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Preface

The author is glad to present this book in a new revised format. This
thoroughly revised edition is outcome of various éuggestions and comments
received from readers and professors of various universities from all over India
for which I am really thankful for their suggestions and comments. I think this
book will be now more useful for the students of Degree, Diploma and other
similar courses. The purpose of this book is to provide a comprehensive
knowledge of various aspects of the following :

(1) Method of metal cutting

(#) Cutting tools

(#iY) Machine tools.

Every effort has been made to present the subject matter in a simple -
language. The study and recitation is given in to develop the applications of
the principles studied. Numerous examples and problems have been included,
followed by a separate chapter on objective type questions to make topics more
clear and prepare students for any type of examination.

Suggestions for improvement of the book shall be gratefully received
and appreciated.

The author is thankful to the Publisher for the most painstaking and
co-operative attitude for bringing out this book in a very short period.

G.R. NAGPAL

By the same Author : | €
(1) Power Plant Engineering C
(i) Machine Drawing \
(1) Machine Design L\

(iv) Material Science \ :
(v) Geometrical Drawing
(vi) Tool Engineering and Design



Contents

Chapter Pages
[
Introduction —ii
1.  Process of Metal Cutting 1—73.
\ 1.0. Metal Cutting 1
1.1. Chip Removal Processes 1
1.2. Chipless Processes 2
1.3.  Metal Cutting Principle 2
1.3.1.  Basic Elements of Machining 4
1.4. Classification of Cutting Tools 4
1.5.  Tool Geometry 4
1.5.1.  Methods of holding tool 11
1.6. Tool Signature 12
1.6.1.  Requirements of a cutting tool 12
' ’ 1.7.  Two Systems of Defining the Cutting Angles
of a Single Point Tool 13
! 1.8.  Types of Metal Cutting Process 15
1.8.1.  Comparison of orthogonal and oblique ;
cutting 17
19.  Chip Formation o i 38T
1.9.1. Areas in Metal Cutting 19
1.10.  Chip Thickness Ratio 20
1.11.  Chip Breaker 21
1.12.  Radius of Chip Curvature o g et 23
1.13  Chip Reduction Coefficient 25
1.14.  Cutting Speed, Feed and Depth of Cut 27
1.15. Objectives of a Good Tool Design 30
1.16.  Cutting Tools Materials 30
1.17. Variation of Hardness with Temperature 35
1.18. Economic Comparison of Toel Materials 35
1.19. Multi-edge Cutting Tools 35
1.20.  The Twist Drill 36
1.21. Elements of a Twist Drill =
1.22.  Cutting Fluids for Drilling o 39
1.23.  Twist Drill Grinding 39
1.23.1. Twist drill failure 41
1.24. Rake and Relief Angles of a Twist Drill 41

1.25. Drill Specifications As, 42




Chapter

1.26.
1.27.
1.28.
1.29.
1.30.
1.31.
1.32.
1.33.
1.34.
1.35.
-1.36.
1.37.

1.38.
1.39.

140.

1.41.
1.42
1.43.

(vi)

Cutting Speed, Feed and Depth of Cut
Machining Time

Forces Acting on a Drill

Power of Drilling

Milling Cutters

Elements of a Plain Milling Cutters
Milling Cutter Sharpening

Material for Milling Cutters

Number of Teeth in a Cutter

Cutting Speed and Feed for Milling Cutter
Power Required at the Cutter

Machining Time

1.37.1.  Broaching Tool

Improving Cutting Efficiency

Power Distribution

To Determine Power Rating of Electric Motor
Cutting Tool Design

Friction between Chip and Tool

Friction in Metal Cutting

Mechanics of Metal Cutting

2.1.
22.
2.3.
2.4.
2.5.
2.6.
2.7
2.8.
2.9.

2.10.

2.11.
2.12.
243,
2.14.
2.15.
2.16.

Cutting Forces in Orthogonal Cutting
Stress and Strain in the Chip
Shear Strain

Work Done and Power Required
Power Consumed in Metal Cutting
Machine Tool Efficiency

Metal Removal Rate (w)
Ernst-Merchant Theory

Lee and Shaffer’s Theory
Velocities in Metal Cutting

2.10.1. Velocity Relationship
2.10.2.. To prove V. =rV

2.10.3.  Effect of cutting variables on cutting forces

Improvement of Cutting Efficiency
Requirements Made to the Cutting Tool
Cutting Tool Design

Dynamometry

Types of Dynamometers

Force Measurement

Pages

42
44
45
46
46
48
50
50
i |
52
52
54
56
57
57
57
58
58
58

71—110

71
76
77
79
79
81
81
81
82
82
83
84
84
85

85
85
85
86
86

(vii)

Chapter
3.  Machinability
3.1.  Machinability
3.2.  Machinability Index
3.21.  Effect of Micro Structure on Machining
3.3.  Basic Objectives of Economical Machining
3.4.  Tool Failure
34.1.  Temperature Failure
3.5. ToolLife
3.6. Relationship between the Cutting Speed and
Tool Life
3.7.  Effect of Feed and Depth of Cut on Tool Life
3.7(a). Tool Life in Terms of Metal Removed
3.8.  Effect of Type of Cutting
3.9..  Effect of Tool Material
3.10.  Effect of Tool Geometry on Tool Life
3.11.  Effect of Work-piece Material
3.12.  Effect of Cutting Fluid
3.13. Tool Grinding
3.14.  Cost Analysis
3.14.1. Treatment of Tool
3.15.  Cost per Component
3.16.  Objectives of Machining
3.17.  Choice of Cutting Speed
3.18.  Trends in Conventional Machining (Metal Cutting)
4.  Cutting Fluids
4.1. Cutting Fluids
4.2.  Sources of Heat in Metal Cutting
4.3.  Thermal Aspects of Metal Machining
43.1. Temperature in the Primary Deformation
Zone
43.2.  Heat Distribution in Metal Cutting
4.33.  Temperatures in the Secondary
Deformation Zone
4.4. Functions of Cutting Fluid
4.5.  Properties of Cutting Fluid
4.6.  Types of Cutting Fluids
4.7.  Lubricants
4.8. Selection of a Cutting Fluid
4.9. Cutting Fluid Penetration
4.10.  Application of Cutting Fluid

Pages

111145

111
112
112
113
113
114
117

118
120
121
121
121
122
123
123
123
124
124
124
126
126
128

146—164
146
146
146

147
148

148
148
150
150
152
153
154
155



(viii ) (ix)

Chapter Pages Chapter Pages
4.11. Effect of Cutting Fluid on Cutting Speed and 523. Buffing 190
Tool Life 156 5.24. Lapping 190
4.12. Maintenance of Cutting Fluid 158 5.25.  Honing 192
4.13. Characteristics of a Lubricant 158 5.26.  Super Finishing 193
4.14. Tool Friction 159 5.27. Specific Energy for Grinding 194
4.15. Effect of Cutting Fluid on Chip Concentration 159 6. Chatter and Surface Finish 196—211
bt o vy« ACh,i e W il.h tbe [.Jse chEntgaduics 1oi 6.1. Chatter and Vibrations in Machining 196
4.17. How Coefficient of Friction is Reduced 160 ¥y Lo s P o
5.  Surface Finishing Processes 165—195 6.2.  Types of Vibrations 197
5.1. Surface Finish 165 6.3. Factors Aftecting Chatter 198
5.1.1. Grinding 165 6.4. Types of Vibratory Systems 199
5.2, Abrasive Materials 166 6.5. Elimination of Chatter 200
5:2:1 Abrasive Grain Size 167 6.6. Vibration Isolation s 200
522. Bonds 168 6.6.1. Vibration measurement in machine tools 202
5.2.3. Grade 169 6.6.2.  Effects of vibrations 202
5.2.4. Structure 170 6.7. Surface Finish 203
5.2.5.  Marking System of Grinding Wheels 170 6.8.  Factors Affecting Surface Finish 203
53.  Grinding Wheel Cutting Action 171 6.9.  Surface Finish Terminology 205
5.4.  Grinding Wheel Selection 172 6.10.  Idle Surface Roughness 207
55. Shapes of Grinding Wheels 173 6.11. Measurement of Surface Roughness 208
55.1. Mounted Wheels and Points 174 6.12.  Surface Finish Representation 209
5.6.  Types of Grinding Machines and Processes 174 ‘ 6.13.  Units of Surface Roughness 210
L SNWIE S iindasal i s B 7.  Basic Features and Kinematic Requirements of
5.7. Deplh of Cut 177 Machine Tools _212—257
2y Tod 173 7.1 Machine Tool 212 -
T SR SRt A7 7.1.1.  Characteristics of machine tool 213
Sl TN Rl bie 7.1.2.  Objectives of machine tool 214
5.11.  Surface Grinders 178 713. Piodiion Aaprcity 5
212, ool et CReE o 17 7.1.4.  Stiffness and rigidity of machine tools 215
5.13. Centreless Grinding : 180 715, Precision g
5.14. Mounting of Grinding Wheel 182 7 1.6, Pratacti fime e
5.15. “Biressing Nl (e 182 7.2.  Classification of Machine Tools 216
5.16. ~ Grinding Wheel Balancing i : 7.3 Control Systems of Machine Tools MG
S.07 DRERERESpecasitng Fests i i 7.4. Safety and Convenience of Machine Tool Controls 218
e S g g 7.5.  Cutting Motion in Machine Tool 218
5.19. Grinding Wheel Wear 184 76, Foress in Machine Tool o
AR cing Ratto e 77, Process Capability of a Machine Tool 222
720.  olatinIomppeG e T Ll Compliance of machine tool 222
3L TP Ry Crnding e 78, Issential Requirements ot a Machine Tool 224
5.22. Polishing 190 79 225

Selection of Machine Tool




Chapter

7.10.
7l
7.12.
7.13.

7.14.

7.15.

7.16.
7.17.
7.18.

7.19.
7.20.
T.21.
7.22.
7.23.
7.24.
7.25.

7.26.
7.27.
7.28.

(x)

General Requirements of Machine Tool Design

Basic Features of a Machine Tool

Bed, Structure or Frame

Procedure to Design a Machine Tool Structure

7.13.1.  Use of reinforcing ribs or stiffness in
lathe beds

7.13.2.  Forces to be considered for machine tool
structures design

Sides and Slide Ways (Guide Ways)

7.14.1.  Classification of Guide ways

7.14.2.  Slide ways working conditions

7.143.  Oil for slide ways

7.14.4.  Friction in slide ways

7.14.5.  Accurate positioning of slide ways

7.14.6.  Classification of rolling guides

Requirements of Guide Ways

7.15.1. Design criteria for slide ways

7.15.2. Machine tool columns

Materials of Beds and Guides

Wear Resistance of Guides

Life of Guide Ways

7.18 (a). Working Life of Rolling Guides

7.18 (b). Friction in Rolling Guides

7.18 (c). Methods of inproving functions of
slide ways

7.18.1.  Basic principles of design for rigidity

7.18.2.  Basic principles of design for strength

7.183.  Static and dynamic stiffness

7.18.4.  Basic design procedure of machine tool
structures

Spindies and Bearings

Materials of Spindles

Lubrication of Bearings

Selection of Bearings

Types of Bearings

Rolling Bearings

Plain Bearings

7.25.1. Comparison of plain and rolling bearings

Hydrostatic (externally pressurised) Bearings

Bearing Metals

Power Units

Pages

225
225
226
229

229

230
231
234
235
235
236
236
237
237
238
238
239
240
241
241
242

243
243
244

245

245
245
247
247
248
248
248
249
250
250
251
251

Chapter

7.29.
7.30.
731
732
7.33.
7.34.
735,
7.36.

7.37.
7.38.

(xi)

Transmission Element

Work Holding and Tool Holding Elements

Kinematics in Machine Tools

Geometric Forms of Engineering Components

Methods of Production of Surfaces

Comparison of Forming and Generating

Degrees of Freedom

Trends in the Development of Modern Machine

Tools

2.36.1. General requirements of Maching Tool
Design

Maintenance of Machine Tool

Machine Tool Efficiency

Kinematic Drives of Machine Tools

8.1.

8.2.
8.3.
8.4.
8.5.
8.6.
8.7.
8.8.

8.9.

8.10.
8.11.
8.12.
8.13.

8.14.
8.15.
8.16.

8.17.
8.18.
8.19.
8.20.
8.21.
8.22.

Drive

8.1.1.  Individual drive and group drive

8.1.2.  Electric Motors for machine tool drives
Strength and Power of Machine Tools

Machine Tool Spindle Speeds

Ray Diagram

Speed Spectrum

Standard Values of Common Ratio

Number of Spindle Speed Steps

Principle Kinematic Relationship in the Spindle
Drive

Number of Spindle Speed Steps

Range Ratio of Speed Variation in a Drive
Limiting Transmission Ratios

Speed Structure Diagram

Basic Rules for layout of Gear Boxes having
Sliding Clusters

Shaft Size Calculation

To Determine Module for Gears

Kinematic Functions of Machine Tools

8.16.1. To determine number of teeth on gears
Method of Obtaining Different Speeds of Spindle
Cone Pulley Arrangement

Cone Pulley Drive by Back Gears

Speed Gear Boxes

Gear Box Layout

Screw Cutting on Lathe by Using Change Gears

Pages

251
252
252
252
253
255
255

256

257
258
258

262—314

262
263
263
265
266
269
269
270
271

272
272
273
273
274

276
279
280
281
281
290
291
291
291
292
292



Chapter

8.23.
8.24.
8.25.
8.26.
8.27.
8.28.
8.29.
8.30.
8.31.
8.32.
8.33.
8.34.
8.35.

8.36.
8.37.
8.38.
8.39.
8.40.
8.41.
8.42.
8.43.
8.44.
8.45.
8.46.
8.47.
8.48.

8.49.

(xii)

Methods for Changing Speed in Gear Boxes
Sliding Gears Arrangement

Sliding Key Mechanism

Feed Gear Boxes

Norton Gear Box

Feed Gear Box of Meander Type
Clutched System

Ruppert Drive

Feed Drive of a Lathe

Pre-optive Gear Box

Infinitely Variable Drives

Types of Infinitely Variable Drives
Mechanical Stepless Drives

8.35.1. P.LV. Drive

Electric Stepless Drives

Hydraulic Drives

Hydraulic Fluids Used in Machine Tool Drives
Element of a Hydraulic System

Pump Operation Methods

Hydraulic Valves

Hydraulic Circuits

Selection of Drive

Hydraulic Drive for Shaper and Milling Machine
Hydraulic Valves

Clutches

Control Systems in Machine Tools

Gear boxes with clutched drives

Flow chart for gear box

Newer Machining Processes

9.0.
9.1.
92.
9.3.
9.4.
9.5.
9.6.
9.7.
9.8.
9.9.
9.10.

Introduction

Classification

Electrochemical Machining (I ¢ ‘M)
Electrochemical Grinding (E.(.G.)
Electrodischarge Machining (1.D.M.)
Ultrasonic Machining (U.S.M )
Abrasive Jet Machining (A.J.M.)
Electron Beam Machining (E.3 M)
Laser Beam Machining (1. B.M )
Plasma Arc Machining (P.A.M.)

Hot Machining

Pages

293
293
294
295
296
296
297
297
298
298
299
299
299
300
301
, v 301
302
302
303
304
304
305
305
305
306
307
308
312

315--330
315
315
316
318
319
320
321

(xiit)
Chapter
9.11. - Explosive Forming
9.12.  Electro Magnetic Forming (E.M.F.)
9.13.  Hydro Forming
9.14.  Spark Erosion
10. Capstan, Turret and Automatic Lathes
10.0. Introduction
10.1. Comparison of Turret Lathe, Capstan Lathe and
Engine Lathe
10.2. Difference Between Capstan and Turret Lathe
10.3.  Principal Parts of a Capstan and Turret Lathes
10.3.1. Working and Auxiliary Motions
10.4.  Production Time
10.5. Turret Indexing Mechanism
10.6. Work Holding Devices
10.7.  Bar Feeding Mechanism
10.8.  Economics of Turret Lathe
10.9. Turret Lathe Tooling
10.10. Vertical Turret Lathe
10.10.1. Automation
10.11. Automatic Machines
10.12. Operating Cycle of Automatic Machine Tools
10.12.1. Types of automatic machines
10.13. Automatic Cutting off Machine
10.14. Swiss Type Automatic Screw Machine
10.15. Turret Type Automatic Screw Machine
10.16. Multi-spindle Screw Machines
10.16.1. Economics of automatic machines
10.16.2. Tool slides of automatic machine tools -
10.16.3. Methods of increasing production capacity
10.17. Cams
10.18. Layout of Cams
10.19. Numerical Control of Machine Tools
10.20. Basic Components of an N.C. System
10.20.1. The Numerical Control (N.C.) Procedur.
10.21. Numerical Control (NC) Systems :
10.21.1. N.C. System for Turning
10.21.2. Servo motor
10.22. Digital and Analogue Control

10.22.1. Acxis Selection
10.22.2. XYZ Codes

Pages

326
327
328
329

331—399
331

331
331

e 331

333
334
334
335
336
337
339
341
341
342
343
343
343
344
345
346
346
347
348
348
349
349
350
351
353
354
354
355
355
356




Chapter

10.23.
10.24.

10.25.

10.26.

10.27.
10.28.

10.29.
10.20.

10.31.
10.32.

10.33.
10.34.
10.35.

10.36.
10.37.
10.38.
10.39.

10.40.
10.41.
10.42.
10.43.
10.44.

(xiv)

Point to Point or Positioning System

Continuous Path System or Contouring System

10.24.1. Part programming (P.P)

10.24.2. Data required for part programming

10.24.3. Input media,

Tapes

10.25.1. Punched tape readers

10.25.1. (a) Buffer Storage

Advantages and Disadvantages of Numerical

Control

Codes

Machine Control Unit (MCU)

10.28.1. Features of modern N.C. machines

10.28.2. Tool designing for N.C. machines

10.28.3. Automatic Tool Changer (ATC)

Development of NC and CNC

Computer Numerical Control (CN C) of Machine

Tools

Functions of CNC System

Functions of CNC

10.32.1. Recirculating Ball Screw and Nut

Advantages of CNC

Direct Numerical Control (DN )]

Major groups of N.C. Machine Tools

10.35.1. Machiaing Centre

10.35.2. Block and Works in N.C. Systems

10.35.3. Function Words

10.354. Programming Formats

CAM

Transfer machines

Advantages and Disadvantages

Economic Comparison of Various Manufacturing

Systems

10.39.1. Time Comparison of Conventional
CNC and FMS Machining Methods

Production Capacity of Automatic Machine Tools

Computer Application in Production

N.C. System for Simple Turning

N.C. Machine Tools Drives

Economics of Numerically Controlled Machines

10.44.1. The Coordinate System in N.C. System

Pages

356
356
357
358
358
358
360
361

361
362
363
363
364
364
364

365
366
366
366
367
368
369
369
369
370
373
375
375
376

377

377
378
379
380
388
388
390

Chapter
10.44.2. Coordinates and reference points in N.C.
Machine Tools
10.45. Lanen Machining for Productivity
10.46. Decimal to binary conversion
11. Testing, Maintenance and Erection of Machine Tools
11.1.  Testing of Machine Tools
11.1.1.  Procedure for acceptance test
11.2.  Testing Equipment
11.3.  Order of Test
11.4.  Test Chart for General Purpose Parallel Lathes
11.5. Maintenance of Machine Tools
11.6. Preventive Maintenance
11.7.  Corrective Maintenance
11.8.  Reconditioning
11.9.  Erection of Machine Tools
11.10. Foundation
12. Typical Problems
12.1. Measurement of Tool-chip Inter-face Temperature
12.2. Measurement of Cutting Forces
12.3.  Design of a Single Point Lathe Tool
12.4.  Hydraulic Drive for Shaper
125.  Quality and Performance of a Machine Tool
12.6.  General Inspection of Machine Tools
12.6.1.  Care and maintenance of machine tools
12.7. Lubrication Record Card
12.8.  Corrective Maintenance Record Card
12.9. Geneva Wheel Mecharism
12.10. High Speed Steel (H.S.S.) Tools Bits
12.10.1. Specifying a single point tool
12.11. Valves Used in Hydraulic Systems
12.12. Copying Systems for Machine Tools
12.13. Types of Tool Bits
12.14. Hydraulic Drive for Milling Machine
12.15. Slotted Arm Quick Return Mechanism
12.16. Fellow’s Gear Shaper
12.17. Care and Maintenance of Cutting Tools
12.18. Effect of Various Factors on the Axial Thrust

(xv)

and Torque in Drilling

Pages

391
392
303

400—410

400
401
402,
403
403
403
407
407
409
409
410

411—449

411
. 411
412
414
415
416
416
417
417
418
418
419
419
420
421
422
423
425
429

429



Chapter

13.

12.19.
12.20.
12.21.
“12.22.
12.23.
12.24.

12.25.
12.26.
12.27.
12.28.

(evi)

Surface Treatment of Tools
Preventive Maintenance Planning
Programme of Preventive Maintenance
Preventive Maintenance Repair Cycle
Man Power Planning

Preventive Maintenance Stages for
Metal Cutting Equipment

Machine Stoppage During Preventive Maintenance
When to Replace a Machine Tool

Control Systems for Machine Tools

Transfer Devices in Automatic Machine Tool Systems
Problems

Objective Type Problems

Pages

‘130
431
431
433
434

435
436
436
437
438
449

450—472

1

Process of Metal Cutting

1.0. Metal Cutting

Metal cutting process consists in removing a layer of metal from blank
to obtain a machine part of the required shape and diménsions and with the
specified quality of surface finish.

A metal cutting tool is the part of a metal cutting machine tool that, in
the cutting process, acts directly on the blank from which the finished part is
to be made. The metal cutting process accompanied by deformation in com-
pression, tension and shear by a great deal of friction and heat generation is
governed by definite laws. In order to cut the material from blank the cutting
tool should be harder than material to be cut, the tool should penetrate the blank
and the tool should be strong enough to withstand the forces developed in
cutting. '_

Metals are given different usable forms by various processes. These
processes are of two types. ’

(a) Chip removal processes.
(b) Non-chip removal processes (Chipless processes).
1.1. Chip Removal Processes

In chip removal processes the desired shape and dimensions are
obtained by separating a layer from the patent workpiece in the form of chips.
The various chip forming processes are as follows :

(¥) Tumning (1) Shaping
(iii) Boring (iv) Drilling
(v) Milling (vi) Honing

(vii) Grinding.
During the process of metal cutting there is a relative motion between
the workpiece and cutting tool. Such a relative motion is produced by a
combination of rotary and translatory movements either of the workpiece or
of cutting tool or of both. This relative motion depends upon the type of metal
cutting operation. Table 1.0 indicates the nature of relative motion for various
continuous cutting operations.
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Table 1.0
Operation Motion of Workpiece Motion of Cutting Tool
Shaping Fixed Translatory
Turning Rotary Translatory
Drilling Fixed Rotary as well as
. translatory
‘Milling Translatory Rotary

In any metal cutting process the following aims should be achieved.
(¢) Work piece surface finish should be of desired quality. ,

(1) Metal removal rate should be high.

(117) Power consumed during the process should be low.

(iv) Cutting tool life should be more.

1.2. Chipless Processes

In chipless processes the metal is given the desired shape without
removing any material from the parent workpiece. Some of the chipless
Pprocesses are as follows :

() Rolling (it) Forging

(tii) Spinning (iv) Stamping.

1.3. Metal Cutting Principle

Metal cutting is one of the most important processes carried out in an
industry. The purpose of any metal cutting operation commonly called
machining is to produce a desired, shape, size and finish of a component by
removing the excess metal in the form of chips from a rough block of material.
Consequently the primary objective in metal cutting is the production of chips,
although these chips are only a means to an end and are discarded. They may
constitute more than 50% of the initial workpiece material. The machining
process should be carried at high speeds and feeds and least cutting effort and
atlowest cost. The cutting operation whether being carried out on lathe, milling
machine or any other machine tool is based on theory which is same for all
processes. Number of inter-related factors affect metal cutting, the more
important factors being as follows :

(9) The properties of work material.

() The properties and geometry of the cutting tool.

(1) The interaction between the tool and the work during metal cutting.

The exact mechanism of metal cutting briefly stated is that a cutting
tool exerts a compressive force on the workpiece. Under this compressive force
the material of the workpiece is stressed beyond its yield point causing the
material to deform plastically and shear off. The plastic flow takes place in a
localised region called shear plane (Fig. 1.1) which extends from the cutting
obliquely up to the uncut surface ahead of tool (Fig. 1.2). The sheared material
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Chip

Shear plane

Workpiece

Fig. 1.1

Area in shear

begins to flow along the cutting tool face in the form of small pieces called
chips. The compressive force applied to form the chips is called cutting force.
The flowing chips cause wear of cutting tool. Heat is produced during shearing
action. The heat generated raises the temperature of the work, cutting tool and
chips. The temperature rise in the cutting tool tends to soften it and causes loss
of keenness in the cutting edge leading to its failure. The cutting force, heat
and abrasive wear are thus the basic features of the material cutting process.
During cutting process the following properties of the workpiece
material are quite important.
(¥) Hardness
(1) Toughness
(iii) Inherent hard spots and surface inclusions
(iv) Abrasive qualities
(v) Tendency to weld.
On the other hand the tool material should be hard, strong, tough and
wear resistant.
One of the basic requirements for metal cutting operations is that the
tool is harder than the work piece. Both are held rigidly and the tool tends to
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penetrate into the work piece and this is how a small portion of work piece
material is removed called as chip.

1.3.1. Basic elements of machining

The basic elements of all machining operations are as follows :

(¥) Workpiece (i) Cutting tool

(ti7) Chip.

The workpiece provides the parent metal from which the unwanted
material is removed by the cutting action of tool to obtain desired size and
shape. For providing the cutting action a relative motion between tool and
workpiece is necessary.

1.4. Classification of Cutting Tools

Depending upon the number of cutting edges the cutting tools used in
metal cutting are classified as follows :

() Single point cutting tool

(&) Multipoint cutting tool.

() Single point cutting tool. This type of tool has an effective cutting
edge and removes excess material from the workpiece along the cutting edge.
Single point cutting tool is of the following types :

(a) Ground type (b) Forged type

(c) Tipped type (d) Bit type.

In ground type the cutting edge is formed by grinding the end of a piece
of tool steel stock. Whereas in forged type the cutting edge is formed by rough
forging before hardening and grinding. In tipped type cutting tool the cutting
edge is in the form of a small tip made of high grade material which is welded
to a shank made up of lower grade material. In bit type, a high grade material
of a square, rectangular or some other shape is held mechanically in a tool
‘holder. Single pointtools are commonly used inlathes, shapers, planers, boring
machines and slotters.

Single point cutting tool may be left handed or right handed type. A
tool is said to be right/left hand type if the cutting edge is on the right or left
side when viewing tool from the point end. Lathe tools, shaper tools, planer
tools and boring tools are singie point toals.

Multipeints cutting tools. They have more than one effective cutting
edge to remove the excess material from the workpiece. Milling cutters, drills,
reamers broaches and grinding wheels are multipoint cutiag tools.

1.5. Tool Geometry

The desirability of getting the maximum use from a tool before it needs
regrinding is one of the objectives of tool technology. Tool life is defined as

the length of time, a tool will operate before its failure occurs. There are many’

factors that contribute to cutting tool efficiency. Among the most important of
these are the following :
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(1) The shape of the cutting edge that removes the excess material.
(1) The correct selection of the type of cutting tool for the material to
be machined.
(i17) The correct choice of cutting speed and feed.
(iv) The proper seiting of cutting tool relative to work.
(v) The correct choice and proper application of coolants.

Unless the cutting tools is ground to the correct shape with correct
angles and unless it is ground with a keen, smooth cutting edge, time will be
wasted, accuracy will be impossible and a poor finish will result.

The optimum tool geometry depends upon the following factors :

(i) Workpiece material
(1) Machining variables
(@) Cutting speed (b) Feed
(c) Depth of cut
(i) Material of the tool point

(iv) Type of cutting.

Tool geometry refers to the tool angles, shape of the tool face and the
form of the cutting edges.

Fig. 1.3 shows a tvpical single point tool. The most important features
are the cutting edges and adjacent surfaces.

Minor cutting .
edge Tool axis

b

Cutting part

Base
Major cutting edge

Minor flank Major flank

Fig. 1.3

Fig. 1.4 shows the principal plane and cutting plane with reference to

a single point cutting tool with respect to velocity taken along. Z axis whereas
Fig. 1.5 shows principal and cutting planes in relation to working surface.
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WORK PIECE

CUTTING

PLANE. PRINCIPAL

CUTTING EDGE

AUXILIARY

CUTTING PLANE

PRINCIPAL
PLANE Y

PRINCIPAL

¥ SHANK s
Fig. 1.4 Fig. 1.5

Fig. 1.6 shows the geometry of a single point tool.
1.5.1. Terms and definitions
(i) Face. The face is the surface over which the chip flows.
(i) Cutting edge. The cutting edge carries out the cutting.
(tii) Nose. The nose is the comer, arc or chamfer at the junction of the
major and minor cutting edges.
(iv) Flank. Flank of the tool is the surface below the cutting edge.
(v) Tool angles. The various angles influence tool performance to a
considerable extent and therefore their value should be selected with great care

and consideration.
—— END CUTTING ANGLE

/

FACE SHANK

L Sgl-erme \*Z\ NOSE RADIUS
/ BACK RAKE ANGLE

LIP ANGLE

Y SIDE RAKE ANGLE

e

\
k‘y\_ END RELIEF

/

St bl ANace
Fig. 1.6
The various functions of the rake or slope of the tool face are as follows :

(7) Tt allows the chip to flow in a convenient direction.

(i1) It gives sharpness to the cutting edge.
(iii) It increases tool life.
(iv) An improved surface finish is obtained.
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(v) The cutting force required fo shear the metal is reduced, and
therefore power required during cutting is reduced.

The amount of rake angle to be provided on a cutting tool depends upon
the following factors :

(1) Material of the workpiece

(i) Material of cutting tool

(i1i) Rigidity of the machine tool

(tv) Depth of cut.

Back rake angle. It measures the downward slope of the top surface
of the tool from the nose to the rear along the longitudinal axis. Its purpose is
to guide the direction of the chip flow. It also serves to protect the point of the
cutting tool. (Fig. 1.7). The size of the angle depends upon the material to be
machined, the softer the material the greater should be positive rake angle.

Fig. 1.7
Aluminium requires more back rake angle than cast iron or steel. Back rake
angle may be positive, neutral ornegative. Fig. 1.8 shows a tool with a positive
back rake angle. Fig. 1.9 shows a tool with a neutral back rake angle and
Fig. 1.10 shows a tool with a negative back rake angle.

Positive

E

13

Fig. 1.8

Higher value of rake angle weakens the cutting edge. A negative rake
angle increases tool forces to some extent but this minor disadvantage is off. .

. set by the added support to the cutting edge. This is particularly important in

making intermittent cuts and in absorbing the impact during the initial engage-
ment of the tool and work.
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)//,Neutral

v

Fig. 1.9

%k/////Negative
—(’/ <

Fig.1.10

The inherently tough H.S.S. tools are used with positive rake mainly
for reducing the magnitude of cutting forces power, consumption and cutting
temperature.

Positive rakes are used when cutting low tensile strength and non-
ferrous materials, materials which work harden while being machined.

Negative rake angles are used for machining high tensile strength
materials, heavy feeds and interrupted cuts. It is the rare case that a negative
rake will be used that high speed or cast tool bits. They are generally used for
carbide tool cutting materials such as grey, malleable cast iron, cast steels, hot
work die steels, and tool steels.

Excessive positive rake weakens the cutting edge.

Cemented carbide cutting tools are normally given negative rake
because cemented carbide possess very high compressive strength and com-
paratively very low tensile and shear strength.

The advantages of negative rake cutting when using sintered carbide
or ceramics tool under suitable conditions are as follows :

(i) Higher cutting speeds may be used.
(i) There is a less tendency for a built up edge to form on the tool.
(iii) The heat conductivity of the working part of the tool is improved.

(iv) Favourable combination of conditions in that at high cutting speeds
and corresponding high chip velocity, heat is carried away rapidly by the chip.
Negative rake cuiting with sintered carbide cutting tools can be applied with

advantage on ductile steels. The machine tools using such tools must possess -

considerable rigidity and be equipped with high quality bearing.
(v) The main cutting force is directed towards strongest part of the tool.
A cutting tool with positive rake (Fig. 1.11) results in a force com-
ponent in the direction of arrow A which tends to shear the edge of tool. When
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EALToolk

Workpiece )

Fig. 1.11

al

wid e BOOIL.

B
Workpiece

Fig. 1.12

the cutting tool is provided with a negative rake (Fig. 1.12), the main force
component is directed at the strongest rake section of the tool, as shown by
arrow B. Cutting tools with negative rake angle are stronger and are used to
cut high strength alloys.

However the use of an increased negative rake angle leads to increased
cutting force during machining. This causes vibrations, reduces machining
accuracy and raises power consumed in cutting. Therefore tools with negative
rake should be used only when absolutely necessary.

Side rake angle. It measures the slope of the top surface of the tool to
the side in a direction perpendicular to the longitudinal axis. It also guides the
direction of the chip away from the job. The amount that a chip is bent depends
upon this angle. With increase in side rake angle, the amount of chip has to
bend decreases and hence the power required to part and bend the chip
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decreases. Larger side rake angle produces smooth surface finish. Fig. 1.13
shows side rake angle.

side rake angle

Side relief angle

Fig. 1.13

End cutting edge angle. It is the angle between the face of the tool
and a plane perpendicular to the side of the shank. It acts as a relief angle that
it allows only small section of the end cutting edge to contact the machined
surface and prevents chatter and vibration. Normally it varies from 5 to 15°.

Side cutting edge angle. It is the angle between the side cutting edge
and the longitudinal axis of the tool. It avoids formation of built up, edge,
controls the direction of chip flow and distributes the cutting force and heat
produced over larger cutting edge.

Side relief angle. It is the angle made by the flank of the tool and a
plane perpendicular to the base just under the side cuiting edge. This angle
permits the tool to be fed side-ways into the job so that it can cut without
rubbing. If the side relief angle is very large the cutting edge of the tool will
break because of insufficient support whereas if the side relief angle is very
small the tool can not be fed into the job, it will rub against the job and will
get overheated and become blunt and the finish obtained on the job will be
rough.

End relief angle. It is the angle between a plane perpendicular to the
base and the end flank. This angle prevents the cutting tool from rubbing
against the job. If the angle is very large the cutting edge of tool will be
unsupported and will break off. Whereas if this angle is very small the tool
will rub on the job, cutting will not be proper and poor finish will be obtained
on the job. Its value varies from 6 to 10°.

Nose radius. The nose radius is provided to increase finish and strength
of the cutting tip of the tool. Small radii will produce smooth finishes and are
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used on thin cross-section of work. Large radii strengthen the tool and are used
on cast iron and castings, where the cuts are interrupted.

Recommended tool angles for H.S.S. single point tools for some of the
commonly used materials are indicated in Table 1.1.

Table 1.1
Relief Angle Rake Angle

Material (degrees) (degrees)

Side End Back Side
Aluminium 12—14 8—10 30—35 14—16
Brass
(Free cut) 10—12 8—10 0 1—3
Cast Iron
(Gray) 8—10 6—8 35 10—12
Copper
(Commercial) 12—14 12—14 14—16 18—20
Steel 7—9 6—S8 5—7 8—10

Recommended tool angles for carbide single point tool are indicated

in Table 1.2.
Table 1.2
Material Relief Angle Rake Angle
(degrees) (degrees)
Side Ernd Back Side

Aluminium 6—10 6—10 0—10 10—20

Copper 6—38 6—S8 0—4 15—20

Brass 6—8 6—8 0—(-9) 8—(-5)
. Cast Iron 5—8 6—8 0—(-7) 6—(-7)

Steel 5—10 5—10 0—(-7) 6—(-7)

1.5.2. Methods of holding tool
There are different ways of holding single point cutting tools. Tool
directly fitted into tool holder is shown in Fig. 1.14 whereas Fig. 1.15 shows
a tool fitted in a tool post.
The tool held by a clamp is shown in Fig. 1.16 and tool insert brazed
to a tool shank is shown in Fig. 1.17.
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Tool Eif Tool post

Tool bit  Holdep e

Fig. 1.14 Fig. 1.15
e
o
= Insert
Clamp Shank
Insert
| Braze
Fig. 1.16 Fig. 1.17
1.6. Tool Signature

The tool angles have been standardised by the American Standards
Association (A.S.A.). The seven important elements comprise the signature of
the cutting tool and are stated in the following order.

Back rake angle, side rake angle, end relief angle, side relief angle, end
cutting edge angle, side cutting end angle and nose radius. It is usual to omit
the symbols for degrees and mm, simply starting the numerical value of each
element. For example a tool having tool signature as 10, 10, 6, 6, 8, 8, 2 will
have the following angles :

Back rake angle = 10°

Side rake angle = 10°

End relief angle = 6°

Side relief angle = 6°

End cutting edge angle = 8°

Side cutting edge angle = 8°

Nose radius = 2 mm.

1.6.1. Requirements of a cutting tool

A cutting tool intended for high production machining should be
possess the following requirements :

(?) It should be amply strong and rigid.
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(i7) It should be kneely sharpened with a high class finish.
(717) It should have optimum geometry.
(#v) It should be producible in manufactire and convenient in use.

The performance and economy of cutting tool mainly depend on the
following :

() Cutting tool material properties.
(#1) Geometry of cutting tool.
(#i1) Methods used for mounting, clamping, indexing and change over
for cutting tools.

The operational characteristics of a cutting tool are described by
machinability produced. There are three main aspects of machinability
(®) Tool life
(%) Surface finish
(uii) Power required to cut.

1.7. Two systems of Defining the cutting Angles of a Single Point Tool

The cutting angles of a single point tools are commonly defined in two
systems called L-M-N planes and X-Y-Z planes. The L-M-N plane system is
chosen in reference to three mutually perpendicular planes. The plane L called
as cutting plane being a vertical plane is tangent to the cutting edge of the tool.
The plane M called as orthogonal plané being a vertical plane is perpendicular
L plane. The plane N called as base plane is a horizontal plane being perpen-
dicular to L and M planes. The various angles according to this shown in
Fig. 1.18 are as follows :

o = Side relief angle.
B = Wedge angle.
v = Orthogonal rake angle.
0 = Cutting angle = a + f.
¢1 = Auxiliary cutting edge angle.

0 = Nose angle.

¢ = Plane approach angle. (Principal cutting edge angle).
A\, = Inclination angle.
o1 = End relief angle. U u i ,_: k',

p1 = Bide wedge angle.
y1 = Side rake angle.

This system is also known as International Orihogonal System of
designating tool angles.
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Fig. 1.18. Tool angles in L-M-N plane.
The various angles in X-Y-Z systems are shown in Fig. 1.19. The system

is the most popular system. This system is also called American system of tool
nomenclature.

g ” =3
. X4

SECTION ACROSS X-PLANE

WORK PIECE
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?
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-

SECTION ACROSS Y-PLANE

Fig. 1.19. Tool angles in X-Y-Z planes.

o, = Back rake angle.

B, = End relief angle.

o, = Side rake angle.

B, = Side rake angle.

0 = Nose angle.

¢, = Side cutting edge angle.
¢.1 = End cutting edge angle.
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Inter-relationship between different angles of system L-M-N and sys-
tem X-Y-Z is as follows :

Tane\ = tan a,, sin ¢ —tan o, cos ¢

Tan o, = sin ¢ tan y — cos ¢ tan A

Tamoy, = cos ¢ tan y + sin ¢ tan A

Tan y = tan a, cos ¢ + tan o, sin ¢

Normal rake angle (y,) is given by
f Tan y, = tan y cos A.
1.8. Types of Metal Cutting Process

The metal cutting processes are of two types :

() Orthogonal cutting pgocess {two dimensional cutting).

. (i) Oblique cutting process (three dimensional cutting).

Orthogonal cutting. Orthogonal (two dimensional) cutting occurs

when the major cutting edge “of the tool is presented to the work piece

Workpiece
(a)

Workpiece

/

Tool

(b}



16 MACHINE TOOL ENGINEERING

perpendicularto the direction of feed moti(?n. Orthog.onaI cutti.ng involl\lles oply
two forces and this makes the analysis of cutting motion much easier.
(Fig. 1.20).

Oblique cutting. This form of cutting occurs when the .major edge of
cutting tool is presented to the work piece at an angle which is not perpen-

dicular to the direction of feed motion (Fig. 1.21).

Chip flow angle

Cutting edge
ineclination

Workpiece

(a)

Workpiece

PROCESS OF METAL CUTTING

17

1.8.1. Comparison of orthogonal and oblique cutting

These two methods are compared as follows :

Orthogonal cutting Obligue cutting
(9) The cutting edge of the tool remains | The cutting edge of the tool is inclined
normal to the direction of tool feed. | atanacute angleto the direction of tool
" feed.

(#) Thedirection of chip flow velocity is | The direction of ship flow velocity is
normal to the cuttingedge of the tool. | at an angle with the normal to the

cutting edge of the tool.

(1i5) The cutting edge clears the width of | The cutting edge may or may not clear
the workpiece on either ends. the width of the workpiece.

(#v) Only two components of cutting for- | Three mutually perpendicular com-
ces act on the tool. These two com- | ponents of cutting forces act at the
ponents are perpendicular to each | cutting edge of the tool.
other.

1.9. Chip Formation

The type of chip produced during metal cutting depends upon the
machining conditions and material being cut. The variable which influence the
type of chip produced are as follows :
(9) Properties of material cut especially ductility

(&) depth of cut
(#ii) feed rate

(iv) effective rake angle of tool
(v) cutting speed

(vi) type and quantity of cutting fluid.

Tool

@
Fig. 1.21. Oblique cutting.

Factors like surface finish of tool faces, coefficient of friction between
tool and chip, and temperature reached in the region of cutting also have some
influence on chip formation but are generally less significant as compared to
variables listed above.

Three different type of chips formed during metal cutting are as
follows :

(?) Continuous chip
(¢) Discontinuous chip
(#%i) Continuous chip with a built up edge. .

Continuous chip. A continuous chip is obtained when cutting ductile

materials such as low carbon steel, aluminium and copper. This chip is severely

deformed and either comes off in the form of a long string, or curls into a tight
roll (Fig. 1.22).
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Some very soft and ductile materials with a low strength tend to tear
away from the parent metal of the workpiece rather than shear clearly. This
results in a rough surface that has to be cleaned up by a very Keen cutting edge.

"In addition to ductile workpiece material the other conditions which favour
their formation are fine feed, sharp cutting edge, higher cutting speeds and
larger rake angles.

Chip
Too.l

Workpiece

Fig. 1.22. Continuous chip.

Discontinuous chip. Brittle materials such as grey cast iron, lack the
ductility necessary for appreciable plastic chip formation. Consequently the
compressed material ahead of tool fails in a brittle manner along the shear zone
producing small fragments. Such chips are called discontinuous chips. (Fig.
1.23). Lower cutting speeds and insufficient rake angles cause the formation
of such chips.

Discontinous chips
Tool

N\

Workpiece

Fig. 1.23. Discontinuous chip.

Continuous chips with a built up edge. When during cutting, the
temperature and pressure is quite high it causes the chip material to weld itself
to the tool face near the nose (Fig. 1.24). This is called ‘‘Built up edge”’. This
accumulated build up of chip material will then break away, part adhearing to
the underside of the chip and part to the workpiece. This process gives rise te
a poor finish on the machined surface and accelerated wear on the tool face.
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High friction at tool face, coarse feed, low rake angle and ineffective use of
cutting fluid produce such chips.

Fragments of built
up edge on workpiece

and chip

Workpiece

Fig.1.24
1.9.1. Areas in metal cutting

The important areas of interest in metal cutting are shown in Fig. 1.24
(@). First area (A) extends along the shear plane and is the boundary between
the deformed and undeformed material or the chip and the workpiece. The
second area (A;) includes the interface between the chip and the tool face.
While the third area (A3) includes the finished or machined surface and the
material adjacent to that surface.

Chip
A
: 2 Tool
A1
Az
\—/
Workpiece

Fig. 1.24 (a)
The important aspect in first area (A;) is the plastic deformation
characteristics of the material cut, whereas in second area (A,) the friction and
wear characteristics of the tool workpiece combination and the important

aspect in third area (As) is the surface roughness produced and the residual
stresses involved in the surface constituting the area.




20 MACHINE TOOL ENGINEERING

1.10. Chip Thickness Ratio

The outward flow of the metal causes the chip to be. thicker after
separation from the parent metal. Metal prior to being cut is much longer than
the chip which is removed (Fig. 1.25).

Workpiece

Fig. 1.25
Let t; = chip thickness before cutting
t, = chip thickness after cutting
chip thickness ratio, r = —g
The chip thickness ratio or cutting ratio is always less than unity. If the
ratio r is large, the cutting action is good. A ratio of 1 : 2 yields good results
k = chip reduction coefficient
=1/r
when metal is cut there is no change in the volume of the metal cut.
~t1.br.ly = 12.b,.1,
t; = chip thickness before cutting (Depth of cut)
where b; = width of cut
1; = length of chip before cutting
t, = chip thickness after cutting
b, = width of chip after cutting
I, = length of chip after cutting
It is observed that b; = b,

tl'll = t2.l2
h b
—=—=—=7.
L L

Although chip thickness ratio can be obtained by measuring chip
thickness (f,) and depth of cut (¢;) this is not the most precise procedure. Chip
thickness ratio can be easily obtained by measuring /; and /.
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From the right angle triangle ABC (Fig. 1.25), we have

E:sinﬁ
_ _BC _ 41 ;
B (D)

From right angle triangle ABD
Ty
=sin (90 - B + a) = cos (B —a)

AB
or izcos(ﬁ—(x)
AB
) o
m=AB .(i1)
From (7) and (i) we get
4 ty
sin ~ cos B-o) i
L sin
5" cos(B-a)
= sin 8
" cos B cos a. + sin B sin o
= sin 8
"~ cosf cos a + sin P sin o
rcosﬁcosot+rsinﬁsin(x_1
sin B sinp
r cos a :
———+rsina=1
tan
7 cos o ;
b =1-rsina
7 cos a
= S —-rsino’

Shear angle can be measured by measuring chip thickness, depth of
cut and rake angle of tool. This can be most conveniently solved with the help
of nomograph shown in Fig. 1.26 for determining shear angles.

1.11. Chip Breaker

Chip breakers are provided to control the continuous ribbon-like chips
that are formed at high cutting speeds. Continuous chips are dangerous to the
operator of the machine. These chips are hard, sharp and hot. They become
entangled around the revolving job and the cutting tool. The chip breaker
deflects the chip at a sharp angle and causes it to break into small pieces. So
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Fig. 1.26. Nomograph for Shear Angles.
that they are easily removed by the coolant or air or simply allowed to fall into
the chip pan of the machine.
There are basically two types of chip breakers :
(1) Groove type
(1) Obstruction type.
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Fig. 1.27 shows the groove type chip breaker.
Chip breaker
S ¢ A

V- =
/£ —
C - f— v
: =
Fig. 1.27

Fig. 1.28 shows an obstruction type chip breaker.

Chip breaker e

I

Y
YY)

Fig. 1.28
1.12. Radius of Chip Curvature

In an obstruction type chip breaker the chip starts to curl away from
the tool face at the end of chip tool contact region and that the chip then
maintains a constant radius of curvature until it clears the chip breaker. (Fig.
1.29). The radius of the chip curvature can be found by the following formula.

(S-H) h
R="5 %3
where R = Radius of chip curvature
S = Chip breaker distance
H = Length of chip tool contact
h = Chip breaker height.

It is observed that larger shear angles require less cuttings forces than
smaller shear angles because smaller the shear angle the greater thickness of
the material which the fracture plane need to traverse. (Fig. 1.30) the shear
angle is a function of the rake of the tool, the material be’..g cut and the friction
at the face of the tool. As shown #3 > t, > #; and shear angle B, < ;. The chip
thickness is £, when shear angle is ; and chip thickness is £3 when shear angle
is fo.
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SIS I

_ Fig.129

Workpiece

Fig. 1.30

Curling of Chip. The chip curls into a spiral because the layer
adjoining the tool is deformed. It can be seen in Fig. 1.31 that on the side facing
the force P the layer becomes thicker and acquires a wedge shape as a result
of which the curvature (curling) is produced. Another reason for curling the
chip is that in meeting the tool face a change in its direction of flow away from
tool face takes place curling is also produced by the non-uniform cooling of
the chip throughout its thickness. Depending upon the machining conditions
the chip may cut into a flat (logarithmic) spiral or into a helix.
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1.13. Chip Reduction Coefficient

The chip produced during metal cutting tums out to be shorter than the
part of the work from which it has been cut (Fig. 1.32) because of the plastic
compression of the layer of metal being cut. This shortening of the chip is

le— _Tool
h\\L

Chip

2

L

Workpiece

Fig. 1.32. Chip contraction.
known as longitudinal chip contraction and its, magnitude is characterised by
the coefficient of contraction.
' Let, K = Chip reduction co-efficient
L, = Length of the section of the work from which chip was
removed in mm
L, = Length of chip cut from the section in mm
Ly
= T
The value of K may be as high as 6 to 8 depending upon the machining
conditions. The coefficient of chip contraction is a certain quantitative measure
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of the degree of plastic deformation in metal cutting smaller value of chip
contraction coefficient indicates less plastic deformation in cutting process and
this will require less power consumption to machine the given workpiece. Chip
contraction depends upon the following factors :

(¢) Cutting variables such as cutting speed, feed and depth of cut.

(1) Geometry of cutting tool.

(i) Type of cutting fluid used.

(v) Type of material of work piece and its mechanical properties.

It is observed that the greater the cutting angle (or the smaller the
positive rake angle) the greater the contraction. An increase in nose radius
leads to greater chip contraction. Fig. 1.33 shows the effect of cutting speed
(V) on chip reduction coefficient K. With an increase in cutting speed contrac-
tion is first reduced, reaching a minimum and then increases reaching a

30
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Fig. 1.34

PROCESS OF METAL CUTTING 27

maximum after which it drops again. Fig. 1.34 shows variation of chip
reduction coefficient with feed upon an increase in feed coefficient of chip
reduction is usually reduced.

The effect of surface active cutting fluids is clearly manifested is the
reduction of chip contraction (Fig. 1.35).

4.0 {
\
\ Dry
3.5 | Refined kerosene
Emulsion
Acetivated kerosene
30 |
s
2.5
2.0
Feed
Fig. 1.35

1.14. Cutting Speed, Feed and Depth of Cut

Cutting speed. It is the travel of a point on the cuiting edge relative to
the surface of cut in unit time in the process of accomplishing the primary
cutting motion. For example in lathe work when a workpiece of diameter D
rotates at a speed N revolutions per minute the cutting speed (V) is given by
the relation
y=C .D.N

1000
where D = Diameter of workpiece in mm.

Feed. The feed or more precisely rate of feed is the amount of tool
advancement per revolution of job parallel to the surface being machined.
Feed is expressed either as the distance moved by the tool in one minute. It is
expressed in millimetres per revolution. On a shaper feed is the distance the
work is moved relative to the tool for each cutting stroke. Feed is expressed
as millimeters per tooth for milling cutters and broaches. Feed depends on
depth of cut, rigidity of cutting tool and type of cutting tool material. Higher
feeds are used in roughing cuts, rigid set-ups, soft materials, rugged cutters

m per min.
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and heavy machine tools. Lower feeds are used for finishing cuts, frail set-ups,
hard work materials and weak cutters. Normally feed varies from 0.1 to 1.5
mm. p

In milling a good commercial surface finish can be obtained by using
a feed rate of 0.75 mm to 1.25 mm per revolution of the cutter. Finer feeds
such as 0.4 mm per revolution of cutter will result in an excellent surface finish.

Table 1.3 shows cutting speed and feed for H.S.S. tuming tools for
machining some of the materials.

Table 1.3

Material to be Cutting speed Feed
machined (m/min) (mmjrev)
Aluminium 70—100 0.2—1.00

Brass (Free cutting) 70—100 02—1.5
Copper 35—70 0.2—1.00
Grey Cast Iron 25—40 0.15—1.7
Mild Steel 35—50 0.2—1.00

In lathe work distinction is made between longitudinal feed when the
tool travels in a direction parallel to the work axis and cross feed when the tool
travels in a direction perpendicular to the work axis.

Feed of a lathe and similar machine tools is the distance the cutting
tool is fed for each revolution of work. The feed of drilling machine is the rate
at which drill is advanced into the work piece per revolution of drill. The feeds
for reaming operation is usually higher than that used for drilling because
reamers have more teeth and a reaming operation is used for sizing and
finishing. The feed of shapers and planers is the distance the cutting tool
advances at the end of each cutting stroke. Feed of a milling machine is
expressed in millimeter per minute of table movement.

The maximum feed is limited by the following factors :

() Cutting edge strength
(i7) Rigidity and allowable deflection
(#i2) Surface finish required

(iv) Tool chip space. y

Use of proper cutting fluid permits higher feeds and increased cutting
speeds as well as attainment of better surface finish.

Feed is measured in different units as follows :

() mm/Rev in machine tools with rotary drive motion such as lathes,
boring machines.

(%) mm/stroke in machine tools with reciprocating drive motion such
at shaper, planer.

(i) mm/tooth in machine tools using multiple tooth cutters such as
milling machine.
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Let, f = Feed per revolution or feed per stroke
f,» = Feed per minute
= f X N

where N = Number of revolutions or strokes per minute

Feed per tooth in multiple tooth cutters is related to the feed per
revolution as follows :

g id v
where f; = feed per tooth of cutter

z = Number of teeth on cutter.

The machining time to carry out any operation on a machine tool is
determined as follows :

T = Machining Time (minutes)
_L
A
where L = length of machine surface (millimetre)

fin = Feed per minute.

Depth of cut. It is the thickness of the layer of metal removed in one
cut or pass measured in a direction perpendicular to the machined surface. The
depth of cut is always perpendicular to the direction of the feed motion.

In external longitudinal turning it is half the difference between the
work diameter (D,) and the diameter of the machined surface (D,) obtained
after one pass.

D, -
t = Depth of cut = >

Fig. 1.36 shows cutting speed (v), depth of cut (i) and feed (f) for lathe,
milling machine, drill machine and shaper.
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In general speed and feed depend upon the following factors :
(1) Type of material of workpiece.

(i) Type of material of cutting tool.

(#i) Quality of finish desired. (iv) Type of coolant used.

(v) Rigidity of the machine tool.

Table 1.4 shows typical lathe turning speeds for ceramic tools.

Table 1.4
Material to be cut Roughing (m/min) Finishing (m/min)
Upto 0.2 Carbon Steel 130—260 320—240
0.2 to 0.3 Carbon Steel 100—200 260—320
0.3 to 0.4 Carbon Steel 80—160 230—300
0.4 to 0.6 Carbon Steel 65—100 130—200
Cast Iron (BHN 217) 160—320 320—500

1.15. Objectives of a Good Tool Design

A cutting tool should be made up’of proper material and should be
accurately designed in order to achieve the following objectives.

(1) Easy chip flow. (i1) Proper surface finish and accuracy.

(i17) High productivity. (iv) Less amount of input power.

(v) Minimum overall cost.

The tool designed should have sufficient strength to maintain a sharp
cutting edge during cutting and should have sufficient hardness to prevent
picking up the chips.

1.16. Cutting Tools Materials

The purpose of cutting tool material is to remove metal under control-
led conditions. Therefore the tool must be harder than the material which it is
to cut. The cutting tools are made up of different materials. The cutting tool
material should possess the following requirements :

(?) It should be strong enough to withstand the forces beiig applied
due the cutting i.e. bending compression, shear etc.

(@) It should be tough (resistant to shock loads). It is quite important
when tool is used for intermittent putting.

(#ii) It should be sufficient harder (resistant to wear, abrasion and
indentation) the material being cut.

(v) It should be able to resist high temperature.

) It should be capable of withstanding the sudden cooling effect of
coolant used during cutting.

(vi) The coefticient of friction between the chip and the tool should be
as low as possible in the operating range of speed and feed.
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(vii) It should be easily formed to the required cutting shape.

Material chosen for a particular application will depend on the material
being machined, the quantity of components to be produced, the cost of cutting
tool materials, the type of machining operation (intermittent or continuous
roughing or finishing, high or low speed etc.), the tool design details (cutting
and clearance angles method of holding rigidity etc.) and the general condi-
tions of machine tool.

Several materials exhibiting above properties in varying degrees have
been developed for use in cutting tools.

The following metals suitably heat treated wherever required (tungsten
carbide and ceramics are not heat treatable) are used in the manufacture of
cutting tools :

(a) Carbon tool steel. (b) High speed steel.

(c) Cemented carbides. (d) Ceramics.

(e) Diamonds.

Carbon tool steels. Carbon steels are limited in use to tools of small
section operating at lower speeds. A typical plain carbon steel used for cutting
tool has the following composition.

C=0.8101.3%, SI=0.11t00.4%, Mn=0.1t00.4%.

Such steels when hardened and tempered have good hardness, strength
and toughness and can be given a keen cutting edge. Tools made up of plain
carbon steel can be used for machining soft materials such as free cutting steels
and brass. This material starts loosing its hardness at about 250°C and is
therefore not used when the operational temperature is more.

High speed steels. High speed steel tools give improved cutting
performance and higher metal removal rates. High speed steel is widely used
for drills, many types of general purpose milling cutters and single-point tools.

Although several types of high speed steels are in use but 18-4-1 high
speed steel containing tungsten 18%, chromium 4% and vanadium 1% is quite
commonly used. This type of material gives excellent performance over a great
range of materials and cutting speeds and it retains its hardness upto around
600°C. The coolant should be used freely to increase tool life. The chief
characteristics of high speed steels are superior hardness and wear resistance.

Sometimes, the surface of high speed steel tools are treated by the
following methods to reduce friction and to increase wear resistance.
(¢) Super finishing (to reduce friction).
(if) Chromium of electrolytic plating (to reduce friction).
(iii) Oxidation (to reduce friction).
(iv) Nitriding (to increase wear resistance).

Table 1.5 indicates some of the carbon tool steels.
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S o Cemented carbides. They consist of tungsten, tantalum and titanium
Q | - carbides together with a binder usually cobalt all mixed together as fine
;§ ot sedacobe dwid i powders. These powders are compacted (compressed) into the required shape
and subjected to a high temperature treatment known as sintering. During this
S = B process the cobalt binder is fused to the carbides, producing a hard, dense
S substance. :
Tools made up of cemented carbides are extremely hard having Rock-
N pryaf 4pad g g g well hardness varying from 90—93 HRC. They can be used at cutting speeds
O B |%% o 200 to 500% greater than those used for high speed steel. They have virtually
replaced high speed steels in high speed and high producing machining.
Cemcnted carbides are very hard and the usual practice is to confine the size
R [ 2 3 to a relatively small shape known as an ‘‘insert’” which is clamped to 2 tough
» = =ho - steel shank or holder. This has the advantage that the tool bit is well supported
§ § § § § § o Y to resist the cutting forces. This insert may have three to eight edges and is so
5 '§ _§ < designed that each of its cutting edges can be used in tumn. It may then be
-‘é Eo B | = |1 | discarded and replaced with a new tool bit giving low maintenance and
@ & % = %‘* breakdown time.
&S E (;ng O SR DL The general characteristics of carbide tools are as follows.
% 3l |B8888 88| & 2 § E o> S (9) They have high thermal conductivity, low specific heat and low
S |8 Sl eie = 3 o2 |3 | thermal expansion.
2 | S o 2 > ; (#2) They have high hardness over a wide range of temperature (up to
"é E § B ki o § \é 'é R 900°C).
8 g 2 e § oI = £ = ~ (iii) Their compressive strength is more than tensile strength.
) = L |ggg888 g = (iv) They are very stiff. Their Young’s modulus is about three times
o gl oo g & _% o |Mw u than steel.
% E” s ) S . o Ceramics. Aluminium oxide and boron nitride powders mixed
&= o together and sintered at 1700°C form the ingredients of ceramic tools. These
o materials are very hard with good compressive strength. Ceramics are usually
5 E X 4@ 4 in the form of disposable tips. They can be operated at from two to three times
T |848888 | o el the cutting speeds of tungsten carbide and cutting speeds on cast iron in the
= coooco0o = . ; . :
= order of 1000 m/min are not uncommon. They resist cratering, usually require
g R |8 ¢ no coolant. However in order to take full advantage of their capabilities special
= =" Fefol i and more rigid machine tools are required.
E Ceramic and cemented carbide cutting tools should be sharpened to a
§ § § § § E § E ‘ R |g2 g high degree of surface finish to minimise friction between tool and chip. This
% B lee & will improve to efficiency of the cutting process and less power will be
= absorbed and there will be a less tendency for a built up edge to form on the
o) 2 5 = |5 3 cutting face of the tool.
§ .§ o i TR 2 '§ g :6) }’B‘ § Cemented carbide or ceramic tips can be brazed to medium carbon
S §° 28 seaf s E S e = steel shank and resharpened by grinding when necessary. For many applica-
2. B 1 F S 20 A T 8|8 > = tions it is more economical to clamp the tip to the shank (Fig. 1.37). The
q S e S ERSES
~
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technique enables a tip to be thrown away (called throw away tips) at the end
of its useful life and new tip to be clamped to the existing shank.

Tool shank
Clamp serew
Insert Seating
Fig. 1.37

The various conditions for the effective use of carbide or ceramic tool
are as follows :

(i) Rigidity of tool and workpiece.

(iY) Highly finished surface on cutting tool.
(ii7) High cutting speeds.

(iv) Use of machine tool having high quality bearings.

(v) Use of effective chip bearings.

(vi) Elimination of any unbalanced forces
(vii) Chip guards are essential when using these tools.

Diameonds. Diamond is the hardest material known. It bas a low
coefficient of friction, high compressive strength and is extremely wear
resistant. It is used mainly for cutting very hard materials, such as glass,
plastics, ceramics etc. Diamond tools produce a very good surface finish at
high speeds with good dimensional accuracy. Diamond tools are small and are
best suited for light cuts and finishing operations. Other application for
diamond is that it is used for truing the grinding wheels. The general properties
of diamond may be summarised as follows :

1. It is the hardest known substance.

2. It has lowest thermal expansion of any pure substance.

3. It has high heat conductivity.

4. It is poor electrical conductor.

5. It has very low coefficient of friction against metals.

Since very high hardness is always accompanied by brittleness a
diamond tool must be cautiously used to avoid rupturing the point. This usually
limits the use of diamond tools to light continuous cut in relatively soft metals
and low values of rake angle are usually used to provide a stronger cutting
edge.

The main disadyantages of diamonds are their brittleness and high cost.
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1.17. Variation of Hardness with Temperature

Fig. 1.38 shows the variation of hardness with temperature for the tools
made up of different materials.

1. A plain carbon tool steel tool.

2. An 18-4-1 high speed steel tool.

3. A cast alloy tool.

4. A cast iron grade cemented tungsten carbide tool.

1.18. Economic Comparison of Tool Materials

The principal tool materials are high speed steel, cemented carbide and
ceramics in increasing order of hardness and reducing order of toughness. High
speed steel is quite commonly used as it can be used to manufacture compli-
cated shaped cutting tools such as drills, taps, reamers, dies and milling cutters.
Cemented carbide because of its high cost and need to form it in its final shape
has limited applications and is generally used for rough or finish turning and
face milling operations. Ceramic tool material is brittle, cannot withstand high
force and is generally used in finish turning operations.
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Fig. 1.38

Properties of tool materials are basically govemed by the following :
(?) Chemical composition of the materials.

(#) Type and size of grains of materials before manufacture.

(i) Manufacturing process.

(tv) Finishing treatments.

1.19. Multi-edge Cutting Tools

Multi-edge cutting tools present more than one cutting edge to the
work. They have a higher metal removal rate than single edged cutting tools
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and also the life of the multi-edge cutting tool is raised by increasing the
number of cutting edges. The different multi-edge cutting tools are divided
into two groups as shown in table 1.7. A grinding wheel is also a form of
multi-edge cutting tool.

Table 1.7
Group Machines Cutting Tools
A Drills Twist drills
Capstan Reamers
Lathe Multi-flute core drills
Turret Counter bores spot
Iathe Facing cutters.
B Milling Saws and slotting
Machines cutters
Side and face cutters
Slab mills
End mills
Face mills
Form-relieved cutters.

The tools in groupA have their cutting edges in continuous engagement
with the work and are fed axially at a uniform feed per revolution. The
underformed chip thickness is therefore constant and directly proportional to
the feed/rev. The geometry and mechanics of cutting are then identical with
those discussed for single point tools. The various tools in group B have their
cutting edges intermittently engaged with the work and are fed in a plane
parallel or perpendicular to the cutter axis of rotation.

1.20. The Twist Drill

It is used to produce a hole in the workpiece. Its sole purpose is to
remove the maximum volume of metal in a minimum period of time. The finish
obtained by a drill is not so fine. If a hole of accurate size and good finish is
required the drilled hole should be finish machined by means of a reamer or
by single point boring tool. Twist drills are usually made of high speed steel.
High carbon steel can also be used to manufacture drills. Drills with cemented
carbide cutting tips (tips are brazed) are used at very high speeds for drilling
operations on non-ferrous metals but are not recommended for ferrous metal
particularly steels because the tips are not supported as effectively as in case
of single point cutting tools or milling cutters. A twist drill consists of a
cylindrical body carrying two helical grooves into it to from the flutes. The
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flutes run the full length of body of twist drill and perform the following
functions :

(?) They provide the rake angle.
(i7) They form the cutting edges.
(i) They provide a passage to the coolant.
(v) They facilitate swarf removal.
1.21. Elements of a Twist Drill
A twist drill is shown in Fig. 1.39. The various elements of a twist drill
are as follows :

(i) Body. It is the part of the drill that is fluted and relieved
(i) Shank. It is the part held in the holding device.

Flute

Body clearonce
Roke ongle

Morgin

Drill oxis

1 =
| je——— Fiute Length ———=
Shonk !
fs————Body Length ——=
fo Overoll- Length .

Fig. 1.39. Elements of a twist drill.

The most common types of shanks are the taper shank and the parallel
shanks. Small drills up to about 12.7 mm diameter are provided with parallel

Margin )

Deod centre

Fig. 1.40. The point of twist drill.
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shanks and the larger size drill have tapered shanks. Tapered shank drill carry
atang at the end of the shank to ensure a positive grip. The straight shank drills
are held in a drill machine by a chuck. The jaws of the chuck are tightened
around the drill by means of a key or wrench. The point of a drill is the entire
cone shaped surface at the cutting end of the drill. (Fig. 1.40).

(117) Dead centre. The dead centre or chisel edge of the drill is the sharp
edge at the extreme tip end of the drill. It should always be in the exact centre
of the axis of the drill.

(v) Lip. Lip or cutting edge is formed by the intersection of the flank
and face. Both the lips of the drill should be of equal length and should be at
the samé angle of inclination with the drill. axis. This will enable to produce
a perfectly round smooth and accurate hole. Unequal lips will result in an
oversize hole.

(v) Flank. Flank is the surface on a drill point which extends behind
the lip to the following flute.

(v) Chisel edge corner. The comer formed by the intersection of a lip
and the chisel edge is called chisel edge comer.

(vii) Flutes. The grooves in the body of the drill which provides lips.

Twist drill angles. Lake any other cutting tool the twist drill is
provided with correct tool angles (Fig. 1.41). The various angles are as
follows :

() Rake angle or helix angle. It is the angle of flute in relation to the
work.

Smaller the rake angle greater will be the torque required to drive the
drill at a given speed. Its usual value is 30° although it may very up to 45° for
different materials.

The rake angle also partially governs the tightness with which the chips
curl and hence the amount of space which the chips occupy. Other conditions
‘being the same, a very large rake angle makes a tightly rolled chip, while a
rather small rake angle makes a chip tend to curl into a more loosely rolled
helix.

(#7) Lips clearance angle. It is the angle formed by the flank and a plan
at right angle to the drill axis. Lip clearance is the relief that is given to the
cutting edges in the order to allow the drill to enter the metal without
interference. This angle is 12° in most cases. In order to allow strength and
rigidity to the cutting edge the clearance angle should be kept minimum.

(i) Cutting angle or point angle. It is the angle included between the
two lips projected upon a plane parallel to the drill axis and parallel to the two
cutting lips. It is observed that the best point angle is 118°.

(v) Chisel edge angle. It is the angle included between the chisel edge
and the lip as seen from the end of the drill.
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Fig. 1.41
The various angles for a drill are shown in table 1.8.
Table 1.8
| Point angle Lip clear- | Chisel edge Helix
Material (Degrees) ance angle angle angle
(Degrees) | (Degrees) (Degrees)

Aluminium 90—140 8—12 120—135 24—48
Brass 111 8—15 120—135 0—27
Copper 100—118 8—15 120—135 28—40
Cost iron hard 118 8—12 120—135 24—40
Steel 118 8—12 120—135 24—32
Stainless Steel 125—135 10—12 120—135 24—32

1.22. Cutting Fluids for Drilling

Cutting coolants and oils are used during drilling to carry away the hFat
from the drill point preventing it from overheating. Th.is permits higher cutting
speeds and longer drill life. The action of chips coming out qf the h.o]e tends
to restrict the entry of the fluid. A continuous supply of cutting f'lu'ld shm_lld
be maintained in order to obtain proper cooling. For severe conditions drills
containing oil holes have a considerable advantage. In §ucl_1 case not only the
fluid is supplied near the cutting edges but the flow of ﬂ}nd aids in chip removal
from the hole. : \ ‘

Practically all metals require the use of cor’ .it-when being drilled

except cast iron which may be machined dry.

1.23. Twist Drill Grinding

It is very important that drills ore properly ground. The drill point must
be in the centre of rotation of the drill. The lips should be of equal length and
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at correct angle with the axis. The twist drill is ground on the side of grinding
wheel of the grinding machine as shown in Fig. 1.42 (@). The flat §urface t'hat
this provides makes it much easier to generate a true point. The stra}ght cutting
lip should lie vertically against the side of the wheel when the drill has been

Face of
grinding wheel
l 3
Drill :
(a) ®)

Fig.1.42

ground it should be checked on a point gauge. Fig. 1.42 (b) shows a twist dn:ll
point angle and lip length gauge. If the lips are of unequal lengh th'e result will
be that both the point and lip will be off-centre (Fig. 1.43). This will cause the
hole to be large than the drill. If a drill is ground with its tip on the c.entre but
with the cutting edges at different angles the drill will bend on one s1df: of tl}e
hole (ﬁg. 1.44). Only one lip or cutting edge will do the work resulting in rapid
wear on that edge and the hole will be larger than drill.
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1.23.1. Twist drill failure
A twist drill will suffer an early failure or produce holes that are
dimensionally inaccurate, out of round and poor finish for the following
general reasons :
(?) Incorrect speed and feeds
(#) Incorrect grinding of the point
(2i1) Mishandling.

1.24. Rake and Relief Angles of a Twist Drill

Rake Angle. The rake angle (o) is the angle between the tangent to
the face (in the flute) at the point of lip (cutting edge) being referred to and the
normal at the same point to the surface of revolution described by the lip about
the drill axis. The rake angle is measured in a plane perpendicular to the lip
(plane mm in Fig. 1.45). This angle varies gradually along the lip. It can be
found by using the following relation :

7, tan
tan o, = = B

Rsin 0
where B = Helix angle of flutes.

R = Radius of drill.
8 = One half of the point angle.

rx = Radius of the circle on which the point being considered is
located.

R = Radius of the drill.

Angle a acquires its maximum value at the periphery of the dril. The
Variation of rake angle along the lip is shown by a graphical construction.

& Rake angle

M

Section N-N  |o

Fig. 1.45 Fig. 1.46
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Refer Fig. 1.46. When a helix is developed on a plane it will become
the hypotenuse of a tight triangle of which one side is the lead (pitch) of the
flutes and the other side is the circumference of a circle of a diameter (D) on
which the helix was formed.

Relief Angley. It is the angle between a tangent to the flank or lip relief
surface at the point being considered on the lip and a tangent at the same point
to the circle the point describes as it rotates about the drill axis. This angle is
measured in plane NN (Fig. 1.45) which is tangent to the cylindrical surface
on which the above mentioned point on the lip lies.

1.25. Drill Specifications

According to Indian Standard System, twist drills are specified by the
diameter, the 1.S. number, the material and the series to which they belong.
The drills are made in three types :

(i) Type N—for normal low carbon steel.

(if) Type H—for hard materials.

(iii) Type S—for soft and tough materials.

For example a parallel shank twist drill 12 mm diameter and made up
of high speed steel and conforming to IS : 5101 with a point angle of 118° and
of N-type is designated as 12.00—IS : 5101 HS-N-118.

Unless otherwise mentioned in the designation it should be assumed
that drill type is N and point angle is 118°.

Drill Size. In metric system the drills are made in diameters from 0.2
mm to 100 mm.

1.26. Cutting Speed, Feed and Depth of Cut
Cutting speed. It is the peripheral speed of a point on the surface of
the drill in contact with the work piece. It is usually expressed in metres per

minute.
Let D = Diameter of drill in mm.

N = R.P.M. of drill spindle.
V = Cutting speed in metre per minute.

|4 metre per minute.

100

Cutting speed mainly depends upon the following factors :

(9) Type of material to be drilled.

(ii) Type of material of drill. Twist drill made of high speed steel can
be operated at about twice the speed of drill made of high carbon
steel.

(iii) Type of finish required.
(iv) Type of coolant used.
(v) Capacity of machine and tool life.
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Table 1.9 shows cutting speed for high speed steel drill.

Table 1.9

Material being drilled Cutting speed (m/min)
Aluminium
Brass ;(5)—51)80
Phosphor Bronze 20—35
Grey Cast Iron 25—40
Copper

' 3
Mild Steel 3(5):4:13
Alloy Steel (High tensile) 5—8

b F'eed. It 1§ the distance the drill moves into the work at each revolution
of the spindle. It is expressed as millimeter per revolution:

It may also be expressed as feed per minute.
Let N =R.P.M. of drill spindle.
f = feed in mm/rev.
f1 = feed in mm per minute.

=N.f.
Table 1.10 shows feed for high speed steel drill of various diameters.
Table 1.10
Drill diameter (mm) Feed (mmjrev.)
;.(6)—2.5 0.04—0.06
4.6—4.5 0.05—0.10
.6—6.0 0.075—0.15
6.1—12.00 0.75—0.25
12.1—15.0 0 20—0.30
15.1—18.0 0 23—0.33
18.1—21.0 0.26—0.36
21.1—25 0.28—0.39

A twist drill gives s'atisfactory performance if it is run at correct cuttin
speed and feed. The following factors help in running the drill at co ing
speed and feed. i

(?) The work is rigidly clamped.
(1) The machine is in good condition.
(#i1) A coolant is used if required.
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(iv) The drillis correctly selected and ground for the material being cut.
The selection of drill depends upon the following.
(a) Size of drill hole
(b) Material of workpiece

(c) Point angle of drill. .
The rates of feed and cutting speed for twist drill are lower than most

other machining operations because of the following reason's.
(i) The twist drill is weak compared with (?ther c1_11tmg tools.
(i) It is relatively difficult for the drill to eject chips. od
(iid) Ttis difficult to keep the cutting edges cool when they are enclose
in the hole. AT
Depth of cut. It is equal to one half of the drill diameter.
D = Diameter of drill in mm.
t = Depth of cut in mm.
D

=—me‘

1.27. Machining Time :
Machining time in drilling is calculated as follows (Fig. 1.47)
Let T = Machining time in minutes
1 = Thickness of workpiece in mm.
h = Approach of drill = 0.3 D in mm
D = Diameter of drill in mm.
L = length of axial travel of drill = l+h.

Drill

Workpiece

{7
i ]
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f = feed/rev. in mm.

L
T—Nxf'

1.28. Forces Acting on a Drill

The various forces acting on a drill are shown in Fig. 1.48. All the
elements of a drill are subject to certain forces in drilling. Resolving the
resultant forces of resistance to cutting at each point of the lip we obtain three
forces F; Fy, and Fy acting in directions mutually perpendicular to each other.
The horizontal forces Fy; acting on both lips are considered to counter balance
each other. The vertical force Fy also called as thrust force comprises of the
forces Fy,, Fy,, Fc and F,,. (The forces F¢ and F,, are not shown). The force

Fy,, acts on the web. This force is quite large and

is about 60% of the total thrust force. This force
Fy, act on each of the two lips and forms the real

cutting force which depends upon the work
material, cutting variables and cutting point
geometry and is about 37% of total thrust force.
The F¢ and E,, are of smaller magnitude. The force
F_ is due to the rubbing of the chips, flow from the
hole against the sides of the hole and flutes on the
drill. This force is about 1% of the total thrust force.
The force F,is due to the rubbing action of margin
of the drill against the sides of the hole and is about
2% of thrust force.

In order that the drill to penetrate into the
work piece the thrust force F applied to it by the
machine must over come the sum of resistances
acting along the drill axis.

F>Z(Fy,+2Fy,+Fc+F,)

The force F; sets up the moment of resis- Fig. 1.48
tance (M,)

M, =F;S

The total moment of the forces of resistance (M) to cutting is made up

of the following moments.
(1) Moment of forces F; i.e. M,

(11) Moment of forces due to scraping and friction on the chisel edge
(1)

(117) Moment of the friction forces on the margins (M,,)

(v) Moment of the forces of friction of the chip on the drill and on the
machined surface (M)
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M=M,+M_ + M, +M,.
The total moment of resistance should be overcome by the available
torque of the drilling machine.

1.29. Power of Drilling
When a drill is cutting it has to overcome the resistance offered by the
metal and a twisting effort is necessary to turn it. The effort is called turning
moment or torque on the drill. The torque required to operate a drill depends
upon various factors. The relationship between torque, diameter of drill and
feed is as follows :
T, = C.jo'75 D8 newton metres

where  T; = Torque in newton metre

f = Drill feed in mm/rev.

D = Diameter of drill in mm. -

C = Constant depending upon the material being drilled. The

values of C are given in table 1.11 for differsnt materials.

Table 1.11

Material to be drilled Value of C
Aluminium 0.11
Soft brass 0.084
Cost Iron 0.07
Mild steel 0.36
Carbon tool steel 0.4

Pi ®) = 50,000

where N = Drill speed in R.P.M.

1.30. Milling Cutters ‘

Milling is an operation in which metal cutting is catried out by means
of multi-teeth rotating tool called cutter. The cutters are manufactured in a
variety of shapes and size each made for a specific purpose. In milling cutters
each tooth after taking a cut comes into operation again after somz interval of
time. This allows the tooth to cool down before the next cutting operation is
done by it. This minimises the effect of heat developed in cutting on cutting
edges. A coolant helpful when milling steel for producing a good surface
finish. The coolant may be oil or an emulsion of oil and water. The form of
each tooth of cutter is same as that of a single point tool.

Many types of milling cutters are used on a milling machine. Most of
them are considered standard and are available in many sizes. High speed steel
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is th.e ma.terial commonly favoured for cutters. They are also available with
carbide tips as cutting edges. Cutters should be kept sharp. Cutters which are
sharpened frequently usually last longer than those which are allowed to
become dull.

A milling cutter is a multiple tooth tool and therefore higher require-
ments are made to its construction, sharpening and operation. The cutter should
Pe reliably and rigidly clamped on the spindle. Milling cutters may be solid
inter locking, carbide tipped solid cutters and inserted blade cutters with hi I;
speed steel or carbide tipped blades. ;

The various advanta ide ti i id ori
by o ges of carbide tipped cutters either solid or inserted
(9) They have high production capacity.
(&) They produce surface finish of high quality.
(i27) They can machine hardened steels.
(tv) Their use leads to reduction in machining costs.

With cylindrical cutters the two methods of milli i
millin -
monly used are as follows : R

' () U.p or cqnventional milling. In this process the cutter rotates
against the direction in which the work is feeding (Fig. 1.49).

Cutter

Workpiece

! Fig. 1.49. Up milling.
o gElzi) D;).wn‘ r'nilling or C'limb.milling. In this process the cutter rotates
ma(‘hh;er.ne ¢ ];Fecngn as that. in V&Thl'ch t.he work is feeding (Fig. 1.50). The
. Opent?n N 1c].1 high velocity milling is to done should not only be capable
il ating at high spcftds and fe(?ds but should also possess ample rigidity.
Cutter should be reliable and rigidity clamped on the spindle.
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Cutter

Depth of cut

o Feed

Workpiece

Fig. 1.50. Down milling.
1.31. Elements of a Plain Milling Cutter

A milling cutter may have either straight teeth i.e. parallel to the. axis
of rotation or in helical shape. A milling cutter can be considered as a built up

number of single point cutting tools such that each tooth of the cutter

unit of a lling cutter. The various

is a single point cutting tool. Fig. 1.51 showsa plflin mi
parts of the cutter teeth are face, cutting edge, fillet, and body.

Relief ongle
Primory cleoronce angle
Secondory cleoronce -angle

Bock of tooth
Fillet or root rodius

Cufting edge

diometer- Foce
oth i i
?epth iC O Out side diometer

Fig. 1.51. Elements of plain milling cutter.
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The various elements of the cutter are as follows :

(?) Lip angle. It is the angle included between the land and the face
of the tooth or it is the angle between the tangent to the back at the cutting edge
and the face of the tooth.

(#7) Relief angle. The angle in a plane perpendicular to the axis which
is the angle between the land of a tooth and the tangent to the outside diameter
of cutter at the cutting edge of that tooth. -

The main function of relief angle is to prevent interference between
land and work surface. The relief angle varies with the type of material being
milled. Table 1.12 indicates the relief angles for different materials.

Table 1.12
Material Relief angle (Degrees,)
Cast Iron 4—7
Mild Steel 3—6
Brass 10—12
Aluminium alloys 10—12

(11)) Rake angle (Radial). It is the angle measured in the diameteral
plane between the face of the tooth and radial line passing through the tooth
cutting edge. It facilitates free cutting by tool allowing the chip to flow
smoothly. This ensures less power consumption and better surface finish, less
wear and hence more life of tool. It may be positive, negative or zero.

Table 1.13 indicates the rake angles in degrees for different materials
to be milled. '

Table 1.13
Material Cemented carbide H.S.S. Cutter
cutter

Aluminium alloys 10—20 - 20—35
Cast Iron

Hard 0—3 8—10

Soft 3—6 . 10—15
Mild Steel 0—(-5) 10—15 -
Brass ' 3 10

(v) Primary clearance angle. It is the angle between a line passing
through the surface of the land and a tangent to the periphery at the cutting
edge. This angle is provided to prevent the back of tooth from rubbing against
the work. It is 4 to 7° for C.I. and 10 to 12 degrees for aluminium and brass.

(v) Secondary clearance angle. This angle is generally ground back
of the land to keep the width of land within proper limits. Itis usually 3 degrees
greater than primafy clearance angle.
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(vi) Land. It is the narrow surface back of the cutting edge resulting
from providing a clearance angle.
(vii) Face. Tooth face is the surface upon which the chip if formed when
the cutter is cutting. It is may be flat or curved.
(viii) Back of tooth. It is created by the gullet and secondary clearance
angle.
A milling cutter is a multiple tooth tool and therefore higher require-
ments are made to its construction, sharpening and operation. The cutter should
be railably and rigidly fixed on the spindle. The machine in which high velocity

milling is to be done should not only be capable of operating at high speeds -

and feeds but possess ample rigidity.

1.32. Milling Cutter Sharpening

Milling cutters are usually sharpened on universal tool and cutter
grinder. During grifding the cutter should be so set that the tooth can be
advanced to the grinding wheel. Grinding is done with the face of a cup wheel.
The cutter tooth should be positioned in respect to the wheel so that required
relief angle (y) is obtained. The tooth face bears on a stationary tooth rest. Fig.
1.52 shows sharpening a face milling cutting by grinding the tooth flanks. The
amount of offset (S) is determined by using the following relation.

(.1
where D is the cutter diameter.
¥ Cutter tooth

Grinding wheel

Tooth rest

Fig. 1.52
1.33. Material for Milling Cutters
The common materials used for manufacturing milling cutters are as

follows :
(i) High carbon sieel
(i) High speed steel
(tii) Cemented carbides
(iv) Stellite
(v) Ceramics.
High carbon steel is not commonly used except for a few cutters used
for small scale production. High speed steel containing 18% tungsten is quite
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commonly used. Cemented carbides are very commonly used when milling
cutters are to be run at higher speeds. Stellite is very useful material for milling
cutters when particularly machining hard metals, forgings and castings. Tips
made of ceramics are also used in milling cutters. Such cutters, because of their
brittleness, are used for finishing operations and smaller cuts. They are
commonly used to machine cast iron and bronze.

Cemented carbide tipped cutters have the following advantages
(2) Their production capacity is high.

(17) They can produce surface finish of high quality.

(¢1) Hardened steels can be machined by them.

(iv) Their use leads to reduction in machining cost.

1.34. Number of Teeth in a Cutter

Milling cutters may be coarse tooth i.e. cutters with a large pitch and
a small number of teeth or fine tooth i.e. cutters with a small pitch and a large
number of teeth. The teeth are stronger in cutters with a coarse pitch. Coarse
tooth straight flute cutters do not operate smoothly. Fine tooth cutters remove
chips of relatively less thickness and are commonly used for finishing opera-
tion whereas coarse tooth remove thicker chip, resulting in removal of more
metal in each cut and are used for roughing milling operation various empirical
formulas are used to determine number of teeth in a cutter. A typical formula
for calculating the number of teeth suitable for a cutter is as follows :
Z=AVD

where Z = Number of teeth

D = Diameter of cutter

A = Constant.

It depends upon the construction of cutter and machining conditions.
Values of A are given in Table 1.14.

Table 1.14
Type of cutter 0 A
(Helix angle)
Solid cutters
(@) Fine tooth 15 to 20°
(b) Coarse tooth Upto 30° 1
Inserted blade cutters
(a) Fine tooth 20° 0.9
(b) Coarse tooth 45° 0.8
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1.35. Cutting Speed and Feed for Milling Cutter

Cutting Speed. It is the distance travelled per minute by the cutting
edges of the cutter. It is expressed in metre per minute.
The cutting speed for milling cutter is found in the same way as for
turning and drilling.
Let, D = Diameter of cutter in mm.
N = R.P.M. of cutter
V = Cutting speed

= 1 O(fg metre/minute

The cuiting speed should be as high as possible constant with
economics cutter life before it needs regrinding.

Feed. Ii is the rate at which the workpiece advances past the rotating
cutter. Three types of feed are distinguished.

(a) Feed per tooth (f1)
(b) Feed per cutter revolution (f2).
(c) Table feed per minute (f3).

These feeds are related by following equations.
Let T = Number of teeth on cutter

N = R.P.M. of cutter
1 = feed per tooth in mm

fh=ixT '
fs=foxN=f; . T .N mm/min.

Table 1.15 shows feed per tooth possible with various types of milling
cutters.

Table 1.15. Feed for H.S.S. cutters

Cutter Feed per tooth
(mm)
Form cutter 0.05t0 0.2
Slotting cutter 0.5 to 0.15
End mill 0.1100.25
Face mill 0.1t0 0.5
Spiral mill 0.05t0 0.2

The average value of cutting speed in metre per minute for H.S.S. cutter
and cemented carbide cutter are shown in Table 1.16.
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Table 1.16
Material to be machined Tool material
HS.S. Cemented carbide

Aluminium 180—240 400—450
Brass soft 45—55 140

Copper 45—55 140

Gray cast iron 18—24 60

Cast iron hard 10—12 45

Mild steel 18—25 60

Hard steel 10—12 30

For a multipoint cutting tool such as milling cutter the maximum feed
per tooth is limited by the following factors : 5
A\

(?) Cutting edge strength.

(#7) Rigidity and allowable deflection.

(71t) Surface finish required.

(iv) Tool chip space.

With increase in feed, the cutting force gets increased and this causes
greater deflection between tool and work piece. Accuracy can not be main-
tained if deflection is large. Proper cutting fluid can permit higher feeds and
increased speeds as well as attainment of better surface finish. Cutting fluid
should be directed to the exact point where cutting is taking place.

For setting up the operating conditions for any multipoint cutting tool
there are three important variable that can be adjusted. They are as follows :

(¢) Cutting speed. (if) Feed per cutting edge.
(i) Cutting fluid.

1.36. Power Required at the Cutter

The horse power (H.P,) required at the cutter depends on the volume
of metal to be removed by the cutter per minute and varies for different
materials.

- _Kpdb_
e 1,00,00
where f= Feed in mm/min, d = Depth of cut in mm.

b = Width of cut in mm.
K = Constant varying according to the material being cut.

The values of K are shown in Table 1.17.
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Table 1.17
Material to be cut Constant (K)

Light alloy (Positive rake) 1.3
Copper (Positive rake) 2.6
Brass (Positive rake) 3.0
Cast iron (Positive rake) 3.0
Bronze (Positive rake) 5.0
Steel (Negative rake)

Low carbon 5.0
High carbon 85

H.P,, = Horse power at motor

o HPC
n
The efficiency (1) of various milling machines is shown in Table 1.18.
Table 1.18
H.P. of the machine Efficiency (%)
3 40
5 48
10 52
15 52
20 ) 60
25 65
30 70
40 75

1.37. Machining Time
The machining time for plain milling and face milling is calculated at
follows.
(?) Plain Milling. Fig. 1 .53 shows milling operation being carried out
by using plain milling cutter.
Let h = approach in mm.
1 = Length of workpiece in mm.
s = Overrun of cutter in mm.
L = Total cutter travel inmm =h + 1 +s
D = Diameter of cutter ; ¢ = Depth of cut
f= Feed/rev. inmm. ;N = R.P.M.
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e s }
s YT,
Ly
}-h —
Work - piece
Fig. 1.53
Then T = Machining time.
_ L
" Nxf
The approach £ can be calculated as follows.
In triangle AOP
OP? = (OA Y+ AP?
2 2
23 (D Venpa
()5
h=ViD -r)

(i) Face milling. Fig. 1.54 shows milling operation being catried out

by face milling cutter.
- ¥ ;
H : ‘

Fig. 1.54
I = Length of workpiece in mm.
h = Approach in mm. ; s = Overrun of cutter
L=1+h+s;f=Feed in mm/rev.

N=RPM.
L
e
f.N

The approach 4 is can be calculated as follows.
H = Width of workpiece, D = Diameter of cutter

OP? = OA® + AP?

2 2 2

Erklemibi
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=1[D-VD’-H*].

1.37.1. Broaching Tool

A broaching tool or a broach has a series of multiple teeth. The main
elements of a broaching tool are shown in Fig. 1.55. The first teeth are designed
to do the heaviest cutting and are called roughing teeth. Next teeth are
semi-finishing teeth which are followed by finishing teeth. The finishing teeth
carry out finishing operation Fig. 1.56 shows teeth details. The rake angle (face
angle) of the tooth depends on the material to be cut and its hardness, toughness
and ductility.

Pull end

[Front pilot

I
| Shank ! Roughin Semifinish l _l L 4,1‘
teeth teeth  "“"Finish ' Reqr Rear

ength teeth pilot support
Fig.1.55
Rake
ongli\\ Pitch Lond
’.__.' r_
Depth \78ack oft
Radius
Fig. 1.56
The values of face angle for different materials are as follows :
Material Face angle
(Degrees)
Aluminium 10
Brass -5—5
Cast iron 6—8
Steel (hard) 8§—12
Steel (soft) 16—20

The land of tooth determines its strength. The pitch determines the
length of cut and chip thickness which a broach can handle.

During broaching operation the broach is either pulled or pushed by
the broaching machine past the surface of the workpiece. In doing so each
tooth of broach takes a small cut through the metal surface. Most broaches are
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made from 18-4-1 high speed steel, ground after hardening. Carbide broaches
are used extensively in broaching cast iron.

1.38. Improving Cutting Efficiency

The cutting efficiency during machining can be improved by using

. following methods.

(?) Reduction of tool-face friction.
(i1) By reducing chip length by means of chip breakers.
(ii1) By improving surface finish of tool face by honing or chrome plating.
(iv) By increasing cutting speeds.
(v) Increased depth of cut increases cutting efficiency by a small
amount.

1.39. Power Distribution

Out of total power supplied to the machine tool the power available at
the cutter depends upon the type of machine tool. A typical power distribution
for a milling machine and a lathe is as follows.

Milling Machine
Electrical power input =100%
Losses in motor =16%
Losses in spindle transmission = 18%
Power to feed =21%
Power available at cutter =45%
Lathe
Electrical power input =100%
Losses in motor =11%
Losses in machine =18.5%
Power to feed =10.5%
Power available at tool =70%

1.40. To Determine Power Rating of Electric Motor

The required po' 7er of main drive is determined on the basis of useful
power calculated for the most effective cutting conditions. In designing
general purpose machine tools the useful power is calculated for the maximum
cutting speeds and feeds.

N,, = Required power rating of electric motor
=N + Ny
where N = Useful power
N = Power lost in over coming friction
1 = Efficiency of main drive.
N

Ny
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The efficiency (n) may range from 0.7 to 0.85 for machine tools with
a rotary primary motion having a single motor drive.

1.41. Cutting Tool Design

The design of a cutting tool means determination of all the dimensions
and shapes of all the elements of a cutting tool by carrying out calculations
and graphical construction. The cutting of metals with a single point cutting
tool is fully applicable to any kind of cutting tool since all tools remove a
certain layer of stock and impart the required shape, size and surface finish to
the machined part. The cutting teeth of all cutting tools whatever may be their
shapes and purpose resemble to the point of single point tool.

The common procedure carried out during the design of cutting tool
consists of following calculations :
(?) To determine forces acting on cutting surface of the tool.
(i) To find out optimum tool geometry.
(iti) To select suitable material for making cutting elements of the tool.
(iv) To find suitable shapes of cutting and mounting elements of tool
and to determine the tolerance on the dimensions of cutting and mounting
elements of tool depending on machining accuracy required on work piece.
(v) To determine strength and rigidity of mounting and cutting ele-
ments to tool. ‘
(vi) To prepare a working drawing of tool.

1.42. Friction between Chip and Tool
Friction between the chip and tool plays a significant role in cutting
process. It should be as low as possible friction can be reduced in the following
ways :
(¢) Improved tool finish and sharpness of the cutting edge.
(ii) Use of low friction tool material.
(iti) Improved tool geometry.
(iv) Use of cutting fluids.
(v) High sliding speeds.

1.43. Friction in metal cutting

During metal cutting the mean co-efficient of friction between the chip
and the tool can vary considerably and is affected by changes in cutting speed,
rake angle etc. This variance of mean co-efficient of friction results from the
very high normal pressures that exist at the chip-tool interface.

Metallic surfaces consist of numerous hills and valleys. When cutting
tool and metallic surfaces come in contact, the contact is established at the
summits of only a few irregularities in each surface as shown in Fig. 1.56 (a).
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. 3

Workpie Irregularity Wik e
1ece

Fig. 1.56 (a)
When a normal load is applied, yielding occurs at the tips of the
contacting asperities and the real area of contact increases until it is capable

of supporting the applied load. Usually the real area of contact is only a small
fraction of the apparent area of contact.
N
A, = —0; (D)
where A, = Real area of contact
N = Normal Force
"oy = Yield stress of softer metal.

The adhesion resulting from the intimate metallic contact of these
asperities has been termed as welding process and when sliding takes place, a
force is required for the continuous shearing of the welded junctions at the tips
of these asperities. Frictional force is given by

P = Frictional force
A, =— -(2)

where f; = Shear strength of softer metal.
From equation (1) and equation (2), we get

N_P
oy )
o Bigals
N oy
where u = co-efficient of friction. This shows that co-efficient of friction

is independent of the apparent contact area. Since ratio —fS— is
o

nearly constant for a given metal therefore co-efficient of
friction will also remain constant.
: Example 1.1. Determine the spindle speed for a high steel drill 12 mm
diameter cutting medium carbon steel at 28 m/min.
Solution. V =28 m/min
D = Diameter of drill = 12 mm.
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N =R.P.M. of spindle

D
nDN_28___7:.1_ N
1000 ’ 1000

N = 743 R.P.M. Ans.

Example 1.2. Determine the machining time to drill a hole of 20 mm
diameter in a workpiece 25 mm thick by a drill at a cutting speed of 30
metre/min with a feed of 0.2 mm/rev.

Solution. L = Length of axial travel of drill in mm

= Thickness of workpiece + 0.3 D
where D = Hole diameter
L=25+03%x20=25+6=31mm
V = Cutting speed = 30 metre per min

Vo=

aDN .. ©x20 x N
V=T00020= " 1000
N=47TRP.M.

T = Machining time
f = feed /rev = 0.2 mm/rev.
Eac it

T=NxfTaTIx02
31

T 477x02

Example 1.3.A 30 mm H.S.S. drill is used to drill a hole m acast iron
block 100 mm thick. Determine the time required to drill the hf)le if feed is 0.3
mm/rev. Assume an over travel of drill as 4 mm. The cutting speed is 20
metre/min.

minute

x 60 = 19.5 seconds. Ans.

Solution. D = diameter of drill = 30 mm
i . nDN
V = cutting speed = 1000
n.30.N
20="000

N =202 R.P.M. ; h = approach
=0.3 D (assume) = 0.3 x 30 = 9 mm

s = over-travel = 4 mm ; L = Total length
=l + S + Thickness of work piece
=9+4+100=113 mm.

T = Machining Time
L 113
TN T 03x203
= 1.85 minutes.

where f = feed
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Example 1.4. Calculate the power required to drill 20 mm diameter
hole in mild steel at a feed of 0.25 mm/rev and at a drill speed 300 R.P.M.
Determine also the volume of metal removed per unit of energy.

Solution. D = hole diameter = 20 mm
f=feed = 0.25 mm/rev.
N =300R.P.M.

Ty = Torque = C. f*7° D8
where, C = Constant = 0.36 for mild steel.
Ty = 0.36 x 0.25%7 x 20" = 27.96 newton-m.

P = Power
_ 2aNT; 2 x 300 x 27.96
~ 60,000 60,000
= 0.879 kW.
Volume of metal removed per minute
= Area of hole x Feed x Speed
= 7 % 202 2.25 x 300
= 23550 mm’.
Energy consumption = 657
879

=21 mm?/watt minute. Ans.

Example 1.5. (a) A carbide face milling cutter of 200 mm diameter is
used take one cut across the face of a block of aluminium which is 200 mm
wide. The length of blociis 450 mm. If a feed of 0.75 mm/rev is used how long
will it take to machine one cut on the block. The total travel is 12 mm. The
cutting speed is 320 meter/minute.

(b) Calculate the time taken if the diameter of cutter is 300 mm.
Solution,
(a) D = Diameter of cutter = 200 mm
H = Width of block = 200 mm
I = Length of block = 450 mm
f=Feed = 0.75 mm-tev.
s = Overrun of cutter = 12 mm.

As the diameter of cutter is equat to width of block, (Fig. 1.57).

h = Approach
D 200
o IPNY e

N = R.P.M. of cutter

nDN
V = cutting s S
cutting speed 1000
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; |
fe—h —=|
Fig. 157
200
320 =7 x 1000 xN
N=510RP.M.
Total length, L=1+H + s =450+ 100 + 12 = 562 mm.

B g1 53 0%
T = machining time = 075 %510

= 1.45 minutes. Ans.
) D = Diameter of cutter = 300 mm.
In this case the diameter of cutter is more than the width of block

h = Approach =% [D-VD*-H?]
=1 [300 - V300” - 200°] = 38 mm.

L =Total length=1+ h + S = 450 + 38 + 12 = 500 mm.

_nDN
~ 1000
7t x 300 x N
320="000
N =340
T = Machining time
500
T= s

FN. T 0.75 x 340
= 1.97 minutes. Ans.

Example 1.6. A carbide milling cutter 250 mm in diameter is used to
cut a block of mild steel with a plain cutter. The block is 500 mm long.' If the
feed is 0.50 mm/rev and depth of cut is 1.2 mm determine the time required to
take one cut. The over travel is 16 mm. The cutting speed is 80 metre per

minute.
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Solution. D = Diameter of cutter = 250 mm.
f=feed = 3.5 mm/rev.
! = Length of block = 500 mm.
t = Depth of cut = 1.2 mm
s = Over travel = 16 mm.
V = cutting speed = 80 metre/minute
N=R.P.M.
_nDN
~ 1000
n.250.N
1000
N=102R.P.M.
h = Approach =Vt (D - 1)

=v1.2(250-1.2) =17.3 mm.
L =Totallength=1+h +s

=500+ 17.8 + 16 = 533.3 mm.
T = Machining time

80 =

__ L 15333
“f.N T 05x102

= 10.45 minutes. Ans.

Example 1.7. Determine the horse power required to face mill a block
of grey cast iron 125 mm wide, using a tungsten carbide cutter 150 mm in
diameter and having eight tooth. The depth of cut is 3 mm and a chip thickness
0f 0.25 mm is to be used. The cutting speed is 60 m/min and the specific horse
power required for cast iron is 0.03 H.P./cm’ min.

Solution. V = cutting speed = 60 m/min.

DN
Now V= m
tx 150 x N
N 1000

where D = cutter diameter
N = R.P.M. of cutter
5 N=128
Now f1 = feed per tooth (chip thickness)
=0.25 mm.
f> = feed per cutter revolution
= f1 x Number of teeth
=fix8=025x%8
f3 = feed per minute = f, x N
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=0.25 x 8 x 128 mm/minute
= 256 mm/minute = 25.6 cm/minute.

The metal removal rate (w)
w = Width of workpiece x Depth of cut
x feed per minute
= 125 x 0.3 x 25.6 cm’/minute
= 96 cm’/minute

Horse power required
=96 x 0.03 = 2.88. Ans.

Example 1.8. The feed of an 8-tooth face mill cutter is 0.325 mm per
tooth at 200 R.P.M. The material cut is 300 BHN Steel.
If the depth of the cut is 3 mm and width is 100 mm calculate the
following : ’
(a) B.P. at the cutter
(b) H.P. at the motor.
_K.f.db
~ 10,0000
where K = Constant = 8.5 (From table 1.11)
f=Feed =0.325 x 8 x 200
= 520 mm/minute.
d = Depth of cut in mm
=3 mm
b = Width of cut = 100 mm.
85 x 520 x 3 x 100
10°
Let the efficiency of the machine be 50%
HP,, = Horse power at the motor
HP. 12.48

=E=TS—=25.AHS.

Example 1.9. Determine the power required by a milling cutter to take
a cut 100 mm wide x 3 mm deep at 75 mm/min feed for an alloy steel. If the
cutter diameter is 100 mm and cutting speed is 15 meter/min, find the mean
torque at the arbor.

Solution. HP,

HP, = = 12.48. Ans.

Solution. The horse power required at the cutter is given by

Kfdb
Blr 10,0000
Now - K =85 (From table 1.11).

f=75 mm/min.
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a =100 mm.

d =3 mm.
HPC:8'5X7SX1()()X3:19
100,000 %]

Mean force at the periphery of the cutter,

F—HPc 45
o x 4500

where V= cutting speed = 15 metre/min.
1.9 x 4500
Poi e
5 570 kg.

Mean torque at the arbor.
T = F x Radius of cutter

50
1000

T =570 x = 28.5 kg-m. Ans.

Example 1.10. During turning a mild steed component with a 0—I 0—
?~~7—8, ——9—1.5 mm shaped orthogonal shaped tool a depth of cut of 1.8 mm
is used. If feed is 0.18 mm/rev. and a chip thickness of 0.36 mm is obtained
determine the following :

(a) Chip thickness ratio

(b) Shear angle.

Solution. (a) » = Chip thickness ratio = 1,/t,
where t; = chip thickness before cutting
=0.18 mm.
t; = chip thickness after cutting
=0.36 mm.
0.18
r= a% =05
) B = Shear angle
a = Back rake angle = 0° (given)
oG r cos' o
1-rsina
0.5xcos0 05

. Exanllple L.11. Determine the power required for milling a mild steel
workpiece with a cutter of 80 mm diameter having 9 teeth and rotating at 120

R.P.M. The workpiece has a width of 60 mm. Depth of cut is 4 mm and tooth
load is 0.03 mm. -
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Solution. P = Power in kW/cm?min. It is given by the following

formula
pP= _C_
d
[f Vo ]

where f = feed per tooth
C = Material constant
d = Depth of cut in mm.
The values of C and n depend upon material to be cut. The values are
as follows :
Mild Steel: C=0.02t00.03

. n=028
Bronze : C = 0.006 — 0.007
n=04
Now C =0.02 (say)

N

f = Feed per tooth =

where F = Feed rate, mm/min.
T = Number of teeth on cutter
 f=0.03 mm.
d = Depth of cut = 4 mm
_ D = Diameter of cutter = 80 mm
n=028
0.02

oo VE |

P, = Power in kW
=PxbdfTN
where b = width of workpiece = 6 cm
N=RPM. =120
P'=0.245x 6 x 0.4 x 0.003 x 9 x 120
=1.9kW.

Example 1.12. Determine the power required to cut a brass bar on a
lathe when the cutting speed is 18 metres per minute, feed is 0.06 mm per
revolution and depth of cut is 0.058 cm. Assume that the power lost in friction
is 30%.

Solution. H.P. = Total horse power required

=P+ P,

P-= o5 =0.245
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where  P; = Power required for cutting action
P, = Power lost in friction
= 30% of P,
HP.=1.3 P,
_13xKdfV
i 4500
where K = constant = 12000 for brass
d= depth of cut in cm.
= 0.058 cm. = 0.58 mm
f=0.06 mm per revolution
V = cutting speed
= 18 metres per minute.

The value of K depends on material being machined. The values of K
are as follows.

Metal to be cut K
Aluminium 6700
Brass 12000
Cast iron 8600
Steel 11000
HP. = 1.3 x 12000 x 0.58 x 0.06 x 18
[ 4500
=2.17 Ans.

Example 1.13. Estimate the power of electric motor for a drilling
machine to drill a hole 15 mm diameter in cast iron (soft) work piece at 450

R.P.M. and 0.2 mm feed. The specific power is 0.03 kW and efficiency of motor
is 80%.

Solution. D = Hole diameter
=15 mm
N =450 R.P.M.

f=feed = 0.2 mm/rev.
S = specific power
= Power required to remove material of one cubic
centimeter per minute

=0.03 kW
1 = Efficiency of motor = 0.8
V = volume of metal to be cut during drilling

=%D2xfo |
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P, = Power required at the drill
.=V xS8=159x%0.03 =0.477 kW
P = Power of electric motor

M 0.8
Example 1.14. A broach is used to cut a key way 8 mm wide, 5 mm
deep in a boss 64 mm long. Determine
(a) cutting length of broach
(b) Number of teeth on broach.

Solution. L = Length to be broached in mm
= 64 mm
p = pitch

=1.5V64 = 12 mm.
d = Depth of cut =5 mm
h = rise per tooth
= 0.0875 mm (Assume)
Z; = Number of teeth
=% 00875
Z, = Number of finishing teeth
= 13 (say)
Z = Total number of teeth
=Z1+2Z,=57+13=170.
p1 = Pitch for finishing teeth

(The pitch for finishing teeth is usually half of that adopted for cutting

teeth
o L = Total effective length (cutting length) of broach

=L, +L,
where L, = length or roughing teeth
L, = length of finishing teeth
L=57Txp+13xp;
=57x12+13x6
=762 mm.

PROBLEMS

1.1. (a) Whatis metal cutting ? Define chip removal and non-chip removal process.

Give examples.
(b) Discuss basic elements of metal cutting.
1.2. Explain orthogonal cutting and oblique cutting.
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1.3.

1.4.

1.5.

1.6.

1.7.

1.8.

1:9.

1.10.

1.12.
1.13.
1.14.

1.15.

1.16.
1.17.

(a) How are tools classified ? State three examples of each.
(b) Explain with the help of neat sketch the complete geometry of a single
point cutting tool.
(a) Define ‘tool signature’.
(b) Explain each term of a tool designated as 8, 12, 10, 7, 0, 15, 1.5 mm.
(a) What is chip formation ?
(b) Name the different types of chips formed in metal cutting. Describe each
type with the help of neat sketches.
State the conditions which favour the production of each type.
(a) List the main requirements of cutting tool material.
(b) Name and explain the various materials used for cutting tools.
Write short notes on the following :
(a) Chip breakers (b) Advantages of negative rake angle
() Curling of chip (d) Cutting speed
(e) Feed (f) Depth of cut
(&) Throw-away tips.
(a) What is chip reduction coefficient ?
(b) What are the effects of cutting variable on the chip reduction coefficient.
(a) What is a multipoint cutting tool ?
(b) Sketch a twist drill and describe its various elements.
(a) Make a neat sketch of a twist drill, showing various angles.
(b) Define the following angles of a twist drill.
() Rake angle
(#) Lip clearance angle
(#7) Point angle
(¢v) Chisel edge angle.

- Write short notes on the following :

(@) Cautting fluids for drilling
(c) Twist drill failure
Analyse the forces acting on a drill.
What are the parameters which affect the drilling torque.
What factors decide the cutting speed of a drill.
(a) What is a milling cutter.
(b) Sketch and explain
(2) Up milling
(¢£) Down milling.
Sketch a plain milling cutter and explain the various elements of the cutter.

(b) Twist drill grinding
(d) Drill specifications.

Write short notes on the following :
(@) Milling cutter sharpening.

() Cutting speed

(d) Coarse tooth and fine tooth milling cutters.

(b) Number of i h on a cutter

- Explain how to calculate machining time in

(a) Plain milling (b) Face milling.
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1.19. A stab milling operation is carried out with a 60 inch diameter inserted carbide
tooth cutter having 10 teeth at a cutting speed of 400 feet/min and a feed of 40
inches per minute. If the depth of cut is 0.02 inch and width of cut is 4.5 inch
and the following relation is assumed :

F =—32000 b.d*8 {7
where F = Tangential force on cutter
d = Depth of cut in inch
b = Width of cut in inch
f= Feed in inches per tooth
determine the following :
(a) Tangential force exerted by the cutter.
(b) Torque transmitted by the cutter.
(c) Total H.P. required at the drive end of milling machine at a mechanical
efficiency of 7%.
(d) Specific H.P. required at the arbor.

1.20. Determine the depth of cut taken on a lathe while turning brass at a feed of
0.625 mm per revolution and cutting speed of 24 metre/min if 3 horse power
is available and 20% of power is lost in friction.

1.21. Estimate the time required for a single cut in each of the following machining
operations.

(a) To turn 25 mm dia x 1.0 mm long with cutting speed 30 m/min and a feed
of 0.25 mm/rev..
(b) To turn 3 mm deep recess in a 50 mm dia and shaft using a 6 mm wide
from tool with a cutting speed of 12 m/min and a feed of 0.05 mm.
1.22. (a) State the characteristics of carbide tools.
(b) Describe the power distribution in a milling machine and a lathe.
1.23. Write short notes on the following :
(a) Requirements of cutting tool.
(b) Power required at milling cutter.
1.24. Write short notes on the following :
(a) Improving metal cutting efficiency.
(b) Power distribution in the following machines.
(i) Lathe (i) Milling machine.
1.25. Discuss the design of a cutting tool.
1.26. Explain the following terms with reference to a plain milling cutter :

(?) Radial rake angle (i) Lip angle
iit) Relief angle iv) First clearance angle
g g
(v) Second clearance angle. (A.M.LE. 1982)

1.27. Sketch a broaching tool and describe its construction.
1.28. Write short notes on the following :

(@) Friction between chip and tool.

(b) Power rating of electric motor.

(¢) Improvement of cutting efficiency during machining.

2

Mechanics of Metal Cutting

In any metal cutting process, considerable forces are involved and in
order to design machine tool holders and work holders that will withstand these
forces, it is important to establish the magnitude of these forces and the
directions in which they act. According to Emst and Merchant the chip is
assumed to behave as a rigid, body held in equilibrium by the action of the
forces transmitted across the chip tool interface and across the shear plane. A
number of attempts have been made to study the mechanics of the cutting
process starting with Mallock in 1881. The theory suggested by Emst and
Merchant and later developed by Merchant considers orthogonal cutting with
a flow type having no built up edge. The mode of plastic deformation is
considered to be one of simple shear across a plan extending from the tool
cutting edge to the junction of the chip with the original work surface. Lee and
Shaffer in 1949 obtained a solution to the problem of the mechanics of metal
cutting by using the slip-line field theory which was developed for studying

the stress distribution in a body undergoing plastic deformation in two dimen-
sions.

2.1. Cutting Forces in Orthogonal Cutting

The forces acting on a single point cutting tool are of fundamental
importance in the design and of cutting and machine tools. For a conventional
tuming process the force system is shown in Fig. 2.1. The resultant cutting
force P represented by OA acting on the tool is considered to be as vector sum
of three component cutting forces mutually at right angles.

(1) Feed force F, acts in a horizontal plane but in the direction opposite
to the seed. ; -

(#9) Thrust force F, acting in the direction perpendicular to the
generated surface.

(¢i1) Cutting forces F, in the direction of the main cutting motion.

The relationships between forces, F,, F y and F, depend upon the cutting
variables, geometry of the tool point, the work material, tool wear etc.

R = Resultant force = VF,? + Fy2 +F,?

71
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Fig. 2.1
This three dimensional force system can be reduced to a two dimen-
sional force system if in the orthogonal plane M the forces are considered in
such a way that the entire force system is contained in the considered state,

when
R=VF’+F,’
Fy=VF2?+F}?

For this A = 0 and Fyy is contained in orthogonal plane M. This system
is then known as orthogonal system of first kind for which the conditions are
as follows :

@Hr=0
@ 0<¢p<90
(217) Chip flow deviations are small.

The various forces for the orthogonal system of first kind is shown in
Fig. 2.2 (a).
where ¢ = Principal cutting edge angle

A = Inclination angle.

In orthogonal system of first kind

F.= ny sin ¢

F,=F,cos¢
There is other orthogonal system known as orthogonal system of second kind
in which F, is make zero by having A = 0 and ¢ = 90° when two dimensional
force system is
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Fyx F t&
Workpiece
.___.____gﬂ ! fWorkpiece
X
> o (e ISy s 2 - 0 T, ST e
v M
i {
C“mmg Orthogonal 1
prane plane (M)
Cutting tool =~ Cutting tool
big- ais) Fig. 2.2 (3)

ny‘= Er2+Fy2
=VF2+0
=F,

Fy =F,

when ¢ =0 and A = (

Fig. 2.2 (b) shows two dimensional force system in plane M for
orthogonal system of second kind.

In orthogonal system the tool shape is specified by the following terms
stated in order.

(1) Inclination angle.
(1) Orthogonal rake angle (o).
" (iii) Orthogonal clearance angle (o).

(iv) Auxiliary orthogonal clearance angle.
(v) Auxiliary cutting edge angle (¢1).

(vi) Principal cutting edge angle (¢).

(vii) Nose radius in millimeters.

The chip may be considered as a separate body held in equilibrium by

the various forces shown in Fig. 2.2.
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Chip

5

L R /e
/%N"
. il
<;/éh Workpiece

Fig. 2.2

Force F; acts along the shear plane and is the resistance to shear of the
metal in forming the chip. Force F, is normal to shear plane. This is a backing
up force on the chip provided by the work piece. F is the resultant of F, and
F},. Force P is the frictional resistance of the tool acting downward against the
motion of chip as it moves along the tool face. The normal force N is normal
to the tool face and is provided by the tool. The resultant of these two forces
is F” and is the force exerted by the tool on the workpiece. The force F and F’

are equal in magnitude, opposite in direction and collinear.
- - —

F=F +F,

—Tool

— —
F'=P+N
The relation between various forces have been worked out by Mer-
chant with a large number of assumptions as follows :

(?) The chip behaves as a free body in stable equilibrium under the
action of two equal, opposite and collinear resultant forces.

(#2) Continuous chip without built up edge is produced.

(#ii) The cutting velocity remains constant.

(iv) The cutting tool has a sharp cutting edge and it does not make any
flank contact with the workpiece.

Merchant suggested a compact and easiest way of representing the
various forces inside a circle having the vector F as diameter. Fig. 2.3 shows
Merchant circle diagram which is convenient to determine the relation be-
tween the various forces and angles. The circle has a diameter equal to F or F’
passing through the tool point.

o = Rake angle of tool.
= Shear angle.
y = Friction angle of the tool face.

-
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Fig. 2.3. Merchant circle diagram.
Asthe chip slides overthe tool face under pressure therefore the kinetic
coefficient of friction (1) may be expressed as

—E—tan

The cutting force Fy and feed force. Fy can be measured with a cutting tool
.dynamometer and then the other forces can be determined in terms of Fy; and
Fy. Shear angle f§ can be obtained from the equation.

tan B 7 cos o
anPl=tm o o
1-rsina
s : I
Chip thickness ratio, r = o
2

where t; = Chip thickness before cutting
1, = Chip thickness after cutting
P = Friction resistance
= Fy sin o + Fycos
N = Normal force
= Fy cos o — Fy sin a.

F=VF#} +Fy

Fy; = Cutting force
= F cos (y —)
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Also F5=FCOS9
Fy
" cos 0
where O=p+y-a

_Fs.cos(y-a)

Fu= cos 0
Fgcos (y-a)
T os(B+y-a)
u = Coefficient of friction
=tany = £
N

Fysin o+ Fy cos o

- Fy cos o - Fysin o
Fy.tano + Fy
°F g — Fytan o
The relationships for Fs and F,, are as follows :
Fg = Fycos f—Fysin p.
F, = Fycos § + Fy sin B.
Cutting force depends on the following :
(i) Material to be cut
(a) Hardness of material
(b) Strength of material
(i7) depth of cut (i10) feed
(iv) Tool geometry.
2.2. Stress and Strain in the Chip
During machining the chips are produced due to the plastic deforma-
tion of the metal and are subjected to stress and strain.
Let F; = Shearing force
fs = Shear stress in the shear plane.
A, = Cross sectional area of chip before cutting.
A, = Area of shear plane.

Now f.'=—”
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_ (Fycos B - Fysin ) sin p
= e
_ Fycos Bsinp-Fy sin’
= 4

where Ajp=by. 1.

and b; and ¢, indicate width and thickness of chip respectively (Fig. 2.4).

L Tool

Workpiece 1

Fig.2.4

2.3. Shear Strain

v The chip is cogsidered to be consisting of series of plate like elements
of th1ckpes§ Ay and displaced through a distance AS relative to each other as
shown in Fig. 2.5. Strain is defined as the deformation per unit length.

e = Shear strain = XE

-5
SR ey \
\ \
\ k T
\ \\ A y1
\ \
\ J
Fig. 2.5
Fig. 2.6 shows elements of chips in the strain state.
Now e= L = 2l
Ay CD
_BD  AB
~CD  CD
=cot  + tan (f — o). (1)
__1 tanf- tan o

tan B 1+ tan P tan «
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Fig. 2.6
1 +tan’p

" tan f + tan’ f tan a
sec’ B
~tan B (1 + tan B tan )
cos o
=sin[3.cos([3—0l)

2.3. (a) To prove that
K?-2Ksino +1
K cos o

We know from equation (1)
e=cotf +tan (f— )

o rcoso.___ cosa
1-rsina l-—sina
r
cos o
“K-sina
Now e=cotf +tan (f + a)

cot § +tan § — tan o
l+tanf.tan o

Substitute the values of tan 3
cos o
K—sina+ K - sin o

Ccos
COSOL 1+V———xtanot

—tan o
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K-sina  cosa —tan o x (K - sin o)

sin o K -sin o + cos o . tan o
K-sina cos®a - K sin o + sin? o
T cosa K sin a
_K-sina  1-sinaxK
T cosa K cos a
_KQ—K.sina+1—-Ksina
3 K cos a

K?-2Ksin o + 1
K cos a
where K = Chip reduction coefficient.
2.4. Work Done and Power Required
The work done and power required in metal cutting is calculated as
follows.
Let . V = Cutting speed (metre/minute)
Fy = Cutting force (kg)
W = Total work done in cutting
= Fy x Vkgm/min
W1 = Work done in shear.
= Fg x Vs kg-m/min.
where Vg = Velocity of the chip relative to work in metre minute.
F¢ = Shear force in kg.
W, = Work done in friction
= P x V. kgm/min
where V. = Velocity of the chip relative to the cutting tool in metre/min.
W= Wl + W2
FyxV=F¢xVs+Px V.
FyxV
A 4500 °
2.5. Power Consumed in Metal Catting
Specific power means power required to remove unit volume of metal.

During two dimensional metal cutting operation the total energy
(power) consumed is found as follows :
U = Total energy (power) consumed her unit time
=FpgxV
where Fyy = Cutting force (kg)
V= Cutting speed (mpm)
FyuxV

HP. =
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E = Energy consumed per unit volume

U
Vbt
FyxV
B
Fy
bt

where b = Width of cut
t = Depth of cut
Energy consumed per unit volume is utilised as follows.
(7) Shear energy per unit volume (E) on shear plane
Fg. Vs
Es=V b1

Vs
=f5[ V sin ]
where Fg = Shear force.
V = Shear velocity
fs = Shear stress
[ = Shear angle
(ii) Friction energy per unit volume (Ey) on the tool face.
F.V¢
Vb
where F = Force along tool face.
V¢ = Chip velocity.
(iti) Surface energy per unit volume (E,) due to the formation of new
surface area in cutting.
(iv) Momentum energy per unit volume (E,,) due to the momentum
change associated with the metal as it crosses the shear plane
En=p V2 é* sin? p
where  p = Mass density of metal
e = Shear strain
It is observed that the surface energy per unit volume (E4) and momen-
tum energy per unit volume (E,,) are relatively very small and can be neglected
and therefore to a good approximation, we have
E=Es+Ef
In general the friction energy is found to be about % the shear energy

Ef=

in turning. ' s ‘
It is important to reduce coefficient of friction between tool and chip
in metal cutting because when the coefficient of friction is decreased in metal
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cutting not only a decrease in friction work will result but a decréase in the’
shear work as well.

2.6. Machine Tool Efficiency

H.P. used in metal cutting is estimated by measuring the gross horse
power (HP,) and ¢ ate horse power (HP)).

H.P. cutting (HP,) = HP, - HP,.
M = Machine tool efficiency
HP,
=g

&
2.7. Metal Removal Rate (w)

Itis the volume of metal removed in unit time. It helps to calculate time
required to remove specified quantity of material from the workpiece.
Let, t = Depth of cut in centimetres
f = Feed/revolution in cm.
V = Cutting speed in cm/minute.
w = .f.v cm>/min. '
The metal should be removed by the cutting rapidly to reduce the
machining cost. To achieve this the following factors should be considered.
(9) The cutting tool should be made up of proper material.
(#) The cutting tool should be properly ground.
(i#7) Tool should be held rigidly and there should be no vibrations.
(v) Depending upon the rigidity of the machine maximum speed and
feed should be used.
2.8. Ernst-Merchant Theory
According to this theory the relation between rake angle o, shear angle
P and friction angle v is as follows.
A
47252
() Shear will take place in a direction in which energy required for
shearing is minimum.

(¢7) Shear stress is maximum at the shear plane and it remains constant.

We have proved that
_Fs.cos(y—-a_)
B cos (B +y-0)
Now Fs=fs A,

where fg = Shear stress
A; = Area of shear plane
bty
= m
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bity  cos (y - o)
Fu=Js sin B cos (B +7 - )
Differentiating w.r.t. .
dF,
d—BH =—fs. byty cos (y —a)
. cosP.cos(B+y-a)-sinBsin(f+y-0)
sin? B cos® (B +y - )

= 0 in order that § will assume that value which required
a minimum force to cut the material.
cosPecos(B+y—a)—sinBsin(f+y—a) =0
cosB+Pp+y-a)=0
cos(2Bp+y—-a)=0

L&
-

© 2.9. Lee and Shaffer’s Theory
The theory of Lee and Shaffer was the result of an attempt to apply the
plasticity theory to the problem of orthogonal metal cutting. The assumptions

made in this theory are follows :
(1) The work material ahead of the tool behaves as ideal plastic mass.
(i) There exists a shear plane which separates the chip and workpiece.
(iif) No hardening in chip occurs. On the basis of above assumptions

the following relationship was obtained.

7
+y—o==—.
Pry—a=7
Lee and Shaffer realised that the above equation could not apply for
all values of y and o such as when y m% and a is zero this will give f as zero.

Therefore they modified the above equation by including the effect of built up
cdge by using addition angle 6 depending on the size of built up edge and
arrived at the following solution.

p+y—-a-06=

Ala

2.10. Velocities in metal cutting

There are three velocities in a metal cutting process :

(1) Cutting velocity (V). It is the velocity of the tool relative to the
workpiece and directed parallel to the cutting force.
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(i1) Chip velbcity (V). Itis the velocity of the chip relative to the tool
and is directed along the tool face.

(iif) Shear velocity (V). It is the velocity of the chip relative to the
workpiece and is directed along the shear plane.

2.10.1. Velocity Relationship

The velocity relationship in orthogonal cuﬁing are shown in Fig. 2.7.
The various velocities are the cutting velocity V, chip velocity V. and shear
velocity V. Velocity Vc is the velocity of chip relative to tool and is directed
along tool face and V is velocity of chip relative to workpiece and is directed
along shear plane (Fig. 2.8).

Vv
Workpiece 3

Fig. 2.7

Fig. 2.8
In Fig. 2.8, from right angle triangle OCA
AC = OA sin p
AC=Vsinfp



