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ave you ever wondered: “How did they

make that? Why did they make it in

such a poor way?” Choosing a manu-

facturing method is part of the design

process for nearly everything that is

made. Today, that is a complicated
choice, but an essential one.

Humans have been making useful objects ever
since they discovered that they could hold tools. Until
about two hundred years ago, most objects were man-
ufactured by hand—in fact, the word “manufacturing”
literally translated from Latin means “to make by
hand.” By today’s standards, these objects were
crudely made. Parts were not interchangeable. Each
part was individually fitted to the others so that the
total mechanism worked, at least until something
broke. Then, the replacement part had to be made
specially to fit.

Today’s society could not exist without modern
manufacturing and production techniques. Mass pro-
duction with interchangeable parts is vital to our stan-
dard of living. One cannot even imagine the difficulty
in making an automobile, a modern tractor used on a
farm, or a commercial aircraft if all the parts had to be
made by hand. Without modern manufacturing meth-
ods, we could not even feed the present population.

To the Student

The Industrial Revolution brought about two radi-
cal changes: the standardization of measurements
and the development of manufacturing techniques
which allowed interchangeable parts to be mass pro-
duced. Before then, workers measured lengths by
cubits, hands, or other imprecise gauges. When mea-
surements became standardized, an inch was an inch
or a millimetre was the same no matter whose scale
was used.

A result of standardization of measurements was
the development of interchangeable parts. Using stan-
dardized measurements, workers could make parts
that would fit similar mechanisms.

With the advent of the steam engine and the result-
ing portable power source, workers had power avail-
able that could run machine tools, make machine
tools handle large capacities not possible with human
or animal power, and increase production. Workers
could make dozens of the same parts at a time and
produce them more cheaply than ever before.

The immediate result was that manufactured goods
became cheaper, more people could own those goods,
and the standard of living rose.

Modern manufacturing is changing continuously.
Standards that were adequate a decade ago are not
good enough to make the state-of-the-art machines
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operate properly. Methods of manufacturing will
always improve and new materials will change the way
that we make things.

Look around. How many products can you list that
have become obsolete in your lifetime? We have gone
from the vacuum tube to the transistor to the inte-
grated circuit even before some of the old vacuum
tubes have burned out. In cameras, we have pro-
gressed from black-and-white film to color film to
instant prints to filmless electronic-imaging cameras in
less than half a lifetime. Thirty years ago, classroom
exams were mimeographed, or simply written on the
chalkboard. Now, photocopier machines are the stan-
dard. As late as 1975, engineers used slide rules, which
now are as obsolete as the abacus. Electric typewriters
hailed as state of the art are antiques compared to the
modern computer and word processing systems. This
latter invention is one for which the authors of this
text are truly grateful.

This text is as up-to-date as the authors could make
it, yet even the newest manufacturing techniques
described in this text might be replaced before you fin-
ish this course. Please consider this text only a starting
point. It is the responsibility of each engineer and techni-
cian to keep current with new technologies in his/her
field! Professionals should read technical journals and
trade magazines in their field and join technical soci-
eties. These societies publish magazines and books
and offer workshops, to keep their members current.
The era when a person could learn a skill and be set
for life ended long ago. One must keep up-to-date!

Societies, as well as individuals, must keep up with
change. The United States of America is the only
major industrial country that does not use the metric
system exclusively. Eventually, the United States and
American industry will have to join the rest of the
world in this standardization of measurement. There-

fore, at the request of many industries, we have
included some metric system examples and problems
in this book. This is a good time to master the metric
system if you have not already done so. You are going
to need it.

The format for this text is as follows: a concept is
introduced, discussed, and followed immediately by
questions and exercises. Get in the habit of answering
the questions and working the exercises as you come
to them. They have been designed to help you master
a block of material before building on it with new con-
cepts. Don’t wait until test time to do the work, or the
course will get ahead of you.

Above all, stick with it! It takes hard work to mas-
ter these new concepts and organize all of this mater-
ial, but you need them in order to be ready to take
your place in today’s industry.

Good luck in the course.

H ACKNOWLEDGMENTS

We would like to express our appreciation to the
reviewers of this book: James R. Drake, Cuyahoga
Community College, Cleveland, OH; Thomas Eddins,
Clayton State College, Morrow, GA; Clem Gruen,
University of Central Arkansas, Conway, AR; Neil
Hinton, Hocking College, Nelsonville, OH; Frank
Irlinger, Nashville State Technical Institute, Nashville,
TN; Thomas Lukach, Stark Technical College, Can-
ton, OH; Douglas Macdonald, Florence-Darlington
Tech, Florence, SC; Billy McElhaney, Nashville State
Technical Institute, Nashville, TN; and Richard Neu-
verth, Hawkeye Institute of Technology, Waterloo, IA.

William O. Fellers
William W. Hunt



SECTION |

Contents

FUNDAMENTALS OF MANUFACTURING 1

1 An Approach to Manufacturing
Processes 3

Classification of Production
Tasks 3

Material Removal 3
Material Addition 3
Change of Form 4
Change of Condition 4
Material Joining 4
Finishing 4

Tool or Process Selection 4

Example of Process Selection 5

A Warning About Lists 6

Summary 7

2 Properties of Materials 9

Structure of Matter 9
Solid State 10
Liquid State 10

Nucleation of Grains 1

Crystal Structure 13

Strength Properties 16
Stress 15
Strain 16
Yield Strength 16

Modulus of Elasticity 18
Safety Factor 19
Compression 19

Shear 20
Torsion 21
Flexure 21

Surface Properties 23
Hardness 23
Other Hardness Tests 28
Time-Dependent Properties 29

Impact 29
Creep 33
Fatigue 34

Summary 35

Measurements in
Manufacturing 37

Definitions of Terms Used in
Measurements 38
Dimensional Analysis 39
Use of Formulas 41
Metric System 42
Length Units 42
Volume Units 42
Force Units 43



Vi

Contents

Limits of Accuracy 45

Statistics of Measurement 46
Measures of Central Tendency
Measures of Dispersion 47

Production Tests 48

Summary 50

SECTION 11
MATERIAL REMOVAL

Mechanical Methods of Material

Removal 57

Fundamental Concepts of Material
Removal 57

Methods of Material Removal 60

Handwork 60

Powered Mechanical Methods

of Material Removal 61

Turning 61
Milling 65
Shaping and Planing 66
Routing 66
Broaching 67
Drilling and Boring 67
Reaming and Honing 70

Sawing 70

Shearing and Punching 76
Grinding 76

Sanding 80

Polishing 81

Cutting Tool Shaping 81
Feeds and Speeds 84
Feed and Depth of Cut 86

Coolants for Cutting Tools 86
Power Requirements for Machining
Summary 90
Photo Essay 4-1 Setting Up the Lathe

for Manual Control 91
Photo Essay 4-2 Dirilling 94
Photo Essay 4-3 Milling 97
Photo Essay 4-4 Grinding 99

Photo Essay 3-1 Reading the
Micrometer 51
46 Photo Essay 3-2 Using the Dial
Micrometer 52
Photo Essay 3-3 Using the Vernier
Cadliper 54

55

5 Electrical Methods of Material
Removal 101

Electrical Discharge Machining 101
General Operating Principles of EDM 102
Ram EDM Machines 104
Wire EDM Machines 105
Electric Discharge Grinding 108
Electrochemical Grinding 108
Disadvantages 108
Summary 109

6 Chemical Methods of Material
Removal 111

Chemical Machining 111
Electrochemical Machining 113
Summary 115

7 Thermal and Other Methods of
Material Removal 117

Hot Wire Cutting 117

Oxy-Fuel Gas Cutting 117

Laser Cutting 120

87 Other Methods of Material Removal 121

Water Saw 121
Wire Saw 121
Electron-Beam Machining 122
Ultrasonic Machining 124

Summary 124

Photo Essay 7-1 Oxy-Fuel Gas Cutting 125



Il SECTION Il

Contents

vii

MATERIAL ADDITION 127
8 Material Addition 129 Metallizing Processes 136
. Vapor-Deposited Coatings 138
Electroplating 129 Vacuum Coating 138
Brush l_’laflng 131 Sputtering 140
Electroforming 131 Similarities and Differences in
Chemical Fialing 132 Coating Methods 140
Dipping 133 Uses 141
&‘Z;’C:I‘"’;:‘ngg ]] 3354 Materials 141
i
Bonding Problems 135 Summary 142
Il SECTION IV
CHANGE OF FORM 143
9 Thermal Methods of Change Preparation and Blending
of Form 145 of the Powder 167
Casting 145 eaan I
. g 171
Sand casting 145 LS
. Applications 171
Investment Casting Processes 151 summary 173
Permanent Mold Casting
Processes 155
Cem"f”gq' Costing tol 11 Mechanical and Other Methods
Slush Costing 162 of Change of Form 175
Continuous-Pour Casting 163
Selection of Casting Processes 163 Forming 175
Selection Based on Shape 164 Forging 175
Selection Based on Weight Lubricants for Forging 181
Limits 164 Hydroforming 181
Selection Based on the Material Extrusion 182
fo Be Cast 165 Rolling 184
Summary 166 Bending 192
Drawing 198
Spin Forming 198
19 Z?v;g::\ Mefhfg; af Change High-Energy-Rate Methods 200
Explosion Forming 200
Introduction to Powder Metallurgy 167 Magneforming 201
Powder Metallurgy 167 Summary 203



viii

12

13

14

Contents

SECTION V
CHANGE OF CONDITION
Change of Condition 207
Mechanical Techniques 207
Cold Working 208
Thermal Processes 208
Theory 208
Time-Temperature-Transformation
Curve 214
Methods of Softening Steels 215
Methods of Hardening 217
Chemical Processes 218
Case Hardening 218
Tempering of Steels 220
SECTION VI
MATERIAL JOINING
Adhesives 233
Permanent Adhesives 233
Temporary Adhesives 233
Soldering and Brazing 233
Selection of Adhesives 234
Summary 236
Photo Essay 13-1 Gluing 237
Welding 239
Joint Preparation 240
Forge Welding 240

Gas Welding 241
Oxygen-Acetylene Welding 241
Oxygen-Hydrogen Welding 243
Plasma Welding 244

Electrical Welding 244
Resistance Welds 244
Arc Welds 246

Other Welding Techniques
Electron Beam Welding

257
257

229

205

15

Spheroidizing 220
Martempering and Austempering
Patenting 223
Jominy Test 223
Selection of Heat Treatments
Nomenclature of Steels 225
Heat Treatment of Nonferrous
Materials 226
Annealing 226
Precipitation Hardening
Solution Heat Treating
Summary 228

220

225

227
227

258
258
258
259

Laser Welding
Friction Welding
Thermite Welding
Chemical Welding
Annealing 259
Specifying a Weld
Weld Tests 260
Visual Tests 260
Subsurface Tests
Mechanical Tests
Weld Applications
Welding Safety
Summary 267
Photo Essay 14-1 Igniting the Oxygen-
Acetylene Torch 268

259

262
262
264
264

Mechanical Methods
of Joining 273

Fasteners 273
Need:s of the Application
Threaded Fasteners 274

273



16

18

Specifying a Thread 276
Nonthreaded Fasteners 278
Fasteners for Shafts 279

Crimping 281

SECTION VII

FINISHING 287

Mechanical Surface Finishing 17

Processes 289

Deburring 290
Stripping/Cleaning
Smoothing Operations
Honing 294
Superfinishing
Lapping 296
Polishing 297
Buffing 298
Burnishing 298
Ballizing 298
Bearizing 298
Finish Specification 299
Summary 304

292
294

296

SECTION VIiii

MANUFACTURING WITH PLASTICS AND COMPOSITES

Manufacturing with
Plastics 317

317
317

Types of Plastics
Thermoplastics
Thermosets 318
Elastomers 318
Differences in Polymers
Other Types of Polymers

Manufacturing with Plastics
Resin Transfer Molding
Injection Molding

19

318
319
320
320
320

Composites
Types of Fabrics

Types of Resins

Contents ix

Make As One Piece 281
Summary 283

Photo Essay 15-1 Pop Riveting 284

Surface Treatment Processes
and Coatings 305

Conversion Processes 305
Phosphate Conversion
Processes 305
Chromate Conversion
Processes 306
Oxide Conversion Processes
Cyanide Conversion Process
Inorganic Coatings 307
Metal Coatings 307
Ceramic Coatings 308
Organic Coatings 308
Organic Coating Processes
Summary 313

306
307

310

315

320
321

Reaction Injection Molding
Ultra-Reinforced Thermoset RIM
Summary 323

Manufacturing with
325

325
Directions in Fabrics
Hybrids 328
329

328



X

20

21

Contents

Manufacturing Techniques of
Composites 329

Hand Layup 329
Pre-Preg 330
Filament Winding 330
Pultrusion 330

Curing of Composites 331
Vacuum Bagging 332
Autoclaving 332

SECTION IX

INDUSTRIAL SAFETY AND HEALTH

Industrial Safety and
Health 343

General Rules of Safety 343
Equipment Safety 347
Personnel Safety 349

SECTION X
PRODUCTION CONTROL

361

Characteristics of Different Types of
Facilities 361

Piecework Production 362
Jigs and Fixtures 364
Desirable Characteristics of

Workholders 364

Inspection/Dimensioning 365
Inspection 371

Small Batch Production 373

Production Control

Numerical Control 373
Computerized Numerical
Control 374

Large Batch or Continuous Processes

Computer-Aided Drafting/Computer-
Automated Manufacturing 377

Robotics 378

357

Sandwiches and Honeycombs 332

Joining of Composites 333

Advantages and Disadvantages of
Plastics and Composites 333

Summary 335

Photo Essay 19-1
Composite 336

Photo Essay 19-2 Vacuum
Bagging 338

Hand Layup of a

341

Product Safety 350

Ergonomics 350

Other Safety Considerations 354
Safety of the Environment 354
Summary 356

Quality Assurance Through Automated
Inspection 384

Statistical Quality Control 386

Just-in-Time Scheduling 389

Mass Production 390

Adaptive Control 390
Cellular Organization 391
Flexible Manufacturing
Systems 393
Computer-Integrated
Manufacturing 393

Plant Layout 395

Flow of Material 395
Flow of Utilities 395
Flow of People 395
Flow of Information 395

Summary 401



Contents xi

Il APPENDICES

A Glossary 403 D Answers to Odd-Numbered
Problems 421
B Derivation of Equations 415
E Conversion Factors 435
C Formulas and Equations 419

Index 437



it ’ il Chapter 1

F AnAppr%gch to Manufacturing Processes
" = hapter 2

of Materials

Chapter 3

ufactyring




2

Fundamentals of Manufacturing

ll INTRODUCTION

Look around you. How many things do you see that you wear, sit on, or use
that were made by someone? We rarely use “found objects.” Therefore,
someone had to make nearly everything that we use, and they had to make it
in some manner. How those things were made, the manufacturing processes,
is what this book is all about.

Specifically, this book examines the processes by which things can be
made. We know that they can be made rapidly, with acceptably high quality,
at a cost low enough to be affordable, and with an acceptably small environ-
mental impact if we are wise enough in our choice of manufacturing
processes. We can make wise choices only if we clearly understand all of the
available options in manufacturing and their consequences.

The design of any object limits the choice of processes by which the object
can be manufactured. The designer must bear this fact in mind. Sometimes,
the converse is also true: The design may be limited by the small number of
manufacturing processes available to the engineer or designer. This is espe-
cially true in small industries with limited facilities. So the design choices and
the manufacturing-process choices are integral parts of a single design
process. In this book, the primary focus is on the manufacturing-process con-
siderations, viewed as one part of the design process. The two central themes
in this book are as follows:

1. For a given object, what manufacturing processes could be used to pro-
duce it?

2. For a given manufacturing process, what are the conditions under which
this would be a wise choice to use? Further, the advantages and disad-
vantages of using that process must also be considered.

Answering these two questions may seem to be a tall order, but let us start
by developing a conceptual framework so that the information will be easier
to organize and understand.



Chapter

An Approach to
Manufacturing Processes

Il CLASSIFICATION OF
PRODUCTION TASKS

What tools would you expect to find in a mechanic’s
toolbox? Perhaps there would be a hammer, some
wrenches, several screwdrivers, tin snips, propane
torch, micrometers, and maybe even a flashlight. Why
does a mechanic or machinist need so many different
tools? They’re needed because there are so many dif-
ferent jobs to be done. The same is true in manufac-
turing. The manufacture of any single item, whether
it’s a simple screw or a jet aircraft, requires many dif-
ferent operations or jobs during its production. To
study all of the possible methods of manufacturing
may seem to be an overwhelming task. Fortunately,
nearly all manufacturing processes can be divided
into just six categories:

. Material removal

. Material addition

. Change of form

. Change of condition
. Material joining

. Finishing

AW =

A full section in this book is devoted to each of
these operations, and most of these sections are fur-

ther divided into separate chapters. For instance,
material joining is divided into chapters on adhesives,
welding, and mechanical or other forms of joining.
Entire courses are often offered in each of these man-
ufacturing operations. The purpose of this text is to
provide a brief introduction to each of the concepts.
Although more detailed explanations of these cate-
gories appear later in this book, a brief description of
them is in order here.

Material Removal

Material removal includes any process by which a part
or piece of a material is severed or separated from
another section of the same material. This includes
the use of such hand tools as saws, chisels, and snips,
as well as mechanically driven tools such as lathes,
drills, planes, shapers, and grinders. Mechanical,
chemical, electrical, thermal, optical, hydraulic, and
other methods can also be used to remove material.
These techniques are discussed in Section II.

Material Addition

Material addition involves all methods by which a
piece of stock can be increased in volume or weight.

3



4 Fundamentals of Manufacturing

(Stock is any material still in the form and shape in
which it comes from the supplier.) These methods
include electroplating, dipping, metallizing, electro-
forming, spraying, and vacuum deposition. Many of
these processes are quite sophisticated technologically
and require highly skilled personnel to perform them.
Section III covers these methods.

Change of Form

Change of form includes the methods by which the
shape of a piece of material is altered. Such processes
as rolling, forging, bending, and many others are dis-
cussed in Section IV.

Change of Condition

Often, the internal structure of metal and other parts
can be altered to provide the qualities required in the
final product. Steels in particular can be hardened or
softened significantly by heat treatments. The
mechanical properties of other metals can be altered
somewhat by forging and cold rolling. The characteris-
tics of glass can be changed by chemical or thermal
means. Any alteration of the properties of a material
is considered to be a change of condition. Although it
is necessary to study the properties and mechanics of
materials in separate courses to understand com-
pletely the processes that result in a change of condi-
tion, the more important concepts of this subject are
covered in Section V.

Material Joining

The method by which two or more parts are held
together is called material joining, which includes, but
is not limited to, such methods as welding, riveting,
gluing, bolting, and pinning. The number of these
methods that are available may be surprising. Section
VI discusses this vast array of methods.

Finishing
When a machined product comes right out of the
mold or off the machine, the surface it has at that

point is not usually suitable for further use. At that
point, it is unattractive, probably would not be salable,

and might not even perform its intended function very
well. It is therefore necessary that a “finish” be
applied to the part. Finishing can involve anything
from painting the part to plating it. Finishes are cov-
ered in Section VIL

ll TOOL OR PROCESS
SELECTION

Once a decision has been made as to which operation
classification is to be used, several other questions
must be asked. Suppose that a piece of stock must be
cut to start making a part. Which tool should be used?
Would a pocket knife do the job, or would a saw,
torch, or perhaps a set of shears be required? Can
steel, wood, rubber, and ceramic be cut with the same
tool? To determine the proper tool with which to
remove the material, the following questions must be
answered:

1. What are the physical properties of the material
being cut, formed, or shaped, and what are the
properties of the tools being used?

2. Does the tool or process selected have the preci-
sion required for the product?

3. Does the tool or process selected meet the
required production rate of the job?

4. Is the tool or process economical? In other words,
is the per-unit cost of the process low enough to
do the job profitably?

5. Does the selected tool or process meet the social
or environmental requirements, and are the
resulting environmental costs small enough to jus-
tify using the process?

6. Will the tool or process be available when it is
needed?

7. Is a trained operator required for the process? If
so, will one be available when needed?

Questions 6 and 7 are not covered in this text, but
they must be considered in actual industrial situations.
With regard to Question 6, many small industrial
plants do not have and cannot afford many of the
tools, production facilities, or high-technology meth-
ods currently available. Further, small job runs may
preclude the investment of large sums of money to
obtain a high-production-rate machine. Therefore, the



manufacturing engineer must often “work with the
tools at hand.” Simply put, to complete a contract, a
small company may find it cheaper to hire a machinist
to produce the few parts needed using the lathes and
milling machines currently in the shop than to buy the
latest computer-aided, robotics-controlled equipment.

As for Question 7, many manufacturing processes
require specially trained, often licensed personnel to
perform them. It would be futile for a manufacturing
engineer to specify, for instance, “heliarc welding” if
there was no one available who knew how to do it. In
large companies, or if the contract is sufficiently large,
a management decision might be to hire a qualified
heliarc welder to do the job. On the other hand, man-
agement might tell the engineer to figure out some
other way to do the job.

What if a wise choice cannot be found among the
processes and tools that are available? Then the
choice may be between obtaining the part from a sub-
contractor or vendor or devising a new manufacturing
process to do the job. Why not risk the latter? Often
the best engineering is innovative and cannot be
found in a “cookbook.”

B EXAMPLE OF PROCESS
SELECTION

To illustrate a method of selecting a manufacturing
process, let us look at a specific example and examine
the options available. Suppose that we needed to pro-
duce a 1-inch-wide wood chisel for a specific job. Fur-
ther let us assume, for purposes of argument, that we
were on an isolated island and the only tools and
materials available were hand tools in a toolbox. We
examine the questions posed earlier with respect to
this task. The shape of the chisel is approximately as
illustrated in Figure 1-1.

1. What are the physical properties of the mater-
ial and the properties of the tools? Here the choice is
very limited. Perhaps the only material from which the
chisel can be made is an old file. But files are very
brittle and cannot be cut with other ordinary hand
tools. In this case the file would have to be annealed
by heating it to a red heat in a fire and allowing it to
cool slowly in air. The file could then be cut with a

An Approach to Manufacturing Processes 5

Wood chisel.

Figure 1-1.

hacksaw, drilled with a hand drill, or filed with
another file. The edge could be put on the tool with
an abrasive stone.

2. Does the tool or process have the precision
required for the product? The precision here would
be limited by the skill of the worker. Because this job
doesn’t require any mating parts, the requirement for
precision is not very high.

3. Does the tool or process selected meet the
required rate of the job? Production of a tool by hand
would be a very slow process. But since only one is
needed, the production requirement could be met.

4. Is the tool or process economical? In a word,
no! However, considering other alternatives, such as
importing a chisel from another part of the world and
paying shipping charges, it might be cheaper to make
the tool than to order it.

5. Does the selected tool or process meet the
social or environmental requirements? The produc-
tion of a tool, such as a chisel, by hand produces few
environmental consequences. The smoke and fumes
from the annealing fire would seem to be the major
pollutants. The shavings and filings from cutting and
shaping the tool would not be excessive.

6 and 7. Will the tools and operators be avail-
able? This is a case in which the process is determined
by the tools available, not the other way around. If the
required whetstone is not available for sharpening the



