for internal grinding
D,, = Work diameter

As ¢t increases the grinding force increases which increase the wheel wear. This is equivalent to SOFT grade
of the grinding wheel.
Let us now consider an example to get an idea of the quantities involved.

v, =30 m/min
V,, = 1800 m/min = 30 m/s

b=0.1 mm

C =2 (generally from 0.1 to 10 per mm?)

d=0.05 mm

D =200 mm
l=+/dD =./200x%0.05 =3.2 mm (13)
r=—2 30 1905 _ 50263 mm (14)

0.1x2 1800\ 200
The basic operating conditions to be considered for the grinding process are:

Wheel speed

Work speed (in case of cylindrical grinding)
Traverse feed of the wheel

In feed

area of contact

As can be seen from the above equations, as the wheel speed is increased, wheel wear as well as the size
of the chips produced is reduced. The general range of values is from 20 to 40 m/s.

As the work speed is increased, wheel wear is increased while the heat produced is reduced. The general
range of values is from 10 to 20 m/min.

As the in feed is increased, wheel wear is increased while the surface finish deteriorates.

The traverse feed is specified as a fraction of the width of the wheel. As the work speed is increased, wheel
wear is increased while the surface finish deteriorates. The general range of values is from 1/2 to 3/4 of wheel
width for steels while for cast irons from 3/4 to 5/6 of wheel width.

In surface grinding the stock removal rate, Q is given by

O = bdv
In the case of cylindrical grinding it is
0=2nR,df

where d = depth of cut
v = work velocity for surface grinding
b = width of cut for surface grinding
f= wheel traverse velocity (feed rate)
R,, = Work radius

The above equations apply provided the wheel does not wear too rapidly, so that d remains constant.
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The specific cutting energy, U, is given by
F,V
S vbd

where F), = the average horizontal force (tangential to the grinding wheel for the small cuts taken during
grinding) and V' is the grinding wheel peripheral velocity.

The specific energy in grinding has been found to be higher than that for single point tool processes by a
factor of about 10. This may be explained from the concept of ‘size effect’. Due to the very small undeformed
chip thickness in the case of grinding, there are few or no dislocations in the chips. Thus the deformation has
to be carried on a perfect metal by breaking the metallic bond and this requires more grinding forces.

Grinding Wheel Performance

Grindability is a term used to describe the relative ease of grinding and is comparable to machinability for
single point cutting tools. It is concerned with the forces and power required in grinding, wheel wear, stock
removal rate and the surface finish produced. A material is considered to have good grindability if the forces,
power and wheel wear are low, while stock removal is high and surface finish produced is good.

When the wheel glazes the work, considerable rubbing and little cutting occurs, causing low stock removal
rates and excessive grinding temperatures. This results in thermal cracks and metallurgical changes at the
work surface. Rapid wheel wear leads to a deterioration of dimensional accuracy and surface finish and
increases the grinding and production costs.

As was seen above the shape of the grinding chip is triangular, and it can be assumed that the grinding
force, F,, is proportional to the area of cut which in turn is proportional to the square of the undeformed chip
thickness.

F,oecAdot,’

Glazing occurs when the worn grits are not fractured or dislodged from the grinding wheel. By increasing
the forces acting on each grit, the worn grits can be fractured or pulled out of the bond, thus exposing the new
and sharp cutting points. Similarly rapid wheel wear was thought to occur when high forces act on the grits.

It is interesting to note that as the wheel diameter is reduced due to the wheel wear, dressing and truing, the
force on the grit will vary. Thus, as the R, radius of the work decreases force increases for external cylindrical
grinding and the wheel wear will increase. Therefore the wheel appears to be softer. The reverse occurs for
internal grinding. When the work diameter (or the hole size) is decreased the wheel will appear to be softer
for external or internal grinding.

The wheel wear is generally measured with a parameter called ‘Grinding Ratio’ which is defined as the
ratio of volume of metal removed to the volume of metal worn from the grinding wheel. The Table 9.7 shows
some of the influences exhibited by the operating conditions on the grinding performance.

Grinding process parameters on performance

Variable Grinding Ratio Net Power Surface Finish
Increase in wheel speed Increased Slightly increased Improved

Increased depth of cut Decreased Increased Deteriorates

Increase in work speed Decreased Increased Deteriorates

Increase in work diameter Increased Slightly Increased No significant change
Increase in metal removal rate Decreased Increased Deteriorates

Increase in work material hardness | Optimum exhibited Slightly Increased Improves
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9.5 GRINDING PROCESS PARAMETERS

The operating parameters of a grinding process are:

e Wheel speed
Work speed
Traverse speed
In feed

Area of contact

The recommended grinding wheel speeds based on the type of operation are given in Table 9.8. Similarly
the suggested work speeds for various work materials are given in Table 9.9.

Recommended grinding wheel speeds

Type of Grinding
Rough grinding
Rough grinding
Surface grinding
Internal grinding
Centre less grinding
Cylindrical grinding
Cutting off

Hand grinding of tools

Automatic grinding of tools

Hand grinding of carbide tools

Automatic grinding of carbide tools

Bond
Vitrified
Resinoid
Vitrified
Vitrified
Vitrified
Vitrified
Resinoid

Wheel Speed, m/s

25
45
20-25
20-35
30-80
30-35
45-80
20-25
25-35
18-25
4-20

Recommended work speeds

Internal

Grinding

Surface
Grinding

Work Material Cylindrical Grinding
W Finishing
m/min m/min
Soft steels -15 6-8
Hard steels 14-16 6-10
Cast iron 12-15 6-10
Brass 18-20 14-16
Aluminium 50-70 3040

m/min
15-20
18-22
18-22
28-32
32-35

m/min

9.5.1 Grinding Time Estimation

Schematically the surface grinding operation with a horizontal axis grinding machine is shown in Fig. 9.16.
The grinding wheel will have to traverse beyond the actual work piece by a distance termed as the approach

allowance, A which is given by

S (GREN L
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Depth of
cut

!

Cross feed

Grinding \

wheel Work piece

FiG. 9.16 Grinding operation

This value is very small since the depth of cut, d is very small in grinding. However, to allow for the
table reversal at each end of the table stroke, the radius of the grinding wheel is assumed as the approach
allowance. Thus

Length + Diameter

Table feed rate

_ Width
Infeed rate

Time for one pass =

Number of passes required =

= Example 9.1 —

Using a horizontal axis surface grinder a flat surface of C65 steel of size 100 X 250 mm is to be ground. The
grinding wheel used is 250 mm in diameter with a thickness of 20 mm. Calculate the grinding time required.
Assume a table speed of 10 m/min and wheel speed of 20 m/s.

) o 1000 x 20 x 60
Solution The rpm of the grinding wheel = “ax250 - 1528 rpm
Let approach distance = 125 mm
Time £ _250+250_005 )
ime for one pass = T =—0-5" = 0. minutes

Assuming an in feed rate of 5 mm/pass
Number of passes required = 100/5 =20
Total grinding time = 20 X 0.05 = 1 minute.

Fig. 9.17 shows the situation of a surface grinding operation using a vertical axis machine.
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FiG. 9.17 Grinding operation

D Feed, f

Approach distance for this case is given as

A:Q for W:2 up to D
2 2

D
A=JW(D-W for W <=
( ) or >

Where W = width of cut

= Example 9.2 —

For the above example, if vertical axis surface grinder is to be used, calculate the grinding time. The wheel
to be used is 200 mm in diameter with a wheel thickness of 20 mm.

Solution Given, W= 100 mm, and D = 200 mm
Approach distance, 4 = 100 mm

250 +200

Total machining time = T0x1000 — 0.045 minutes

9.6 CREEP FEED GRINDING

Creep feed grinding is a new form of grinding operation, different from the conventional grinding pro-
cess. In creep feed grinding the entire depth of cut is completed in one pass only using very small in feed
rates. As shown in Fig. 9.18, this process is characterised by high depth of cut of the order of 1 to 30 mm
with low work speeds of the order of 1 to 0.025 m/min. The actual material removal rates calculated from
these process parameters are generally in the same range as that of the conventional grinding. However, the
idle time (stopping and wheel/table reversal) gets reduced since the grinding operation is completed in one
pass.
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Fic. 9.18 Creep Feed Grinding operation

The cutting forces and consequently the power required increases in the case of creep feed grinding,
but has a favourable G-ratio. It is necessary to continuously dress the grinding wheel (to reduce the wheel
dullness) for efficient operation. This however causes wheel wear and the necessity to adjust the wheel
head.

Use soft and open wheels to take care of the wheel dressing and accommodate large volume of chips
generated in the process. The grinding wheel speeds used are also low of the order of 18 m/s compared to the
30 m/s used in the conventional grinding operations. Also the in feed rates used are low of the order of 0.005
mm/pass. The grinding fluids used are oil based in view of the low grinding speeds employed. However,
the volume of grinding fluid is much more compared to the conventional grinding, in view of the high heats
generated in the process. It is possible to achieve higher material removal rates by employing continuous
dressing of the grinding wheel using a diamond dresser wheel as shown in Fig. 9.19.

Diamond-
dressing Soft wheel
wheel
High-volume -
cutting fluid
- ﬂ E ~ Depth
of cut

FiG. 9.19 Creep Feed Grinding operation with continuous dressing
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9.7 HONING

Honing is a low abrading process using bonded abrasive sticks (Fig. 9.20) for removing stock from metallic
and non-metallic surfaces. However, it can also be used for external cylindrical surfaces as well as flat surfaces,
for which it is rarely used. Commonly it is used for internal surfaces. This is an operation performed as the
final operation to correct the errors that result from the previous machining operations. The characteristics
that can be achieved by the honing process are:
e Correction of geometrical accuracy
= QOut of roundness
= Taper
= Axial distortion
e Dimensional accuracy
e A finish surface pattern is generated by the characteristic motion of the abrasive grains that provide the
best possible surface to promote optimum lubricating conditions.

Hole wall

Work

FiG. 9.20 Honing stick in contact with the work piece

Abrasive grains are bonded in the form of sticks by a vitreous or resin material and the sticks are presented
to the work so that their full cutting forces are in contact with the work surfaces. Since a large number of
abrasive grains are presented to the work surface simultaneously, substantial material removal takes place.

For cylindrical surfaces the abrasive grains are given a combination of two motions - rotation and
reciprocation. The resultant motion of the grains is a cross hatch lay pattern as shown in Fig. 9.21 with an
included angle of 20 to 60°.
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N
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Fic. 9.21 Honing operation

C‘\‘ C of work
(a)

The abrasive grains put more pressure on the high spots. After the crests are removed, the bore is made
straight. Since a large number of grains are in contact with the total surface, uniform surface finish is obtained.
Also the honing force and temperature are never concentrated at any one point. This results in less surface
damage compared to other machining processes.

9.7.1 Honing Conditions

All materials can be honed. However, the material removal rate is affected by the hardness of the work mate-
rial. The typical rates are:

e Soft material 1.15 mm/min on diameter
o Hard materials 0.30 mm/min on diameter

Maximum bore size that can be conveniently honed is about 1500 mm while the minimum size is 1.5 mm
in diameter. Honing allowance should be small to be economical. However, the amount also depends upon
the previous error to be corrected.

The abrasive and the grain size to be selected depend upon the work material and the resultant finish
desired. Table 9.10 specifies some of these conditions for normal usage.

Generally higher cutting speeds are used for metals that shear easily such as cast iron and non-ferrous
metals. Alternatively the harder work pieces require lower cutting speeds. Also the rough surfaces that
dress the honing stone mechanically allow higher cutting speeds. Speeds should be decreased as the area of
abrasive grain per unit area of bore increases. Higher cutting speeds usually result in finer finish. However,
they decrease dimensional accuracy, over heating of work piece and dulling of the abrasive. Typical cutting
speeds used in honing are given in Table 9.11.
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LB} Selection of honing stone characteristics

Work Material Hardness ‘ Abrasive ‘ Grade ‘ Grain Size for a Surface Finish, um
| 0.01 0.025 0.3 0.4
Steel 200-300 AL O, R 600 500 400 320
330-470 (0] 600 500 400 320
50-65 R J 500 400 320 280
Cast iron 200470 SiC Q 500 400 280 280
50-65 R SiC J 400 280 220 150
Aluminium 120-140 SiC R 600 500 400 320
Copper 180-200 SiC R 600 500 400 320
SiC R 600 500 400 320

LILUIIE B EY Selection of honing process parameters

Material Hardness ‘ Honing Speed, m/min
Rc ‘ Rough Honing ‘ Finish Honing
Rotary Speed | Reciprocating Rotary Reciprocating
Speed Speed Speed

Cast iron 15-20 23-28 10-12 32 13.5
Steel 15-35 18-22 9-11 25 12

35-60 14-21 12-15 28 17.5
Alloy steels 25-50 23-28 10-12 31 12
Bronze 8-15 21-26 12-26 30 17.5
Aluminium — 21-26 12-26 31 17

Honing pressures applied are typically about 1.0 to 3.2 MPa.

9.8 LAPPING

Lapping is generally the final finishing operation done with loose abrasive grains. The process is employed
to get

e Extreme accuracy of dimension

e Correction of minor imperfection of shape

e Refinement of surface finish

e Close fit between mating surfaces

The service life of components which are in close contact during machining can be greatly increased by
the lapping process which removes the valleys and hills present on the machined surfaces. Typical finishes
obtained in the lapping process are given in Table 9.12.

Stock removal rates with silicon carbide are generally more compared to aluminium oxide. Correspondingly
aluminium oxide gives better surface finish for the same grain size. Softer non-ferrous materials require a
finer grain size to produce satisfactory finish comparable with those produced on steel.

Lapping is done by charging a lap made of soft material with abrasive particles and rubbing it over the work
piece surface with a slight pressure as shown in Fig. 9.19. Lapping is done manually or by specially designed
machines. Pressure is applied on the lap and is moved with the loose abrasive between the lap and the work,
removing the material from the work till the work confirms to the profile of the lap. The surface produced is dull
in view of the random scratched pattern. Lap materials generally used are cast iron, soft steel, bronze and brass.
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I B W] Surface finish achieved in lapping process

Abrasive Used ‘ Grain Size ‘ Surface Finish, tm
Silicon carbide 220 0.75-1.00

320 0.64-0.75

400 0.46-0.64

500 0.38-0.46

600 0.25-0.38

800 0.13-0.25
Aluminium oxide 400 0.08-0.13

800 0.05-0.08

900 0.03-0.08

In order to achieve uniform abrasion of the work surface, it is necessary to ensure that all the points on the
work are subjected to the same amount of abrading by careful manipulation of the lap. For this purpose the
manual lap is moved in a figure 8 fashion as shown in Fig. 9.22.

Force Abrasive in a
. vehicle
work piece Abrasive in a vehicle .
S TN
/
work piece

Lap Figure-eight type !

of motion -

Figure-eight
/ ! |~ type of motion
-~ 4
- N
m /|
: Work-holding rings, free
to rotate
U 7 4 Lapping
R plate
I Lapping plate driven
. . I
(i) Flat work piece (ii) Cylindrical work piece (b)

(@
Fic. 9.22 Lapping operation

Special lubricants generally called vehicles are used during the lapping process. The desirable properties
of fluids used as vehicles are:
1. Abrasive should be held in uniform suspension during the operation.
2. It should not evaporate easily.
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3. It should be non-corrosive.
4. It can be easily removed by normal cleaning.

The materials which satisfy the above criteria are water soluble cutting fluids, vegetable oils, mineral oils
and greases.
Lapping speed is 100 to 250 m/min. The material removed depends upon the lapping speed. Higher
lapping allowances require higher lapping speeds. The lapping pressure applied is 0.01 to 0.03 MPa for soft
materials and 0.07 MPa for hard materials. Higher pressures are likely to cause scouring of the work surface.
Lapping allowance depends on the previous operation carried and the material hardness. Typical values are

given

in Table 9.13.

LB k] Lapping allowances

Work Material Lapping Allowance, mm
Cast iron 0.2
Aluminium 0.1

Soft Steel 0.01-0.02
Ductile Steel 0.05-0.10
Hardened Steel 0.005-0.020

Glass 0.03

Cemented Carbide 0.03-0.05

Bronze 0.03

Lapping can be carried out on flat surfaces as well as any other forms such as cylindrical or any form
surfaces. The lap has to match the form surface required.

A few points to be noted with lapping operation are:

9.9

It is more difficult to lap soft metals than hard metals.

Lap should be softer than the work material.

The hardness of the abrasive should be based on the hardness of the work material. Softer work
materials require softer abrasives and vice versa.

The lapping medium should preferably be a little viscous to hold the abrasive so that it resists the
movement or rolling of abrasive granules to help with the removal of the material.

The lapping medium should be used sparingly. The increase in lapping medium may increase the
material removal rate but not its ability to correct the errors in the part.

Laps with serrations or grooves are preferable for flat surfaces with large areas while laps with no
serration or grooves are preferred for cylindrical lapping.

To get higher accuracy in lapping use a hard lap that cuts slowly and wears faster with a duller finish.
A soft lap on the other hand cuts faster, wears longer and gives a brighter surface.

As a thumb rule an abrasive particle will produce a scratch that is approximately half its size. For
example, a 10 micron abrasive particle will produce a scratch of 5 microns.

OTHER FINISHING PROCESSES

9.9.1 Super Finishing

Super

finishing is another abrasive process utilising either a bonded abrasive like honing for cylindrical sur-

faces or a cup wheel for flat surfaces. It is generally used for:
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Removing surface fragmentation.
Reduce surface stresses and burns and thus restore surface integrity.
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9.28 Manufacturing Technology—Metal Cutting and Machine Tools

e Correct inequalities in geometry.

e Produces high wear resistant surface on any object which is symmetrical. Typical surfaces that are

surface finished are cylindrical, flat, conical and spherical.

Contact surface in super finishing is large and the tool maintains a rotary contact with the work piece while
oscillating as shown in Fig. 9.23. The typical stroke of the super finishing stone is about 1 to 5 mm with an
oscillating frequency of 2 kHz. Super finishing speeds used are 10 to 40 m/min while the working pressure
maintained is about 0.1 to 0.3 MPa. The heat generated under these conditions is appreciably small and hence
there is no metallurgical alteration of the work. The finish obtained on the surface depends upon the time for
which the stone is in contact with the work as shown in Fig. 9.24.

Oscillation
traverse if necessary Pressure
on work
| T
Stone
Work piece Rotation

Fic. 9.23 Typical motions in super finishing operation

0.40 r

Profilometer reading mm, rms

\

_

0 1 2 3
Application of stone, min

Fic. 9.24 Variation of surface finish obtained with contact time in super finishing operation
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9.9.2 Polishing and Buffing

Both these processes are used for making the surfaces smoother along with a glossy finish. Polishing and
buffing wheels are made of cloth, felt or such material, which is soft and have a cushioning effect. Polishing
is done with a very fine abrasive in loose form smeared on the polishing wheel with the work rubbing against
the flexible wheel. A very small amount of material is removed in polishing. In buffing the abrasive grains in
a suitable carrying medium such as grease are applied at suitable intervals to the buffing wheel. Negligible
amount of material is removed in buffing while a very high lustre is generated on the buffed surface. The
dimensional accuracy of the parts is not affected by the polishing and buffing operations.

9.9.3 Abrasive Belt Grinding

In this process a continuous moving belt with abrasive is used for grinding the surfaces. The abrasive belt is
normally passed between two wheels with one being driven while the other is idling as shown in Fig. 9.25.
Use of abrasive belts results in much cooler cutting and rapid material removal rates compared to conven-
tional grinding. The work piece is oscillated across the face of the abrasive belt to obtain a uniform belt wear
and surface finish.

Abrasive
belt

Rotary
feed

Indexing
turret

FiG. 9.25 Abrasive belt grinding operation
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This method is most suitable for flat surfaces. However, cylindrical surfaces can also be belt ground by
using a suitable contact wheel. Abrasive belt with a very fine grit may be used for polishing application.

SN

Grinding is a process utilising bonded abrasives to remove material from very hard surfaces, and in the
process generates good surface finish and high dimensional accuracy. It is however inefficient in material
removal consuming more energy compared to other processes such as milling.

e Grinding wheel is characterised by the type of abrasive used, as well as its size, bond used and
structure.

e Conventional abrasives such as aluminium oxide and silicon carbide are more commonly used for
a majority of grinding operations. Cubic boron nitride and diamond are more expensive and hence
are used for special applications.

e Grinding wheel need to be properly balanced before operations. Also dressing and truing are the
necessary operations carried on the grinding wheel to keep it sharp and maintain the necessary form.

e Cylindrical grinding machine is used for axi-symmetric components, while surface grinders are
used for plane surfaces. Surface grinding machines have both horizontal axis as well as vertical axis.

e Centre less grinding machines are used for large volume manufactures to get very high accuracies
and faster operations.

e Grinding process parameters are the wheel speed, work speed, traverse speed and in feed need to be
chosen properly for a given operation such that faster grinding can be done for the required accuracy
and finish.

e Creep feed grinding is an operation used for large material compared to the conventional grinding
operation by using soft grinding wheels and large depths of cut.

e Honing is an operation using abrasive sticks to develop very high finish for the inside surface of
cylindrical shapes.

e Lapping is an operation used to generate extremely high surface finish on flat surfaces using loose
abrasive.

||| Questions J|

9.1 What are the various abrasive machining operations you are familiar with? Explain their application
and limitations.

9.2 How is grinding different from other machining operations? Explain its applications in view of its
capabilities.

9.3 What is the classification method that could be used for the grinding machine? Give the applications
of each variety of grinding machine.

9.4 How is the abrasive selected for a grinding operation? Your answer should indicate the reasons for the
selection.

9.5 What is the marking system followed in case of grinding wheels? Explain the individual elements of
the marking system from the standpoint of the functioning of the wheel.
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9.6 What are the grinding process parameters that are of interest? Explain their effect on the grinding
performance and the wear rates.

9.7 Describe briefly about creep feed grinding. Mention the method along with the application and the
precautions to be taken during its operation.

9.8 What are the various types of surface grinding approaches that are possible? What would be their
individual advantages and applications? Give explanations for your reasoning.

9.9 What are the advantages and limitations of using centre less grinding?

9.10 Describe about the dressing and balancing requirement in grinding.

9.11 A high speed steel (70W18Cr4V1 variety) rod of size 50 mm diameter X 250 mm long is to be
manufactured to a tolerance of j6. Describe the process to be used with a neat sketch and the suggested
process parameters to be used in the manufacturing process. If the same job is to be produced in mass
what would be the production process best suited? Explain your answer.

9.12 Describe in details the various arrangements of centre-less grinding with neat sketches. Mention the
applications in each case.

9.13 Write short note on the following:

(a) Brazed carbide tools

(b) Grade of a grinding wheel

(c¢) Geometry of a single point turning tool
(d) Surface grinding machines

9.14 Mention the various types of bonds used in the making of the grinding wheels. Also mention their
applications.

9.15 Write short note on the following:

(a) Lapping process
(b) Structure of a grinding wheel

9.16 Describe grinding wheel structure with the help of a neat sketch and state different bonding and
abrasive materials used in it. What would you like as an abrasive for grinding steel?

9.17 Give the specifications for the wheel to be employed for external cylindrical grinding of a shaft 50
mm diameter of steel SAE 1020?

9.18 What change in specification should be made for internal grinding of the hole of 50 mm diameter in
the same steel? Give reasons for the change suggested.

9.19 What is the marking system followed in case of grinding wheels? Explain the individual elements of
the marking system from the standpoint of the functioning of the wheel. Which grinding wheels are
used for the following applications?

(a) Rough grinding of C70 steel
(b) Finish grinding of bronze rods
(c) Cup grinding wheels for grinding single point turning tools

9.20 Specify the honing parameters to be considered for good honing practice.

9.21 Differentiate between dressing and truing along with their definitions.

9.22 Compare grinding, honing and lapping operations.

9.23 Give the advantages and limitations of honing and lapping.
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||| Problems Jj _

9.1 A flat surface of C70 steel of size 75 x 150 mm is to be ground using a vertical axis surface grinder.
The grinding wheel to be used is 200 mm diameter with a thickness of 20 mm. Calculate the machining
time required for finishing. Assume any suitable values for the grinding process parameters while
justifying. If the same surface is to be ground on a horizontal axis grinding machine with a grinding
wheel of 250 mm diameter and wheel thickness of 25 mm, what would be the grinding time? From
the two times obtained compare the performance of the two grinding machines regarding their
application. [0.6875 min, 0.244 min]

9.2 Ahigh speed steel (70W18Cr4 V1 variety) rod of size 22 mm diameter X 250 mm long with a tolerance
of j6 from a bar stock of 25 mm diameter, is to be manufactured in a lot of 100. Describe the process
to be used with a neat sketch and the suggested process parameters to be used in the manufacturing
process. If the same job is to be produced in quantities of 50,000 per month, what production process
will be best suited? Explain your answer. [Cylindrical grinding]

| | Multiple Choice Questions i ]

9.1 Grinding is a process used for

(a) Coarse

(a) Machining materials which are too hard

for other machining processes
(b) Close dimensional accuracy

(c) High degree of surface smoothness

(d) All of the above

9.2 Among the conventional machining process-

es, the most inefficient process is
(a) Turning
(b) Grinding
(c) Dirilling
(d) Milling

9.3 For grinding steels, the preferred abrasive is

(a) Silicon carbide

(b) Aluminium oxide

(c) Diamond

(d) Cubic boron nitride (CBN)

9.4 For grinding non-ferrous materials, the pre-

ferred abrasive is

(a) Silicon carbide

(b) Aluminium oxide

(c) Diamond

(d) Cubic boron nitride (CBN)

9.5 In grinding to get good surface finish, the

grain size of the abrasive to be used is
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9.6

9.7

(b) Fine
(c) Grain size does not affect surface finish
(d) None of the above

In grinding the grade of the grinding wheel

should be chosen based on the hardness of

the work material.

(a) Yes. Hard grinding wheels are chosen
for hard materials

(b) Yes. Soft grinding wheels are chosen for
hard materials

(c) Yes. Soft grinding wheels are chosen for
soft materials

(d) No. Hard grinding wheels are preferred
over soft wheels for all types of materi-
als

In a cylindrical grinding machine

(a) Grinding wheel rotates while the work
does not rotate

(b) Both grinding wheel and the work rotate
in the same direction and same speed

(c) Both grinding wheel and the work rotate
in the opposite directions

(d) Both grinding wheel and the work rotate
in the same direction but work rotates
slowly compared to the grinding wheel
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9.8

9.9

9.10

9.11

9.12

9.13
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The grinding machine suitable for grinding

large flat areas is

(a) Surface grinder with a horizontal spindle
and rotating table

(b) Surface grinder with a vertical spindle
and rotating table

(c) Surface grinder with a horizontal spindle

and reciprocating table

(d) Surface grinder with a vertical spindle

and reciprocating table

The grinding machine suitable for grinding
cylindrical work pieces without actually fix-
ing them in the machine is

(a) Cylindrical grinding machine

(b) Surface grinding machine

(c) Centre less grinding machine

(d) Internal grinding machine

One of the main advantages of centre less
grinding is

(a) There is no need for having and main-
taining centres and centre holes

Less grinding allowance may be re-
quired, because the out-of-roundness is
corrected across the diameter rather than
the radius.

Work pieces may often be loaded into
the machine by the automatic feeding
devices.

(d) All of the above

One of the main disadvantage of centre less

grinding is

(a) Setup time for a centre less grinding op-
eration is usually large.

(b) Grinding allowance required is large.

(c) Work pieces cannot be fed automatically

(d) Work piece is not properly supported

(b)

(©

Higher grinding wheel speeds cause
(a) Increased chip size

(b) Increased wheel wear

(c) Chip size is not affected

(d) Decreased wheel wear

Higher feed rates in grinding cause
(a) Increased chip size

(b) Increased wheel wear

9.14

9.15

9.16

9.17

9.18

(¢) Improve surface finish
(d) Decreased wheel wear

Higher work speeds in grinding cause
(a) Increased heat produced

(b) Increased wheel wear

(c) Improve surface finish

(d) Decreased wheel wear

The main difference between creep feed
grinding and the conventional grinding opera-
tion is

(a) In creep feed grinding hard grinding
wheels are used

In creep feed grinding the entire depth of
cut is completed in one pass only using
very small in feed rates

In creep feed grinding higher feed rates
are used

In creep feed grinding higher work
speeds are used

(b)

(©
(d)

The characteristics
produced by honing is
(a) Out of roundness is corrected
(b) Higher dimensional accuracy
(c) Axial distortion is corrected
(d) All of the above

of the work piece

The characteristics of the work piece

produced by lapping is

(a) Correction of minor imperfection of
shape

(b) Extreme accuracy of dimension
(c) Close fit between mating surfaces
(d) All of the above

The abrasive process that uses a loose
abrasive grit is

(a) Honing

(b) Lapping

(c) Grinding

(d) Creep feed grinding
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Answers to MCQs

9.1 (d) 9.2 (b) 9.3 (b) 9.4 (a)
9.6 (b) 9.7 (d) 9.8 (b) 9.9 (c)
9.11 (a) 9.12 (d) 9.13 (b) 9.14 (b)
9.16 (d) 9.17 (d) 9.18 (b)
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9.5 (b)
9.10 (d)
9.15 (b)
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~

CAsE StupYy
ABRASIVE FLOW MACHINING (AFM)

Nearly 15% of the manufacturing cost is spent on finishing objects. Traditional finishing processes
are developed taking the part geometry into account in providing the type of motion to the finishing
tool. As a result, these processes are limited to the geometries for which it is designed and is difficult
to adopt for other geometries. Also manual finishing methods are usually difficult to automate. Further
internal features are difficult to finish by the traditional finishing methods. Small precision parts in
hard and difficult-to-machine materials such as super alloys, ceramics, refractory materials, carbides,
semiconductors, quartz, composites etc. requires special finishing methods. Abrasive Flow Machining
(AFM) was developed by Extrude Hone Corporation of USA in 1960s for such purposes. The objective
of this process is to produce nano level finish on the machined components. AFM is characterized by
high volumes of production and ease of finishing areas that are difficult to access. In this process, the
abrasive medium is passed back and forth between two opposed cylinders (Fig. 1). Abrasive action
is obtained when the flow of the medium is restricted. Performance of AFM varies with the abrasive
medium. Highly viscous fluids are used for larger passages while lower viscosities are fine for contour
finishing. AFM produces surfaces of consistent quality compared to other finishing methods. AFM
machines are available at different extrusion pressures ranging from 7-220 bar with over 380 L/min
flowrate. Productivity of the process can be improved using dies with more than one passages for
the abrasive medium. Usually, the machines with higher MRR would require some sort of cooling
mechanism.
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Ficure 1 Abrasive Flow machining process
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Another advantage of AFM is that only simple fixtures are sufficient. For finishing external surface,
the abrasive medium is forced between the external surface of the work piece and the internal surface
of fixture. Use of such simple fixtures makes AFM advantageous for finishing complex objects like
turbine parts. A turbine engine fuel spray nozzle when processed with AFM, the surface produced is of
highly predictable quality with very small dimensional reductions. Typically, about 90% improvement
in surface roughness is obtained with 10% reduction in stock. AFM can be used for parts with difference
sizes, typically ranging from 0.2 mm to 50 mm. AFM is used in finishing MEMS components such as
micro-channels, fuel injectors, and micro filters, ink-jet printer nozzles, as well as industrial components
such as gears. AFM offers various advantages and is well suited for the present scenario of automation.

1. Rhoades, L. (1991). Abrasive flow machining: a case study. Journal of Materials Processing
Technology, 28(1-2), 107-116.
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Other Machine Tools

Objectives

In addition to the various general purpose machines tools that were discussed so far, a few
more machine tools which are used for very specific applications, but not necessarily in the
mainstream of the manufacturing activity are discussed in this chapter. After completing this
chapter, the reader will be able to

> Understand the sawing operation and various machines used for the purpose
> Understand the broaching operation and various machines used for the purpose

> Understand the gear cutting operation and various machines used for the purpose

10.1 SAWING

Sawing is one of the basic machining operations carried out in a narrow cutting zone through the successive
removal of chips by the teeth on a saw blade. The teeth represent the cutting edges. Each of the teeth removes
a part of the chip, which is contained in the chip space of the saw blade, till the tooth comes out of the mate-
rial as shown in Fig. 10.1.

Saw blade

Cutting

speed V lFeed

(IRNGINORN@RNE

N
©)

3

Slot or ke

Chips Work piece

Fic. 10.1 Saw blade in action
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Sawing is one of the most economical processes because of the removal of a very small amount of material
which consumes less power and at the same time is able to cut large sections. The process can be very easily
automated thereby reducing the labour cost as well.

10.1.1 Saw Blades

Saw blades are made either from carbon steel or high speed steel. The larger blades will have only the teeth
portion made of high speed steel while the main portion of the blade is made of low cost alloy steel. The blade
strip is electron beam welded to the main portion thereby reducing the overall cost.

Saw blades are basically of three types depending upon the applications for which they are used.

Hack saw blade Hack saw blade is in the form of a strip ranging in length from 250 to 600 mm and widths
ranging from 12.5 to 50 mm. The teeth space is about 1.0 to 6.0 mm. These are used in hand hack saws as
well as the power hack saw machines described later.

Band saw blades These are long and continuous and generally formed into a closed band with teeth on
one edge.

Circular saw This is a large circular blade similar to the slitting saw used in milling.

Besides the type of saw blades as described earlier, the characteristics of cutting depend upon a number of
geometric factors of the teeth. They are:

Tooth form The saw teeth can be simple straight teeth as shown in Fig. 10.2(a) or with an undercut-face-
tooth with a positive rake angle as shown in Fig. 10.2(b). Though the form (b) is better for cutting action in
view of the positive rake angle, it is difficult to obtain with smaller teeth. The straight tooth form is used for
high feeding while the undercut-face-tooth type is used for coarse feeding.

Positive rake
angle Y,

7‘/" 10°

~56° o

e T
Clearance
angle

Saw width

Direction of movement
for cutting

(a) (b)
Fic. 10.2 Commonly used saw tooth forms

Tooth spacing It is very important since it determines the size of teeth as well as the amount of chip space
available. Large tooth spacing gives more space for the chips as well as strong teeth. Tooth spacing also deter-
mines how many teeth are in contact with the work piece at any given time. Ideally, at least 4 teeth should be
in contact with the work piece during sawing. This problem becomes acute when dealing with the sawing of
thin stock such as pipes. If only one tooth is in contact with the work piece in such cases, there is a possibility
that the teeth may be stripped from the saw blade. Generally coarse pitch is used for wider materials and fine
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pitch for narrow materials as shown in Fig. 10.3. Also for sawing softer materials coarse pitch blades are used
since they produce long chips, while fine pitch blades are used for sawing harder materials.

P VW W W /\j &W

(a) Coarse teeth b) Fine teeth for narrow surfaces

Fic. 10.3 Effect of saw tooth pitch while sawing materials of different widths

Tooth set This refers to the way the teeth are offset with respect to the centre line of the blade width as
shown in Fig. 10.4. The tooth set makes the saw cut, termed as kerf, wider to facilitate the easy movement of
the saw blade for cutting. The straight set as shown in (a) is used for non-ferrous materials and plastics. The
raker set is used for general purpose machining of ferrous materials. The wavy set is used in the fine pitch
tooth blades for cutting thin sheets and tubes.

E | Saw
set

(a) Straight Set tooth

] S

(b) Raker Set tooth T

Saw
set
(c) Wave Set tooth

Fic. 10.4 Different types of tooth sets used in sawing

Typical circular saw blade teeth are shown in Fig. 10.5. These consist of large disks with the teeth cut at
the periphery. Small sizes will have the teeth directly cut into the disk while the larger sizes have segmented
or inserted teeth as shown in Fig. 10.5. The teeth are made of high speed steel or tungsten carbide while the
disk is made of low alloy steel. Their metal removal rate is high and also produce smooth surface comparable
to that of slitting saws used in milling.
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12° to 25°

7° to 11°

FiG. 10.5 Typical circular saw blade construction

10.1.2 Sawing Machines

The various types of sawing machines used are:
e Hack saw
= Manual
= Power
e Band saw
= Vertical
m  Horizontal
= Contour
e Circular saw

Power Hack Saw

The power hack saw uses the hack saw blade. The blade is mounted in the hacksaw frame and reciprocated
for the sawing operation as shown in Fig. 10.6. These are very simple machines with a tool frame for holding
the saw and some work holding devices similar to a vice. The reciprocating motion is inherently inefficient
because no cutting takes place during the return stroke.

Return ~

Feed

Saw blade J\'\’\Nj’CUt

Work piece

AT

.

Fic. 10.6 Power hack saw in action
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Band Saw

These basically have a continuous band of saw blade rotated between two disks such that the cutting action
will be continuous unlike the power hack saw. Typical construction of a vertical band saw machine is shown
in Fig. 10.7. These are generally used for cutting off single stationary work pieces that can be held on to the
table of the band saw. The saw blade can be tilted up to 45° to permit cutting at any angle.

Upper wheel \K w

idler X

Cutting speed

e
/ Upper saw guide
\ k“) Saw band
— .

I

Throat depth +————1 |

Workpiece

— p— Table

\ ﬂ \\\/4/ Table may be
N tilted to desired

\ angles as shown

Lower saw guide

Lower wheel —
driven by a — ‘G}‘
variable speed

drive

Fic. 10.7 Vertical band saw

The band saw operates continuously such that the cutting force is always directed against the table. This is
relatively safer compared to the hack saw and can cut work pieces without even clamping them to the table.

Contour band saw machines are similar to band sawing machines and are used for sawing of any
predefined contours in the work piece. The contour need not start from the edge of the work piece, but can
start anywhere inside the work piece. In these machines the saw band can be broken and then inserted through
a predrilled hole in the work piece. After that the blade is butt welded into a continuous circle and sawing is
completed. After completing the sawing operation, the band is again broken to remove the work piece and
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the cycle continued. Also, these have swivel tables which permits angular cutting required for die blocks.
These machines are equipped with flash butt welder, annealing and grinding units for the purpose of welding
the saw blade.

Circular Saw

A typical circular sawing operation is shown in Fig. 10.8. These have the ability to run the saw at very high
cutting speeds up to about 130 m/s and large feed rates. The stock can be cut very quickly and therefore care
has to be taken for the selection of the parameters to maximise the productivity.

Work piece

Fic. 10.8 A circular sawing machine

10.2 BROACHING

Broaching is a multiple-tooth cutting operation with the tool similar to the sawing operation described earlier.
The similarities end there, since in broaching the machining operation is completed in a single stroke as the
teeth on the cutting tool called broach, are at a gradually increasing height corresponding to the feed per tooth
of a milling cutter. The material removal using the broach teeth is shown schematically in Fig. 10.9. Here
the dotted line indicates the amount of material removed by the successive individual teeth. Using broach-
ing, Tolerances of the order of 0.013 mm can be easily obtained. Very high surface finish is not the aim of
broaching, and as a result it is possible to get 0.80 um with normal broaching. A better finish can be obtained
by sacrificing tool life and employing expensive fixtures.

Since each successive tooth removes only a small material at a time, the tool life of a broach is very high.
It is possible to produce 2,000 to 10,000 accurate parts with a broach, since sharpening depends on the work
piece and tool materials used.

Some typical examples of internal shapes that can be very conveniently machined by using the broaching
process are shown in Fig. 10.10.
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Broach

Work piece

Fic. 10.9 Cutting action of individual teeth in a broach

FiG. 10.10 Some typical internal profiles that can be broached

10.2.1 Broach Construction

Though in the above figure the material being removed is shown in an exaggerated fashion for clarity, in
actual broach, there are a large number of teeth each of which will removes a small amount of material such
that by the time the broach completes the operation the component is completely machined. A typical broach
is shown in Fig. 10.11. Broaching was originally developed for machining internal keyways, but looking at
the advantages, has been extensively used in the mass production of automobile component manufacture and
for various other surfaces as well.

The broach is composed of a series of teeth, in which each tooth can be considered as a single tool. Each
tooth of a broach is slightly higher than the previous one. This rise per tooth determines the depth of cut and
also the material removed by the tooth. There are basically three sets of teeth present in a broach as shown
in Fig. 10.10. The roughing teeth that have the highest rise per tooth will remove bulk of the material. The
semi-finishing teeth whose rise per tooth is smaller will follow this. Hence, they remove relatively smaller
amounts of material compared to the roughing teeth. The depth of cut can vary from approximately 0.15 mm
for roughing teeth in machining free-cutting steel to a minimum of 0.025 mm for finishing teeth.
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Tail
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Fic. 10.11 Typical construction of a pull broach

The last set of teeth is called the finishing or sizing teeth. Very little material will be removed by these
teeth. The necessary size will be achieved by these teeth and hence all the teeth will be of the same size as
that required finally. With the progress of time, when the first teeth wears out, then the next teeth and so on,
will be able to provide the sizing function.

The face of the tooth is ground with a certain hook (rake) angle depending upon the work piece material.
Soft steel work pieces usually require greater hook angles; hard or brittle materials, smaller hook angles. The
land is required to support the cutting edge against stresses. A slight back-off angle is ground onto the land
to reduce friction (Fig 10.11).

If the broach tooth engagement is irregular, vibrations may be caused. The depth of cut taken by each tooth
called the tooth rise is calculated so that it does not impose too great a strain on individual teeth. A large tooth
rise increases power requirements while if it is too small causes glazed or galled finish.

The pitch as shown in Fig 10.11 determines the length of cut and chip thickness that a particular broach
can handle.

Pitch, P =0.35,/ Length of cut

The total stock, D, to be removed is distributed among the teeth uniformly as depth of cut per tooth, Dy,
and then the length of broach, Lz can be given as

D
Length of broach, Ly = (D_S +Z, jP
T

Where Z,= the number of teeth required for finishing the operation and is assumed to be 4 or 5 teeth.
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L " L

The broaching time, Ty in min = 1000x ¥, 1000 X ¥,

where L = Length of stroke, mm;
V= Cutting speed in the forward stroke, m/min;

V. = Return speed, m/min.

The pull end of the broach (Fig. 10.11) is attached to the pulling mechanism of the broaching machine with
the front pilot aligning the broach properly with respect to the work piece axis before the actual cutting starts.
The rear pilot keeps the broach in a square position, as it leaves the work piece after broaching.

Broaching speeds are relatively low of the order of 6 to 15 m/min. However the production rate is high
with the cycle times about 5 to 30 seconds including the work piece and tool handling times. The low cutting
speeds are conducive to very high tool lives with very small tool wear rates.

Broaches are generally made of high speed steel in view of its high impact strength. Sometimes the
titanium nitride coating helps to improve the tool life further. Also the carbide insert type broaches are used
for surface broaching of cast iron for very large volume production to reduce the frequent re-sharpening of
the broach, which is a very difficult operation.

Standard broaches are available for common and more often used forms such as round and square holes,
keyways, etc. These are relatively inexpensive compared to the custom designed broaches, which will have
to be used for other specific designs.

The very high cutting forces in broaching require the use of proper fixtures to support the cutting force.
Also since broaching is used for mass production, high cost of fixturing can be easily justified. The general
principles followed for broaching fixture is similar to those of other fixtures as given in Chapter 14.

Advantages of broaching

1. It is the fastest way of finishing an operation with a single stroke.
Since all the machining parameters are built into the broach, very little skill is required from the

N

operator.

Broaching machine is simple since only a single reciprocating motion is required for cutting.

Final cost of the machining operation is one of the lowest for mass production.

Any type of surface, internal or external, can be generated with broaching.

Many surfaces which are very difficult or impossible by other means can be done by broaching. For

example, square hole and internal splines can be easily produced by broaching.

7. Good surface finish and fine dimensional tolerances can be achieved by broaching, often better than
boring or reaming.

SRR

Limitations of broaching

1. Custom made broaches are very expensive and can therefore be justified only for very large volume
production.

2. Abroach has to be designed for a specific application and can be used only for that application. Hence
the lead time for manufacture is more for custom designed broaches.

3. Broaching being a very heavy metal removal operation requires that the work piece is rigid and
capable of withstanding the large forces.
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4. Broaching can only be carried out on the work piece whose geometry is such that there is no
interference for the broach movement for the cutting.

10.2.2 Broaching Machines

There are basically four different types of broaching machines as follows:
e Push broaching machines,
e Pull broaching machines,
e Surface broaching machines, and
e Continuous surface broaching machines.

Broaching machines are specified mainly using the main parameters:
e The force applied on the cutting tool by the machines in tonnes or kN, e.g. 1000 kN
e The maximum length of stroke of the ram, e.g. 450 mm which provides an indication of the maximum
length of cut that can be taken.
Various ranges of cutting speeds available
Various ranges of feeds available
The type of power source utilized
Physical dimensions of the machine

Push Broaching Machines

These are generally used for internal surfaces where the broach movement is guided by a ram. These ma-
chines are simple, since the broach only needs to be pushed through the component for cutting and then
retracted. The work piece is fixed into a boring fixture on the table. Even simple arbour presses can be used
for push broaching.

Pull Broaching Machines

These are a little more complex in terms of operation. These consist of a work holding mechanism, broach
pulling mechanism along with a broach elevator to help in the removal and threading of the broach through
the work piece. The work piece is mounted in the broaching fixture and the broach is inserted through the
hole present in the work piece. Then the broach is pulled through the work piece completely. Then the work
piece is removed from the table. Afterwards the broach is brought back to the starting point before a new
work piece is located on the table. The same cycle will then be repeated.

The power for the pulling mechanism and the movement of the broach are provided generally by hydraulic
fluid. Because of the inner surface broaching, it is necessary to remove the broach from the pulling mechanism
to thread it through the work piece hole in every cycle.

Surface Broaching Machines

Surface broaching is relatively simple since the broach can be continuously held and then it will carry out
only a reciprocating action. A typical surface broaching machine is shown in Fig. 10.12. The work piece is
held in the fixture while the surface broach is reciprocated with the ram on the vertical guideways on the
column. In Fig. 10.12 is shown the progressive action surface broach with the teeth segments distributed into
three areas A, B and C. The progressive action reduces the maximum broaching force, but results in a longer
broach.
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FiG. 10.12 Surface broaching machine

Continuous Surface Broaching Machines

The reciprocation of the broach always involves an unproductive return stroke, which is eliminated in a
continuous surface broaching machine. In this the small work pieces are mounted on the broaching fixtures,
which are in turn fixed to a continuously moving conveyor as shown in Fig. 10.13. Broaches, which are nor-
mally stationary, are kept above the work pieces. The work pieces are pushed past the stationary broaches by
means of the conveyor for cutting. The work pieces can be loaded and unloaded onto the conveyor manually
or automatically. These machines are used for mass production.

Typical examples of jobs that can be done by surface broaching are shown in Fig. 10.14.
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Fic. 10.13 Continuous surface broaching machine

Fic. 10.14 Examples of parts made by surface broaching

10.3 GEAR CUTTING

Gears are important machine elements that transmit power and motion. There is a large variety of gears used
in industrial equipment as well as a variety of other applications. The gear teeth have the contact surface as an
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involute curve along which they roll and slide while transmitting the motion. An involute curve is generated
by unwinding a tautly held string from a base circle. The involute curve is chosen because it is simple, easy
to manufacture and allows the centre lines to be varied between the mating gears.

Pitch circle, which is an imaginary circle on the gear, corresponds to the diameter of the wheel. For proper
operation, the two pitch circles must be tangential at the point where the centre line connecting the two
centres of rotation intersects the pitch circle. To reduce the friction, gears are designed such that the teeth
have rolling motion rather than the sliding motion. Gear tooth size is identified as module. Some important
parameters of gears that are relevant for gear manufacture are given below. The rest of the details will be
found in gear design books.

Pitch diameter = No. of teeth X module
Tooth thickness = 0.5 X 7 X module
Total depth =2.25 X module

Spur gear is the most common and easy to make. It has straight teeth on the periphery of a cylinder. It
transmits motion between two parallel shafts. A rack is a gear with infinite radius, having the teeth that lie on
a straight line. These are used for converting rotary motion to a straight line or vice versa.

10.3.1 Gear Forming

This is a process of machining gears using a form milling cutter in a milling machine. Gears can be cut using
a form milling cutter, which has the shape of the gear teeth. The form milling cutter called ‘dp’ (diametral
pitch, used in inch systems, which is equivalent to inverse of module) cutters have the shape of the teeth
similar to the tooth space with the involute form of the corresponding size gear. The commercial gear milling
cutters are available as a set for a given module or diametral pitch. These can be used on either horizontal
axis or vertical axis milling machines, though horizontal axis is more common. The vertical axis cutters will
be similar to end mills with tooth profile on the cutting edge.

The cutting tool as shown in Fig. 10.15 is fed radially into the work piece till the full depth is reached.
Then the work piece is fed past the cutter to complete machining of one tooth space.

>

\

Cutter

Fic. 10.15 Form milling for spur gears
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The work piece is actually mounted on the dividing head. The machining process is repeated after indexing
gear blanks by one tooth. Sometimes it may be necessary to index by more than one tooth since the work
material gets heated by the heavy material removal, which may affect the accuracy of the surface generated.

The tooth space actually depends upon the number of teeth. Accordingly a range of cutters with numbers
1 to 8 are available to cover the entire range of gears to be machined as shown in Table 10.1. This is made
possible by approximating the tooth profile by considering the fact that profile variation is relatively small
between the gears with close range teeth. For achieving closer accuracy, addition of 7 cutters to account for
the intermediate range of gears are also available, as shown in Table 10.1 in the third and fourth columns.

LTS 'R Dp cutters used for form milling
Cutter Number Range of Teeth that

Cutter Number Range of Teeth that

can be Cut can be Cut
1 135 to Rack 1.5 80 to 134
2 55to 134 2.5 42 to 54
3 35 to 54 3.5 30 to 34
4 26 to 34 4.5 23 to 25
5 21to 25 5.5 19 to 20
6 17 to 20 6.5 15to 16
7 14 to 16 7.5 13
8 12to 13

Though form milling of gears is relatively common process in machine shops, it is suitable for small
volume production, particular for one off quantities. With a smaller number of cutters, it is possible to
produce a large range of gears. The process is also suitable for producing spur, helical and worm gears. For
small volumes the process is economical.

However, the accuracy of the gear is dependent upon the accuracy of the dividing head as well as the
profile accuracy of the cutter for the given gear. Thus it is not to be used for very high accuracy requirements.
Further this is a slow process. Internal gears cannot be produced by this process.

10.3.2 Gear Generation

To obtain more accurate gears, the gear is generated using a cutter, which is similar to the gear with which
it will be meshed, by following the general gear theory. As a result, one cutter can theoretically generate all
gears regardless of the number of teeth in the manufactured gear. All the teeth will have the correct profile as
well as mesh correctly. The gears produced by generation are more accurate and the manufacturing process
is also fast. These are used for large volume production.

There are two types of gear generation methods that are commonly used:

e Gear shaping, and

e Gear hobbing

10.3.3 Gear Shaping and Planing

To understand the concept of gear shaping, imagine a gear blank, which has a periphery that is very soft and
easily deformable. An ordinary involute gear is pressed into the rim of the gear blank until the two pitch
circles are in contact. Then the gear blank is rolled together with the gear such that the pitch circles roll on
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each other without slipping. Since the rim of the gear blank is soft the gear teeth will be pressed and theoreti-
cally correct teeth will be formed on the gear blank. The teeth so formed will mesh with any other involute
gear of the same module regardless of the number of teeth.

In actual gear shaping operations, the gear cutter is not actually pressed but removes the material by
reciprocation similar to a vertical shaper. The gear shaper cutter, which is very similar to the gear, but the
teeth are form relieved to act as the cutting edges as shown in Fig. 10.16.

Sharpened by grinding

on this face \

Base line

J

4

Identical involutes
struck from the same Outline on section

base circle | M x X

L —

FiG. 10.16 Schematic representation of gear shaping operation

The gear shaper cutter is mounted on a vertical ram and is rotated about its axis as it performs the
reciprocating action. The work piece is also mounted on a vertical spindle as shown in Fig. 10.16 and rotates
in mesh with the shaping cutter during the cutting operation. The relative rotary motions of the shaping cutter
and the gear blank are calculated as per the requirement and incorporated with the change gears.

The cutter will slowly move into the gear blank surface with incremental depths of cut, till it reaches the
full depth. The cutter and gear blank are separated during the return (up) stroke and comes to the correct
position during the cutting (down) stroke.

Gear shaping can cut internal gears, splines and continuous herringbone gears that cannot be cut by the
other processes. This process can also cut gears close to a shoulder with very small clearance. The length of
stroke of a gear shaper limits the maximum width of gear that can be produced. However since the approach
and over travel are small, this process is fast for narrow gears. Otherwise, the production rate of a gear shaper
is lower compared to the other generating process, i.e., gear hobbing. For producing helical gears special
oscillating motion has to be provided on a gear shaper for the reciprocating of the cutter.

The process described above is called the ‘Fellows gear shaping’ process since it is invented by E. R.
Fellows. There is another variation of the same process, termed as gear planing. In the ‘Sunderland gear
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planing’ process a rack cutter is used in place of a pinion cutter, as in Fellows gear shaping. The rack will
move tangential to the gear blank while reciprocating. Since the length of the rack is limited, it needs to be
periodically indexed to bring the rack back to its starting position. This has a facility for the vertical axis
to be swivelled in the vertical plane such that single helical gears can be produced without any additional
mechanisms.

10.3.4 Gear Hobbing

Gear hobbing is a continuous process eliminating the unproductive return motion of the gear shaping opera-
tion. To understand the concept of gear hobbing, an analogy similar to that used in gear shaping is given.
Imagine an involute rack being pressed into the gear blank with a very soft rim up to the point when the pitch
circles of the rack and the gear blank meet. During this process the rack is moved length-wise while the gear
blank is rotated such that it rolls with the rack without slipping. Theoretically correct tooth profiles would
be formed on the gear blank rim as it is very soft. The number of teeth formed depends upon the size of the
gear blank used.

The above procedure may be difficult to implement practically. It therefore is modified in the form of
a gear cutter called hob, where the rack is wound round the cylinder in a helix like a worm as shown in
Fig. 10.17. Since the involute rack teeth are straight lines, the hob threads are easier to produce and inspect.
Gashes will be cut across the threads as shown in Fig. 10.17 to provide the cutting edges. These cutting
edges are relieved behind for the clearance similar to a form milling cutter. Rotation of the hob causes the
theoretical rack to move along a straight line.

Tooth profile or
pressure angle

Tooth
thickness  Lead /
Gear S+ F |i|
Radial ;\;'n‘rs‘ =
cutting G a=/m
face \
/( ——=
Outside Hole _Flute il m(ll Il! -Ilmllu-l‘\
diameter diameter spacing = EI EIIE IE = |E| Lead variation
Hub =XV V"RV S from tooth to
face tooth over

cutting edges

Hub
diameter

Outside diameter runout
over tops of teeth from

flute to flute Tooth

thickness Gear dedenda (S + F)

Straight —
portion
Whole depth
J—»{\ Nf cut (D + F)
Start of A= ¥

approach !
Tooth profile Gear addenda (S)

or pressure angle

Enlarged view of hob tooth

Fic. 10.17 A typical gear hob with its elements
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A hob may have one, two or more threads of cutting edges. When a gear blank of N teeth is cut with a
single thread hob, the blank turns a complete revolution when the hob completes N revolutions. For a multi-
threaded hob, the gear blank rotates as many times more as the number of starts. Thus a multiple threaded
hob is much faster in production compared to a single threaded hob. However, the single threaded hobs are
more accurate compared to the multi-threaded ones.

The work piece is mounted on a vertical axis and rotates about its axis. The hob is mounted on an inclined
axis whose inclination is equal to the helix angle of the hob as shown in Fig. 10.18. This brings the gear
blank teeth in the same plane as that of the gear hob teeth, which is termed as the generating plane. The hob
is rotated in synchronisation with the rotation of the blank and the hob is slowly moved into the gear blank
till the required tooth depth is reached in a plane above the gear blank. Then the hob is fed slowly in the axial
direction of the gear blank till the complete tooth face width is achieved.

Movement of the gear blank in
relation to the hob for obtaining
; the desired depth of cut. Theoretically,
Roégg?rg)lc;fnwe and for the final cut, the pitch circle

of the gear blank should roll on
the pitch line of the hob

Theoretical rack

Rotation of the hob Gashes across the hob threads

to provide cutting teeth

Arbour for mounting

the gear blank = >
Spur gear being cut. The teeth
are partially cut

) %/ Hob tilted to this angle.
When cutting a spur gear

this angle equals 90 degrees

I I minus the helix angle of
) the hob
| | _—— Rotation
The hob starts at /’l — of the gear
one end of the gear d blank
blank and slowly |

feeds toward the
other end

Fic. 10.18 Schematic representation of gear hobbing operation
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For hobbing helical gears, the hob is swivelled by an additional angle to the helix angle of the gear to be
made. Hobbing process though used for gears and splines more frequently, is also suitable for other shapes
such as ratchets and sprockets.

Since hobbing is a continuous process, it is fast, economical, and the most productive gear machining
process. It is also possible to mount more than one gear blank in the work axis to increase production rate.
However, this process cannot be used for machining internal gears or gears with shoulders and flanges,
because of the clearance needed for the hob.

SUMMARY

These are some special machine tools that are used for specific applications and are not as common as the
other machine tools that were discussed so far.
e Sawing is an operation performed with a saw blade having evenly spaced teeth on the periphery. This
is the most economical operation for cutting-off of parts in view of the simplicity of the machine.
e Broaching is also similar to sawing with multi-tooth tool that reciprocates the cutting. However
broaching is used to make specific profiles of interest rather than cutting. This is mostly used for
internal details which are difficult to produce economically by other methods. This process is
suitable only for mass production in view of the high cost of the tool.
e Gear forming is used for cutting gears in small quantity. It is an approximate method of making
gears.
e Gear hobbing and shaping are the generating methods to cut accurate gears. These processes are
used for large volume production.

||| Questions J|

10.1 Why is sawing the most economical cutting operation?
10.2 Describe the important features of saw teeth.
10.3 What are the various types of sawing machines used in the industry? Give their applications.

10.4 Give the applications of the following from the application point of view in sawing:
(a) Tooth set, (b) Tooth spacing

10.5 What is the importance of saw tooth form with respect to the application of sawing?

10.6 What is the difference between form cutting and generation of gears with respect to the principle?
10.7 List the motions the gear milling cutter has with respect to the work piece.

10.8 What is a DP cutter? Why is it used for gear milling?

10.9 What are the characteristics of DP cutters used for involute gear cutting?

10.10 In form cutting of gear, the cutter is changed (different number for the cutter is used) whenever the
number of teeth on the gear to be produced falls in a different range. Is it true? Give the reasons for
your answer.

10.11 Give a comparison of the various gear machining methods in terms of their application, accuracy and
process.
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10.12 What are the various gear manufacturing methods you are familiar with? Give brief explanation about
them.

10.13 Sketch a gear shaping cutter and label its elements.

10.14 Sketch a gear hob and label its elements.

10.15 Explain the principle of gear shaping.

10.16 Explain the principle of gear hobbing.

10.17 Compare the gear shaping and gear hobbing giving the process and product requirements.

10.18 Explain briefly the cutting action of a broach. What are the factors that contribute to the increased
production rate in broaching?

10.19 Describe the various broaching machines used in industry. List their typical applications, advantages
and limitations.

10.20 Describe about the continuous broaching machine and explain the type of component surfaces for
which it is useful.

10.21 Give a simple sketch of a broaching tool and explain various elements.

10.22 Give the reasons for robust fixtures in broaching.

10.23 What are the parameters related to a broach that are important? Explain how the length of a broach is
determined.

10.24 How is the milling cutter used for gear cutting re-sharpened?

10.25 Compare broaching operation with that of any other metal machining operation for the purpose of
generating constant inside contours. Show sketches of some example jobs done using broaching.

10.26 A hollow steel tube with 4 slots along the axis is to be machined. Specify all the possible processes to
be used for machining the internal details. Your answer should clearly indicate the application where
each of the process is applicable, with reasons.

150

All dimensions in mm
C35 steel
All tolerances +0.050

Fic. 10.19
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| | Multiple Choice Questions i ]

10.1

10.2

10.3

10.4

10.5

10.6

MT4e-V2_10.indd 20

In sawing operation, the saw blade large
(coarse) tooth spacing is used

(a) For sawing soft materials

(b) For sawing hard materials

(c) For thin materials

(d) For non-ferrous materials

You need to cut a piece of 20 mm diameter
C20 CRS steel into four equal length pieces.
The original stock is 550 mm long. If the saw
blade produces a 1.5 mm kerf, how long will
each piece of material be after cutting?

(a) 137.500 mm

(b) 136.375 mm

(c) 136.000 mm

(d) 135.000 mm

In sawing operation, the saw blade with
straight tooth set is used for

(a) Ferrous materials

(b) General purpose work

(¢) Non-ferrous materials

(d) None of the above

Which of the following machining operations
does mnot utilise reciprocating action for
cutting metal

(a) Broaching

(b) Sawing

(c) Turning

(d) Shaping

Which of the following machining opera-
tions utilises reciprocating action for cutting
metal

(a) Broaching

(b) Turning

(c) Gear hobbing

(d) Milling

Which of the following machining operations
can be used only with very large volume
manufacture because of the high cost of the
tooling used

10.7

10.8

10.9

10.10

(a) Broaching

(b) Sawing

(c) Gear hobbing

(d) Slotting

Advantage of broaching operation is

(a) It is the fastest way of finishing an op-
eration with a single stroke.

Final cost of the machining operation is
one of the lowest for mass production.
Broaching can do many surfaces that
are very difficult or impossible by other
methods. For example, square holes and
internal splines.

(d) All of the above

Disadvantage of broaching operation is

(a) It is the slowest way of finishing an op-
eration.

(b) Overall cost of machining with a broach

is very high compared to other machin-

ing operations

Broaching can only be carried out on the

work piece whose geometry is such that

there is no interference for the broach

movement for the cutting.

Final dimensional tolerances are poor

compared to other machining operations

(b)
(©

(©)

(d)

Which of the following operations produces
a gear which is not very accurate

(a) Gear forming

(b) Gear shaping

(c) Gear hobbing

(d) Gear planing

Internal gears cannot be produced by which
process.

(a) Gear shaping

(b) Gear hobbing

(c) Gear forming

(d) Gear planing
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10.11 Which of the following is mot a gear 10.12 The process used for cutting a gear on a

generating process milling machine is called
(a) Gear shaping (a) Gear forming
(b) Gear hobbing (b) Gear shaping
(c) Gear forming (c) Gear hobbing
(d) Gear planing (d) Gear planing

Answers to MCQs

10.1 (b) 10.2 (b) 103 (c) 104 (c) 10.5 (a)
10.6 (a) 10.7 (d) 10.8 (c) 10.9 (a) 10.10 (c)
10.11 (c) 10.12 (a)

MT4e-V2_10.ndd 21 @ 7/10/2018  4:21:46 PM



MT4e-V2_10.ndd 22 @ 7/10/2018  4:21:46 PM



Unconventional Machining Processes

Objectives

Unconventional machining processes were developed initially to machine very hard materials
that are almost impossible to be machined economically by the conventional methods. After
completing this chapter, the reader will be able to

> Understand the need for inventing the unconventional processes, and their range of
applications

Understand the principles and applications of electric discharge machining
Understand the principles and applications of electrochemical machining
Understand the principles and applications of ultrasonic machining
Understand the principles and applications of chemical machining
Understand the principles and applications of laser beam machining
Understand the principles and applications of abrasive water jet machining
Understand the principles and applications of electron beam machining

Understand the principles and applications of ion beam machining

vV VWV VvV V V VvV V VvV Vv

Understand the principles and applications of plasma arc machining

11.1 NEED FOR UNCONVENTIONAL PROCESSES

Conventional machining processes utilise the ability of the cutting tool to stress the material beyond the
yield point to start the material removal process. This requires that the cutting tool material is harder than the
work piece material. New materials which have high strength to weight ratio, heat resistance and hardness
such as nimonic alloys, alloys with alloying elements such as tungsten, molybdenum, and columbium are
difficult to machine by the traditional methods. Machining of these materials by the conventional methods is
very difficult as well as time consuming since the material removal rate reduces with an increase in the work
material hardness. Hence the need for development of non-traditional machining processes which utilise
other methods such as electro-chemical processes for the material removal. As a result, these processes are
termed as unconventional or non-traditional machining methods.

Besides these the complex shapes in these materials are either difficult to machine or time consuming
by the traditional methods. In such cases, the application of the non-traditional machining processes finds
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11.2  Manufacturing Technology—Metal Cutting and Machine Tools

extensive use. Further in some applications a very high accuracy is desired besides the complexity of the
surface to be machined. These processes are not meant for replacing the conventional processes, but are in
fact supplements to them.

There a number of processes available in this category. They are:

Electric Discharge Machining (EDM)
Electro Chemical Machining (ECM)
Electro Chemical Grinding (ECG)
Ultrasonic Machining (USM)

Laser Beam Machining (LBM)
Chemical machining (CHM)

Abrasive Water Jet Machining (AWIM)
Water Jet Machining (WJM)

Plasma Arc Machining (PAM)

The conventional metal cutting processes makes use of the shearing process as the basis for material
removal. However, the non-traditional processes depend on a number of other factors such as the vaporisation
of the metal, electrolytic displacement, chemical reaction and mechanical erosion.

A comparison of the various processes is given in Table 11.1 for comparison purpose.

LR B Comparison of the non-traditional machining processes

Process Material Tolerance, Surface Surface Corner Power Watts
Removal mm Finish, CLA, Damage, Radius mm
Rate, mm®/ wm Depth pum
min
USM 300 0.0075 0.2-0.5 25 0.025 2 400
AIM 0.8 0.0500 0.5-1.2 2.5 0.100
ECM 1500 0.0500 0.1-2.5 5 0.025 100 000
CHM 15 0.0500 0.4-2.5 50 0.125
EDM 800 0.0150 0.2-12.5 125 0.025 2700
EBM 1.6 0.0250 0.4-2.5 250 2.500 150
LBM 0.1 0.0250 0.4-1.25 125 2.500 2
PAM 75 000 0.1250 Rough 500 — 50 000
Milling 50 000 0.0500 0.4-5.0 25 0.050 3000

The main reasons for using the non-traditional machining processes are:

e High strength alloys: The hardness of the work material is often higher than the cutting tool material or
sometimes it becomes necessary to use the machining process on hardened material. In such cases the
electro-chemical processes described would be required.

e Complex surfaces: At times very complex surfaces in three dimensions need to be produced, such as
those in moulds and dies where the work piece surface being hardened tool steel, it would be difficult
to be processed by the conventional means.

e Higher accuracies and surface finish: The accuracy and surface finish desired in hard work piece
materials require the conventional machining to be done very slowly, as well as adding a number of
finishing processes, making the process very slow and uneconomical.

e Difficult geometries: In addition to the complex geometries, sometimes it is required to produce
difficult geometries such as long holes with length to diameter ratio approaching 100, or very small
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size holes such as those with less than 0.1 mm in diameter, which are almost impossible to be produced
by the conventional methods.

e Automation

The relative economic comparison of these processes is given in Table 11.2.

1R k®] Economic comparison of unconventional processes

Process Capital Power Efficiency Tool
Investment Required Consumption

USM Low Low Low High Med.
AIM V. Low Low Low High Low
ECM V. High Med. Med. Low V. Low
CHM Med. Low High Med. V. Low
EDM Med. High Low High High
EBM High Low Low V. High V. Low
LBM Med. Low V. Low V. High V. Low
PAM V. Low Low V. Low V. Low Low

Milling Low Low Low V. Low Low

11.2 ELECTRIC DISCHARGE MACHINING
11.2.1 Introduction

Erosion of craters left by electric discharges on the cathode surface was first discovered by Joseph Priestley,
an English theologian and chemist in 1766. His observations are:

“June the 13th, 1766. After discharging a battery, of about forty square feet, with a smooth brass knob,
I accidentally observed upon it a pretty large circular spot, the centre of which seemed to be superfi-
cially melted. (...) After an interruption of melted places, there was an intrie and exact circle of shining
dots, consisting of places superficially melted, like those at the centre.”

“June the 14th, 1766. (...) Examining the spots with a microscope, both the shining dots that formed
the central spot, and those which formed the external circle, appeared evidently to consist of cavities,
resembling those on the moon, as they appear through a telescope, the edges projecting shadows into
them, when they were held in the sun.”

Since then arcs have been used for a variety of purposes and not necessarily for the removal of metal.
The first use of arc for removing metal was attempted by the Russian scientists Boris and Natalya Lazarenko
at the Moscow University in 1943. They were investigating the wear caused by sparking between tungsten
electrical contacts which was critical for maintenance of automotive engines during the Second World War,
under an assignment from the Soviet government. They had noted during the experimentation that the sparks
were more uniform and predictable in oil than in air. They then came up with the idea of using this controlled
sparking as a method of removing metal. They developed the “Lazarenko circuit” which is a relaxation circuit
based on the resistance-capacitance circuit that remained the standard EDM generator for years (Fig. 11.1).
The tool and work piece are immersed in a dielectric fluid and connected to a DC power supply. The capacitor
gets charged from the DC power supply until it is greater than the breakdown potential of the gap between
the tool and the work piece, at which time it will be discharged as an arc removing material from the work
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11.4  Manufacturing Technology—Metal Cutting and Machine Tools

piece and the tool. They have found this process to be extremely useful for machining hard metals such as
tungsten or tungsten carbide.

Resistor
—0 VWA
Electrode (Tool)
dc power Capacitor —— ~l
source +C3
Work piece
+O

Fic. 11.1  Relaxation circuit as used by Lazarenko

Interest in the spark machining process was ignited and a number of studies in the process were initiated
during the 1950s. Machine tool industries from Switzerland were involved very early in this market, with
Agie that was founded in 1954, while les Ateliers des Charmilles produced their first machine in 1955. They
are still the major players in the EDM technology.

The wider adoption of the process could not materialize during this period due to the poor quality of
electronic components. However in the 1960’s, the development of the semi-conductor industry permitted
considerable improvements in EDM machines. Die-sinking machines became reliable and produced surfaces
with controlled quality. Also with a large amount of research that went into the process, it became possible
to know the process capability with reasonable accuracy. Then with the availability of numerical control in
the 1960°s and early 1970’s, the movements of electrodes became much more precise. With the development
of the microprocessor in the 1970’s and the development of Computer Numerical Controlled systems (CNC)
further improved the performance of EDM. Thus though EDM is generally considered as a non-traditional
method because of the nature of the material removal process, because of its wide adoption particularly by
the tool rooms, it has become a common place in all manufacturing shops. Excellent historical study of the
EDM process is given by SME.

11.2.2 Principle

It has been recognised for many years that a powerful spark will cause pitting or erosion of the metal at
both the anode (+) and cathode (-), e.g. automobile battery terminals, loose plug points, etc. This process is
utilised in Electric Discharge Machining (EDM). This process is also called spark machining or spark ero-
sion machining. The EDM process involves a controlled erosion of electrically conductive materials by the
initiation of rapid and repetitive spark discharges between the tool and work piece separated by a small gap
of about 0.01 to 0.50 mm. This spark gap is either flooded or immersed in a dielectric fluid. The controlled
pulsing of the direct current between the tool and the work produces the spark discharge.

Initially the gap between the tool and the work piece, which consists of the dielectric fluid, is not
conductive. However, the dielectric fluid in the gap is ionised under pulsed application of DC as shown in
Fig. 11.2, thus enabling the spark discharge to pass between the tool and the work. Heat transfer from the
spark to both tool and the work piece melts, partially vaporises and partially ionises the metal in a thin surface
layer. Due to the inertia of the surrounding fluid, the pressure within the spark becomes quite large and may
possibly assist in ‘blasting’ the molten material from the surface leaving a fairly flat and shallow crater. The
amount of metal removed per spark depends upon the electrical energy expended per spark and the period
over which it is expended.
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Fic. 11.2 Schematic of the arc formation in EDM process

Thus, the sequence of events in EDM can be summarized as

“1. With the application of voltage, an electric field builds up between the two electrodes at the position
of least resistance. The ionization leads to the breakdown of the dielectric which results in the drop
of the voltage and the beginning of flow of current.

2. Electrons and ions migrate to anode and cathode respectively at very high current density. A column
of vapour begins to form and the localized melting of work commences. The discharge channel
continues to expand along with a substantial increase of temperature and pressure.

3. When the power is switched off, the current drops, no further heat is generated, and the discharge
column collapses. A portion of molten metal evaporates explosively and/or is ejected away from the
electrode surface. With the sudden drop in temperature the remaining molten and vaporized metal
solidifies. A tiny crater is thus generated at the surface.

4. The residual debris is flushed away along with products of decomposition of dielectric fluid. The
application of voltage initiates the next pulse and the cycle of events.”

Also due to the inertia of the surrounding fluid, the pressure within the spark becomes quite large and may
possibly assist in ‘blasting’ the molten material from the surface leaving a fairly flat and shallow crater. The
amount of metal removed per spark depends upon the electrical energy expended per spark and the period
over which it is expended.

At any given time only one spark will be made between the tool and work piece at the shortest path as
shown in Fig. 11.3. As a result of this spark some volume of metal is removed from both the tool and the work
piece. Then the spark will move to the next closest distance as shown in Fig. 11.4. This process continues till
the required material is removed from the work piece.

The temperature of the arc may reach about 10 000°C. The vapour of the metal would be quenched by
the dielectric medium when the arc is terminated by the electric pulse and thus the wear debris is always
spherical in nature. The wear debris would be carried away by the dielectric fluid, which is in continuous
circulation. The same process as described above would be continued a number of times per second with
each pulse removing a small wear particle from the work piece thereby causing the material to take the shape
of the electrode. The arc will always be struck at a point between the work piece which is closest from the
tool (electrode) thereby the complimentary tool surface will be reproduced in the work piece as shown in
Fig. 11.5.
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Fic. 11.3 Schematic of the arc forming at the smallest distance between the tool and the work piece in the
EDM process
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Fic. 11.4 Schematic of the arc moving to the next smallest distance between the tool and the work piece in
the EDM process
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Fic. 11.5 Typical surface generation in EDM process, (a) Initial shape of electrode and work piece, (b) Final
complimentary shapes of electrode and work pieces after machining
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11.2.3 Schematic

A typical schematic of the various elements present in a commercial EDM machine is shown in Fig. 11.6. The
main power unit consists of the required controlled pulse generator with the DC power to supply to the power
pulses. The pulse frequency as well as the on and off time of the pulses can be very accurately controlled
using electronic controllers.

Servo-controlled

feed
Voltmeter
dc power Q\T\
supply i
T ® i
Ammeter il 1< Tool
1
i Dielectric
w
===z r=d !l tzzzzoez
ZZ2 L é\;f
Work pan ||=== Work piece ==

‘ [EEZZ=222222222220222s
Reservoir C

High Pressure
Pump pressure OO gaugue
pump
Filter
Reservoir

Fic. 11.6 Typical schematic of the components that form a typical EDM machine

The gap between the electrode and the work piece increases with the removal of metal. The EDM power
supply voltage is dependent upon the spark gap, which needs to be maintained constant. A servo-controlled
electrode feeding arrangement would be available which continuously senses the spark gap and moves the
tool (electrode) to maintain this gap.

Typical parameters used in EDM process are:

Spark gap 0.0125t0 0.125 mm
Current 0.5 to 400 A
Voltage (DC) 40 to 300 V
Pulse duration 2 t0 2000 ps
Dielectric pressure <0.2 MPa
The metal removal rates are about 16.4 cm®/hour per 20 A of current. This can go as high as 250 cm®/hour
per 20 A of current.
Surface finish 3 to 10 um Rough

0.8 to 3 um Finish
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11.2.4 Dielectric Fluid

The dielectric fluid is a spark conductor, coolant and also a flushing medium. The requirements are:

1. The dielectric fluid should have sufficient and stable dielectric strength to serve as insulation between
the tool and work till the breakdown voltage is reached.

2. It should de-ionise rapidly after the spark discharge has taken place.

3. It should have low viscosity and a good wetting capacity to provide effective cooling mechanism and
remove the swarf particles from the machining gap.

4. It should flush out the particles produced during the spark out of the gap. This is the most important

function of the dielectric fluid. Inadequate flushing can result in arcing decreasing the life of the

electrode and increasing the machining time.

It should be chemically neutral so as not to attack the electrode, the work piece, the table or the tank.

Its flash point should be high so that there are no fire hazards.

It should not emit any toxic vapours or have unpleasant odours.

It should maintain these properties with temperature variation, contamination by working residuals

and products of decomposition.

9. It should be economical and easily available.

Sl A

A large number of fluids satisfy the requirement and are used as dielectric fluids. Most popular are the
hydrocarbon fluids, silicone-based oils, and de-ionised water. Kerosene and water with Glycol are generally
used. Typical values of material removal rates for various dielectric fluids are shown in Table 11.3.

L1k ¥,y Performance of various dielectric fluids

Dielectric Fluid Material Removal Rate, Work Wear Ratio
Material Removed cm®/A min x 10*

Hydrocarbon oil 39.0 2.8

Distilled water 54.6 2.7

Tap water 57.7 4.1

Tetra ethylene glycol 102.9 6.8

Volume of work material removed

Wear ratio = -
Volume of electrode material worn out

A number of properties of dielectric fluids need to be considered while selecting them for the operation.

Flash point It the lowest temperature at which a dielectric gives off sufficient vapours to produce an
inflammable mixture of air and gases in a standardized apparatus. The higher the flash point, the better it is
for use in EDM. Generally any temperature higher than 80°C should be considered good for the operation.

Dielectric strength This is the ability of the fluid to maintain high resistivity before spark discharge and
in turn the ability to recover rapidly with a minimal amount of OFF time. Fluid with a high dielectric strength
offers finer degree of control. This will ensure better cutting efficiency.

Viscosity Fluids with lower viscosity are better for producing accurate and finer surfaces. Dielectrics of
2 to 3.5 ¢St at a temperature of 20° C are suitable for polishing work while 4 to 6. 5 cSt at 20° C is suitable
for rough cut operations. Thinner (lower viscous) fluids are easier to flush through smaller gaps between the
tool and work in the case of fine machining. However for high MRR and high current values, heavier oils
can be used.
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Specific gravity Dielectrics normally used today have a specific gravity of 0.750-0.820. The shorter the
chain of hydrocarbon molecules lower is its specific gravity. The heavier chips settle down in the lighter di-
electric reducing the gap contamination and possibilities of secondary discharge and/or arcing.

Odour The unused dielectric should normally be odourless and should not begin to smell, even when
heated.

Effect on health The effect of the dielectric on the health of the operator is of paramount importance. Of
particular importance are its effects on skin irritation, toxicity, and smoke generation.
Typical properties of the dielectric fluids is given in Table 11.4.

LR WA Typical Properties of Dielectric Fluids from British Petroleum

Gravity, °API 46.0 47.0 53.2
Density 0.797 0.793 0.766
Flash Point COC, °C (°F) 82 90 108
Viscosity, ¢St 40° C 1.65 2.25 1.92
Aromatic Content, % <0.01 <0.01 <0.001

Flushing refers to the method in which the dielectric fluid flows between the tool and the work gap.
The efficiency of machining depends to a greater extent on the efficiency of the flushing. The wear debris
present in the spark gap should be removed as quickly as possible. With poor flushing there is a possibility
of build-up of the machined particles in the gap resulting in the short-circuiting and lower material removal
rates. Problems with improper flushing are: uneven and significant tool wear affecting accuracy and surface
finish; reduced removal rates due to unstable machining conditions and arcing around regions with high
concentration of debris. It is noted during an experimental study that there is an optimum dielectric flushing
rate of about 13 ml/s while machining AISI O1 tool steel, where the crack density and average thickness of
the recast layer are at a minimum.

The flushing method that can be used in EDM depends upon the work piece geometry and can be classified
as:

Normal flow
Reverse flow

Jet flushing
Immersion flushing

Normal flow In this method, fluid is introduced, under pressure, through one or more passages in the tool
and then it is forced to flow through the gap between the tool and work piece as shown in Fig. 11.7. The
location of the flushing holes should generally be in areas where the deepest material is to be removed. It is
generally good to have a single hole rather than a number of holes. This will help in improving the flow of
the dielectric fluid. However the choice will also depend upon the work piece geometry and sometimes it may
become necessary to have a number of holes to facilitate the flow of the dielectric fluid to the different areas
in the work piece that need to be cut.

Normal flow flushing gets facilitated if there is a hole present in the work piece or a hole can be made
without harming the work piece geometry. In this case there will be no need to make a hole in the tool as
shown in Fig. 11.8. In this method electrolyte is pumped into the manifold under pressure, which will then
flows through the hole in the work piece. This arrangement is normally used in situations where it becomes
difficult to drill a hole in the tool because of the tool’s length or because the cross-section area is too small.
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Under certain circumstances there is
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Fic. 11.8

a possibility of

tapered surfaces being produced by normal flow as shown in

Fig. 11.9. Chips produced by the tool at the

end face such as

those shown in A and B need to pass through the gap as
shown in figure 11.9. As they move, their conductivity will
reduce the gap between the tool and work piece thereby
prompting for additional side arcs, which will remove
material from the work piece. This will cause the vertical
walls to become tapered as shown. As the mouth widens as
shown at C, more chips need to be aligned in order produce
a side arc, which is less probable. As a result this part of the

wall will remain vertical without any taper.

Reverse flow To reduce the taper produced the reverse
flow can be used. In this case the gap between the tool and
work piece is completely submerged in the dielectric fluid and then a vacuum is applied to the manifold as
shown in Fig. 11.10. Since the chips will be flowing through the work piece there is no possibility of side arc.
However the flow rate that can be achieved is limited depending upon the vacuum applied. Typical pressure
differentials that could be achieved are about 65 to 90 kPa. This is particularly suitable for deep-cavity dies.
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FiG. 11.10 Reverse flow flushing techniques used in the EDM process
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Instead of vacuum, a positive pressure can be applied to achieve reverse flow as shown in Fig. 11.11.
Dielectric fluid is introduced into the gap through an expendable cover placed on top of the work piece as
shown in Fig. 11.11. Tool will first machine the cover with a clearance at C. As the tool advances to machine
the work piece some fluid may be lost through the gap, but it will be possible to provide higher pressures and
consequently higher dielectric flow rates.

Dielectric : Tool
fluid c | o0

do/d
N

Clamp

(4, —

)
&%
]

Cover

—— Work piece

Y
Fic. 11.11 Reverse flow flushing techniques used in the EDM process

Jet flushing A simpler flushing technique is the use of direct spray or jet of the fluid at the machining zone
as shown in Fig. 11.12. This is sometimes used for machining of a long narrow slot or cavity in a work piece.
However machining times are longer with this technique. For jet flushing of an array of shallow cavities,
important considerations are distribution of the nozzles, flow rates, angles at which the nozzles are directed
at the gap, and layout of the cavities.
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FiG. 11.12 Jet flushing technique used in the EDM process

——> Work piece

Immersion flushing It is also possible to allow the cutting to takes place without any pumping of the
fluid and by simple immersion. A little agitation may be provided by the relative movement of the tool and
adding a vibration. This is called immersion flushing.

A closed-form mathematical expression for the fluid pressure and fluid velocity under a “no-sparking”
condition at all points in the electrode-to-work piece gap of a typical EDM set up was derived by Earnest Y.
Seborg. The volume flow rate of the fluid and the force developed on the tool electrode by the fluid flow are
derived directly from the expressions for velocity and pressure. The EDM setup is a round electrode with a
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Fic. 11.13 Fluid flow passage through the electrode in the EDM process

central hole for electrolyte flow as shown in Fig. 11.13. The following assumptions were made in deriving
the equations:
e Electrode and work piece surfaces with which the electrolyte is coming into contact are perfectly
smooth
e The electrolyte flow is laminar (Reynolds number < 2000)
o Inside radius of the flushing line (R,) is much larger than the flushing gap.

P —PR)In(R,/
Pressure distribution in the flushing gap, P(r)=F, + (A= F)In(R,/r)

6 (R
il 2

n (R - F)(R; —R})

R
21n (OJ
R,

Net force acting on the electrode, F,. =

Where
R, = radius of the electrodes

R, = radius of flushing hole
h = gap spacing
P, = atmospheric pressure
P, = pressure in flushing hole
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11.2.5 Electrodes

As explained earlier, in the EDM process the shape of the electrode is impressed on the work piece in its com-
plimentary form. The shape and accuracy of the electrode plays a very important role in the final accuracy of
the work piece machined.

The electrode material should have the following characteristics to serve as a good tool.

1. It should be a good conductor of electricity and heat.
It should be easily machinable to any shape at a reasonable cost.
It should produce efficient material removal rates from the work pieces.
It should resist the deformation during the erosion process.
It should exhibit low electrode (tool) wear rates.
6. It should be available in a variety of shapes.

Various electrode materials used: Graphite, Copper, Copper graphite, Brass, Zinc alloys, Steel, Copper
tungsten, Silver tungsten, Tungsten, etc. Some of the physical properties of the common electrode materials
are given in Table 11.5. The detailed considerations for the selection of the individual electrode materials are
given below:

wnhk e

LLLTR W] Physical properties of some EDM electrode materials

Property Copper Graphite Tungsten
Melting point, °C 1083 — 3395 1535
Boiling point, °C 2 580 >4 000 5930 2 800
Heat to vaporise 1 cm? from room temperature, cal/cm® 12 740 20 000 22 680 16 900
Thermal conductivity, Ag = 100 94.3 30.0 29.6 16.2
Electrical conductivity, Ag = 100 96.5 0.1 48.1 16.2
Thermal expansion, per °C x 107 16.0 4.5 4.6 15.0
Strength, MPa 241 34 4137 276
Modulus of elasticity, MPa x 10° 124 59 352 186
Copper

Pure copper or electrolyte grade copper is extensively used as an electrode material. It is most often used
when fine finishes are required in the work piece. It is also excellent for no wear EDM. It exhibits a very
small wear ratio. Machining of copper is a major problem because of its poor machinability.

Tellurium Copper

The main problem with copper is during the grinding for fine finish, wheel loading takes place. In such cases
the tellurium-copper electrodes may replace copper electrodes. Tellurium-copper has machinability rating
compared to 100% for free machining brass. EDM characteristics of tellurium-copper are same as that for
copper. The only disadvantage of tellurium-copper is its scarcity.

Brass

Free machining brass is often used as an electrode material. The main advantage is that it is easily available
and can be readily machined. The wear ratio is more of the order of 1 to 6 for small electrodes. It is often used
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for tubular electrodes in specialised small hole EDM drilling machines where high wear is acceptable. Brass
is a good electrode material for some alloys of titanium under poor chip removal conditions. However it is
not used on tungsten carbide because of high wear. Its main advantage is that it is available in small tubing
and shim stock.

Graphite

Graphite is perhaps the most widely used EDM electrode material because of good machinability and wear
characteristics. Graphite permits fast material removal rates as well as best wear ratio. It offers excellent
stability.

Grain size is the most important property of graphite electrodes. Coarse particle graphite is normally used
for large volume EDM work, where there is little or no fine detail to be produced. Alternatively the fine
particle high-density graphite is used where fine details and accuracy are required, since its strength makes it
capable of producing thin cross-sections. Since graphite is a sintered material, it contains porosity. This must
be taken into account while machining three-dimensional cavities, which require fine surface finish. Coarse
particles have more porosity and produce rougher finishes. Medium grade graphite usually works well when
machining through holes in steels.

Care should be exercised when machining tungsten carbide. During the machining of tungsten carbide by
graphite electrodes, if the chip removal conditions are not good, cutting surface will become carbonised and
uncontrolled arcing may result. This uncontrolled arcing is also known as DC arcing and sometimes is quite
dangerous.

The DC arcing is caused by the carbon deposited on the work surface being heated to the point that de-
ionisation of the dielectric fluid does not takes place. Without de-ionisation, current flows across the same
point between electrode and work piece causing excessive heating.

While machining tungsten carbide with graphite, it is generally recommended that only fine particles and
high density graphite be used. Its main advantages are:

1. It is comparatively inexpensive.

2. It has wear ratio equivalent to that of copper-tungsten alloys.

3. Large electrodes can be made by adhesive bonding of laminations.
4. It produces high material removal rates.

Copper - Graphite

Copper-graphite is graphite that has been infiltrated with copper. Its flexural rigidity is higher than the
comparable grade of graphite and has the best characteristics of both copper and graphite. However, it is
1.5 to 2 times more expensive than graphite. It has more conductivity than graphite but corner wear is not as
good as that of the pure graphite. It works well under poor flushing conditions. It works well for machining
tungsten carbides.

Steel

Steel is not a satisfactory electrode material. However, its use is limited to match the parting planes of the
moulds in which half of the mould is used as the electrode and the other half is used as the work piece. Mate-
rial removal rate is very slow and the wear ratio is suitable only for certain combination of steels.
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Copper - Tungsten

Copper-tungsten is also a sintered electrode where copper infiltrates the tungsten powder compact. The
machinability is fair and has good wear and finish characteristics. It is used for close tolerances, fine detail
and low wear. It has good strength and is less prone to breakage or fracture when machined into thin sections
and fine details. It has high density, strength and good thermal and electrical conductivity.

Tungsten

Tungsten has high rigidity as well as good ratio. It is used for making small holes that are less than 0.2 mm
for which electrodes with small flush holes are not available. The disadvantage is its high cost.

Zinc Alloys

The main application of zinc alloys is for high production where a large number of identical electrodes are
required which can be mass produces by pressure die casting or coined. Complex shapes of electrodes can
be easily die cast compared to machining used with other electrodes. Cost of the electrodes is less while high
currents up to 150 amperes can be used with them. The main disadvantage is the rapid corner wear and very

poor wear ratio.

Comparative capabilities of the individual electrode materials is given in Table 11.6.

LILITR A N] Electrode-material selection

Electrode ‘Form ‘ Corner ‘ End-wear ‘Relative
Material Wear Ratio | Ratioin | Cost
in Finishing | Roughing
Graphite | Blocks, rod, tube, 5:1 to 100:1 | Low
bar
Copper Bar, rod, 1:1 2:1 Medium
sheet, wire,
tube, frogings,
stampings
Copper— | Blocks, rods 2:1 4:1 Medium
Graphite
Brass Same as copper 0.7:1 1:1 Low
Zinc Cast, die casting 0.7:1 2:1 Low
alloys
Steel All forms 1:1 2:1 Low
Copper— | Bar, flats, shim 3:1 8:1 Medium
Tungsten  stocks, rod, wire
tube
Silver— Sintered 8:1 12:1 High
Tungsten
Tungsten | Wire, rod, ribbon 5:1 10:1 High

‘ Machin- Uses
abil.ity Recommended | Not
Rating Recommended
Excellent ' Tooling —
Good Holes, slots High accuracy
and detail
Fine General purpose | —
Good Holes and cavity High accuracy
sinking
Good Forging die Holes
cavities
Excellent Through holes  Carbides
Fair Slots, carbides | Large areas
Fair Small slots, Large areas
holes and
intricate details
Poor Small holes Irregular holes
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11.2.6 System Analysis

The exact amount of material removed per spark cannot be calculated. The major work piece parameter is the
energy required to raise a unit volume to its melting point. The power supplies are 50 to 80% efficient and a
typical value is of the order of 2.3 mm?/s/kW. However, steel can be raised to its melting point using about

120 mm?*/s/kW. Thus the heat required for melting accounts only for about 2% of the energy input.

A typical circuit used for supplying the power to an EDM machine is shown in Fig. 11.14 named as
the relaxation circuit. The circuit consists of a DC power source, which charges the capacitor ‘C’ across a
resistance ‘R_’. Initially when the capacitor is in the uncharged condition, when the power supply is on with
a voltage of V, a heavy current, i,, will flow in the circuit as shown to charge the capacitor. The voltage at

any time, ¢, is given by

t
Vo=V, |1-e “]

R L R,
A% 0000 s A%%
I 2
Vo —/ v ==C <
R
SR
Charging Sparking

Fic. 11.14 Relaxation circuit used for generating the pulses in EDM process

The time constant, 7 of the circuit is given by
T=R . xC
Charging current can then be specified by

t
Vo 7
i, =—ce
C

The energy delivered per spark, P is given by
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For maximum power

dP,
av — 0
dl =
T,
which gives rise to
V,=0.72xV,

Discharge circuit:
Neglecting the inductance.

t

_ "R, C
Vo=V,e &

Where R; =R, + Ry

The discharge current, i, is given by

Since the R; and Ry are so arranged that the frequency of discharge oscillation, f is not affected. The
frequency of discharge is given by

__L /L
fd_zn LC

This means that spark reversal will take place. However, the energy available for the reverse spark is so
small because of the resistance that there is no reverse spark.

For satisfactory metal removal the spark must be completely quenched between the charging cycles. This
will allow the spark gap to be de-ionised. This will be the limiting condition for the maximum frequency of
sparks to be provided for material removal.

An approximate criterion for arcing is that the charging circuit maintains the maximum spark current, i, .
indefinitely, i.e.,

v, R=V,.

~ Idmax

Where z is the spark discharge voltage at maximum spark current.

It can be shown that

Iqmax =

Hence, V- =y
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Assuming v, - Z =V,

The value of the minimum resistance in the circuit, R, is given by

However, experimental evidence shows that

Rmin =30,/=

S

Charging time, 7, is given by

T, =R, C=30/LC

min
Sparking time, 7, is given by

P 05 _

= wLC
Ja

Frequency of cutting = 1 _003

T, 47, \/ﬁ

The material removal rate, MRR is proportional to the product of frequency of charging and the energy de-
livered per spark.

Energy delivered per spark = %C ch

Thus,
Mﬂxéﬁﬁc
{7e)
Since V.=V |l-e R.C
1
or, t=R, Clog,
s V.

Frequency of charging, £, is given by

_1
fc_t
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Hence, the material removal rate, MRR is given by

Where K is the proportionality constant.

The Fig. 11.15 shows the charging curve for the capacitor. The capacitor voltage will increase until it
reaches the breakdown voltage at which point the discharge takes place. The same cycle will continue.

T Charging voltage o o _
c . - - - - ~_ Breakdown
apacitor voltage
voltage 9

Time ——

Fic. 11.15 Variation of capacitor voltage with time in a relaxation circuit

11.2.7 Pulse Generation

The relaxation circuit as explained above was used in the early EDM machines. They are limited to the low
material removal rates for fine finish, which limits its application. This can be explained from the fact that the
time spent on charging the capacitor is quite large during which time, no machining can actually take place.
Thus the material removal rates are low. The peak current experienced by the electrodes is high for very short
duration that raises the temperature and consequently the tool wear. Hence the ideal would be to increase the
spark duration and reduce the peak current (consequently the maximum temperature in the spark) thereby
improving the electrode life.

The power supply circuits used for this purpose are with pulse generators that provide the necessary spark
energy at the required intervals without the use of any capacitors. The spark will have all the required energy
and is made available as soon as the gap conditions are right for sparking. In these systems the spark current
flows from a source whose voltage is not less than the limiting voltage of the spark gap. Typical variation
of voltage and current in a pulse generator type power supply is given schematically in Fig. 11.16. As can
be noted the pulse on time (Z,) is increased considerably while the pulse off time (#,) is reduced which would
result in the machine removing material most of the time. Further the peak current is only little above the
average current thereby reducing the peak temperatures, reducing the tool wear.

Typical pulse generator power supply circuits are shown in Fig. 11.17. As can be noted in Fig. 11.17(a)
the switching is driven by an oscillator that can be set at any frequency required. Gap conditions controls the
oscillator such that the transistors can be turned off in case of a d-c short circuit at the gap. Solid-state power
supplies have greater reliability, precise control of parameters, and compactness. Many circuits are available
for controlling current as well as voltage with any wave shape as a single or repetitive pulse.

With developments in microprocessors, EDM power supplies are benefited as shown in Fig. 11.17(b). All
the spark parameters, as well as machine tool functions, can now be controlled by a microcomputer thereby
allowing for optimum performance.
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Voltale ---K--_ T

Current, A

- ti
<—f—>

Time = Time —>

Fic. 11.16 Variation of pulse voltage and current with time

/_\ T
Tool \\ \i\p Tool
— Osc — Micro-
E - _ +| E computer
~ +

Work piece Work piece
(a) (b)
Fic. 11.17 Pulse generator type power supplies for EDM

+

11.2.8 Process Characteristics

The metal removal rates in EDM depend upon the following parameters, which are discussed in greater
details below:

e Current in each spark
Frequency of the discharge
Electrode material
Work piece material
Dielectric flushing condition

The amount of material removed and the surface finish produced is dependent upon the current in the
spark. The material removed by the spark can be assumed to be a crater as shown in Fig. 11.18. The amount
removed therefore will depend upon the crater depth, which is directly proportional to the current. Thus as
shown schematically in Fig. 11.18, the material removed increases and at the same time the surface finish

also decreases.
N
1 A 2 A 3 A 4 A

Fic. 11.18 Schematic representation of the effect of the current in each spark, which
determines the material removed
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However, decreasing the current in the spark, but increasing its frequency will improve the surface finish
in view of the small crater size, but at the same time the material removal rate can be maintained by increasing
the frequency. The same is shown schematically in Fig. 11.19.

Higugwige

Fic. 11.19 Schematic representation of the effect of spark frequency on the material
removed and the surface finish

The side sparks affects the accuracy of the surface produced. Two possible inaccuracies are shown in
Fig. 11.20.
D O

Il =

"

|
! |
i B

(a) Taper (b) Overcut

FiG. 11.20 The possible errors in the EDM surfaces

Taper The side sparks between the tool and the machined
surface produces taper. As a result, the taper increases as the —
depth of the machined surface increases. It is empirically

noted that the taper is proportional to the square of the 015

diameter as given below: 3 -
Taper is given by r:

D—d P € 010

on T 3 -

Where K is an empirical constant. S o5

Over cut Similarly the over cut produced by the side
sparks is shown in Fig. 11.20(b). Lazarenko has obtained the
following relationship for the over cut in the case of EDM 0 | | | | | |

using a relaxation circuit. 0 10 20 30

Capacitance, uF
Overcut, 0=A4 C*33 + B

Fic. 11.21 Variation of over cut with the

Where 4 and B are constants given in Table 11.7. capacitance in a relaxation type
The dependence of over cut on the capacitance of the EDM machine; Tool: Copper,
power supply is shown in Fig. 11.21. Work: Mild steel, Voltage: 150 V
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LrUTR W4 Constants for the over cut equation

C30 Copper 0.035 0.0426 0.015 0.025
T15K60 Copper 0.030 0.044 0.015 0.020
Copper Copper 0.032 0.045 0.015 0.210

Metallurgical modification The surface of the work piece melts and gets quickly solidified by the cool-
ing action of the dielectric fluid. The layer of the re-solidified metal is very small with low powers, but will
become thicker with the EDM higher powers used. Next to the re-solidified material is the heat-affected
material, which is usually less than 0.25 mm in thickness. It is necessary to remove the heat-affected layer for
higher fatigue strength of the component.

11.2.9 Applications

The EDM process is extensively used because of its many advantages. A few of them are discussed below:

There is no physical contact between the tool and the work piece and hence no cutting forces acting on the

work piece. Even fragile work pieces can be machined using this process.

e Any complex shape required in dies and mould can be easily produced to the required degree of
accuracy and finish. Since the process copies the tool shape in a complimentary form, making a male
electrode is easier than the complimentary female form required.

e The process is not affected by the hardness of the work material. Hence even the hardened material can
be machined thus avoiding the possible distortions due to heat treatment on the final geometry.

e The material removal rates are almost comparable with that of the conventional machining processes.

e Since there are no cutting forces acting on the tool, high aspect ratio surfaces can be machined using
EDM process.

e Though the material is removed by the heat produced by the spark, there is thermal damage to the work
piece material.

e The process is generally highly automated with very little operator skill required.

e The actual surface produced by EDM consists of small craters, which may help in the retention of the
lubricants.

Disadvantages

e The wear rate on the electrode is considerably higher. Sometimes it may be necessary to use more than
one electrode to finish the job.
e The work piece should be electrically conductive to be machined using the EDM process.
e The energy required for the operation is more than that of the conventional process and hence will be
more expensive.
The process generally described so far is termed as EDM die sinking. The other processes that are possible
are described below:

EDM Drilling Drilling of very small and high aspect ratio of the order of 30 is one common example of
EDM application. A typical example to demonstrate the capability of the process is the drilling of a hole of
0.3 mm diameter through a 20 mm hardened ball bearing. The aspect ratio is 67 and the process is completed
in 90 seconds.
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EDM Milling Milling EDM (Fig. 11.22) can be used
to machine complex shapes with simple cylindrical elec-
trodes. This is very similar to the conventional milling
process with the cylindrical electrode acting like a mill-
ing cutter to produce complex surface by eroding the sur-
face. It is possible to use simple electrodes and produce
complex jobs using the Computer Numerical Control
technology to provide the necessary complex motions.

11.2.10 Wire EDM

Electric discharge wire cutting or more commonly called
wire EDM is a process of producing complex 2 and 3 di-
mensional shapes using a simple wire eroding the mate-
rial from an electrically conducting material. A typical
schematic of a wire EDM operation is shown in Fig. 11.23.

The electrode wire is typically of a diameter of 0.05
to 0.25 mm copper or brass, which is wound between
the two spools as shown in Fig. 11.23. The wire moves

Fic. 11.22 Typical example of EDM milling
producing a complex work piece
with simple cylindrical electrode

past the work piece at fast rates up to 3 m/min. The spark is struck between the moving electrode wire and
the work piece thereby removing the material. The dielectric most commonly used is the de-ionised water
applied as a localised stream rather than submerging the whole work piece.

Fresh
wire spool
Work piece
0 Rollrs
E[ectrode
wire
Used
wire spool

FiG. 11.23 Principle of wire EDM process

Wire electrode

Work piece

Kerf

Wire
path

Fic. 11.24 Close-up of wire EDM cutting process

The close-up view of the cutting process is shown in Fig. 11.24. Kerf is the width of the cut produced by

the wire.

Wire EDM is used for machining the sheet metal dies, extrusion dies and prototype parts. It is relatively a
very slow process (linear travels of the order of 100 mm/hour 25 mm thick steel) utilising computer controlled

machines.
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11.3 ELECTRO CHEMICAL MACHINING

Electro chemical machining (ECM) is another process using electrical current to remove the metal, but unlike
EDM relies on the principle of electrolysis for material removal. Michael Faraday (1791-1867) discovered
that if two electrodes are placed in a bath containing a conducting liquid and a DC potential is applied across
them, then metal can be depleted from the anode and plated on the cathode. This process is universally used
in electroplating by making the work piece as cathode. However, in ECM material is to be removed and
hence electroplating is reversed, i.e., making the work piece as anode.

11.3.1 Principle of ECM

ECM is based on electrolysis. A typical arrangement of an electrolytic cell is shown in Fig. 11.25. When a
potential difference is applied across the cathode and anode, there are a number of possible reactions that can
takes place. The following are some of those that are relevant for ECM.

+] =

| [
Flow of Flow of
electrons electrons

Iron

anode | - Cathode

Dissolution .

of iron Generation

from anode = of hydrogen
at cathode

Iron hydroxide

Fic. 11.25 Principle of electrolysis

The reaction taking place at the anode is the dissolution of anode by the electrolyte.
Fe — Fe " +2¢

Similarly at the cathode, hydrogen gas is released from the water contained in the electrolyte.
H,0 +2e — H, + 20H"

Combining the above two reactions, the iron and hydroxyl ions would combine to form the iron hydroxide
as follows:

Fe'™ +20H — Fe (OH),
The net reaction of all the above three reactions can be shown as
Fe + 2H,0 — Fe (OH), + H,

It is further possible that the iron (ferrous) hydroxide may further react with water and oxygen forming the
ferric hydroxide as shown below:

4Fe (OH), + 2H,0 + O, — 4Fe (OH), + H,
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What is interesting to note at this stage is that the net result of all this is that iron gets dissolved from the
anode and forms the residue consuming the electricity and water and nothing else. The reaction products are
ferric hydroxide and hydrogen gas. Based on this it is possible to make the following observations:

e The metal from the anode is dissolved electrochemically and hence the metal removal rate based on the
Faraday's laws will depend upon atomic weight, valency, the current passed and the time for which the
current is passed, and on no other parameter.

e At the cathode only hydrogen gas is evolved and no other reaction takes place, so the shape of the
cathode is unaffected.

Based on the above observations, the ECM process can now be conceived as a process involving a tool
cathode which has the complimentary shape of the part to be produced and the work to be done as anode, as
shown in Fig. 11.26. In the small gap between the work piece and the tool a suitable electrolyte is pumped at
high pressure. Note that in the final position the shape of the tool remains the same as when it started, which
is one of the major advantages of the ECM process.

Cathode
feed

Tool

gj/ cathode

Work
nod

(a) Initial position (b) Final position

Fic. 11.26 Complimentary shape produced by ECM

11.3.2 ECM Equipment

A schematic view of the various elements present in an ECM machine is shown in Fig. 11.27. Generally the
commercial ECM machines are characterised by the large sizes in view of the high power supplies involved.
Typical power supplies used may range from 500 A to 40 000 A.

The tool to work the gap needs to be maintained at a very small value of the order of 0.25 mm for
satisfactory metal removal rates. The electrolyte needs to be pumped through this gap at high pressures
ranging from 0.70 to 3.00 MPa. This introduces a large amount of load on the machine, because of the large
working areas involved. For example, if the working area is 800 cm?, with an electrolyte pressure of 1.0 MPa,
the resulting load on the tool will be 80 000 N. Hence the machine structure will have to be made rigid to
withstand such forces.

The electrolyte consists of the metal debris removed from the anode, which will have to be filtered before
it is re-pumped into the system. Also a large amount of heat is generated during the electrolysis, which heats
up the electrolyte, and hence it needs to be cooled. The electrical conductivity of the electrolyte changes with
temperature. A constant equilibrium gap needs to be maintained during the ECM operation. A servo drive is
provided on the tool axis for this purpose.

The electrolytes used in the ECM process are corrosive in nature and hence proper care needs to be taken
to see that the all the materials that come in contact with the electrolyte be made of stainless steel, plastic
or other materials to withstand the corrosion. Similarly provision needs to be made to safely exhaust the
hydrogen gas generated during the process with explosion-proof blowers continuously.
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FiG. 11.27 Schematic of the various elements present in a commercial ECM machine

11.3.3 Electrolyte

Electrolytes used in ECM should be carefully selected such that they provide the necessary reactions without
plating the cathode. The typical functions expected to be served by an electrolyte in ECM are:
e Completes the electrical circuit between the tool and the work piece,
e Allow desirable machining reactions to take place,
e Carry away heat generated during the operation,
e Carry away products of reaction from the zone of machining.
The properties that should be carefully looked into during the selection of the electrolyte to serve the
function are:
e High electrical conductivity
Low viscosity and high specific heat
Chemical stability
Resistance to formation of passivating film on work piece surface
Non corrosive and non-toxic
Inexpensive and readily available
The salt solutions with water forming a large proportion satisfy many of the above conditions and therefore
are generally used. Some general electrolytes used are:
e Sodium chloride or potassium chloride up to 0.25 kg/litre. Most widely used because of low cost
and stable conductivity over a broad range of pH values. However it is corrosive and produces large
amount of sludge. It cannot be used on tungsten carbide or molybdenum.
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e Sodium nitrate up to 0.50 kg/litre. Less corrosive but forms a passive film on the work piece surface.
Hence not used as a general purpose electrolyte. It is used for machining aluminium and copper.

The electrolyte, when drilling a hole, is allowed to flow through the tool under high pressure and exit
through the work piece. Since the electrolysis takes place as long as the current is flowing through the tool,
there is a steep taper produced by an uninsulated tool as shown in Fig. 11.28. To reduce this taper, it is
necessary to insulate the sides of the tool as shown in Fig. 11.28(b), which will produce straight walls.

| __Tool Insulation

Work piece: Work piece

(a) Electrolyte through electrode (b) Insulated electrode

Fic. 11.28 Electrolyte flow methods in ECM

Insulated electrode as shown in Fig. 11.18(b) produces straight walls, but the over cut of the hole produced
gets reduced in the process since material is only being removed from the bottom surface. Also the sharp
corners experienced by the electrolyte flow causes turbulence which is not good for the process. Hence
streamlining can be done by providing an uninsulated tool tip at the bottom as shown in Fig. 11.29. The tool
tip provides the dual purpose of increasing the over cut slightly and at the same time promoting the smooth
flow of the electrolyte thereby reducing the pressure drops across the machining gap.

Insulation Insulation

Tool
tip

Work piece Work piece

Streamlined electrolyte flow

FiG. 11.29 Electrolyte flow methods in ECM

Sometimes the reverse flow of electrolyte through the tool as shown in Fig. 11.30 would be useful since it
decreases the metal removed, by leaving a large slug at the centre of the hole produced. Also this is the best
arrangement for the electrolyte flow since the finished surface is not affected by the electrolyte containing
the metal debris.
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11.3.4 ECM System Analysis

The first law of Faraday’s electrolysis states that the chemical
change produced during electrolysis is proportional to the cur-
rent passed and the electrochemical equivalence of the anode
material.

Hence, the material removal rate (MRR) in ECM (assuming
100% current efficiency) is given by

MRR =L yq/s
ZF

The volumetric material removal rate is given by dividing the
above with the density of the work piece material,

Al

MRR = mm?>/s

Where A = Atomic weight of the work material,
I = Current, Amperes
Z = Valency of the work material,
F =Faraday’s constant = 96 540 Coulombs

p, = Density of work material

The gap resistance, R is given by

h
R= p
AGap

Where p = specific resistance of the electrolyte,
h = equilibrium gap
AGyp = Cross-sectional area of the gap

= Example 11.1 =

Insulation

Tool
tip

Work piece

Streamlined through work piece

Fic. 11.30 Electrolyte flow method in
ECM

Calculate the material removal rate and the electrode feed rate in the electrochemical machining of an iron
surface that is 25 mm X 25 mm in cross-section using NaCl in water as electrolyte. The gap between the tool
and the work piece is 0.25 mm. The supply voltage is 12 V DC. The specific resistance of the electrolyte is

3Qcm.

Solution Given, Ag,,=25x25=625 mm’
H=0.25 mm
V=12V
p=3Qcm.

For iron, Valency, Z =2
Atomic weight, 4 = 55.85
Density, p, = 7860 kg/m’
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The gap resistance, R is given by

3% 025
R= =0.0012Q
Current, =Y - 12 _ 10004
R 00012

The material removal rate (MRR) in ECM (taking 100% current efficiency) is
AT 55.85 %1000 6
MRR =—=——=10.2893 g/s = 289.3x10™ kg/s
ZF 2 X 96540
=0.03677 x 10 °m’/s
The feed rate of the electrode is
MRR _ 0.03677 x 10~° x 60
Surface area 625%x107°

Feed rate = =3.53 mm/min

Flow analysis:
To calculate the fluid flow required, match the heat generated to the heat absorbed by the electrolyte.
The heat generated in the gap, H is given by

H=PxR
Heat absorbed by the electrolyte, H, is
He =4qp.c. (GB - 00)

Where ¢ = Flow rate of the electrolyte
p. = Density of the electrolyte
¢, = Specific heat of the electrolyte
65 = Boiling point of the electrolyte
6, = Ambient temperature

Neglecting all the heat losses
PR=qp,c. (696,
or, the flow rate is given by
g= I’R
p. ¢, (63 -6,)
— Example 11.2 —

For the above example, estimate the electrolyte flow rate. Specific heat of the electrolyte is given as
0.997 cal/g°C. The ambient temperature is 35°C and the electrolyte boiling temperature is 95°C.

Solution Given,
Density of the electrolyte, p, = 1.0 g/cm?
Specific heat of the electrolyte, ¢, = 0.997 cal/g °C
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Boiling point of the electrolyte, 65 = 95°C
Ambient temperature, 6, =35°C

Calculated earlier, 1=1000 A
R=10.0012 Q
The flow rate, g is given by
I2R 1000% x 0.0012
1 e (65-6,) 4187 x1x0.997 x (95— 35)
=4.79 cm’/s

11.3.5 ECM Tools

The properties expected of the tool materials are:

e High electrical and thermal conductivity

e Good stiffness

e Easy machinability

e High corrosion resistance

Generally aluminium, copper, brass, titanium, cupro-nickel and stainless steel are used as tool materials.
Tool design requires careful considerations to maintain a constant gap over the entire work piece surface.
Also the flow characteristics of the electrolyte need to be considered during the tool design. The modification
of the tool profile to get the required final surface is relatively complex. It is generally done using empirical
methods. Alternatively the modern complex analysis methods such as finite element can also be used to get
the final tool design.

11.3.6 Process Characteristics

The material removal rates with ECM are sufficiently large and comparable with that of the conventional
methods. The theoretical metal removal rates are given in Table 11.8.

Excellent surface finish of the order of 0.4 um can be obtained with tolerances of the order of + 0.02 mm
or less. The repeatability is also good. This is possible because as noted earlier, the tool wear is almost non-
existent. The process parameters that have a control on the performance of the ECM process are:

Feedrate High feed rate results in higher material removal rate. It also decreases the equilibrium-machin-
ing gap resulting in improvement of surface finish and tolerance control.

Voltage Low voltage decreases the equilibrium-machining gap and results in better surface and finer toler-
ance control.

Current Increased current leads to electrolyte heating, the limiting condition being the boiling point of the
electrolyte. More metallic ions react with the electrolyte causing higher hydrogen evolution. Also it leads to
polarised ionic layers forming at the electrodes causing voltage drops.

Electrolyte concentration Low concentration of the electrolyte decreases the machining gap and results
in better surface and finer tolerance control.

Electrolyte temperature Low temperature of the electrolyte is conducive to better surface finish and
tolerances.
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/IR A K] Theoretical metal removal rates of some metals.

Material Atomic Weight Valency Density, kg/m? Metal Removal Rate
Per 1000 A x 103 kg/min
Aluminium 26.97 3 2670 5.7
Chromium 51.99 2 7190 15.0
3 12.0
Copper 63.57 1 8960 39.6
2 19.8
Iron 55.85 2 7860 17.4
3 11.7
Magnesium 2431 2 1740 7.5
Molybdenum 95.94 3 10 220 19.8
4 15.0
6 9.9
Nickel 58.71 2 8900 18.3
3 12.3
Titanium 47.90 3 4510 9.9
4 7.5
Tungsten 183.85 6 1930 18.9
8 14.4
Typical ECM parameters used are:
Current 50 to 40 000 Amperes
Current density 8 to 233 Amperes/cm?
Voltage 4t030VDC
Gap 0.025 to 0.75 mm
Electrolyte velocity 15 to 60 m/s
Electrolyte pressure 0.069 to 2.700 MPa
Electrolyte temperature 24 to 65°C

Feed rate

11.3.7 Applications

0.5 to 19.0 mm/min

ECM is used for regular production of components in a number of industries because of its many advantages

as shown below:

Advantages

MT4e-V2_11.indd 31

Complex 3 dimensional surfaces can be machined accurately.

Since there are no cutter marks, surface finish will be higher.

The tool wear is practically nil which results in a large number of components produced per tool.
The ECM process does not thermally affect the work piece.
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Limitations

e Use of corrosive media as electrolytes makes it difficult to handle.

e Sharp interior edges and corners (< 0.2 mm radius) are difficult to produce.

e Very expensive machine.

Because of the nature of the ECM process, the machining surface can be at any inaccessible location as
well. The tool design and tool motion can take care of reaching such surfaces as blind cavities and pockets in
the walls. It is used for the machining of the gas turbine blades.

11.3.8 Electro Chemical Grinding

Electrochemical grinding (ECG) is a process that combines the electrochemical machining with the me-
chanical grinding operation to remove material. It uses a grinding wheel with electrically conductive abrasive
bonding agent. The electrolyte is introduced into the gap between the wheel and the work piece in a manner
similar to the application of grinding fluid in the conventional grinding operation as shown in Fig. 11.31. The
ECG wheel is negatively charged while the work piece acts as anode.

Electrically |
conducting o

Abrasive
particle

Electrolyte

[

- > I

Work piece

Fic. 11.31 Schematic of an electrochemical grinding operation

The material is removed by a combination of electrochemical action as well as grinding. The rotation
of the grinding wheel draws the electrolyte into the gap. Within the contact area of the wheel and the work
piece, the material is removed by the electrochemical action in the beginning. But as the wheel advances the
electrolyte becomes weak and the electrochemical action reduces where the abrasive grains will be able to
remove the material by mechanical action.

The material removal rates are high compared to conventional grinding processes by as much as 10 times
to an average of about 1.6 cm>/min/1000 amperes. Surface finish range from 0.15 to 0.40 um. Tolerances are
not as good as conventional grinding and range between £0.012 mm to £0.025 mm.

The most common application of ECG is the grinding of tungsten carbide tool inserts.

11.4 ULTRASONIC MACHINING

Ultrasonic machining (USM) is a mechanical metal removal process for brittle materials by using high fre-
quency oscillations of a shaped tool using abrasive slurry. The term ultrasonic refers to the frequency range
above the audible range which is above 16 kHz.

A schematic of the ultrasonic machining set-up is shown in Fig. 11.32. The transducer generates the high
frequency vibrations of the order of 20 to 30 kHz with an amplitude of the order of 0.02 mm. This vibration
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is transmitted to the tool made of soft material through a mechanical coupler known as tool holder. The tool
shape is a close complimentary shape of the final surface to be generated.

o High frequency
T ower supply
Transducer m:ﬁﬂ °
Support
Feed Toolholder

Vibration ——

A

Vibration stroke

of the tool

Tool —_|

Tank

Fic. 11.32 Schematic of an ultrasonic machining operation

The tool while oscillating would be pressed against
the work piece and fed continuously. A slurry of

The force is typically about 150 000 times the weight
of the individual grains. A small crater will be formed at
the impact site of the grain, if the work piece is brittle.
A very large number of such small craters remove
sufficiently large material from the work piece. Work piece
As the material is removed, the tool is gradually
advanced into the work piece by a servo mechanism
such that a constant gap is maintained between the ~ Fi16.11.33 Schematic of the material removal
tool and the work piece. Finally the shape of the tool is process in ultrasonic machining
impressed into the work piece as shown in Fig. 11.33.
The material removal rates in USM are relatively small, but in materials which are brittle, this is the only way
to produce economically complex cavities without breaking the work piece. Since there is no direct contact
between the work piece and the tool, fragile work pieces can be conveniently used in USM.

Tool cone I
abrasive grains suspended in a liquid is fed into the | _
cutting zone under pressure as shown in Fig. 11.33. The . ngr";'ve
slurry is about 30% concentration. Abrasive particles _ ‘
are driven into the work surface by the oscillating tool. Tooltip__ |
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Transducer

The transducer in USM is utilised to convert the electrical energy to vibratory motion utilising either the
piezoelectric or magnetostrictive principles. Piezoelectric materials such as quartz or lead zirconate titanate
increase in size when an electric current is applied to them and return to normal size when the current is
removed. Such piezoelectric transducers can be used up to a power of 900 W. The magnetostrictive transducers
are constructed from nickel, permalloy (Ni45% and Fe 55%) or permedur (Co 49%, Fe 49% and V 2%) plates
when exposed to strong magnetic field will change the length. These are more rugged than the piezoelectric
transducers and can be used for higher power up to 2400 W. However, their conversion efficiency is low of
the order of 20 to 35% and hence get heated when in use. So a separate cooling arrangement has to be made
to remove this waste heat.

Tool Cone (Horn)

Tool cone amplifies the mechanical energy produced by the transducer. Horn mechanically amplifies the
vibratory energy to give the required force-amplitude ratio. The horn must be tuned to the required frequency.
It acts as a resonator to amplify the signal. It should have adequate strength. Titanium, monel and stainless
steels are generally used as tool cone materials. Stainless steel is used only for low amplitude applications.

Tool tip is attached to the cone by means of silver brazing or by screws. Shape of the tool and its dimensions
are governed by the size of abrasive used. For example a 11.98 mm diameter tool tip may produce a 12 +
0.005 mm hole when a 600 abrasive grit is used. Length of the tool should be short, since massive tools
absorb the vibration energy reducing the efficiency of machining. Also long tools cause over stressing of the
tool and the brazed point. Typically they are about 25 mm long.

Slenderness (length to diameter) ratio of the tool should not be greater than 20. The tool material should
be tough and ductile, but should not be too soft. Generally, low carbon steel and stainless steel are good tool
materials.

Abrasive Slurry

A large variety of abrasives are available for using in USM. The abrasive selected should be harder than the
material being machined. Typical abrasives used are aluminium oxide, silicon carbide and boron carbide.
Aluminium oxide wears fast and is good for glass and ceramics. Boron carbide is the most popularly used
abrasive, harder than silicon carbide and more expensive. It has faster material removal rate and can with-
stand high vibrational forces. It is best for tungsten carbide, tool steel and precious stones. Diamond dust is
sometimes used for good accuracy, surface finish and cutting rate. It is used for diamonds and rubies.

Abrasive grain sizes used are from 200 to 2000. The choice of grain size depends upon the finish desired.
Generally sizes 20 to 400 are used for roughing while 800 to 1000 grit sizes are used for finishing.

The abrasive is suspended in a liquid with about 30 to 60% by volume of abrasive. The liquid serves
several functions. It acts as an acoustic bond between the vibrating tool and the work piece, to give efficient
transfer of energy between the two. It acts as a coolant on the tool face. It also provides a medium to carry the
abrasive to the cutting zone and carry the spent abrasive and swarf away.

The liquid requires the following properties.

e A density approximately equal to that of the abrasive.

e Good wetting properties, to wet the tool, the work and the abrasive.

e A low viscosity to carry the abrasive down the sides of the hole between tool and work piece.

e A high thermal conductivity and high specific heat for efficient removal of heat from the cutting zone.

Water is most commonly used while benzene and glycerol are also used.

Typical process capability of the USM process for a variety of materials is given in Table 11.9. It can be
noted from the table that the wear ratio increases directly for softer work piece materials. For example in the
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case of tool steel the wear ratio is 1:1 which means that for every mm?® of material removed, equal amount of
material is also removed from the tool.

LR |-} Typical process characteristics of USM process (Tool material: Low carbon steel, Slurry -30 to
40% of 180-240 grit boron carbide, Amplitude of vibration —0.025 to 0.035 mm, frequency

-25 kHz)
Work Material ‘ Material Removal Rate ‘ Max. Practical ‘ Wear Ratio
‘ Volume, mm>/min | Penetration Rate ‘ Tool Area, mm’ ‘
mm/min

Glass 425 3.8 2580 100:1
Ceramic 185 1.5 1935 75:1
Ferrite 390 32 2260 100:1
Quartz 200 1.7 1935 50:1
Tungsten carbide 40 0.4 775 1.5:1
Tool steel 30 0.3 775 1:1

Advantages of USM:

e USM is used for machining hard and brittle materials to complex shapes with good accuracy and
reasonable surface finish.

It is not affected by the electrical or chemical characteristics of the work material.

Holes of any shape can be produced.

It has no high speed moving parts. Working is not hazardous.

Power consumption is about 0.1 Watt Hour/mm® for glass and about 5.0 Watt Hour/mm®.

Limitations of USM:

e Metal removal rates are low.

e Depth of hole produced is limited.

e Tool wear is high and sharp corners cannot be produced.

e Flatsurfaces cannot be produced at the bottom of the cavity because of the ineffective slurry distribution.

11.5 CHEMICAL MACHINING

Chemical machining or chemical milling is a process used to dissolve the work piece material in chemical
solutions. Since the chemical solutions used have the ability to dissolve all of the work piece material, the
parts which are not to be dissolved would have to be covered with a mask which resists the chemical action
of the solution, so that only the unmasked portion gets removed by the chemical solutions.

The steps involved in a typical chemical machining operation are:

e Clean the work piece thoroughly. This is necessary to ensure that the masking material will adhere to
the work piece well to reduce any possibility of stray etching due to maskant de-bonding.

e Apply a chemical resistant mask on the work piece surface where no material is to be removed.

e Dip the work piece into the chemical solution called etchant and leave it for sufficient time to get the
necessary depth of etching. The etchant is either continuously sprayed onto the work piece surface
or the part is immersed in a tank of constantly agitating etchant solution. This helps in removing the
material uniformly from all the exposed surfaces of the part. The strength of the etchant is maintained
since it becomes weak by absorbing the work piece material with time.

e Remove the mask and clean the work piece.
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During the etching process, the removal of material takes place in the depth wise unexposed portions as
well as in the inward direction under the mask as shown in Fig. 11.34. The distance etched under the mask is
termed as undercut, while the distance etched in the exposed portion is termed as the depth of cut.

Undercut

Maskj\ —>|_|‘—

Depth of cut
Work piece /g

Mask
FiG. 11.34 Chemical machining process

The undercut is dependent upon the depth of cut, the strength of the etchant solution and the work piece
material. It is necessary during the design of the maskant to take the undercut into account to get the actual
size required. The relationship between the undercut and the depth of cut is termed as the etch factor and
defined as:

Undercut
Depth of cut

Etch factor =

Masks

The selection of maskants for a given application depends upon a number of important considerations. They
are:

Chemicalresistance Thicker maskants can resist the erosive action of the etchant for a longer period and
hence larger depth of cut is possible with them.

Quantity of parts For large volume production, the masking process should be as simple as possible to
reduce the cost.

Ease of removal Delicate parts require that the maskant be easier to remove since the mask should be
removed before the part is used.

Required resolution Thicker masks are generally less accurate, though the method of making the mask
also contributes to it.
There are three generally followed methods for making the masks.

Cut and peel This is generally a neoprene, butyl or vinyl based thick material, which is applied by dip,
spraying or flow coating. Afterwards the pattern is scribed on the mask using a pattern and peeled away
exposing the areas to be etched. The thickness of the mask can range from 0.025 to 0.125 mm, which allows
it to be used for large depths of cut. It can also be used for step etching application.

Screen-printing The maskant is transferred to the work piece using a fine mesh screen such as those
used for silk screen-printing. This is fast and economical for large volume production with relatively less
accuracy. The thickness of the mask is relatively small (less than 0.05 mm) and hence used for shallower
etching depths.

Photo resist masks This is the most versatile compared to the other mask making technologies. Due to
the use of these masks the process is called ‘Photochemical machining (PCM)’, though the rest of the pro-
cessing remains the same as chemical machining.
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The first step in preparing the mask is developing the engineering drawing of the pattern in a scale 2 to 20
times larger. The larger drawing helps in improving the accuracy when it is reduced photographically to the
actual size. The etching factor has to be taken into account while making the pattern.

In the next step the pattern is photographed and reduced to the more accurate actual size master transparency
pattern. This master pattern will be used to transfer the mask onto the work piece using a photoresist coating.
The steps involved in preparing the mask are shown in Fig. 11.35.

Apply photoresist

Work piece —_— coating
Develop photoresist Apply negative
unexposed areas B master pattern
removed
[
] I 1 [
] [ ] [
Etched by reagent — > Mask removed

700 /Y

Fic. 11.35 Photo Chemical machining process

The work piece is carefully cleaned of the entire dirt and oxides. Then it is coated with a light activated,
etchant resistant material called photoresist and baked dry. After this the work piece is exposed to a strong
ultra-violet light to expose the photoresist. After the exposure the photoresist is developed to remove the
coating from all the areas where etching is desired. After the photoresist is developed, the component is
chemically etched to complete the operation.

Etchants

The function served by the etchant is to dissolve the metal from the part by converting it to a salt, which then
goes into the solution. The choice of an etchant depends upon a number of factors. They are:

Surface finish Some etchants promote the formation of surface oxides, which is detrimental to the surface
finish.

Removal rate Active etchants remove material faster reducing the machining time, but also are likely to
attack the maskant, gives poor surface finish and are also likely to generate more heat.

Material type The etchant while removing the material should not cause inter-granular attacks, hydrogen
embrittlement or stress corrosion cracking.
Some etchants generally used are iron chloride, chromic acid, hydro flouric acid and nitric acid.
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Applications

Chemical machining is generally used when very small amounts of material are to be removed from the
surface in any application. In the aerospace application, (Fig. 11. 36) removal of a large volume of unwanted
material from the surface to reduce the weight, thereby increasing the stiffness to weight ratio, can be conve-
niently done with chemical machining.

oV o vV o v o
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Fic. 11.36 Example of Chemical machining process to remove the bulk of material form an aircraft part to
increase the stiffness to weight ratio

The components of complex profiles in very thin metals used in instrumentation and sensors are machined
by photochemical machining. Chemical machining can also do engraving of any type on the metal.

The main advantage of the process is that a large number of work pieces can be simultaneously machined,
thereby improving the productivity. It requires very little capital investment for the basic equipment. Tooling
costs are also low.

11.6 LASER BEAM MACHINING

Laser (light amplification by stimulated emission of radiation) beam machining (LBM) utilises the energy
from the coherent light beams called laser (light amplification by stimulated emission of radiation). The basic
principle utilised in LBM is that under proper conditions light energy of a particular frequency is used to
stimulate the electrons in an atom to emit additional light with exactly the same characteristics of the original
light source.

The first laser was invented by Maiman in May, 1960 which is a solid ruby laser. Since then a number of
lasers were invented there after - Uranium Laser by IBM labs in 1960, Helium-Neon Laser by Bell Laboratories
in 1961, semiconductor laser by Robert Hall at General Electric Labs in 1962, Nd:YAG (Neodymium-doped
Yttrium Aluminium Garnet) laser and CO, (carbon dioxide) laser by Bell Laboratories in 1964, argon ion
laser in 1964, and a number of others.

One of the main important properties of laser is the coherency, with a diverging angle of less than 1 to 2
mrad. This low divergence helps in achieving high intensity of energy. In addition, if a focusing lens is used
then it is possible to melt the work piece material. Typical power densities used for cutting are of the order of
1.5 x 10° to 1.5 x 10° kW/cm?. Because of the large power requirement, the eligible lasers for this are - CO,
lasers, Nd-YAG or Nd-glass lasers and Excimer lasers, etc. At the higher end of this power scale, the material
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changes directly from solid state to vapour state without going through the molten state and is used in some
laser markers.

There are a number of advantages claimed for the use of laser beam machining because of which it has
become the more common material processing method in many industries. Some of these are:

1. Laser beam machining does not apply any direct force because it is a non-contact machining. This
allows for the use of very little clamping force on the work piece to be applied. This is a big advantage
particularly when machining delicate materials.

2. Laser beam machining can be localized to a small area thereby removing a very small amount of
material scale. This results in a very small kerf in LBM while maintaining a low depth, which gives
it a great flexibility.

3. Since the heat is localized, Heat Affected Zone (HAZ) in laser beam machining is small. Also the
distortion in laser beam machining is negligible.

4. Laser beam machining can be applied to any material that is not reflective and can properly absorb
the laser irradiation.

5. There is no need to have multiple passes to complete machining in laser beam machining. Also high
aspect ratio holes with very small diameters can be done using lasers.

6. Laser light can be transmitted and reflected using simple mechanisms at very high speeds. This gives
the laser beam machining a lot more flexibility.

The Nd:YAG system is a solid-state laser. The Neodymium atoms are responsible for the laser action
and are held in suspension in a low-percentage mixture within the YAG synthetic crystal. This type of laser
develops about 40 watts of laser energy per cubic centimetre of crystal volume, with efficiency between 2 to
4 percent. The Nd:YAG systems emit radiation at 1.06 um wavelength. The YAG laser is especially suited
for drilling and cutting metals. For typical drilling operations, certain YAG systems can penetrate up to
25 mm thickness of material. Hole sizes range from 0.1 mm up to a maximum of about 1 mm without beam
manipulation. With beam or part manipulation, almost any size or shape of hole can be cut. Also, the laser
does well at cutting holes at an angle to the surface, down to 20 degrees from the surface.

CO, (carbon dioxide) gas lasers use a mixture of CO,, helium and nitrogen gases in a laser tube to create
a laser beam. The laser action is created by the CO, molecule. The helium is utilized to cool the gas mixture
by transferring the energy to the water-cooled walls of the flow system. The nitrogen acts as a catalyst to
enhance the CO, laser action. CO, laser systems are excellent for cutting organic materials, such as plastics,
rubbers, cloth and paper. They are also excellent for cutting, welding and heat-treating iron and its alloys.
Clear plastic and glass can be cut with a CO, laser.

11.6.1 Laser Drilling

A number of processes are possible using the laser beam such as laser drilling, laser cutting and laser groov-
ing, marking or scribing. A schematic of the laser drilling setup is shown in Fig. 11.37. The laser beam is
focussed with the help of the lens and the work piece is placed near the focal point of the lens. A short pulse
of laser melts and vaporises the material. The explosive escape of the vaporised metal helps in removing most
of the molten metal from the hole as tiny droplets. Any of the molten metal not removed will be re-solidified
along the walls of the hole. This process can be used for machining small holes of 0.125 to 1.25 mm with a
length to diameter ratio up to 100. Hole size depends largely on set-up and spot size of the laser beam. Laser
drilling of metals is used to produce very small orifices for nozzles, cooling channels in air turbine blades,
drilling of circuit board, etc.
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FiG. 11.37 Schematic setup of a laser drilling operation

The laser-drilled holes exhibit a taper and also lack a high degree of roundness. Hole size can be controlled
to within 0.025 mm, with some taper being evident in thick materials. Holes larger than 1.25 mm cannot be
drilled because the power density will decrease. Hence laser cutting is used rather than laser drilling. In the
laser cutting operation, a high velocity gas jet is used in conjunction with the laser beam. The gas jet helps to
rapidly remove the metal from the hole.

11.6.2 Laser Cutting

Laser cutting is similar to flame cutting where work pieces can be cut along lines or curves. Since the laser is
not contacting the work piece directly, it is possible to cut thin work pieces . CO, laser and Nd:YAG laser are
the most popular lasers because of their ability to provide high power, such as above 1 kW.

Based on the method used, laser cutting can be basically divided into two types. Evaporative laser cutting
is the process in which laser vaporizes the material directly for some organic materials such as paper, cloth or
polymers. For cutting metals laser directly melts the target material and the gas jet blows the molten material
away thus forming a hole. Then the nozzle continues to move in the direction of the profile to be cut. The
energy required for cutting in this process is much less compared to the evaporative laser cutting. In this way
the requirement on laser energy is lower compared with vaporization cutting.

Thicknesses of up to 25 mm can be cut with a laser, with a kerf down to a tenth of a millimetre. The biggest
advantage of laser cutting is that very complex shapes, with corners that have radii of a tenth of a millimetre
and good, almost burr-free edge quality, can be cut at high speeds.

Generally, laser cutting is good for cutting thinner materials. For example, maximum work piece thickness
that can be cut in carbon steel with a 1200 W CO, laser is about 10 mm using oxygen assist. However the
thickness becomes much smaller for those materials that do not exothermically react with oxygen. The kerf
is narrow in laser cutting, as little as 0.1 mm for thin materials. Also the resultant heat affected zones are
negligible, particularly for mild and low carbon steel. Cut edges are smooth, clean, and square.
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11.7 ABRASIVE WATER JET MACHINING (AWIM)
11.7.1 Principle

Abrasive Water Jet Machining is a process that uses a very high speed (supersonic about 2.5 Mach number)
water jet mixed with abrasives to cut any type of material without, in any way, affecting the work material or
the environment. If the process is used without any abrasives, it is called as water jet machining. The inlet wa-
ter is typically pressurized between 1300 to 4000 bar which is forced through a tiny hole in the jewel, which is
typically 0.18-0.4 mm in diameter creating a very high velocity beam of water. The process is generally used
for cutting operations, but can also be used for selective removal of the material, which are discussed later.

Water jet cutting has started in the late 1960’s for cutting space age alloys as the conventional processes
were adding thermal stresses due to the heat produced. High pressure water jets that were used for cleaning
in the mining industry were used to cut composites and other space age materials. The commercial machines
were available since 1971. In the early 1980’s abrasives were introduced into the water jet, thereby the
AWM process was born. Originally garnet abrasive was introduced into the jet stream to cut harder materials
such as steel, glass and concrete.

The AWJIM machines aim a highly focused, supersonic stream of water at the material such that it can cut
composites smoothly by eroding them without generating any heat. Thus the AWJM process eliminates all
the thermal and mechanical distortion caused by conventional cutting methods. Also the water jet nozzle can
be directed at any angle to the material thereby allowing for angled cuts. For cutting soft materials such as
textiles and food stuffs, pure water without any abrasives is used.

11.7.2 Equipment

A typical AWJM system consists of the following major sub systems:
e An intensifier pump to provide high-pressure water,
e The abrasive delivery system and a cutting head for producing the abrasive water jet,
e Computer controlled manipulator to provide the desired motion of the cutting head, and
e A catcher that dissipates the remaining jet energy after cutting.
A typical system is schematically is shown in Fig. 11.38.
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Fic. 11.38 Schematic of AWJ Machine
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For the proper functioning of the system, pure water without any contaminants is to be used. For low
pressure applications up to 280 MPa direct drive pumps are used. However for very high pressures, these
become unreliable so intensifiers upto 4000 MPa are used to boost the pressure. In the intensifiers there are
two circuits, a hydraulic circuit and a water circuit. The intensifier acts as an amplifier as it converts the
energy from the low-pressure hydraulic fluid into ultra-high-pressure water as shown in Fig. 11.39.
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Fic. 11.39 The hydraulic circuit of the intensifier arrangement in AWIM

The hydraulic pump pressurises the oil to about 200 MPa. This pressurized oil is sent to the manifold
where manifold’s valves create the stroking action of the intensifier by sending hydraulic oil to one side of
the piston. The intensifier is a reciprocating pump, with the piston reciprocating back and forth, delivering
high-pressure water out from one side of the intensifier while low-pressure water fills in the other side. The
hydraulic oil pushes against the piston. A plunger with a face area of 20 times less than the piston pushes
against the water. Therefore, the 200 MPa oil pressure is “intensified” twenty times, yielding 4000 MPa water
pressure. The attenuator damps pressure fluctuations from the intensifier and delivers a constant and steady
stream of ultra-high-pressure water to the cutting tool.

The cutting head converts the pressurised water into a cutting instrument. Abrasive particles enter the water
jet in the mixing chamber as shown in Fig. 11.40. The abrasive particles generally used are crushed garnet,
olivine sand, or aluminium oxide, with particle sizes ranging from 0.2 to 0.5 mm. The typical hardnesses of
the abrasive materials is given in Table 11.10. Garnet is widely used because of its relatively low cost and
high cutting speed. Abrasive particles enter the water jet with negligible velocity. They are accelerated by
the incoming water jet in such a way that the velocity direction of the abrasive particles is nearly parallel to
the direction of the water jet. The smaller the inner diameter of the focusing tube, the more concentrated the
total energy. The minimum diameter is related to the abrasive particle size, which is about five times or more
of the particle diameter. Longer tubes produce a more coherent jet compared with shorter tubes, but the wall
friction results in lower abrasive jet velocities. New materials have increased the focusing tube life from 3 or
4 h to 100 h. Some typical lives of mixing tube materials are given in Table 11.11.
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1AW ) Hardness values of abrasive materials

! \/ Abrasives Material Hardness
R /% . Mohs Knoop
e | N Aluminium oxide 8-9 2100
,// %I@ \\YVater orifice Garnet 7.5 1350
l,’ ! Olivine 5.5 1100
! Water | Silicon carbide 9.15 2500
\ stream/
\ I /
o N ] /
Mixing @ J / - : -
tube LI kB ER Mixing tube materials and their lives
Tube Material
Tungsten carbide 4 to 6 hours
Cutting jet Low cost Composite carbide 35 to 60 hours
FiG. 11.40 Close-up view of the nozzle Mid-life Composite carbide 80 to 90 hours

in the AWIM process

Premium Composite carbide

100 to 150 hours
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A tank kept below the nozzle catches the water and abrasives after they have completed the cutting action.
Alot of energy is still left in the jet stream and therefore the catcher should be robust, reliable and have a long
life. It is designed as an energy absorbing bed, filled with water, steel pellets or alternatively ceramic pellets,
as the absorbing media. If filled with water, it should have a depth of at least 0.6 m to be able to dissipate the
jet energy.

11.7.3 Process Parameters

The quality of the part in AWJM depends upon a number of process parameters that need to be properly taken
care of. Some of the important parameters are:

e Jet velocity

e Feed rate

e Abrasive used and their size

e Work material and its thickness

Jet velocity

The jet has to impinge on the work material with a minimum velocity for the material removal to take place,
since that indicates the kinetic energy present in the abrasive grains. As the velocity increases the material
removal rate increases which will have an effect on the quality of the surface produced.

The velocity, ¥ for a given quality is given by the following empirical equation [Olsen]

- fa X M %X Pl.594d1.374 Ma0'343 1.15
163 Q H Dm®®13

Where P = Stagnation pressure of the water jet in Ksi (50,000 psi = 50Ksi)
d = Orifice Diameter in inch typically 0.014 inches
Ma = Abrasive Flow Rate in Ib/min typically 0.8 1b/min
fa = Abrasive Factor (1.0 for garnet)
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O = Quality. Set to 1.0 For Calculating Separation Speed
H = Material Thickness in inch
Dm = Mixing Tube Diameter in inch typically 0.030 inches
V' = Traverse Speed in inch/min
M = Machinability of Material as given in Table 11.12

LIk |/ Y] Machinability (M) of work materials

Work Material ‘ Machinability
Hardened Tool Steel 80
Mild Steel 87
Copper 110
Titanium 115
Aluminium 213
Granite 322
Glass 327
Plexiglass 690
Pine Wood 2637

Feed Rate

Feed rate is the speed with which the jet moves past the work piece surface to generate the cut. As the feed
rate of the jet increases the jet has lower time to erode the surface and consequently the surface finish of the
cut edge will be rough. It also affects the part quality by increasing the drag as discussed later. It is important
that the feed rate be controlled such that it is increased to the maximum possible for straight cuts for the given
surface quality, and decrease at the corners where the drag is likely to be a problem. Generally the operating
software of the machine should achieve this function.

Part Accuracy

Some of the accuracy problems that need to be given proper atten-
tion during the operation of AWJM are as follows:

Jet Drag
L. . . Jet motion
As the abrasive jet moves through the material, the lower portion —
of the jet lags behind the upper section as shown in Fig. 11.41. The
amount of drag depends upon a number of parameters such as the / / / / / / / / / / /
flow rate, material thickness and jet speed. If the cut is straight
then this may not constitute a problem. However, when the jet has
to make a corner or bend, the jet should be slowed to control the Drag

amount of lag. This is normally accomplished in the software that
contro}s the jet Veloculy t}(l) SOTe extent. H(;lwever it is alw}allys not edge during the cutting
possible and as a resu tt e tolerances on the pzflrt due tp the drag process in the AWIM pro-
need to be considered particularly as the part thickness increases. cess

Fic. 11.41 Water jet lags the leading
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Jet Kerf

Kerf is the thickness of the cut made by the jet. This is
controlled by the rate at which the nozzle moves across the
work piece surface. The slower a jet nozzle moves across
the material being cut, the wider is the kerf width. This ef-
fect is generally negligible for harder or thinner material,
but is considerable in thick material or soft material.

Taper

As the jet moves along the thickness of the material it
loses its kinetic energy, and thereby its cutting ability.
As a result as the cut thickness increases, the size of the
cut decreases as shown in Fig. 11.42. This is termed as
taper. Taper becomes larger as the material thickness and
traverse speed increase. In very thick materials the taper

Water-jet nozzle

Cut
material

Stand-off distance

|
|
|
i
|

Taper distance
| <

Taper angle ——|

Fic. 11.42 Water jet lags the leading edge
during the cutting process in the
AWIM process

becomes barrel shaped, where the top and bottom of the part may measure out accurately, but the middle part
may be significantly off. Also it is noticed that the softer materials exhibit larger taper.

Standoff

Standoff is the distance between the face of the nozzle and the surface of the work piece as shown in
Fig. 11.42. As the standoff increases, the depth of cut decreases and the taper increases. Too small a standoff
will not have enough room for the jet to start the hole. A typical standoff used is about 1 mm. If the upper
surface of the part being cut is having a very rough surface then the standoff is likely to vary and this will

have an effect on the taper produced.

11.7.4 Applications

Some of the advantages that can be expected from the use of abrasive water jet machining are:
e Cuts through any material irrespective of the hardness or any other material characteristic.
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Costs with AWJM are less than other machining methods.

The quality of the cut achieved by AWJ machine virtually eliminates additional finishing. In most
of the cases no additional finishing is required while in some cases, secondary processes are greatly
reduced.

AWM is faster than other methods, especially for materials that would otherwise require a lot of
additional finishing.

AWIM does not generate a lot of heat during the cutting process. As a result, there is no heat-affected
zone. Most of the heat generated during the AWJM process dissipates through the removed material.
Scrap material left after using the AWJM remains unaltered and hence can be reused.

Since the side forces are low, it is possible to cut thin (as low as 0.5 mm) walled parts. Also it is
possible to have very close nesting thereby saving the scrap material.

Very little fixturing is required for most parts.

In many cases, material can be stacked to decrease production costs.

Since the jet does not affect the left over material scrap material can be minimized. In fact, parts can
be nested very close to each other to maximize the material utilization. It is even possible to share the
cutting line between parts.
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e No start hole is required such as for wire EDM. The water jet nozzle can be placed where the actual
cutting is to begin.

e Since the water jet cuts with very little force, the amount of burr generated is extremely small, if at all
present.

A comparison of the different processes that can be used for cutting is given in Table 11.13.

LELIR kB E] Comparison of different processes for cutting

Process
Wire EDM Laser Water Jet
Material Metals Non reflective metals Any
Thickness (mm) 25 and above Below 6 Any size
Accuracy (mm) 0.0025 0.025 0.025
Feed rate Extremely slow Fast Fast
Heat affected zone Yes Yes None
Cut edge quality High Low Medium
Pre processing Pre drill to thread the wire None None
Post processing Remove HAZ Remove HAZ None
Machine cost Low High Medium

11.8 ELECTRON BEAM MACHINING (EBM)

The heat source in electron beam machining (EBM) is a focused pulsating beam of high velocity electrons.
The electron beam upon impinging the work piece releases the necessary heat by converting its kinetic en-
ergy. A schematic sketch of the electron beam machining is shown in Fig. 11.43.

The cathode (filament generally made of tungsten or tantalum and heated to 2500°C) within the electron
gun is the source of a stream of electrons. These electrons are accelerated towards the anode because of the
large potential difference that exists between them. The potential differences that are used are of the order of
30 kV to 175 kV. The higher the potential difference, higher would be the acceleration. The current levels are
low ranging between 50 mA to 1000 mA. Depending on the accelerating voltage, the electrons would travel
at the speed of 50 000 to 200 000 km/s. The material removal rate depends on this electron speed which in
turn is dependent upon the accelerating voltage.

Unlike in electron beam welding, the gun in EBM is used in pulsed mode. The electron beam is focused
by means of an electromagnetic lens so that the energy is released in a small area. The high-energy electron
beam can be focussed on the work piece with a spot size of 10 to 100um. When the high velocity electron
beam strikes the work piece all the kinetic energy is converted to heat. As these electrons penetrate the metal,
the material that is directly in the path is heated, melted or vaporised depending upon the process parameters
and the material characteristics. More often in EBM a combination of melting and evaporation is used in such
a way that the generated vapour pressure ensures ejection of the molten metal from the spot.

The time interval of contact between the beam and the metal is maintained between 10 ps and 10 ms to
ensure that the liquid metal in the spot is completely ejected. The process parameters are selected so as
to ensure that the liquid metal is completely ejected and the thickness of the heat affected zone around the
machined region is of minimum thickness.
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Fic. 11.43 Schematic of electron beam machining set up with work piece in a vacuum chamber

It is necessary that electron beam has to remain in a vacuum chamber with a level of vacuum in the order
of 107! to 10~* mTorr. Maintenance of suitable vacuum is essential so that electrons do not lose their energy
colliding with the air molecules and a significant life of the cathode cartridge is obtained. Such vacuum is
achieved and maintained using a combination of rotary pump and diffusion pump. The process parameters,
which directly affect the machining characteristics in electron beam machining are:

e The accelerating voltage, 30 kV to 175 kV

e The beam current, 200 pAto 1 A

e Pulse duration, 50 us to 15 ms

e Energy per pulse, > 100 J/pulse

e Spot size, 10 to 100pm

11.8.1 Applications of EBM

A wide range of metals and non-metals kept in vacuum can be cut using EBM. EBM can drill holes with a
very high aspect ratio up to 100:1. Also holes as small as 100 pm can be drilled using EBM. EBM will not

MT4e-V2_11.indd 47 @ 7/10/2018  4:22:17 PM



11.48 Manufacturing Technology—Metal Cutting and Machine Tools

form burr and provides a rounding edge for the hole. Though this process utilizes heat to remove the metal
similar to EDM, the heat affected zone is relatively small of the order of 20 to 30 um. Since EBM does not
apply any force on the work piece, simple work holding will be sufficient.

Typical applications of EBM are gas orifices for pressure-differential devices, wire-drawing dies, light-ray
orifices, round or profile shaped holes on sleeve valves, rocket-fuel injectors, or injection nozzles on diesel
engines.

11.8.2 Advantages and Limitations of EBM

Advantages

e EBM can be used to cut very small holes of the order of 100 um.

e EBM can be used to cut high aspect ratio holes of the order of 100:1.

e EBM is a fast process. Since the beam of electrons move at a very high velocity it is possible to
complete the drilling process in a short time.

e Very high accuracies of the order of £0.03 mm can be achieved in nearly all materials. Occasionally a
high accuracy of £0.005 mm can also be achieved when needed.

e Since EBM will not have any cutting forces acting on the work piece thin and fragile work pieces can
be machined without any distortion.

e Utilizing the CNC table for the machine it can accommodate small batches to achieve on-demand
machining.

e It is versatile equipment. The same equipment can be used for annealing and/or welding since it will
not use any other tool.

Limitations

e Since the process requires a vacuum chamber EBM is limited to certain part sizes. Also the time
required to achieve the desired vacuum is significant.

e EBM equipment is expensive and can only be justified for the type of part dimensions and accuracy
requirements.

e The hole shape is affected by the depth of the work piece. Because of the divergence of the beam away
from the focal point the hole will have an hour glass shape.

11.9 |ON BEAM MACHINING (IBM)

Ion beam machining process appears similar to EBM, but the actual material removal is not a thermal pro-
cess. It is done by displacing individual atoms from the surface by a process called sputtering. When an ion
strikes the surface of a material it usually collides with an atom there. Material removal in IBM takes place
by the transfer of momentum from the incident ions to the atoms that are present in the surface of the mate-
rial. This transfer of momentum results in an atom to be removed from the surface, while the ion is deflected
away from the material.

Typical ion beam machining equipment (Fig. 11.44) consists of:

e A plasma source that generates the ions

e Extraction grids for removing the ions from the plasma, and accelerating them towards the substrate

(or work piece)

e A table for holding the work piece.

Heated filament, usually tungsten acts as the cathode, from which electrons are accelerated by means of
high voltage towards the anode. During the passage of these electrons from the cathode toward the anode,
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FiG. 11.44 Schematic of ion beam machining set up with work piece in a vacuum chamber

they interact with argon atoms in the plasma source, to produce argon ions. The produced ions are then
extracted from the plasma towards the work piece, which is mounted on a water-cooled table having a
tilting angle of 0° to 80°. The ions are removed from the plasma by means of extraction grids. The grids
are normally made of two or three arrays of perforated sheets of carbon or molybdenum that can withstand
erosion by ion bombardment. The perforations in each of the sheets are aligned above one another.

Ion beam machining can be utilized to etch selectively materials typically the silicon or gallium arsenide
wafers by utilizing the masking tapes similar to chemical machining without the use of dangerous chemicals.
IBM has been used in smoothing of laser mirrors as well as reducing the thickness of thin films without
affecting their surface finish [McGeough, 1988]. Also polishing and shaping of optical surfaces by direct
sputtering of pre-forms in glass, silica, and diamond can be done by using patterning masks [El-Hofy, 2005].

11.10 PLASMA ARC MACHINING (PAM)

When a gas is raised to high temperatures of the order of 30,000°C, the atoms get ionized. The phase of the
ionised gas is termed as plasma. In view of the high temperature available in plasma arc it has been used for
sheet and plate cutting operations in place of the traditional oxy-fuel cutting.

In plasma arc machining an arc is generated between the hot cathode and the work piece acting as the
anode. A gas is introduced around the cathode and is allowed to flow through a narrow path towards the
anode (Fig. 11.45). In a typical plasma torch a device to swirl the gas is provided. The “swirler” which
may be ceramic, encircles the lower portion of the electrode that stabilizes the gas flow and prevents gas
turbulence [SME, 1998]. In the narrow path the temperature of the gas rises close to 28,000°C and the plasma
transfers the heat rapidly to the work piece and the material gets melted and vaporised. The plasma torch is
made of copper and water cooled. The primary gas such as nitrogen or argon is forced through the nozzle to
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get it ionized while the secondary gases or water flow Primary (plasma)
are often used to help clean the kerf of molten metal gas flow
during cutting.

The secondary gases used also called as shielding
gases depend upon the material being machined.
Hydrogen is often used as a shielding gas for stainless
steel, aluminium, and other nonferrous metals.
Carbon dioxide is also used for ferrous and nonferrous
materials, while air or oxygen can be used with mild
steel. In place of the shielding gas if water is used, it
is noticed that the quality of the cut is improved in
addition to the beneficial effect of cooling the torch.

Only a small portion of the energy is actually
utilised in PAM for material removal. In a typical
PAM cutting or machining operation, up to 45% of
the electrical power delivered to the torch is used to
remove metal from the work piece [SME, 1998]. Rest
of the power is wasted in the form of heating the cool
water in the plasma generator, the work piece and the
gas.

Typical parameters that are used with plasma arc
machining are [El-Hofy, 2005]:

e Velocity of plasma jet — 500 m/s
Material removal rate — 150 cm®/min FiG. 11.45 Schematic of plasma arc machining
Specific energy — 100 W/cm®.min setup
Power range — 2 to 200 kW
Voltage — 30 to 250 V
Current — up to 600 A
Cutting speed — 0.1 to 7.5 m/min
Maximum plate thickness — 200 mm

<

Secondary gas
or water flow

Outer shell

Work piece (+)

Applications

The major application of PAM is in cutting. It can cut any electrically conductive metals. Coupled with a
CNC table, PAM can be used to cut any shapes such as straight line, circle, or complex profiles. Often PAM
is combined with a CNC turret punching press (Amada Coma 567 turret press with plasma cutting) for wide
ranging fabrication jobs.

It can also be used in an operation similar to turning where the plasma torch is applied to a rotating
cylindrical surface. The torch is kept tangentially in contact with a rotating cylindrical surface. This is
normally used with difficult to turn machines since PAM will not have any advantage in easy-to-machine
materials such as steel, aluminium or copper alloys. So it is normally used for difficult-to-machine materials
such as Inconel, stainless steel and hastelloys.

Advantages

e It is equally effective on any electrically conductive material regardless of its hardness or refractori-
ness.
e It does not directly contact the work piece thereby simplifying the setup process.
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e It does not require any special surface preparations or use any dangerous chemicals for cleaning after
machining.
Disadvantage

e The process because of the intense heat used allows for a large heat affected zone which needs to be
removed later using other operations.

SUMMARY

Unconventional machining processes were developed to machine hard and heat resistant materials. These
processes are based on various principles that are different from the conventional processes, which rely on
the hardness of the cutting tool material.

e There are a number of processes such as EDM, ECM, USM, etc. each of which rely on different
principle to displace material from the work piece. These processes have a lot of differences that
make each of them applicable only for specific applications.

e Electric discharge machining (EDM) removes metal by the heat generated by the spark generated
between the electrode and the work piece. Electrode materials include copper, graphite and tungsten,
though graphite is the most commonly used electrode material. Dielectric fluid needs to be applied
to continuously flush out the debris generated during the material removal process. Most widely
used process to machine complex dies and moulds used for die casting and injection moulding.

e Electrochemical machining (ECM) utilises the principle of anodic dissolution of material to remove
the material from the work piece. The accuracy of the work piece achieved is excellent with very
little wear of the electrode. Electrolyte flow between the electrode and work piece is very critical
since it completes the electrical circuit while removing the heat generated and products of reaction
away from the machining zone.

e Ultrasonic machining (USM) removes material by abrading a brittle material by the abrasive in a
slurry using the ultrasonic vibrations. It is a simple equipment however the tool wear is high and the
material removal rates are low.

e Chemical Machining (CHM) is essentially the removal of material by dissolving in a chemical
solution.

e Laser beam machining (LBM) uses the focused energy of the light beam to partially melt and
blow away the material to cut at very precise locations. Used predominantly to make holes and cut
complex contours.

e Abrasive water jet machining (AWJIM) utilises very high speed jet of water mixed with abrasive
to cut any type of material. This is being increasingly utilised in the industry since it can cut any
material and also will not affect the work piece material in any way.

e Electron beam machining (EBM) uses the high-energy electron beam to melt and vaporize the metal
in its path to remove metal. This is used for small holes with extremely high aspect ratio.

e Ion beam machining (IBM) removes metal by the sputtering process where the atoms are displaced
by the collision of ions. This is used specifically for small parts without using any harmful chemicals.

e Plasma arc machining (PAM) uses the ionised gas plasma to melt the material at a very fast rate.
This is generally used for cutting of very thick metal plates.
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11.1 Explain the need for the use of unconventional machining processes compared to the conventional
ones.

11.2 Give a comparison of the unconventional processes in terms of process, material removal rate and
applications.

11.3 Explain the reasons why the unconventional machining processes are used.
11.4 Explain the principle of EDM with a neat sketch.
11.5 Explain why the tool shape in EDM should be complimentary to the final form.

11.6 Draw a typical relaxation circuit used for the EDM power supply and derive the expression for the
material removal rate.

11.7 Explain the disadvantages of relaxation circuit and show the alternative arrangement of pulse
generator used in EDM.

11.8 Briefly explain the working of an EDM machine showing important elements.
11.9 What are the functions served by the dielectric fluid in EDM?
11.10 Briefly explain the flushing techniques used in EDM giving their relative merits and applications.
11.11 What are the characteristics required for a good electrode material in EDM?
11.12 Explain the application of the following electrode materials in EDM:
(a) Copper (b) Graphite
11.13 What are the important parameters that control the material removal rate in EDM? Briefly explain any
two factors.
11.14 What possible errors are caused in EDM?
11.15 Explain the advantages and disadvantages of EDM.
11.16 Write a short note on wire EDM process.
11.17 Explain the principle of ECM with a neat sketch.
11.18 What are the principal features of ECM process?
11.19 Briefly explain the working of an ECM machine showing important elements.
11.20 What are the functions served by the electrolyte in ECM?
11.21 Describe the factors that should be considered in selecting an electrolyte in ECM.
11.22 Briefly explain the electrolyte flow methods used in ECM giving their relative merits and applications.
11.23 What factors should be considered in selecting the tool materials in ECM?

11.24 Briefly explain the various process parameters that affect the material removal rate and surface quality
in ECM.

11.25 Explain the advantages and disadvantages of ECM.

11.26 Write a short note on ECG.

11.27 Explain how material is removed in USM.

11.28 Briefly explain about the functions of transducer and tool cone in USM.

11.29 What is the function of abrasive slurry in USM? Explain how the abrasive selection is made.
11.30 Briefly explain the working of an USM machine showing important elements.

MT4e-V2_11.ndd 52 @ 7/10/2018  4:22:17 PM



Unconventional Machining Processes  11.53

11.31 Explain the advantages and disadvantages of USM.

11.32 Briefly explain the steps involved in chemical machining.

11.33 Explain the various methods used for preparing the masks for chemical machining.
11.34 Explain the process of PCM including the mask preparation process.

11.35 Give a short note on LBM.

11.36 What are the types of lasers that are generally used in LBM? Explain their significance.
11.37 Give a short note on Laser drilling.

11.38 Give a short note on Laser cutting.

11.39 A series of 5 mm holes (total number 6) are to be drilled on a circle of 150 mm diameter on a 6 mm
sheet made of glass. Specify the method of manufacture to be used with a neat sketch of the setup.
What are the variables and their effect in the process, which affect the final hole quality?

11.40 The T55Ni2Cr65Mo30 steel block is to be used for making a progressive die for punching the
following component. Specify the process used for manufacturing the punch and die along with the
limitations of the process. Is an alternative process available for its manufacture? Explain why it is
not used.

11.41 Explain the advantages and disadvantages of AWJM.

11.42 Write a short note on AWJM process.

11.43 Explain the principle of AWJM with a neat sketch.

11.44 Describe the factors that should be considered in selecting the abrasive in AWJM.
11.45 Explain how material is removed in AWJM.

11.46 Briefly explain the equipment used for electron beam machining.
11.47 Give the applications of electron beam machining.

11.48 Explain the advantages and limitations of electron beam machining.
11.49 Briefly write about the process of ion beam machining.

11.50 Briefly explain the plasma arc machining process.

11.51 Give the applications of plasma arc machining.

11.52 Explain the advantages and limitations of plasma arc machining.

| | Multiple Choice Questions i ]

11.1 Unconventional (non-traditional) machining 11.2 The dielectric fluid in electric discharge

processes are used specifically for machining (EDM) process should
(a) Very high hardness of the work material (a) Ionise rapidly after the spark discharge
(b) Complex surfaces that cannot be easily has taken place.

obtained by conventional machining (b) Have a high viscosity

operations (c) Be chemically neutral so as not to attack
(c) Difficult geometries that cannot be easily the electrode

produced by conventional machining (d) Have a low flash point.

operations 11.3 The following is not a dielectric fluid to be
(d) All of the above used in electric discharge machining (EDM)

process
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11.4

11.5

11.6

11.7

11.8

MT4e-V2_11.indd 54

(a) Silicone-based oils
(b) Linseed oil

(c) Kerosene

(d) De-ionised water

What are the problems faced when the
electrolyte is not properly flushed in electric
discharge machining (EDM) process?

(a) Uneven surface finish

(b) Higher removal rate

(c) Stable arc conditions

(d) None of the above

Required characteristics of good electrode
materials in electric discharge machining
(EDM) process

(a) A good conductor of electricity and heat.
(b) Produce efficient material removal rates

from the work pieces.

(c) Be easily machinable to any shape at a
(d)

reasonable cost.
All of the above
The material that is not a very good electrode
in electric discharge machining (EDM)
process
(a) Graphite
(b) Copper
(c) Gray cast iron
(d) Tungsten
Taper of hole produced in electric discharge
machining (EDM) process is caused by
(a) Inaccuracy in the electrode size
(b) The side sparks between the tool and the
machined surface produced
(c) Larger flow of current between the bot-
tom of the electrode and the work piece
surface
(d) None of the above
Improved surface finish of electric discharge
machined (EDM) surfaces can be obtained
by
(a) Increasing the current in the sparks
(b) Decreasing the frequency of sparks
(c) Increasing the frequency of sparks
(d) None of the above

11.9

11.10

11.11

11.12

11.13

11.14

Material removal rate in electric discharge

machined (EDM) process can be increased

by

(a) Decreasing the current in the sparks

(b) Decreasing the frequency of sparks

(c) Increasing the frequency of sparks

(d) None of the above

Function of the electrolyte used in electro

chemical machining (ECM) process

(a) Completes the electrical circuit between
the tool and the work piece

(b) Allow desirable machining reactions to
takes place

(c) Carry away heat generated during the
operation

(d) All of the above

The electrolyte used in electro chemical

machining (ECM) process should have the

following property

(a) Chemical stability

(b) Low viscosity and high specific heat

(c) High electrical conductivity

(d) All of the above

The non-conventional machining process

that gives the highest material removal rate

(a) Electric Discharge Machining (EDM)

(b) Electro Chemical Machining (ECM)

(c) Ultrasonic Machining (USM)

(d) Chemical machining (CHM)

The non-conventional machining process

that gives the best surface finish

(a) Electric Discharge Machining (EDM)

(b) Electro Chemical Machining (ECM)

(c) Ultrasonic Machining (USM)

(d) Chemical machining (CHM)

Increasing the feed rate in electro chemical

machining (ECM) process results in

(a) High removal rate and improved surface
finish

(b) High removal rate and decreased surface
finish

(c) High removal rate and surface finish not
affected

(d) None of the above
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11.15

11.16

11.17

11.18

11.19

Better surface finish in electro chemical

machining (ECM) process can be obtained

by

(a) Low electrolyte concentration

(b) Low electrolyte temperature

(c¢) Low voltage

(d) All of the above

Limitation of the electro chemical machining

(ECM) process

(a) Use of corrosive media as electrolytes
makes it difficult to handle

(b) Poor surface finish

(c) Poor accuracy of the work piece dimen-
sions because of the large tool wear

(d) There will be thermal damage to the
work piece

The following process is suitable for

machining brittle materials such as glass

(a) Electric Discharge Machining (EDM)

(b) Electro Chemical Machining (ECM)

(c) Ultrasonic Machining (USM)

(d) Chemical machining (CHM)

Limitation of the Ultrasonic Machining

(USM) process is

(a) Metal removal rates are large

(b) Tool wear is high and sharp corners can-
not be produced

(c) It is affected by the electrical or chemi-
cal characteristics of the work material

(d) Cannot be used with brittle materials

Advantage of laser beam machining (LBM)

is

(a) Laser beam machining does not apply
any direct force because it is a non-con-
tact machining

Answers to MCQs

11.1 (d) 11.2 (c) 11.3 (b)
11.6 (c) 11.7 (b) 11.8 (c)
11.11 (d) 11.12 (b) 11.13 (b)
11.16 (a) 11.17 () 11.18 (b)
1121 () 11.22 (b) 11.23 (a)
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11.20

11.21

11.22

11.23

(b) Laser beam machining can be localized
to a small area thereby removing a very
small amount of material

(c) Since the heat is localized, Heat Affected
Zone (HAZ) in laser beam machining is
small

(d) All of the above

Increasing the feed rate in abrasive water jet
machining (AWJIM)

(a) Improves the surface finish

(b) Decreases the drag

(c) Surface finish gets deteriorated

(d) None of the above

The machining process that will be most
appropriate to drill a rectangular hole in a
high strength alloy

(a) Drilling

(b) Ultrasonic Machining (USM)

(c) Electric Discharge Machining (EDM)
(d) Chemical machining (CHM)

The machining process that will be most
appropriate to drill a rectangular hole in a
ceramic material

(a) Drilling

(b) Ultrasonic Machining (USM)

(c) Electric Discharge Machining (EDM)
(d) Chemical machining (CHM)

The machining process that will be most
appropriate to machine a turbine blade with
an aerofoil cross section in a high strength
material

(a) Electro Chemical Machining (ECM)

(b) Ultrasonic Machining (USM)

(c) Electric Discharge Machining (EDM)
(d) Chemical machining (CHM)

114 (a) 11.5 (d)
119 (c) 11.10 (d)
11.14 (a) 11.15 (d)
11.19 (d) 11.20 (c)
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CAsE StupYy

TURBINE BLADE MACHINING

Engine components for airplanes which need to maintain low weight, high temperature resistance and
increased thermal efficiency require that these be manufactured with high nickel and titanium alloys.
The commonly used materials are Ti-6Al-4V and Inconel 718. The geometry of turbine blade is com-
plex and these blades are arranged on the rotor disk with specialized geometry that facilitates the flow
of gases. The gap between the blades is relatively small and has complex geometry, the machining
of which requires a very careful planning. Being hard materials these alloys can be machined using
conventional milling, Electro Discharge Machining (EDM) and Electro Chemical Machining (ECM)
processes.

In this case study, these alloys were machined using conventional milling, EDM and ECM processes
in order to compare the material removal rates and economics. The conventional milling is done
with trochoidal milling which is a method of machining used to create a slot wider than the milling
cutter diameter. This is accomplished by moving the cutter through a series of circular cuts known
as a trochoidal tool path. This provides a low radial depth of cut and a high axial depth of cut and
achieves good material removal rate. In the EDM setup, initial roughing was done using the regular
EDM process and then Wire EDM was used. The table below shows the variation of MRR among the
processes.

Manufacturing Process Used Material Removal Rate of | Material Removal Rate of

Ti—6A1-4V (mm>/min) Inconel 718 (mm?®/min)
Conventional Milling 6035 3401
EDM EDM (Roughing) 220 500
Wire EDM (Finishing) 3090 2388
ECM 4838 4163

Economic analysis for titanium alloy machining led to the inference that with low tool development
costs, ECM and milling costs are in similar range and not much change is observed with changes in
the batch sizes. However, EDM cost increases with the production volume. Therefore, except for small
batch sizes of 20 or less, EDM will be uneconomical.

1. Apparently, ECM works better than other processes in Inconel alloy, but not for Titanium alloy.
Find out the possible reasons based on the governing mechanics.
2. What are the possible reasons for cost effectiveness of ECM compared to EDM?
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Micro-Manufacturing

Objectives

Miniaturization is taking place at a rapid rate and this chapter provides a summary of some
of the micro-manufacturing methods that are employed for this purpose. After completing this
chapter, the reader will be able to

> Understand the need for micro-manufacturing

Recognize the classification of different micro-manufacturing methods practiced

>

> Study different traditional micro-manufacturing processes

> Study different nontraditional micro-manufacturing processes
>

Understand different steps in semiconductor manufacturing methods used in MEMS and nano
applications.

> Llearn a case study in the processing of a MEMS device

12.1 INTRODUCTION

Technology is getting miniaturized at a relatively fast pace. This requirement is dictated by the need for
enhancing the functionality and at the same time reducing the dimensions. At one point of time not long ago
the wristwatch parts were the only industrial microproducts manufactured. But the desire is to have ever
smaller parts for all the electronic gadgets that are utilized today such as cell phones, medical implants, fuel
injection nozzle for automobiles, micro surgical tools, micro end effectors and semiconductor devices. Many
of these products also need extremely fine finish in the range of nanometer level with complex geometries.
The quality and reliability of the products that are demanded today is phenomenally high, and this requires a
special class of manufacturing methods. A few examples are the microfluidic devices, drug delivery systems,
diagnostic devices, micro pumps, micro engines, inkjet printer printing heads (cartridges), etc.

Achieving micro dimensions such as those used in the MEMS (Micro Electro Mechanical Systems) devices
in the range of 1 to 999 pum require a very special class of processes that are different from the traditional
machining processes that are normally used. Fig. 12.1 shows the progress of machining technologies over the
years along with change in accuracy limits. In Fig. 12.1 on the right side some of the machining technologies
corresponding to the accuracy requirements can be seen. It may be noticed that at this point in time the ability
to manipulate at the atomic level is possible along with the corresponding accuracy requirements for working
models of parts either mechanical or biological.

MT4e-V2_12.indd 1 @ 7/10/2018  4:22:39 PM



12.2 Manufacturing Technology—Metal Cutting and Machine Tools

Machine Tools and Equipment

\ Turning & Milling Machines
100 Grinding Machines
Normal Machining CNC Machines
10

Lapping, Honing, Boring

\ and Grinding Machines
1

- - Precision Grinding and
\ Precision|Machining Turning Machines

Machining Accuracy, Microns

0.1
High Precision and
\ Ultra Precision Machines
0.01
Ultra Precision Machining Free Abrasive Machining
0.001
Atomic Lattice Separation lon Beam Machining
| | Molecular Manipulation
0.0001

1940 1960 1980 2000

Fic 12.1 The progress of machining technologies over the years along with change in accuracy limits

An example of micromachining provided here is that of a micro-compressor. It is a micro-compressor
machined on the tip of a 1-mm diameter cylinder. The geometry is two-dimensional with the third dimension
being straight with no taper. The compressor is made of tungsten carbide while the electrode is of stainless
steel. The centre hole of diameter 300 um is micro-EDM drilled using a stock electrode. The blades are
micro-EDM milled with the same tool after it was reduced to a diameter of 40 um by wire EDG. The
incremental depth for each micro-EDM milling layer is 0.5 um. All the blades show good consistency with
good shape accuracy and errors less than 1 wm. The path of the cutting tool is smooth with no path marks
as well as no taper angle. The only error noticed is the eccentricity error of about 20 wm as measured. The
estimated surface roughness is about 0.08 um.

12.2 OVERALL CLASSIFICATION

A number of authors have classified the micro-manufacturing processes based on technologies and working
principles. A simplified classification of the micro-manufacturing processes based on the manufacturing
approaches is shown in Fig. 12.2. A brief description of some of these processes is presented in this chapter
in terms of their processing technologies and applications.
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Micromanufacturing Processes

Material Removal

Material Forming

Material Deposition

Material Joining

MT4e-V2_12.indd 3 @

Methods Methods Methods Methods
I | I |
Traditional Advanced Casting Forming —I CvD | Microwelding
- P | | MBonding |
Microturnin MEDM Microcastin —| Microforgin
i o] 1 | o] o - ueA | YMsoldering |
—I Micromilling | —I MEBM | Micromolding| —| Microrolling |
MAM
Microdrilling MLBM — Microdrawing|
HMicrogrinding|  H MECM | - Microextrusion |
MAJM Micropunching
Fic 12.2 Classification of micro-manufacturing methods based on the manufacturing principle. MEDM

— Micro-EDM; MEBM- Micro EBM; MLBM- Micro-LBM; MECM-Micro-ECM; MAJM-Micro-AIM; CVD-
Chemical Vapor deposition; PVD-Physical Vapor deposition; LIGA- Lithographie Galvanoformung
Abformung (Lithography, Electroplating and Molding); MAM- Micro Additive Manufacturing
methods; Adopted from [3].

12.3 MATERIAL REMOVAL METHODS

Material removal processes are going through continuous improvements particularly with the availability of
computers, and improving on the rigidity of the machine tools and the quality and reliability of the cutting
tools. As a result, the accuracies that could be achieved with these processes are improving continuously.
Miniaturization of the machine tools would allow for the manufacture of parts in smaller sizes that are
required for the current generation of microproducts. The traditional processes have been miniaturized by
making them small compared to the conventional machine tools in order to achieve the required accuracy. It
is necessary that these machines provide ultra-precision and use tools that are very precise and rigid so that
they minimize the machining errors to the minimum possible level. The micro-machine tool should be built
with high precision drive systems, having rigid spindle with closed loop control. The bed should preferably
be free of any thermal deflection to maintain the highest amount of accuracy required. It should preferably be
a computer controlled machine tool to avoid any operator related errors. The basic processes can be broadly
categorized as micro-turning, micro-milling and micro-drilling similar to the traditional processes.
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12.3.1 Conventional Material Removal Processes

These processes rely on the force exerted by the cutting tool tip to plastically remove the material. One of
the problems with the mechanical material removal processes is the resulting burrs that need to be removed
by some other process. Since the micro parts are so small that it is almost impossible to manually clean the
burrs. Therefore it is necessary to select the process parameters that would ensure that burr is not formed
during the processing.

Micro-turning

Micro-turning is the process used for axi-symmetric parts that are small in size requiring high precision. The
machine tool used should therefore be similar to a production lathe with miniaturized dimensions and high
precision as explained earlier. Diamond tipped tools are used for precise turning. Micro-turning should be able
to achieve accuracies of the order of 1 um or less with surface finishes in the range of 0.002 to 0.005 um R,,.
Tools typically used are natural and synthetic diamond tips. Typical applications of micro-turning are small
diameter shaft like components, optical lenses, molds for contact lenses, intraocular lenses, etc.

Micro-milling

Micro-milling is a versatile process that can be used for many different geometries. The diamond tool used
for this purpose with the cutting point located away from the spindle in a cantilever form is a weak link.
Monocrystalline diamond is the most suitable tool material. Two fluted end mills made from tungsten carbide
powder (0.3 pm grain size) up to 100 pm diameter are commercially available with an edge radius of the order
of 1-2 pm. Micro-milling similar to the conventional milling is used for prismatic shapes such as grooves,
cavities, and 3D concave and convex shapes in miniaturized components. Micro-milling is also used for
making structured molds that are used for micro-molding of structured optical elements such as Fresnel lenses.

Micro-drilling

Micro-drilling uses small drills similar to a spade drill and utilizes peck drilling cycle for efficient removal
of the chips. Larger micro-drills can be similar to twist drills. The tool material used is micro-grain tungsten
carbide. Micro-drilling being a mechanical process will not be affected by the electrical properties of the work
piece similar to micro-EDM. Therefore, all metals, nonmetals, plastics and composites, can be machined
easily. One typical example is the drilling of holes in laminated circuit boards. Very hard or brittle materials
are difficult to machine.

Micro-grinding

Similar to the above processes micro-grinding is also a mechanical process that removes the material by
means of mechanical force that is used for grinding very small work pieces that require very fine finish.
Micro-grinding is the process that removes material using micro abrasive grains with very small depth of cut.
As a result brittle materials can be mirror polished using this process. The grinding tool is generally in the
form of a wheel consisting of the micro abrasive grains in a matrix. The grain depth of cut with this wheel
has to be kept to less than 100 nm to obtain smooth surfaces of less than 10 nm peak to valley depth. The
application of micro-grinding in the fabrication of 2D or 3D micro-cavities requires tools that are smaller
than the cavity required. For this purpose a tool with a micro-sized tip is used. In such cases a micro grinding
pin with the smallest diameter, typically 30 um, tools will be used. Because of the considerable grinding
force, deep micro-holes or deep, narrow cavities cannot be produced by micro-grinding.
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12.3.2 Nontraditional Material Removal Processes

When the conventional material removal processes cannot serve the purpose of economically manufacturing
the parts because of either material hardness or other requirements, the nontraditional processes would be
used. These are also sometimes called unconventional micro manufacturing processes because of the material
removal technology utilized.

Micro-EDM

As discussed in Chapter 11, Electro Discharge Machining (EDM) vaporizes the material to be removed by
the intense heat generated by the electric spark between the electrode and the work material. As a result the
shape of the electrode transfers to the work piece. The size of the tool used being small the corresponding
detail produced in the work piece is also small. Typical tools are available with a tool diameter of 5 um. The
3-dimensional control of EDM tool with CNC help to produce complex surfaces as well. Because the size
of the tool is extremely small the arc need to be struck for a relatively lesser time to make sure that tool
wear is minimized. Table 12.1 provides major differences between the conventional EDM and Micro-EDM.
Micro-EDM can be further divided into Micro-EDM drilling, Micro-EDM die-sinking, Micro-EDM miilling,
Micro-wire EDM and Micro-wire EDG, depending upon the type of surface that needs to be obtained.

IS ¥BY Operating parameters as used in conventional EDM vs Micro-EDM.

Parameters ‘ Conventional EDM ‘ Micro-EDM
Size of the tool, mm >1.0 <0.999
Inter electrode gap, um 10 to 500 <10
Open circuit voltage, V 4-400 10-120
Peak current, A >3 <3
Pulse on-time, us 500 to 8000 0.05 to 100

The preferred tool materials are tungsten carbide and copper. Electrically conductive CVD diamond is
also used as tool material because of its almost zero electrode wear. Simple cylindrical tools are used most of
the time. It is also possible to use hollow electrodes in drilling when the size is above 100 um.

Micro-ECM

Electro chemical machining (ECM) is characterized by zero wear and as a result, the quality of the parts
will be maintained over a complete batch and there is no need to change tools in between. It is also possible
to remove higher amounts of material from the work. Since this process does not add stresses in any way
to the parts, it is a process of choice for ultra-precision components used in avionics, biotechnology, etc.
ECM is also adopted for machining micro-parts in the range of 5 to 500 um with tolerances in the range of
microns. Further impetus for adopting micro-ECM is the use of ultra-short pulses of nanosecond duration
that help the process to be confined to very small locations down to nanometer precision, to achieve high
resolution. A comparison of the operating parameters between the convention ECM and micro-ECM are
given in Table 12.2.
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LR Y] Operating parameters as used in conventional ECM vs Micro-ECM [Adopted from 12].

Parameters ‘ Conventional ECM ‘ Micro-ECM
Voltage, V 10-30 1-10
Current density, A/cm? 20-200 75-100
Electrolyte flow, m/s 10-60 <3

Inter electrode gap, um 100 to 600 5-50
Machining rate, im/min 200-10 000 5
Accuracy, um +20-100 +10

In view of the many advantages micro-ECM is the process of choice for the micro-electronic devices. It
has been used for machining inkjet nozzle plates, conducting lines in PC boards, high accuracy holes, etc.
The process variations are micro-hole drilling, micro-ECM using masks that are used in semiconductor
manufacturing that is covered separately in 12.3.3, micro-electrochemical milling, wire electrochemical
machining, laser electrochemical micro machining (LECMM), etc.

12.3.3 Semiconductor Manufacturing Processes

Single crystal silicon has been the material of choice for all semiconductor manufacturing processes from
the very beginning. Silicon is the most abundant material in the earth’s crust (27.8%) as an ore in the form
of quartzite. Very effective extraction and purification methods of silicon from its raw material as well as
the processes for single crystal formation from liquid silicon are available. Normal silicon is a very brittle
material that breaks easily. The reason is that in the macro sizes, imperfections in the material are very
rapidly accumulated into micro cracks, and this makes the material very brittle. In the micro domain these
imperfections are reduced and almost eliminated giving it the necessary strength and elasticity. It has the
same Young’s modulus as steel (about 2 x 10° MPa) but as light as aluminium with a mass density about
2.3 g/cm’. It has a high melting temperature of about 1400°C. For example silicon beams 2 um x 2 pum x 100 um
are widely used with very large deflections in micro devices. Its thermal expansion coefficient is 8 times less
than steel and shows no hysteresis to make it an ideal material for sensors and actuators in the micro domain.
It is mechanically stable and can be doped with suitable impurities to alter resistivity. It can be doped with
p-type (boron) and n-type (phosphorous, antimony, arsenic) to affect their conducting characteristics. Silicon
dioxide is used also as an insulator and passivation layer. Silicon has efficient response to solar radiation and
light. Silicon has a relatively high dielectric strength and therefore is suitable for power devices. Silicon is
used in the following form in MEMS devices:
e Single crystal silicon
®  Anisotropic crystal
= Semiconductor, great heat conductor
e Polycrystalline silicon — polysilicon
= Mostly isotropic material
= Semiconductor
e Silicon dioxide — SiO,
= Excellent thermal and electrical insulator
e Silicon nitride — Si;N,
m  Excellent electrical insulator
e Semiconductor
= Electrical conductivity varies over ~8 orders of magnitude depending on impurity concentration
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= N-type and P-type dopants both give linear conduction, but from fundamentally different
mechanisms
= N-type touching P-type forms a diode

Semiconductor manufacturing unfortunately is not a single process, but involves a number of processes
depending upon the final result to be achieved. The basic steps to form microstructures are:

e Deposition (the additive process)

e Etching (the subtractive process)

e Materials modification (to tailor electrical chemical, or physical properties)

e Lithography (providing the pattern)

These processes are applied in any order and any number of times depending upon the final design that is
required. Some of the steps may be skipped or repeated a number of times. Lithography is the most important
step that controls where the materials stay or where they need to be removed by providing a patterned mask.

Typical sequence of processing steps in a photolithography process are shown in Fig. 12.3. The first step
is getting the appropriate wafer that will act as the substrate. This then needs to be added with a layer of
photoresist (in the form of liquid) for the purpose of transferring the required image of the surface. The coat
thus obtained is then baked so that it can move to the next step for transferring the design. The required design
in a transparent sheet is aligned with the wafer ultraviolet light is used to transfer the image to the photoresist.
The latent image in the photoresist will be developed