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to reach, but rather a moving target, rising to higher and higher levels as time passes
(also known as continued improvement).

Although the selection of materials for products traditionally has required
much experience, several databases and expert systems are now available that greatly
facilitate the selection process that is aimed at meeting specific requirements. Also, in
reviewing the materials used in existing products (from simple hand tools to automo-
biles and aircraft), there are numerous opportunities for the substitution of materials
for improved performance and, especially, cost savings.

In the production phase, it is imperative that the capabilities of manufacturing
processes be properly assessed as an essential guide to the ultimate selection of an
appropriate process or sequence of processes. As described throughout this book,
there usually is more than one method of manufacturing a product, its components,
and its subassemblies.

Increasingly important are the life-cycle assessment and life-cycle engineering
of products, services, and systems, particularly regarding their potentially adverse
impact on the environment. The major emphasis now is on sustainable manufactur-
ing, with the purpose of reducing or eliminating any and all adverse effects of man-
ufacturing on the environment, while still allowing a company to be profitable.

Although the economics of individual manufacturing processes has been de-
scribed throughout the book, this chapter takes a broader view and summarizes the
important overall manufacturing cost factors. It also introduces cost-reduction
methods, including value analysis, which is a powerful tool to evaluate the cost of
each manufacturing step relative to its contribution to a product’s value.

40.2 Product Design

Those aspects which are relevant to design for manufacture and assembly (DFMA),
as well as to competitive manufacturing, have been highlighted throughout various
chapters of this text. Several guidelines for the selection of materials and manufac-
turing processes are given in the references listed in Table 40.1. Major advances are
continually being made in design for manufacture and assembly, for which a num-
ber of software packages are now available. Although their use requires consider-
able training, these advances greatly help designers develop high-quality products
with fewer components, thus reducing production time and assembly and, conse-
quently, reducing product cost.

Product Design Considerations. In addition to the design guidelines we have given
regarding individual manufacturing processes, there are general product design con-
siderations. (See also robust design, Section 36.5.1.) Designers often must check and
verify whether they have addressed considerations such as the following:

e Have all alternative designs been thoroughly investigated?

e Can the design be simplified and the number of its components minimized
without adversely affecting its intended functions and performance?

¢ Can the design be made smaller and lighter?

e Are there unnecessary features in the product or some of its components, and
if so, can they be eliminated or combined with other features?

e Have modular design and building-block concepts been considered for a family of
similar products and for servicing and repair, upgrading, and installing options?

e Are the specified dimensional tolerances and surface finish unnecessarily tight,
thereby significantly increasing product cost, and if so, can they be relaxed with-
out any adverse effects?
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Refeiesées to Various Topics in This Book (Page numbers 3& in parentheses)

Material Properties

Tables 2.1 (57), 2.2 (59), 2.3 (62), and Figs. 2.4, 2.6, 2.7,
2.8,2.15,2.16,2.17,2.29

Tables 3.1 (89), 3.2 (90), and Figs. 3.1, 3.2, 3.3

Tables 5.2 (139), 5.4 (141), and 5.5 (144)

Tables 6.3 through 6.10 (153-162)

Tables 7.1 (172), 7.2 (180), 7.3 (186)

Tables 8.1 (199), 8.2 (202), 8.3 (206)

Tables 9.1 (218), 9.2 (220), 9.3 (228), and
Figs. 9.3,9.5,9.7

Table 10.1 (248)

Manufacturing Characteristics of Materials
Table 1.3 (16)

Table 4.1 (120)

Table 5.8 (147)

Table 6.2 (152)

Tables 12.1 (297), 12.6 (308)

Dimensional Tolerances and Surface Finish
Table 11.2 (261)

Table 23.1 (617), and Figs. 23.13, 23.14
Fig. 25.16

Capabilities of Manufacturing Processes

Tables 11.1 (259), 11.2 (261)

Table III.1 (315)

Table 14.1 (337), 14.4 (353)

Table 16.1 (383)

Section 17.7 and Fig. 17.14

Table 18.1 (466)

Tables 19.1 (485), 19.2 (521)

Table 20.1 (528)

Tables 23.1 (617), 23.6 (627), 23.8 (633), 23.10 (644)
Tables 26.3 (735), 26.4 (736)

Design Considerations in Processing

Abrasive processes: Section 26.5

Advanced machining: Various sections in Chapter 27
Casting: Section 12.2

Ceramics shaping: Section 18.5

Forging: Section 14.6

Heat Treating: Section 4.13

General Costs and Economics

Tables 1.5 (30), 1.6 (33), 1.7 (34), and Section 1.10
Table 6.1 (152)

Section 12.4

Section 14.9

Section 16.15

Table 17.6 (461) and Section 17.8

Table 19.2 (521) and Section 19.16

Section 25.8

Table 11.3 (281)

Tables 12.3 (304), 12.4 (305), 12.5 (305), and Fig. 12.4

Tables 16.2 (392), 16.3 (398), 16.4 (409), and Fig. 16.14

Tables 17.3 (455), 17.4 (455), 17.5 (456), and Fig. 17.10

Table 20.2 (529)

Tables 22.1 (593), 22.2 (594), 22.3 (594), 22.5 (600),
and Figs. 22.1, 22.9

Table 26.1 (721)

Table 32.3 (931)

Table 14.3 (348)

Table 16.3 (398), and Fig. 16.33
Tables 17.1 (447), 17.2 (453)
Tables 21.1 (559), 21.2 (571)
Fig. 22.2

Fig. 27.4
Figs. 35.19, 35.20
Figs. 40.4, 40.5

Table 27.1 (761)
Tables 28.1 (801),
Tables 29.1 (847),
Table VL1 (864)
Table 30.1 (866)
Table 32.4 (932)
Table 34.1 (989)

(

(

28.2 (809), 28.3 (810), and Fig. 28.19
29.3 (856)

Table 37.2 (1056), and Fig. 37.3
Table 39.1 (1121)
Tables 40.3 (1146), 40.5 (1153), and Figs. 40.2, 40.3, 40.5

Joining processes: Various sections in Chapters 30-32
Machining: Sections in Chapters 23-24

Polymers processing: Section 19.15

Powder metallurgy: Section 17.6

Sheet-metal forming: Section 16.13

Section 26.9 and Fig. 26.35
Section 27.11

Section 31.8

Section 32.7

Section 37.11

Section 39.9

Table 40.6 (1157) and Section 40.9

o Will the product be difficult or excessively time consuming to assemble and disas-
semble for maintenance, servicing, or recycling of some or all of its components?

* Is the use of fasteners minimized, including their quantity and variety?

® Have environmental considerations been taken into account and incorporated
into product design and material and process selection?
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® Have green design and life-cycle engineering principles been applied, including
recycling and cradle-to-cradle considerations?
¢ Can any of the design activities be outsourced?

40.2.1 Product Design and Quantity of Materials

Depending on the particular product, the cost of materials can become a significant
portion of the total cost. Although material costs cannot be reduced below the often-
fluctuating market level, reductions can be made in the gquantity of the materials used
in each of the components of a product. The wide use of available techniques, such as
minimum-weight design; design optimization; and computer-aided design, manufac-
turing, and assembly, as well as the availability of vast resources on materials and
their characteristics, have greatly facilitated design analysis, material selection and
process, and overall optimization.

Significant reductions in the quantity of materials purchased can be achieved by
reducing the component’s volume or using materials with higher strength-to-weight
or stiffness-to-weight ratios. The latter can be attained by improving and optimizing
the product design and by selecting different cross sections, such as those having a
high moment of inertia (such as I-beams and channels) or by using tubular or hollow
components instead of solid bars.

Implementing such design changes may, however, present significant challenges
in manufacturing. Consider, for example, the following:

a. Casting or molding thin cross sections can present difficulties in die and
mold filling and in meeting specified dimensional accuracy and surface finish
{Section 12.2).

b. Forging of thin sections requires high forces, due to friction, and especially in
hot forging, due to rapid chilling of tin regions (Section 14.3).

¢. Impact extrusion of thin-walled parts can be difficult, especially when high
dimensional accuracy and symmetry are required (Section 15.4.1).

d. The formability of sheet metal may be reduced as sheet thickness decreases; it

also can lead to buckling of the part under the high compressive stresses devel-
oped in the plane of the sheet during forming (Section 16.3).

e. Machining and grinding of thin workpieces may lead to part distortion, poor
dimensional accuracy, and vibration and chatter (Section 26.5); consequently,
advanced machining processes have to be considered (Chapter 27).

f. Welding thin sheets or slender structures can cause significant distortion due to
thermal gradients developed during welding (Section 30.10).

Conversely, making parts with thick cross sections can have their own adverse

effects. Consider, for example, the following:
a. In processes such as die casting (Section 11.4.5) and injection molding (Sec-
tion 19.3), the production rate can become slower because of the increased

cycle time required to allow sufficient time for the thicker regions to cool
before removing the part from the mold.

b. Porosity can develop in thicker regions of castings, unless controlled (Fig. 10.14).

c. The bendability of sheet metals decreases as their thickness increases (Sec-
tion 16.5).

d. In powder metallurgy, there can be significant variations in density and, hence,
properties, throughout parts with varying thicknesses (Section 17.6).

e. Welding thick sections can present problems in the quality of the welded joint
(Section 30.9).
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f. In die-cast parts, thinner sections will have a higher strength per unit thickness
(because of the smaller grain size developed), compared with thicker sections
(Section 11.4.5).

g. Processing plastic parts requires increased cycle times as their thickness or
volume increases; this is because of the longer time required for the parts to

cool sufficiently to be removed from the molds (Chapter 19).

EXAMPLE 40.1 An Application of Design for Manufacturing and Assembly

The redesign of the pilot’s instrument panel for a
military helicopter, built by McDonnell-Douglas, was
considered with a view toward reducing the number
of parts in the panel (and thus also its weight) and
the time required for its fabrication and assembly.
The components of the panel consisted of sheet
metal; extrusions, and rivets.

Using DFMA software and analyzing the panel
in detail, it was estimated that the redesign would lead

74 down to 9; (b) the panel weight, from 3.00 kg to
2.74 kg; (c) fabrication time, from 305 hrs to 20 hrs;
(d) assembly time, from 149 hrs to 8 hours; and
(e) total production time, from 697 hrs to 181 hrs. It
also was estimated that, as a result of design modifica-
tions, cost savings would be 74%. On the basis of
these results, other components of the instrument
panel were subjected to such analysis as well, resulting
in similar savings.

to the following changes: (a) the number of parts, from

40.3 Product Quality and Life Expectancy

Product quality and the techniques involved in quality assurance and control are
described in detail in Chapter 36. Recall that the word guality is difficult to define
precisely, partly because it includes not only well-defined technical characteristics,
but also human, and hence subjective, opinions. Generally, however, a high-quality
product is considered to have at least the following characteristics:

e It satisfies the needs and expectations of the customer.

¢ It has a pleasing appearance and handles well.

e It has high reliability and functions safely over its intended life.

e It is compatible with and responsive to the customer’s capabilities and working
environment.

¢ Installation, maintenance, and future improvements are easy to perform and at
low cost.

A major priority in product quality is the concept of continuous improvement, as
exemplified by the Japanese term kaizen, meaning never-ending improvement. Note,
however, that the level of quality a manufacturer chooses to impart to a particular prod-
uct depends on the particular market for which the product is intended. For example,
low-quality, low-cost products have their own market niche, including what are com-
monly referred to as dollar stores. Conversely, there always is a market for high-quality,
expensive products, such as a Rolls-Royce automobile, a gold and diamond-studded
wristwatch, high-performance sports equipment, and a high-precision machine tool.

40.3.1 Return on Quality

In implementing quality into products, it is important to understand the concept of
return on quality (ROQ), because of the following considerations:

¢ Quality must be viewed as an investment, because of its major influence on
customer satisfaction.
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* An incremental improvement in quality vis-a-vis the additional costs involved
must be carefully investigated.

o There must be a certain limit on how much should be spent on quality
improvements.

e Because quality can be rather subjective, all changes to be made must be
critically evaluated.

Although customer satisfaction is a qualitative factor and is difficult to include in
calculations, satisfaction is increased and customers are more likely to be retained
(and become repeat customers) when there are no defects in products.

On the one hand, high-quality products do not necessarily cost more. For
example, in industries making computer chips and computer hardware, the ROQ
is minimized while the aim is to approach zero defects. (See also six sigma,
Section 36.7.2.) On the other hand, there are other products, such as ordinary
door hinges, water faucets, and hubcaps, for which the additional cost involved in
eliminating the final few defects can be unnecessarily high. It also is important to
consider the fact that the relative costs involved in identifying and repairing de-
fects in products grow by orders of magnitude, in accordance with the rule of ten,
as shown in Table 1.5.

Life Expectancy of Products. The average life expectancies of products are given
in Tables 1.4 and 36.1. As expected, life expectancies within each group of products
can vary significantly; the variations will depend on the materials and production
processes employed.

40.4 Life-cycle Assessment and
Sustainable Manufacturing

Life-cycle assessment (LLCA) is defined, according to the ISO 14000 standard
(Section 36.6.3), as “a systematic set of procedures for compiling and examining the
inputs and outputs of materials and energy, and the associated environmental im-
pacts or burdens directly attributable to the functioning of a product, process, or
service system throughout its entire life cycle.” The life cycle involves consecutive
and interlinked stages of a product or a service, from the very beginning to its dis-
posal or recycling, and includes the following:

a. Extraction of natural resources.

b. Processing of raw materials.

c. Manufacturing of products.

d. Transportation and distribution of the product to the customer.
e. Use, maintenance, and reuse of the product.

f. Recovery, recycling, and reuse of the components of the product, or else their
disposal, including metalworking fluids, cleaning solvents, and various liquids
used in heat-treating and plating processes.

All of these factors are basically applicable to any type of product. Recall that
each type of product has its own metallic and nonmetallic materials, processed into
individual components and assembled; thus, each product has its own life cycle.
Moreover, (a) some products, particularly those made of paper, cardboard, inexpen-
sive plastic, and glass, are intentionally made to be disposable, but nonetheless are
recyclable, and (b) numerous other products are completely reusable.
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Life-cycle Engineering. The major aim of life-cycle engineering (LCE) is to
consider reusing and recycling the components of a product, beginning with the
earliest stage: product design. Life-cycle engineering is also called green design
or green engineering. The considerations involved include environmental factors,
optimization, and numerous technical factors regarding each component of a

product.

Although life-cycle analysis and engineering are comprehensive and powerful
tools, their implementation can be challenging, time consuming, and costly, largely
because of uncertainties {regarding materials, processes, long-term effects, costs, etc.)
in the input data and the time required to collect reliable data to properly assess the
often complex interrelationships among all the components of the whole system.
Various software is being developed to expedite these analyses, particularly for the
chemical and process industries, because of the higher potential for environmental
and ecological damage in their operation. Examples of such software include
FeaturePlan and Teamcenter, which runs in a ProEngineer environment.

Cradle-to-cradle Production.

In examining the importance of product life-cycle

considerations, the principles of cradle-to-grave and cradle-to-cradle production
were described in some detail in Section 1.4. The case study that follows illustrates

an application of this type of production.

Automobiles, buses, trucks, tractors, and motorcycles
are pervasive in modern society. They are depended
on for personal transport as well as for commerce,
and they bring products to markets that are accessible
to consumers.

One major environmental concern associated
with such vehicles is caused by the need to periodically
purchase new tires. Even though tires have surpris-
ingly high wear resistance, they eventually (after about
65,000 km to 100,000 km) are not suited for further
safe operation on vehicles. Traditionally, tires have
been removed and replaced with new ones, with the
discarded tires typically dumped in landfills. This
practice has now become an environmental hazard as
the number of discarded tires continues to grow. Each
year in the United States, there are around 300 million
tires discarded, mostly in landfills.

The traditional model of manufacturing a tire
and taking into account its use and disposal is a classic
example of cradle-to-grave production. However, tires
do not fit into the biological recycling paradigm, be-
cause they do not readily break down into nutrients
for organisms and thus take several decades to decom-
pose in landfills. Although tires are flammable, their
combustion produces harmful gases and particulates,

CASE STUDY 40.1 Automobile Tires: From Cradle-to-grave to Cradle-to-cradle

making incineration an unviable option for disposal.
As a result, the traditional life cycle has led to an accu-
mulation of discarded tires.

The product life cycle for tires is being trans-
formed by Permal.ife products into a cradle-to-cradle
model. The company takes discarded tires and pro-
cesses them as follows:

¢ In a cryogenic freezing operation, the tire is sep-
arated into its major components: rubber, and
steel and fiber reinforcement. The rubber is
subjected to a temperature below its glass-
transition temperature (Section 7.2.3), which,
for the type of rubber tires are made of, is
—115°C. The steel and fiber reinforcements in
the tire are not significantly affected by this
operation. At —115°C, the rubber becomes
very brittle, and when processed in a hammer
mill (shown in Fig. 17.6c), it shatters into mil-
lions of small pieces.

¢ The rubber, in the form of small particles, is then
easily separated from the fiber or fiber mesh and
the steel reinforcements, which are then recycled
separately from the rubber.

¢ Colors can be added to the granulated material.
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The resulting artificial mulch, referred to by its
trade name of Permalife Softstuff™, has successfully
been used as a playground material, for landscaping,
and as a support material beneath artificial turf widely
used in sports stadiums around the world. From a
functional standpoint, this material can be tailored to
the particular application: (a) For playgrounds, a soft
material can be developed with a large-size granule to
prevent injury in the case of a child falling, while also
making its ingestion unlikely. (b) For professional
athletic competitions, the material can be made stiffer,
so that the likelihood of injury is low while athletic
performance is optimized.

Product Design and Process Selection in a Competitive Environment

The major advantages of this material are as
follows:

e The material will not cause splinters or attract
insects (as opposed to natural wood mulch).

e Maintenance is less costly and more environ-
mentally friendly, as opposed to natural grass
surfaces, which require fertilizer and mainte-
nance for optimum performance.

¢ The material does not stain, as opposed to wood
or grass surfaces.

Source: Courtesy of M. Sergia and N. Menonna,
Permalife, Inc.

Sustainable Manufacturing.

As is now universally acknowledged, the natural re-

sources on this Earth are limited, thus necessitating conservation of both materials
and energy. The concept of sustainable manufacturing emphasizes the need for con-
serving resources, particularly through proper maintenance and reuse. While prof-
itability is important to an organization, sustainable manufacturing is meant to meet
purposes such as (a) increasing the life cycle of products, (b) eliminating harm to the
environment and the ecosystem, and (c) ensuring our collective well-being, especially
that of future generations.

EXAMPLE 4?).2 Sustainable Manufacturing in the Production Qf‘Nike Athletic Shoes

Among numerous examples from industry; the produc-
tion of Nike shoes indicates the benefits of sustainable
manufacturing. These athletic shoes are assembled
with the use of adhesives. Up to around 1990, the ad-
hesives used contained petroleum-based solvents,
which pose health hazards to humans and contribute
to petrochemical smog. The company cooperated with
chemical suppliers to successfully develop a water-
based adhesive technology, now used in the majority
of shoe-assembly operations. As a result, solvent use in
all manufacturing processes in Nike’s subcontracted

significant amounts of extra rubber around the pe-

riphery of the sole (called flashing, similar to the flash

shown in Fig. 14.5d). With about 40 factories using

thousands of molds and producing over a million out- -
soles a day, flashing constitutes the largest chunk of -
waste in manufacturing the shoes. In order to reduce -
this waste, the company developed a technology that
grinds the flashing into 500-um rubber powder,
which is then added back into the rubber mixture
needed to make the outsole. With this approach,
waste was reduced by 40%. Moreover, it was found

facilities in Asia has been greatly reduced.
Regarding another component of the shoe, the
rubber outsoles are made by a process that results in

that the mixed rubber had better abrasion resistance
and durability, and its overall performance was higher
than the best premium rubber.

40.5 Material Selection for Products

In selecting materials for a product, it is essential to have a clear understanding of
the functional requirements for each of its individual components. The general crite-
ria for selecting materials were described in Section 1.5 of the General Introduction;
this section will discuss them in more specific detail.

General Properties of Materials. Mechanical properties (Chapter 2) include
strength, toughness, ductility, stiffness, hardness, and resistance to fatigue, creep, and
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impact. Physical properties (Chapter 3) include density, melting point, specific heat,
thermal and electrical conductivity, thermal expansion, and magnetic properties.
Chemical properties of primary concern in manufacturing are susceptibility to oxi-
dation and corrosion and to the various surface-treatment processes described in
Chapter 34.

The following considerations are significant in the selection of materials for
various products:

* Do the materials selected have the appropriate manufacturing characteristics?

* Can some of the materials be replaced by others that are less expensive?

* Do the materials under consideration have properties that meet minimum
requirements and specifications?

* Are the raw materials (also called stock) specified available in standard shapes,
dimensions, tolerances, and surface characteristics?

* Is the supplier of the materials reliable? Can the materials be delivered in the re-
quired quantities within the required time frame? Are there likely to be significant
price increases or fluctuations?

* Does the material present any environmental hazards or concerns?

Material selection has become easier and faster because of the increasing avail-
ability of extensive computer databases that provide greater accessibility and accuracy.
In order to facilitate the selection of materials, expert-system software (called smart
databases, Section 39.8) has been developed. With the proper input of product design
and functional requirements, these systems are capable of identifying appropriate
materials for a specific application, just as an expert or a team of experts would.

Shapes of Commercially Available Materials. After selecting appropriate materials,
the next step is to determine the shapes and the sizes in which these materials are
available commercially (Table 40.2). Depending on the type of material (metal, poly-
mer, ceramic, etc.) materials generally are available as castings, extrusions, forgings,
powder metals, drawn rod and wire, and rolled bars, plates, sheets, and foil.
Purchasing materials in shapes that require the least amount of additional pro-
cessing obviously is an important economic consideration. Also relevant are such
characteristics as surface finish and quality, dimensional tolerances, straightness, and
flatness. (See, e.g., Figs. 27.4, 23.13, and 23.14, and Table 11.2.) The better and the

TABLE 40.2

Shapes of Commercially Available Materials
Material Available as
Aluminum B,ELPS T, W
Ceramics B, p,s, T
Copper and brass B,f,,Ps, T, W
Elastomers b,P, T
Glass B,Ps, T, W
Graphite B,Ps, T, W
Magnesium B,LPS T, w
Plastics B,{,P, T, w
Precious metals B,ELPt W

Steels and stainless steels
Zinc

B,I,B,S, T, W
ELPW

Note: B = bar and rod; F = foil; I = ingots; P = plate

and sheet; S = structural shapes; T = tubing; W = wire.

Lowercase letters indicate limited availability.
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more consistent these characteristics are, the less additional processing will be re-
quired. Note, for example, that if we want to produce simple shafts with good dimen-
sional accuracy, roundness, straightness, and surface finish, then we could purchase
round bars that are first turned or drawn and then centerless-ground (Fig. 26.22) to
the dimensions specified. Unless the facilities in a plant have the capability of produc-
ing round bars economically, it generally is cheaper to purchase them. If we need to
make a stepped shaft (i.e., a shaft having different diameters along its length, as
shown in Fig. IV.3), we could purchase a round bar with a diameter at least equal to
the largest diameter of the stepped shaft and then turn it on a lathe or process it by
some other means in order to reduce its diameter.

Each manufacturing operation produces parts that have specific shapes, surface
finishes, and dimensional accuracies. Consider the following examples:

e Castings generally have lower dimensional accuracy and a poorer surface finish
than parts made by cold forging, cold extrusion, or powder metallurgy.

e Hot-rolled or hot-drawn products generally have a rougher surface finish and
larger dimensional tolerances than cold-rolled or cold-drawn products.

e Extrusions have smaller cross-sectional tolerances than parts made by roll
forming of sheet metal.

e Round bars machined on a lathe have a rougher surface finish than similar
bars that are ground.

e The wall thickness of welded tubing is generally more uniform than that of seam-
less tubing, which is typically produced by the Mannesmann process (Fig. 13.18).

Manufacturing Characteristics of Materials. Manufacturing characteristics of
materials generally include castability, workability, formability, machinability, weld-
ability, and hardenability by heat treatment. Raw materials have to be formed,
shaped, machined, ground, fabricated, or heat treated into individual components
having specific shapes and dimensions; consequently, a knowledge of their manufac-
turing characteristics is essential.

Recall that the quality of the raw material can greatly influence its manufac-
turing properties. The following are typical examples (see also individual processes):

e A bar with a longitudinal seam, or lap, will develop cracks during simple
upsetting and heading operations.

e Round rods with internal defects such as hard inclusions will crack during
further processing.

e Porous castings will develop a poor surface finish when subsequently machined.

e Parts that are nonuniformly heat treated and cold-drawn bars that are not
properly stress relieved will distort during subsequent processing.

* Incoming stock that has variations in composition and microstructure cannot
be heat treated or machined consistently and uniformly.

e Sheet-metal stock having variations in its cold-worked conditions will exhibit
different degrees of springback during bending and other forming operations
because of differences in yield stress.

e If prelubricated sheet-metal blanks are supplied with nonuniform lubricant
thickness and distribution, their formability, surface finish, and overall quality
in subsequent stamping operations will be adversely affected.

Reliability of Material Supplies. There are several factors that influence the relia-
bility of material supplies: shortages, strikes, geopolitical factors, and the reluctance
of suppliers to produce materials in a particular shape or quality. Even though raw
materials may generally be available throughout a country as a whole, they may not
readily be available at a particular plant’s location.
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Recycling Considerations. Recycling may be relatively simple for products such
scrap metal, plastic bottles, etc.; it often requires that individual components of a
product be taken apart and separated. Also, obviously, if much effort and time has to
be expended in doing so, recycling may become prohibitively expensive. Some general
guidelines to facilitate the process during the life cycle of a product are as follows:

* Reduce the number of parts and types of materials in products.

Reduce the variety of product models.

Use a modular design to facilitate disassembly.

For plastic parts, use single types of polymers as much as possible.

Mark plastic parts for ease of identification, as is done with plastic food con-

tainers and bottles (See Section 7.8).

* Avoid using coatings, paints, and plating; instead, use molded-in colors in
plastic parts.

e Avoid using adhesives, rivets, and other permanent joining methods in assem-
bly; instead, use fasteners, especially snap-in fasteners.

As an example of this type of approach to recycling, one manufacturer of laser-jet
printers reduced the number of parts in a cartridge by 32% and the variety of plastic
materials by 55%.

Cost of Materials and Processing. Because of its processing history, the unit cost
of a raw material (typically, cost per unit weight) depends not only on the material
itself, but also on its shape, size, and condition. For example, because more opera-
tions are involved in the production of thin wire than in that of round rod, the unit
cost of the thin wire is much higher. Similarly, powder metals generally are more
expensive than bulk metals. Furthermore, the cost of materials typically decreases as
the quantity purchased increases. Likewise, certain segments of industry (such as
automotive companies) purchase materials in very large quantities; the larger the
quantity, the lower is the cost per unit weight (bulk discount).

Table 6.1 shows the cost per unit volume relative to that of carbon steel. The
benefit of cost per volume can be seen by the following simple example: In the
design of a steel cantilevered rectangular beam supporting a certain load at its end,
a maximum deflection is specified. Using equations from handbooks, and assuming
that the weight of the beam can be neglected, we can determine an appropriate
cross section of the beam. Since all dimensions are now known, the volume of the
beam can be calculated; then the cost of the beam can be determined by multiply-
ing the volume by the cost of the material per unit volume. Note, on the other
hand, if the cost is given per unit weight, we first have to calculate the weight of the
beam and then determine the cost.

The cost of a particular material is subject to fluctuations caused by factors as
simple as supply and demand or as complex as geopolitics. If a product is no longer cost
competitive, alternative and less costly materials may have to be selected. For example,
(a) the copper shortage in the 1940s led the U.S. government to mint pennies from zinc-
plated steel, (b) when the price of copper increased substantially during the 1960s, elec-
trical wiring in homes was switched to aluminum; however, this substitution led to the
redesign of terminals of switches and outlets in order to avoid excessive heating at the
junctions, because aluminum has a higher contact resistance than copper.

Serap. When scrap is produced during manufacturing, as in sheet-metal fabricating,
forging, and machining (Table 40.3), the value of the scrap is deducted from the ma-
terial’s cost in order to obtain the net material cost. As expected, the value of the
scrap depends on the type of metal and on the demand for it; typically, it is between
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TABLE 40.3

Approximate Percentages of

roduced in Various Manufacturing Processes

Process Scrap (%) Process Scrap (%)
Machining 10-60 Permanent-mold casting 10
Hot forging 20-25 Powder metallurgy <5
Sheet-metal forming 10-25 Rolling <1
Hot extrusion 15

10 and 40% of the original cost of the material. Note that, in machining, scrap can
be very high, whereas operations such as rolling, ring rolling, and powder metallurgy

(all of which are net- or near-net-shape processes) produce the least scrap.

EXAMPLE 40.3 Effect of Workpiece Hardness on Cost in Drilling

Gear blanks forged from 8617 alloy steel and having
a hardness range from 149 to 156 HB required the
drilling of a hole 75 mm in diameter in the hub. The
blanks were drilled with a standard helix drill. After
only 10 pieces, however, the drill became dull, temper-
atures increased excessively, and the drilled holes had
developed a rough internal surface finish. In order to
improve machinability and reduce galling, the hardness

of the gear blanks was increased to range from 217 to

241 HB by heating them to 840°C and then quenching
them in oil. When blanks at this hardness level were

drilled, galling was reduced, surface finish was im-

proved, drill life increased to 50 pieces, and the cost of

drilling was reduced by 80%.

Source: ASM International:

40.6 Material Substitution
There is hardly a product on the global market today for which the substitution of
materials has not played a major role in helping companies maintain their competi-
tive positions. Automobile and aircraft manufacturing are typical examples of major
industries in which the substitution of materials is an ongoing activity; a similar
trend is evident in sporting goods and numerous other products.

Although new products continually appear on the market, the majority of the
design and manufacturing activities is concerned with improving existing products.
There are several reasons for substituting materials in existing products:

I. Reduce the costs of materials and processing.

2. Improve manufacturing, assembly, and installation, and allow conversion to
automated assembly.

3. Improve the performance of the product, such as by reducing its weight and by
improving resistance to wear, fatigue, and corrosion.

Increase stiffness-to-weight and strength-to-weight ratios.
Reduce the need for maintenance and repair.
Reduce vulnerability to the unreliability of the supply of materials.

NS nok

Improve compliance with legislation and regulations prohibiting the use of
certain materials.
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8. Improve robustness to reduce variations in performance or environmental sen-
sitivity of the product.

9. Increase the ease of recycling for environmental reasons.

Substitution of Materials in the Automobile Industry. The automobile is a good
example of the effective substitution of materials in order to achieve one or more of
the objectives outlined previously. Some examples of material substitution in auto-
mobiles are as follows:

® Certain components of the metal body replaced with plastic or reinforced-
plastic parts.

* Metal bumpers, gears, pumps, fuel tanks, housings, covers, clamps, and vari-

ous other components replaced with plastics or composites.

Carbon-steel chassis pillars replaced by TRIP or TWIP steels (see Section 5.5.6).

Metallic engine components replaced with ceramic and composites parts.

All-metal driveshafts replaced with composite-material driveshafts.

Cast-iron engine blocks changed to cast-aluminum, forged crankshafts to cast

crankshafts, and forged connecting rods to cast, powder-metallurgy, or com-

posite-material connecting rods.

* Leather seats in automobiles in some luxury cars (including Mercedes) can
now be replaced (offered as an option) with synthetic materials in response to
concerns raised by advocacy groups.

Because the automobile industry is a major consumer of both metallic and non-
metallic materials, there is constant competition among suppliers, particularly in
steel, aluminum, and plastics. Industry engineers and management continually are
investigating the relative advantages and limitations of these principal materials in
their applications, recycling and other environmental considerations, and relative
costs and benefits (in particular).

Substitution of Materials in the Aircraft

Material Substitution

and Aecrospace Industries I FRP structure

* Conventional aluminum alloys (par-

being replaced with aluminum-lithium [ Metal-to-metal
alloys, titanium alloys, polymer-

[N FRP-aluminum honeycomb
ticularly 2000 and 7000 series) are £ Aluminum honeycomb

[ Titanium-faced honeycomb

reinforced composites, and glass-
reinforced aluminum because of the
higher strength-to-weight ratios of
these materials. (See Example 9.4.)

* Forged parts are being replaced with
powder-metallurgy parts that are
manufactured with better control of
impurities and microstructure; the
powder-metallurgy parts also re-
quire less machining and produce
less scrap of expensive materials.

¢ Advanced composite materials and
honeycomb structures are replacing
traditional aluminum airframe com- [
ponents (Fig. 40.1), and metal-matrix =~ =z
composites are replacing some of the
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aluminum and titanium in structural FIGURE 40.1 Advanced materials in the Lockheed C-5A transport aircraft.

components. Note: FRP = fiber-reinforced plastic.
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EXAMPLE 40.4 Material Substitution in Common Products

In the following list, the commonly available products d. Cast-iron vs. aluminum lawn chair.
can be made of either set of materials mentioned: e. Plastic vs. sheet-metal light-switch plate.

These products are given as typical examples, and on
the basis of the topics covered in various chapters
throughout this book, the choice of materials can be
reviewed with regard to their respective advantages
c. Plastic vs. metal intake manifold. and limitations.

a. Metal vs. wooden baseball bat.

b. Metal vs. reinforced-plastic or wood handle for
a hammer.

EXAMPLE 40.5 Material Changes between C-5A and C-5B Military Cargo Aircraft

Table 40.4 shows the changes made in materials for = Source: After H.B. Allison, Lockheed-Georgia.
various components of the two aircraft listed and the
reasons for the changes.

TABLE 40.4
Material Changes from C-5A to C-5B Military Cargo Aircraft
Item C-5A Material C-5B Material Reason for change
Wing panels 7075-T6511 7175-T73511 Durability
Main frame:
Forgings 7075-F 7049-01 Stress-corrosion resistance
Machined frames 7075-T6 7049-T73 Stress-corrosion resistance
Frame straps 7075-T6 plate 7050-T7651 plate Stress-corrosion resistance
Fuselage skin 7079-Té 7475-T61 Material availability
Fuselage underfloor 7075-T6 forging 7049-T73 forging Stress-corrosion resistance end fittings
Wing~pylon attach fitting 4340 alloy steel PH13-8Mo Corrosion prevention
Aft ramp lock hooks D6-AC PH13-8Mo Corrosion prevention
Hydraulic lines AM350 stainless steel 21-6-9 stainless steel Improved field repair
Fuselage failsafe straps 6Al-4V titanium 7475-T61 aluminum  Titanium strap debonding

40.7 Manufacturing Process Capabilities

Process capability is the ability of a particular manufacturing process to produce,
under controlled production conditions, defect-free parts within certain limits of pre-
cision. (See also Section 36.8.2.) The capabilities of several manufacturing processes
regarding their dimensional limits are shown in Fig. 40.2. Note, for instance, that
sand casting (Section 11.2.1) cannot produce thin parts, whereas cold rolling
(Section 13.3) is a process capable of producing very thin materials, as evidenced by
a product such as aluminum foil.

Equally important as to overall dimensions are the capabilities of various
processes to meet stringent dimensional tolerance and surface-finish requirements, as
shown in Fig. 40.3. Note, for example, how sand casting is at the extreme opposite
corner of microfabrication (Chapters 28 and 29). The importance of emphasizing the
term “under controlled conditions” can be appreciated when one views the size of the
envelopes in the figure. Note, for instance, the large envelope for machining and finish-
ing operations, with boundaries that span three orders of magnitude. Thus, if a turning
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FIGURE40.2 Manufacturing process capabilities for minimum part dimensions. Source: After

J.A. Schey.

operation is carried out on an old lathe using inappropriate tools and processing
parameters, then the tolerances and surface finish will, of course, be poor.

In the sections that follow, we describe important aspects of process capabilities
as they relate to manufacturing processes and production operations.

Dimensional Tolerances and Surface Finish. The dimensional tolerances and sur-
tace finish produced are particularly important in subsequent assembly operations
(because of possible difficulties in fitting the parts together for assembly) and in the
proper operation of machines and instruments (because their performance can affect
tolerances and finish). The dimensional tolerance and surface finish typically obtained
by various manufacturing processes are illustrated qualitatively in Fig. 40.3.

Closer tolerances and better surface finish can be achieved by subsequent addi-
tional finishing operations (Section 26.7), but at higher cost, as shown in Fig. 40.4.
Also, the finer the surface finish required, the longer is the manufacturing time
(Fig. 40.5). In the machining of aircraft structural members made of titanium alloys,
it has been observed that as much as 60% of the cost of machining may be expended
in the final machining pass in order to maintain proper tolerances and surface finish.
Thus, unless otherwise required, and with appropriate technical and economic justi-
fication, parts should be made with as rough a surface finish and as wide a dimen-
sional tolerance as functionally and aesthetically will be acceptable.

Production Quantity. Depending on the type of product, the production quantity
(also known as lot size) varies widely. For example, bearings, bolts, spark plugs, plas-
tic containers, tires, automobiles, and lawn mowers are produced in very large quan-
tities, whereas jet engines, diesel engines, locomotives, and medical equipment are
produced in limited quantities. Production quantity also plays a significant role in
process and equipment selection. In fact, an entire manufacturing discipline (called
economic order quantity) is devoted to mathematically determining the optimum
production quantity.
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N N

N
Machining and
finishing .

1071
Surface roughness, Ry (um)

FIGURE 40.3 A plot of achievable tolerance versus surface roughness for assorted
manufacturing operations. The dashed lines indicate cost factors, where an increase in
precision corresponding to the separation of two neighboring lines gives an increase in cost
for a given process (within a factor of two). Source: M.F. Ashby, Materials Selection in Design,

Production Rate. An important factor in manufacturing
process selection is the production rate, defined as the number of
pieces to be produced per unit of time, such as per hour, per day,
or per year. The production rate obviously can be increased by
using multiple equipment and highly automated machines.
Recall that processes such as die casting, powder metallurgy, deep
drawing, wire drawing, and roll forming are high-production-
rate operations. By contrast, sand casting, conventional and elec-
trochemical machining, metal spinning, superplastic forming,
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FIGURE 40.4 Dependence of manufacturing cost
on dimensional tolerances.

adhesive and diffusion bonding, and the processing of reinforced
plastics generally are relatively slow operations.

Lead Time. Lead time generally is defined as the length of
time between the receipt of an order for a product and its de-
livery to the customer at a specified time. The selection of a
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manufacturing process and operation is greatly 24
influenced by the time required to start produc- 22
tion. Depending on the die’s shape complexity, 20

size, and material, the lead time for such Cylindrical grinding

processes as forging, extrusion, die casting, roll
forming, and sheet-metal forming can range
from weeks to months. Lead time can be a crit-
ical factor in an increasingly competitive mar-
ketplace, as well as under adverse conditions
such as emergencies and wartime.

By contrast to the processes listed in the
previous paragraph, processes such as machin-
ing, grinding, and advanced material-removal
processes have significant built-in flexibility,

Surface grinding
End milling

Reaming

Peripheral
milling
Shaping
and planing

Relative production time
o

due to the fact that they utilize machinery and 2t Drilling
tooling that can readily be adapted to most 0 s ! ; | | . I ! . .
production requirements in a very short time. 0.025 00501 02 04 08 16 32 6.3 125 25 50
Recall that machining centers, flexible manu- Surtace finish (um)

facturing cells, and flexible manufacturing sys-

tems are all capable of responding rapidly and ~ FIGURE 40.5 Relative production time as a function of surface finish
effectively to product changes and to produc-  produced by various manufacturing processes. (See also Fig. 26.35.)
tion quantities. (See also rapid prototyping,

Chapter 20.)

Robustness of Manufacturing Processes and Machinery. Robustness was de-
scribed in Section 36.5.1 as characterizing a design, a process, or a system that con-
tinues to function within acceptable parameters despite variabilities in its
environment. In order to appreciate the importance of robustness in manufacturing
processes, let’s briefly consider a situation in which a simple plastic gear is being
produced by injection molding (Section 19.3), but significant and unpredictable
variations in quality arise as the gears are being produced. There are several well-
understood variables and parameters in the injection molding of plastics, including
the effects of raw-material (such as pellets) quality, speed, and temperatures within
the system; all these are independent variables; hence, they can be controlled.

However, there are certain other variables, called noise, that are largely be-
yond the control of the operator. Among these are ambient-temperature and humid-
ity variations in the plant throughout the day, dust in the air entering the plant from
an open door (and thus possibly contaminating the pellets being fed into the hop-
pers of the injection-molding machine), and variability in the performance of indi-
vidual operators during different shifts. Obviously, these variables are difficult or
impossible to control precisely.

In order to obtain or sustain good product quality, it is necessary to understand
the effects, if any, of each element of noise in the operation. For example, (a) Why
and how does the ambient temperature affect the quality and surface characteristics
of the molded gears? (b) Why and how does the dust coating on a pellet affect its be-
havior in the molding machine? (c) How different are the performances of different
operators during different shifts, and why are they different? and (d) Are there inher-
ent variations in machine performance during the day and, if so, how and why?

Such an investigation will make it possible to establish new operating parame-
ters so that variations in, say, ambient temperature and the plant environment do
not affect gear quality adversely. Note that these considerations are equally valid for
any manufacturing operation, although some (such as bulk-deformation processes)
are less sensitive to noise than others (especially microelectronics manufacturing).
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40.8 Process Selection
Process selection is intimately related to the characteristics of the materials to be
processed, as shown in Table 40.5.

Characteristics and Properties of the Workpiece Materials. Reccall that some
materials can be processed at room temperature, whereas others require elevated
temperatures—and hence furnaces, appropriate tooling, and various controls. Some
materials are easy to work with because they are soft and ductile. Other materials,
such as those which are hard, brittle, and abrasive, require special processing tech-
nologies and equipment.

Materials have different manufacturing characteristics, such as castability,
forgeability, workability, machinability, and weldability. Note from Table 40.5 that
few materials have favorable characteristics in all of these relevant categories. For
example, a material that is castable or forgeable may later present difficulties in sub-
sequent processes, such as machining, grinding, and finishing, that may be required
for an acceptable surface finish and dimensional accuracy.

Materials have different responses to the rate of deformation (strain-rate sen-
sitivity, Sections 2.2.7 and 7.3) to which they are subjected. Thus, the speed at which
a particular machine is operated can affect product quality, including the develop-
ment of external and internal defects. Impact extrusion or drop forging, for exam-
ple, may not be appropriate for materials with high strain-rate sensitivity, whereas
such materials will perform well in a hydraulic press or in direct extrusion.

Geometric Features of the Part. Features such as part shape, size, and thickness,
dimensional tolerances, and surface-finish requirements greatly influence the selec-
tion of a process or processes, as described throughout this chapter and various
other chapters in the book.

Production Rate and Quantity. These requirements dictate process selection by
way of the productivity of a process, machine, or system. (See Section 40.7.)

Process Selection Considerations. The factors involved in process selection are
summarized by the following questions:

1. Are some or all of the parts or components that are needed commercially
available as standard items?
2. Which components of the product have to be manufactured in the plant?
3. Is the tooling that is required available in the plant? If not, can it be purchased
as a standard item?
4. Can group technology be implemented for parts with similar geometric and
manufacturing attributes?
5. Have all alternative manufacturing processes been investigated?
6. Are the methods selected economical for the type of material, the part shape to
be produced, and the required production rate?
7. Can the requirements for dimensional tolerances, surface finish, and product
quality be met consistently, or can they be relaxed?
8. Can the part be produced to final dimensions without requiring additional
processing or finishing operations?
9. Are all processing parameters optimized?
10. Is scrap produced, and if so, is it minimized? What is the value of the scrap?
11. Have all the automation and computer-control possibilities been explored for
all phases of the total manufacturing cycle?
12. Are all in-line, automated inspection techniques and quality control being
implemented properly?
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EXAMPLE 40.6 Process Substitution in Making Common Products

The following list gives some typical choices that can
be made in process selection for the products listed:

Forged vs. cast crankshaft.

. Forged vs. powder-metallurgy connecting rod.
. Sheet metal vs. cast hubcap.

Machining vs. precision forming of a large gear.

o an T o

. Forging vs. powder-metallurgy production of a
spur gear.

f. Thread rolling vs. machining a threaded fastener.
g. Casting vs. stamping a metal frying pan.

h. Formed aluminum tubing vs. cast iron for out-
door furniture.

i. Welding vs. mechanical fastening of machine-
tool structures.

EXAMPLE 40.7 Process Selection in Making a Simple Part

You are asked to produce the simple axisymmetric
part shown in Fig. 40.6a; it is 125 mm long, and its
large and small diameters are, respectively, 38 mm and
25 mm. Assume that this part must be made of metal
because of functional requirements such as strength,
stiffness, hardness, wear resistance, and resistance to
elevated temperatures.

Which manufacturing process would you
choose, and how would you organize the production
facilities to manufacture a cost-competitive, high-quality
product? Recall that, as much as possible, parts should
be produced at or near their final shape (net- or near-
net-shape manufacturing), under an approach that
largely eliminates much secondary processing and thus
reduces the total manufacturing time and cost. Because
it is relatively simple, this part can be manufactured by
(a) casting or powder metallurgy, (b) forging, or upset-
ting, (c) extrusion, {d) machining, or (e) joining two
separate pieces together.

Before  After

For net-shape production, the two suitable
processes are casting and powder metallurgy; each of
these two processes has its own characteristics, need
for specific tooling, labor skill, and costs. The part
canalso be made by cold, warm, or hot forming. One
method is upsetting (heading, Fig. 14.11) a 25-mm
round bar in a suitable die to form the larger end.
Another possibility is partial direct extrusion of a 38-
mm diameter bar to reduce its diameter to 25 mm.
Note that each of these processes produces little or no
material waste, an important factor in green manu-
facuring.

The part also can be made by machining a
38-mm-diameter bar stock to reduce the lower sec-
tion to 25 mm. Machining this part will require much
more time than forming it, and a considerable amount
of material inevitably will be wasted as metal chips
(Table 40.3). However, unlike net-shape ‘processes,
which generally require special dies, machining

Joined

FIGURE 40.6 Various methods of making a simple part: (a) casting or powder
metallurgy, (b) forging or upsetting, (c) extrusion, (d) machining, and () joining

two pieces.



involves no special tooling, and this operation can be
carried out easily on a CNC lathe at high rates. Note
that, alternatively, the part can be made in two sepa-
rate pieces and then joined by welding, brazing, or
adhesive bonding.

After these initial considerations, it appears that
if only a few parts are needed, machining this part is
the most economical method. For a high production

Section 40.8  Process Selection 1155

quantity and rate, producing the part by a heading
operation or by cold extrusion (a variation of closed-
die forging, Section 15.4) would be an appropriate
choice. Finally, note that if, for some technical reason,
the top and bottom portions of the part must be made
of different materials, the part can be made in two
pieces, and joining them would be the most appropri-
ate choice.

EXAMPLE 40.8 Manufacturing a Sheet-metal Part by Different Methods

A simple, dish-shaped part can be formed from sheet
metal by placing a round, flat piece of sheet metal be-
tween a pair of male and female dies in a press and then
closing the dies by applying a vertical force (Fig. 40.7a).
Parts like this typically are formed in such manner at
high production rates; the method is generally known
as stamping or pressworking.

Assume now that the size of the part is very
large, say, 2 m in diameter and that the lot size is only
50 parts. We now have to reexamine the total opera-
tion. Is it economical to manufacture a set of dies 2.m
in diameter (which would be very costly; see Section
14.7) when the total production quantity is very low?
Are presses available with sufficient capacity to ac-
commodate such large dies? Are there alternative
methods of manufacturing this part? Does the part
have to be made in one piece?

This part also can be made by welding smaller
pieces of sheet metal, formed by other methods, as
described in Chapter 16. (Note that large municipal
water tanks and ships are made by this method.)
Would a part manufactured by welding be acceptable
for its intended purpose in the environment in which
it will be used? Will it have the required properties

(@)

Lower die

and the desired shape after welding, or will it require
additional processing?

The part also can be made by explosive forming,
as shown in Fig. 40.7b. Because of the nature of the
process, the deformation of the material in explosive
forming takes place at a very high rate. Consequently,
a series of questions has to be asked regarding this
process (Section 16.11):

a. Is the material capable of undergoing deforma-
tion at high rates without fracture or any detri-
mental effect on the final properties of the
formed part?

b. Can the dimensional tolerances and surface
finish be held within acceptable limits?

c. Is the life of the die sufficiently long, given that
the die is subjected to the very high transient
pressures generated in explosive forming?

d. Can this operation be performed in a manufac-
turing plant within city limits, or should it be
carried out in open country?

e. Although explosive forming has the advantage
of requiring only one die, is the operation
economical?

Explosive
Water

Vacuum line

(b)

FIGURE 40.7 Two methods of making a dish-shaped sheet-
metal part: (a) pressworking using a male and female die and
{b} explosive forming using one die only.
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40.9 Manufacturing Costs and Cost Reduction

The total cost of a product generally consists of material costs, tooling costs, fixed
costs, variable costs, direct-labor costs, and indirect-labor costs. As a general guide
to the costs involved, see the sections on the economics of each chapter concerning
individual groups of manufacturing processes and operations: Part II (casting);
Part III (rolling, forging, extrusion, drawing, sheet-metal working, powder metallur-
gy, ceramics, polymer processing); Part IV (machining, abrasive processing, ad-
vanced machining); and Part VI (welding and various joining processes).

Depending on the particular company and the type of products made, different
methods of cost accounting may be used, with methodologies of accounting proce-
dures that can be complex and even controversial. Moreover, because of the many
technical and operational factors involved, calculating individual cost factors cor-
rectly can be challenging, time consuming, and not always reliable.

Costing systems, also called cost justification, typically include the following
considerations: (a) intangible benefits of quality improvements and inventory reduc-
tion, (b) life-cycle costs, (c) machine usage, (d) cost of purchasing machinery com-
pared with that of leasing it, () financial risks involved in implementing highly
automated systems, and (f) new technologies and their impact on products.
Additionally, the costs to a manufacturer that are attributed directly to product lia-
bility continue to be a matter of major concern, and every product now has a built-
in added cost to cover possible product liability claims. It has been estimated that
liability suits against car manufacturers in the United States add about $500 to the
indirect cost of an automobile, and 20% of the price we pay for a ladder is attrib-
uted to potential product liability costs.

Materials Costs. Some cost data on materials are given in various tables through-
out this book, as also listed in Table 40.1. Because of the different operations required
in producing raw materials, their costs depend not only on the type of material (fer-
rous, nonferrous, nonmetallic, etc.), but also on its processing history (ingot, powder,
drawn rod, extrusion), as well as its size, shape, and surface characteristics. For ex-
ample, per unit weight, (a) drawn round bars are less expensive than bars that are
ground to close tolerances and a fine surface finish, (b) square bars are more expen-
sive than round bars, (c) cold-rolled plate is more expensive than hot-rolled plate,
(d) thin wire is more expensive than thick wire, and (e) hot-rolled bars are much less
expensive than metal powders of the same type.

Tooling Costs. Costs are involved in making the tools, dies, molds, patterns, and spe-
cial jigs and fixtures required for manufacturing a product. Tooling costs can be very
high, but they can be justified in high-volume production, such as automotive applica-
tions, where die costs can be on the order of $2 million. The expected life of tools and die,
and their obsolescence because of product changes, also are important considerations.

Tooling costs are greatly influenced by the production process selected. For
example, (a) the tooling cost of die casting is higher than that of sand casting; (b) the
tooling cost of machining or grinding is much lower than that of powder metallurgy,
forging, or extrusion; (c) carbide tools are more expensive than high-speed steel tools,
but their life is longer; (d) if a part is to be manufactured by spinning, the tooling cost
of conventional spinning is much lower than that of shear spinning; and (e) tooling
for rubber-forming processes is less expensive than that of the die sets (male and
female) used for the deep drawing and stamping of sheet metals.

Fixed Costs. These costs include electric power, fuel, taxes on real estate, rent, in-
surance, and capital (including depreciation and interest). The company has to meet
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fixed costs regardless of whether or not it has made a particular product; thus, fixed
costs are not sensitive to production volume.

Capital Costs. These costs represent machinery, tooling, equipment, and investment
in buildings and land. As can be seen in Table 40.6 the cost of machines and systems
can vary widely, depending on numerous factors. In view of the generally high equip-
ment costs (particularly those involving transfer lines and flexible-manufacturing

TABLE 40.6

Relmve Cnsm fM achm&ry and Equipment

Automatic screw machine M-H
Boring mill, horizontal M-H
Broaching M-H
Deep drawing M-H
Die casting M-H
Drilling L-M
Electrical-discharge machining L-M
Electron-beam welding M-H
Extruder, polymer L-M
Extrusion press M-H
Flexible manufacturing cell and system H-VH
Forging M-H
Fused deposition modeling L
Gas tungsten-arc welding L
Gear shaping L-H
Grinding L-H
Headers L-M
Honing, lapping L-M
Injection molding M-H
Laser-beam welding M-H
Lathes L-M
Machining center L-M
Mechanical press L-M
Milling L-M
Powder-injection molding M-H
Powder metallurgy L-M
Powder metallurgy, HIP M-H
Resistance spot welding L-M
Ring rolling M-H
Robots L-M
Roll forming L-M
Rubber forming L-M
Sand casting L-M
Spinning L-M
Stereolithography L-M
Stamping L-M
Stretch forming M-H
Transfer lines H-VH
Ultrasonic welding L-M

Note: L. = low; M = medium; H = high; VH = very high.
Costs vary greatly, depending on size, capacity, options,
and level of automation and computer controls. See also
the sections on economics in various chapters.
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cells and systems), high production quantities and rates are essential to justify such
large expenditures, as well as to keep product costs at or below the all-important
competitive level. Lower unit costs (cost per piece) can be achieved by continuous
production, involving around-the-clock operation (as long as demand warrants it).
Equipment maintenance also is essential to ensure high productivity. Any break-
down of machinery leading to downtime can be very costly, by as much as thou-
sands of dollars per hour.

Direct-labor Costs. Direct-labor costs are for labor that is directly involved in
manufacturing products (also known as productive labor). These costs include the
costs of all labor, from the time raw materials are first handled by the worker to the
time when the product is manufactured, a period generally referred to as floor-to-
floor time. Direct-labor costs are calculated by multiplying the labor rate (the hourly
wage, including benefits) by the amount of time that the worker spends producing
the particular part.

The time required for producing a part depends not only on its specified size,
shape, dimensional accuracy, and surface finish, but also on the workpiece material
itself. The cutting speeds for machining high-temperature alloys, for example, are
lower than those for machining aluminum or plain-carbon steels. Consequently, the
cost of machining aerospace materials is much higher than that of machining more
common alloys, such as those of aluminum and steel.

Labor costs in manufacturing and assembly vary greatly from country to coun-
try (see Table 1.4 in the General Introduction). It is not surprising that most of the
products one purchases today are either made or assembled in countries where labor
costs are low. On the other hand, firms located in countries with high labor rates
tend to emphasize high value-added manufacturing tasks or high automation levels,
so the labor component of the cost is significantly reduced.

For labor-intensive industries, such as machine building, steelmaking, petro-
chemicals, and chemical processing, manufacturers generally consider moving pro-
duction to countries with a lower labor rate, a practice known as outsourcing. While
this approach can be financially attractive, the cost savings anticipated may not al-
ways be realized, because of the following hidden costs associated with outsourcing:

¢ International shipping is far more involved and time consuming than domestic
shipping. For example, it takes roughly four to six weeks for a container ship
to bring a product from China to the United States or Europe, an interval that
continues to increase because of important homeland security issues.

* Lengthy shipping times indicate that the benefits of just-in-time manufacturing
approaches (Section 39.5) and their associated cost savings may not be realized.
Also, because of the long shipping times, schedules are rigid, design modifica-
tions cannot be made easily, and companies cannot readily address changes in
the market or in demand. Thus, companies that outsource can lose agility and
may have difficulties in following lean-manufacturing approaches.

* Legal systems are not as well established in countries with lower labor rates as
they are in other countries. Procedures that are common in the United States
and the European Union, such as accounting audits, protection of patented
designs and intellectual property, and conflict resolution, are more difficult to
enforce or obtain in other countries.

* Because payments typically are expected on the basis of units completed, prod-
uct defect rates can be significant.

¢ There are various other hidden costs, such as increased paperwork and docu-
mentation, lower productivity from existing employees because of lower
morale, and difficulties in communication.
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Indirect-labor Costs. These costs are generated in the servicing of the total manufac-
turing operation. They generally consist of the costs of such activities as supervision,
maintenance, quality control, repair, engineering, research, and sales, as well as the
cost of office staff. Because they do not contribute directly to the production of fin-
ished parts, or they are not chargeable to a specific product, these costs are referred to
as the overhead or burden rate, and are charged proportionally to all products. The
personnel involved in these activities are categorized as nonproductive labor.

Manufacturing Costs and Production Quantity. One of the most significant fac-
tors in manufacturing costs is the production quantity. Obviously, a large produc-
tion quantity requires high production rates, which, in turn, require the use of
mass-production techniques that involve special machinery (dedicated machinery)
and employ proportionally less direct labor. At the other extreme, a smaller produc-
tion quantity usually means a larger direct-labor involvement.

Small-batch production usually involves general-purpose machines, such as
lathes, milling machines, and hydraulic presses. The equipment is versatile, and
parts with different shapes and sizes can be produced by appropriate changes in the
tooling. However, direct-labor costs are high because these machines usually are
operated by skilled labor.

In medium-batch production, the quantities are larger and general-purpose
machines are equipped with various jigs and fixtures, or they can be computer con-
trolled. To further reduce labor costs, machining centers and flexible-manufacturing
systems are important alternatives. Generally, for quantities of 100,000 or more, the
machines are designed for specific purposes, and they perform a variety of specific
operations with very little direct labor involved.

Cost Reduction. Cost reduction requires a study of how the costs described previ-
ously are interrelated, using relative costs as an important parameter. As we have
seen, the unit cost of a product can vary widely. For example, some parts may be
made from expensive materials, but require very little processing—as in the case of
minted gold coins. Consequently, the cost of materials relative to that of direct labor
is high.

By contrast, some products may require several complex and expensive pro-
duction steps to process relatively inexpensive materials, such as carbon steels. For
example, an electric motor is made of relatively inexpensive materials, yet several
different manufacturing operations are involved in the making of the housing, rotor,
bearings, brushes, and various other components. Unless highly automated, assem-
bly operations for such products can become a significant portion of the overall cost
(Section 37.9).

A typical breakdown of the costs in modern manufacturing is as follows:

Design 5%
Material 50%
Manufacturing
Direct Labor 15%
Overhead 30%

In the 1960s, labor accounted for as much as 40% of the production cost; today, it can
be as low as 5%, depending on the type of product and level of automation. In the
foregoing breakdown, note the very small contribution of the design phase, yet the de-
sign phase generally has the largest influence on the guality and success of a product
in the marketplace. The various opportunities for cost reduction have been discussed
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in a number of chapters throughout this book. Among these opportunities are the
following;:

¢ Simplifying both part design and the number of subassemblies required.

¢ Reducing the amount of materials used.

e Specifying broader dimensional tolerances and allowing rougher surface finish
* Using less expensive materials.

e Investigating alternative methods of manufacturing.

¢ Using more efficient machinery, systems, and equipment.

The introduction of more automated systems and the adoption of up-to-date
technology in a manufacturing facility is an obvious means of reducing some costs.
However, this approach must be undertaken with due care and only after a thor-
ough cost-benefit analysis, which requires reliable input data and a consideration
of the technical as well as the human factors involved. Advanced technologies,
which can be very costly to implement, should be implemented only after a com-
plete analysis of the more obvious cost factors, known as return on investment
(ROI).

40.9.1 Value Analysis

Manufacturing adds value to materials as they become discrete products and are
marketed. Because this value is added in individual stages during the creation of the
product, the utilization of value analysis (also called value engineering, value control,
and value management) is important. Value analysis is a system that evaluates each
step in design, material and process selection, and operations in order to manufacture
a product that performs all of its intended functions and does so at the lowest possi-
ble cost.

A monetary value is established for each of two product attributes: (a) use
value, reflecting the functions of the product, and (b) esteem or prestige value,
reflecting the attractiveness of the product that makes its ownership desirable. The
value of a product is then defined as

Product function and performance

Value = (40.1)

Product cost

Thus, the goal of value analysis is to obtain maximum performance per unit cost.
Value analysis generally consists of the following six phases:

1. Information phase: to gather data and determine costs.

2. Aunalysis phase: to define functions and identify problems as well as opportunities.

3. Creativity phase: to seek ideas in order to respond to problems and opportuni-
ties without judging the value of each idea.

4. Evaluation phase: to select the ideas to be developed and identify the costs
involved.

5. Implementation phase: to present facts, costs, and values to the company man-
agement; to develop a plan and to motivate positive action, all in order to obtain
a commitment of the resources necessary to accomplish the task.

6. Review phase: to reexamine the overall value-analysis process in order to
make necessary adjustments.

Value analysis is an important and all-encompassing interdisciplinary activity,
usually coordinated by a value engineer and conducted jointly by designers,



manufacturing engineers, and quality-control, purchasing, and marketing personnel
and managers. In order for value analysis to be effective, it must have the full support
of a company’s top management. The implementation of value analysis in manufac-
turing can result in such benefits as (a) significant cost reduction, (b) reduced lead
times, (c) better product quality and performance, (d) a reduced time for manufactur-
ing the product, and (e) reduced product weight and size.

An example of product weight reduction is the development of the antilock
braking system (ABS) for automotive applications. In 1989, the typical weight of a
Bosch brand system was 6.2 kg. In 2001, its weight was 1.8 kg, a reduction of 70%,
which also helped reduce the weight of the automobile. Note that, considering the
function of the product and the fact that weight is related to the product’s volume, re-
ducing the size indicates that the ratio of surface area to volume increases.

SUMMARY

* Regardless of how well a product meets design specifications and quality stan-
dards, it also must meet economic criteria in order to be competitive in the domes-
tic and global marketplace. Several guidelines have been established for designing
products for economic production.

* Important considerations in product design and manufacturing include manufac-
turing characteristics of materials, product life expectancy, life-cycle engineering,
and an awareness of minimizing any potential harm to our environment and the
ecosystem.

* Substitution of materials, modification of product design, and relaxing of dimen-
sional tolerance and surface finish requirements are important methods of cost
reduction.

¢ The total cost of a product includes several elements, such as the costs of materi-
als, tooling, capital, labor, and overhead. Material costs can be reduced through
careful selection without compromising design and service requirements, func-
tions, specifications, or standards for good product quality.

¢ Labor costs generally are becoming an increasingly smaller percentage of pro-
duction costs in highly industrialized countries, but to counteract lower wages in
developing countries, labor costs can be reduced further through highly auto-
mated and computer-controlled manufacturing operations.

KEY TERMS

Key Terms
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40.1. Explain what is meant by “manufacturing properties”
of materials.

40.2. Why is material substitution an important aspect of
manufacturing engineering?

40.3. What factors are involved in the selection of manufac-
turing processes? Explain why they are important.

40.4. How is production quantity significant in process
selection? Explain.

40.5. List and describe the major costs involved in manu-
facturing.

QUALITATIVE PROBLEMS

40.11. Describe the major considerations involved in select-
ing materials for products.

40.12. What is meant by manufacturing process capabili-
ties? Select four different manufacturing processes and de-
scribe their capabilities.

40.13. Comment on the magnitude and range of scrap
shown in Table 40.3 and the reasons for the variations.
40.14. Explain why the value of the scrap produced in a

manufacturing process depends on the type of material and
processes involved.
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40.6. Explain the difference between direct-labor cost and
indirect-labor cost.

40.7. Describe your understanding of the following terms:
(a) life expectancy, (b) life-cycle engineering, (c) sustainable
manufacturing, and (d) green manufacturing.

40.8. Is there a significant difference bewteen cradle-to-
grave and cradle-to-cradle production? Explain.

40.9.

40.10. What is the meaning and significance of the term
“return on investment”? Explain.

How would you define value? Explain.

40.15. Describe your observations concerning the informa-
tion given in Table 6.1 and the reasons for those observations.

40.16. Other than the size of the machine, what factors are
involved in the range of prices in each machine category
shown in Table 40.6? Explain.

40.17. Explain how the high cost of some of the machinery
listed in Table 40.6 can be justified.

40.18. On the basis of the topics covered in this book, ex-
plain the reasons for the relative positions of the curves
shown in Fig. 40.2.



40.19. What factors are involved in the shape of the curve
shown in Fig. 40.4? Explain.

40.20. Describe the problems that may have to be faced in
reducing the quantity of materials in products. Give some
examples.

40.21. Explain the reasons that there is a strong desire in
industry to practice near-net-shape manufacturing.

SYNTHESIS, DESIGN, AND PROJECTS

40.24. Asyou can see, Table 40.5 lists only metals and their
alloys. On the basis of the information given in various chap-
ters in this book and in other sources, prepare a similar table
for nonmetallic materials, including ceramics, plastics, rein-
forced plastics, and both metal-matrix and ceramic-matrix
composite materials.

40.25. s it always desirable to purchase stock that is close
to the final dimensions of a part to be manufactured? Explain
why or why not and give some examples.

40.26. What course of action would you take if the supply of
a raw material selected for a product line becomes unreliable?
Explain.

40.27. Estimate the position of the curves for the following
processes in Fig. 40.5: (a) centerless grinding, (b) electrochem-
ical machining, (c) chemical milling, and (d) extrusion.

40.28. Review Fig. 1.3 in the General Introduction and present
your own thoughts concerning the two flowcharts. Would you
want to make any modifications, and if so, what would they be?

40.29. Over the years, numerous consumer products (such
as rotary-dial telephones, analog radio tuners, turntables, and
vacuum tubes) have become obsolete or nearly so, while
many new products have entered the market. Make two lists:
a comprehensive list of obsolete products that you can think
of and a list of new products. Comment on the reasons for
the changes you observe.

40.30. List and discuss the different manufacturing methods
and systems that have enabled the manufacture of new

Synthesis, Design, and Projects 1163

40.22. State and explain your thoughts concerning cradle-
to-cradle manufacturing.

40.23. List and explain the advantages and disadvantages
of outsourcing manufacturing activities to countries with low
labor costs.

products. (These products and systems are known as enabling
technologies).

40.31.  Select three different products, and make a survey of
the changes in their prices over the past 10 years. Discuss the
possible reasons for the changes.

40.32. Describe your own thoughts concerning the replace-
ment of aluminum beverage cans with cans made of steel.

40.33. Select three different products commonly found in
homes. State your opinions on (a) what materials were used in
each product, (b) why those particular materials were chosen,
(¢) how the products were manufactured, and (d) why those
particular processes were used.

40.34. Comment on the differences, if any, among the de-
signs, materials, and processing and assembly methods used
for making products such as hand tools and ladders for pro-
fessional use and those for consumer use.

40.35. The cross section of a jet engine is shown in Fig. 6.1.
On the basis of the topics covered in this book, select any
three individual components of such an engine and describe
the materials and processes that you would use in making
them in quantities of, say, 1000.

40.36. Inspect some products around your home, and de-
scribe how you would go about taking them completely apart
quickly and recycling their components. Comment on their de-
sign regarding the ease with which they can be disassembled.

40.37. What products do you know of that would be very
difficult to disassemble for recycling purposes? Explain.



Index

A
Abrasion theory of friction, 958
Abrasive
belts, 746
grains, 720
machining, 719
water-jet machining, 778
wear, 962
resistance, 963
Abrasive-flow machining, 751
Abrasive-jet machining, 778
Abrasives, 720
Accelerated
life testing, semiconductor
devices, 825
strain aging, 78
Acceptance
quality level, 1039
sampling, 1038
Accuracy, 1012
Acetal clear epoxy solid injection
molding (ACES), 546
Acetals, 185
Acetylene, 866
Acoustic
emission, 580, 1041
holography, 1044
impact, 1041
Acrylic adhesives, 933
Acrylics, 187
Acrylonitrile-butadiene-styrene, 187
Adaptive control, 26, 1066
constraint, 1067
optimization, 1067
Addition polymerization, 174
Additive processes rapid
prototyping, 530
Additives
extreme-pressure, 967
In ceramics, 467
in oils, 967
in plastics, 184
Adhesion, 957
theory of friction, 957
Adhesive bonding, 864, 931, 944
joint design, 935
Adhesive wear, 962
Adhesives, 931-934
Adjustable reamers, 653
Adjustable-force clamping, 1082
Adsorbed gas, 952
Adsorption, 198
Advanced
composites, 225
machining, 759
Age hardening, 119
Agile manufacturing, 32
Aging, 119
strain, 78
Agitation, 116
Air
bending, 399
blanket, 743
carbon-arc cutting, 883
gages, 1007
AISI designations, steels, 138
Alclad, 976
Alkyds, 188
Alligatoring, 324
Allotropism, 43
Allowable wear land, 577
Allowance, 1014
casting, 297
forging, 350
Alloy, 101
steels, 136, 139
Alloying, 43
mechanical, 441
powder metals, 441

Alloying elements, 109
in steels, 136
Alumina, 198
Alumina-based ceramics, 604
Aluminum
and alloys, 152, 302
designation, 154
porous, 155
production, 155
temper designation, 155
Aluminum oxide, 198
abrasives, 721
coatings, 600, 602
cutting tools, 604
Aminos, 188
Amorphous
alloys, 50, 167, 286
polymers, 178
Amplification, 1012
Anaerobic adhesives, 933
Analog
instruments, 1000
sensors, 1078
Angle
gage blocks, 1006
measuring instruments, 1002
milling cutters, 669
of twist, 68
Anion, 41
Anisotropic etching, 809
Anisotropy, 50
in crystals, 44
in sheet metals, 50, 393, 399
normal, 409
of thermal expansion, 93
of thermal expansion ceramics, 203
planar, 409
ratio, 811
Annealing, 51, 121
of glass, 476
Anodic oxidation, 987
Anodizing, 987
Antioch process, 269
Anvil, 336, 338
Apron, 626
Aramids, 187,219
Arbor cutters, 669
Arbors, 661, 669, 672
Arc
cutting, 883
strikes, 888
Arc-welding, 869
straight polarity, 869
gas-tungsten, 870
Argon-oxygen decarburization, 134
Arithmetic mean, 955, 1032
Arm and wrist, robots, 1071
Arm spacing, dendrites, 241
Arrays, 1079
Arrowhead fracture, 372
Artificial
aging, 119
intelligence, 28, 1129
neural networks, 28, 1131
Artwork, 763
Ashing, 804
Aspect ratio, 443
Asperities, 957
Aspiration, 244
Assembly, 11-12, 1083
automated, 27, 1083
systems, 1083
economics, 1089
efficiency, 1088
machine tools, 704
Assignable variations, 1031
ASTM designations
for steels, 138
grain size, 48

Astroloy, 161
Atomic
density, 44
force microscope, 957
hydrogen welding, 873
structure, metals, 40
Atomization, 440
Atoms, 41
Attributes, 1111
Attritious wear, 731
Ausforming, 123
Austempering, 123
Austenite, 108
former, 109
retained, 113
Austenitic stainless steels, 143
Austenitizing, 111, 123
Autoclave, 269
Autocollimator, 1003
Autogenous welds, 865
Automated
assembly, 27, 1083
guided vehicle, 1070
inspection, 1011, 1044
material handling, 27
measurement, 1011
Automatic
bar machines, 631
lathes, 630
pallet changer, 696
screw machine,
storage and retrieval, 1070
tool changer, 633, 696
Automation, 1052
hard, 1057
implementation, 1055
soft, 1059
Availability of materials, 15
Average of averages, 1034

B
Babbitts, 166
Back
etching, 812
rake angle, 619
striking, 669
tension, 320
Backlash, 1065
Backward
extrusion, 362
spinning, 419
Bainite, 112
Bakelite, 173
Baldrige award, 1021
Ball
bearing grinding, 738
burnishing, 975
grid array, 822
mill, 441
nose mill, 668
Ballistic-particle manufacturing, 537
Ballizing, 975
Bamboo defect, 372
Bambooing, plastics extrusion, 488
Band
files, 681
saw, 392, 680
Bank sand, 262
Bar code, 1070, 1105
Barrel
finishing, 751
plating, 984
Barreling, 66, 76, 337
Basal plane, 43
Base metal, welding, 884
Baseball bats, 17
Basic
hole system, 1015
oxygen furnace, 132

shaft system, 1015

size, 1014
Bat, 470
Batch

furnaces, 124
Batch production, 1057, 1159
Bauschinger effect, 67
Bauxite, 155
Beach marks, 80
Beading, 402
Beads

draw, 410

foam molding, 506

draw dies, 410
Bed, 626
Bed-of-nails device, 1082
Bed-type milling machines, 673
Bell furnace, 124
Bellows manufacturing, 405
Belt, abrasive, 746
Bench

grinder, 742

lathe, 630
Benchmark, 32
Bend

allowance, 397

angle, 397

length, 397

radius, 397

tests, 68

tests, welded joints, 8§92
Bendability, 398
Bending, 68, 397

design guidelines, 428

force, 400

tubes and sections, 404
Beneficiated, 130
Bernoulli’s theorem, 243
Beryllium, 164

copper, 158, 164
Bevel gear cutting, 685
Bevel protractor, 1002
Beveling of punches, 390
Bilateral tolerance, 1014
Bill of materials, 1106
Billet rolling, 323
Binary phase diagram, 104
Binders

for ceramics, 467, 470471

for sand, 263
Bioceramics, 205
Biodegradable plastics, 190
Biological

cycle, 13

effects, metalworking

fluids, 969

Black

ceramics, 604

oxide, 988
Blackening, 987
Blanchard type grinder, 737
Blank, 382

design, 428
Blankholder, 407
Blanking, 385

chemical, 763

fine, 386
Blast furnace, 130
Blasting shot, 751
Bleeder cloth, 511
Blending, metal powders, 443
Blends, polymer, 180
Blind riser, 263
Blocking, 340
Bloom, 323
Blow and blow process, 474
Blow

molding, 499

ratio, 490

165
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Blowholes, 134
Blowing, glass, 474
Blown film, 490
Blue brittleness, 78
Bluing, 125
Body armor, 226
Body-centered cubic, 42
Bond fracture grinding, 732
Bonded abrasives, 721
designations, 724-725
Bonding
agents, 259
of abrasives, 722
of chips, 820
of polymers, 175
roll, 901
Boring, 616, 630, 641
bar, 641
machines, 642
mills, 642
Boron fibers, 221
Boronizing, 121
Boss, 251
Bottle
manufacturing, 474
plastic manufacturing, 500
Bottoming, 399
taps, 653
Bottom-up manufacturing, 855
Boundary
lubrication, 965
representation, 1098
Box furnace, 124
Branched polymers, 176
Brass, 158
Braze
metals, 923
welding, 923, 925
Brazed joint strength, 924
Brazing, 864, 922
filler metals, 923
of cutting tools, 598, 605
Bridge die, 366
Bridging, 886
Brinell hardness, 69
Brittle
fracture, 79
materials, testing, 67
Broaching, 675
machines, 677
Bronze, 158
Brush processing (plating), 984
Buckling, 76
Buckyballs, 209, 968
Buffer, 1085
layer, 834
Buffing, 750
Building-block principle, 1057
Built-up edge, 563, 581
chips, 563
Bulge test, 50
Bulging, tubes, 405
Bulk
deformation processes, 19
micromachining, 834
molding compound, 510
Bull block, 377
Bulletproof glass, 477
Bundle drawing, 375
Burden rate, 1159
Burning in grinding, 731
Burnishing, 383, 975
gears, 686
Burr, 384, 681, 750
drilling, 644

Bursting speed, grinding wheels, 744

Butt end, 364

C

CAD systems, 1097

Calcium-deoxidized steels,

Calendering, 508

Calibration, 1012

Calipers, 1002

Camber, 321

Canning, 367

Capacities, machine tools, 627

Capacitor-discharge stud
welding, 912

Capacity planning, 1106

Capillary action, 923
cutting tools, 608
Capital costs, 1157
Capstan, 377
Carbide, 108
Carbides, 200
classification, 599
cutting tools, 596
Carbon
black, 184
fibers, 220
foams, 209
footprint, 13
in steels, 136
nanotubes, 209
steels, 100, 136, 138
Carbonitriding, 119
Carbonyls, 441
Carburizing, 119
flame, 867
Carriage, 626
Cartridge, 422
brass, 158
Case hardening, 119, 976
Cassiterite, 166
Cast
irons, 110, 306
steels, 307
Castability, 16, 246
Cast-cobalt alloy tools, 596
Casting, 237
alloys, 302
ceramics, 467
continuous, 134
defects, 249
economics, 307
of ingots, 133
of single crystals, 285
plastics, 505
process, 18
characteristics, 259, 261
Castings inspection, 287
Cellular manufacturing, 28, 1118
Cellulose, 172
Cellulosics, 187
Cemented carbides, 596
Cementite, 108
Center
burst defect, 372
cracking, 372
drill, 645
Centerless grinding, 740
Center-line average, 955
Center-type grinding, 738
Centrifugal casting, 282
glass, 474
polymers, 505
Centrifugal spraying, 476
Centrifuging, 283
Ceramic
coating, 983
cutting tools, 604-605
fibers, 221
matrix composites, 229
processing, 518
mold process casting, 269
shell investment casting, 274
Ceramics, 197
coatings, 602, 988
friction of, 958
general properties, 201
in machine tools, 703
mechanical properties, 202
optical properties, 203
physical properties, 203
processing, 466
structure, 197
wear of, 964
Cermets, 201, 604
C-frame press, 431

Chain-growth polymerization, 174
Chain-reaction polymerization, 174

Chain-type code, 1112

Chamfer, cutting tools, 598, 642, 652

Chance variations, 1031
Chaplets, 264
Charpy test, 76
Chatter
machining, 619, 630, 638, 706
marks grinding, 743

milling, 671
grinding, 743
rolling, 322
Checking, heat, 282, 731
Cheeks, 263
Chemical
blanking, 763
cleaning, 992
machining, 761
mechanical polishing, 749, 819
milling, 761
reaction priming, 986
stability, tools, 592
synthesis, 518
tempering, 477
vapor deposition, 601, 798, 981
vapor infiltration, 518
wear, 963
Chemically
assisted ion-beam etching, 814
reactive adhesives, 933
Chevron cracking, 372
Chill
tempering, 476
zone, 242
Chills, 251
Chip
breakers, 565, 599
broaches, 676
drills, 644
collecting systems, 638
collection, 700
compression ratio, 560
curl, 565
depth of cut, 662
flow angle, 567
management, 639, 700
on board, 822
Chip (semiconductor devices), 790
Chip formation
abrasive wear, 962
grinding, 727
cutting, 558
Chipless tapping, 654
Chipping, cutting tools, 579-580
Chips, metal, 562
Chisel-edge angle, 644
Choke, 244
Chopped fibers, 222
Chromium
carbide, 603
in stainless steels, 143
plating, 985
Chuck, 628
Chuckers, 631
Chucking
machines, 631
reamers, 652
Chvorinov’s rule, 147
Circular
cutters, 668
interpolation, 1064
saws, 680
tracing, 1004
Cladding, 364, 901, 976, 983
Clamps, 1081
Classification and coding
systems, 1111
Clay, 198
Clean room, 793
Cleaning, 991
Cleaning fluids, 992
Cleaning processes, 991
Clearance, 383
Clearance, 1015
Clearance
angle, 559
fit, 1015
Cleavage plane, 79
Climb milling, 662, 664
Closed-die forging, 341
Closed-loop control, 1062
Cluster mill, 326
Coalescence of voids, 77
Coarse pearlite, 112
Coated
abrasives, 746
electrode, 873
tools, 600
multiphase, 602

Coat-hanger die, 488
Coatings

ceramic, 602, 988

conversion, 968

for cutting tools, 600

for rod and wire drawing, 376

for sheet metal, 988

metal, 968, 976
Coaxial extrusion, 364
Cobalt, in tungsten carbide, 597
Cobalt-based superalloys, 161
Coding systems, 1113
Coefficient of friction, 958

in cutting, 569

in metalworking processes, 958

measurement, 959

metals, 958
Coextrusion plastics, 490
Cogging, 338

mill, 325
Coin materials, 96
Coining, 343, 456
Coinjection molding, 496
Coins, 901
Cold

cracking, welds, 888

extrusion, 368

forging, 336

forming, plastics, 507

isostatic pressing, 447

roll forming, 403

rolling, 323

saws, 680

shut, 249

welding, 901

working, 50, 52
Cold-box mold, 263
Cold-box molds, 263
Cold-chamber process, 279
Cold-pressed ceramics, 604
Cold-runner mold, 495
Cold-setting processes, 263
Cold-work steels, 146
Collapsibility

sand, 263

cores, 264
Collapsible taps, 653
Collet, 629
Colloidal, 968
Colorants, 185
Coloring, 987
Columbium (niobium), 163
Column-and-knee type machine, 672
Columnar

dendrites, 239

grains, 239, 884
Combination square, 1002
Combustion spraying, 977
Commercially available shapes, 1143
Comminution, 441, 467
Common causes, 1031
Communications

network, 1127

standards, 1128
Compacted-graphite iron, 111, 307
Compaction of metal powders, 444
Compacts, 447, 606
Comparative length measurement,

1002

Comparators, 1005
Complex-phase grade steels, 142
Compliant end effector, 1072, 1078
Composite coatings, 603
Composite materials, 216

processing, 508

advanced, 225

ceramic-matrix, 229

metal-matrix, 227

strength, 224
Composite molds, 259, 284
Composites in machine tools, 703
Compound

dies, 390

rest, 626
Compounded oils, 966
Compression

molding, 503, 511

test, 66
Compressive strength ceramics, 202
Computed tomography, 1042



Computer

modeling casting processes, 302

numerical control, 26, 1061

simulation, 1107

vision, 1078
Computer-aided

design, 10, 1097

engineering, 10, 1097

manufacturing, 11, 1104

part programming, 1066

process planning, 27, 1104
Computer-assisted tomography, 1042
Computer-controlled lathes, 632
Computer-integrated manufacturing,

26,1094

systems, 1117
Concurrent engineering, 10
Condensation polymerization, 174
Conditioning

grinding wheels, 733

of rolls, 323
Conducting polymers,
Conductive films, 798
Conductivity

electrical,

thermal, 93
Conductors, 94
Constitutional diagram, 104
Constructive solid geometry, 1098
Consumable electrode, 869
Consumer’s risk, 1039
Contact molding, 512
Contacts, 819
Continuous

casting, 134, 325

chips, 563

fibers, 218

furnace, 124

improvement, 1021, 1136, 1139

path, 1063

products, 2

systems, assembly, 1086
Contour

cutting, 680

roll forming, 403
Contouring

lathe, 630

system, 1063
Contraction, solidification, 248
Control

charts, 30, 1034

limits, 1034-1035
Control systems, 1052

adaptive, 1066

numerical, 1060

robots, 1072
Controlled contact tools, 565
Controlled-metal buildup, 541
Conventional milling, 662, 664
Conversion coatings, 369, 968, 986
Conveyance card, 1125
Coolants, 607, 967, 969
Cooling rate, castings, 241
Coordinate measuring machine, 1009
Cope, 263

Cope-and-drag investment casting, 269

Copolymers, 177
Copper and alloys, 158
Copper production, 158

electrolytic method, 158

thermal-reduction method, 158
Copper-based alloys casting, 305
Core

boxes, 265

drill, 645

prints, 264
Cored dendrites, 242
Cores, 263-264
Correction for necking, 61
Corrosion, 95, 942
Corrosive wear, 963
Corrugation process for

honeycombs, 427

Corundum, 198, 721
Cost

justification, 1156

of scrap, 1145

reduction, 1159
Cost-benefit analysis, 1160
Costing system, 1156

Costs
cutting tools, 607
capital, 1157
fixed, 1156
labor, 1158
manufacturing, 32
material, 1156
tooling, 1156
Counterblow hammer, 354
Counterboring, 645
Countergravity low-pressure
process, 277
Countersinking, 645
Covalent bonding, 41, 197
Cracking, stress corrosion, 80, 96
Cradle-to-cradle, 14, 1141
Cradle-to-grave, 14, 1141
Crank press, 353
Crankshaft drill, 643
Crater wear, 578
Craters, 953
Crazing, 182
Creep, 49, 75, 182
rupture, 75
polymers, 182
Creep-feed grinding, 740
Crevice corrosion, 96, 942
Crimping, 941
Critical shear stress, 44
Cropping, 340, 368
Cross
linking, 184
slide, 617, 626
Cross-feeding, 736
Cross-linked polymers, 176
Crown, 321
Crucible, 132
Crucible furnace, 286
Crush
dressing, 734
forming, 734
Crushing, 467
Cryogenic
diamond turning, 712
dry etching, 815
machining, 612
Crystal
growing, 285, 796
structure of metals, 42
Crystallinity
polymers, 178
degree of, 178
Crystallites, 178
Crystallization shrinkage, 179
Crystallographic anisotropy, 50, 393
Crystal-pulling method, 286
Crystals, metals, 42
Cubic boron nitride, 200,
603, 722
polycrystalline, 605
Cubic interpolation, 1064
Cup-and-cone fracture, 77
Cupola, 286
Cupping tests, 394
Curie temperature, 107
Curing, thermosets, 184
Curl, chip, 565
Cutoff, 956
Cutting (machining), 553
forces, 568
power, 570
ratio, 560
temperature, 571
Cutting fluids, 607
effects, 610
turning, 625
Cutting off
abrasive, 726, 742
in turning, 557, 616
saws for, 680
Cutting, oxyfuel-gas, 882
Cutting tools
materials, 591
reconditioning, 607
Cutting-edge angle, 619
Cyaniding, 119
Cyanoacrylate adhesives, 933
Cyclic stresses, 74
Cylindrical grinding, 738
Czochralski process, 286, 796

D
Dacron, 186
Damping
in cast iron, 703
in machine tools, 704, 708
Data acquisition system, 1096
Database, 1096
Datum, 1015
Dead center, 627
Dead-metal zone in extrusion, 364
Debinding, 449
Deburring, 384, 750
Decarburization, 121
Decarburizing, 125
Decision-tree coding, 1112
Dedicated machines, 1057, 1159
Deep drawability, 408
Deep drawing, 407
design guidelines, 430
force, 408
Deep reactive ion etching, 814, 841
Defect prevention, 1023
Defects, 79, 953
in casting, 249
in drawing, 377
in forging, 348
Deflocculent, 467
Deformation
plastic, 44
single crystals, 44
Deformation rate, 64
in metalworking, 65
Degradation, polymers, 95, 184, 190
Degree
of crystallinity, 178
of polymerization, 175
Delamination, 223
Delayed tack adhesives, 933
Delrin, 186
Deming, W.E., 1023
Deming’s fourteen points, 1024
Dendrite, 239
multiplication, 242
Density, 89
powder metals, 445
various metals, 89
Dent resistance, 394
Deoxidation, 251
Deposition, 798, 979, 981
Depth of cut, 556
line, 579
Derivative CAPP system, 1105
Dermatitis, 969
Design attributes, 1111
Design considerations
boring, 642
broaching, 677
casting, 294
ceramics, 478
chemical machining, 765
composites processing, 518
drilling, 651
EDM, 772
electrochemical grinding, 769
electrochemical machining, 767
electron-beam machining, 778
gear machining, 687
glasses, 478
grinding, 744
laser-beam machining, 776
milling, 671
powder metallurgy, 457
thread cutting, 641
turning, 637
Design for
assembly, 12, 1086
disassembly, 12, 1088
heat treating, 125
manufacture and assembly, 12
recycling, 13
service, 12, 1087
sheet-metal forming, 428
the environment, 13
Design process, 8
Desktop manufacturing, 526
Destructive testing, 1044
welded joints, 892
Detonation gun, 978
Deviation-type measuring
instruments, 1002

Index 1167

Devitrification, 207
Dial indicator, 1002
Diamond, 210
abrasives, 734
coatings, 602, 989
cutting tools, 606
film, free standing, 989
turning, 712
Diamond-edged blade, 680
Diamondlike carbon, 990
Diamond-wire saws, 680
Die
casting, 279
characteristics plastics, 488
cutting, 386
insert, 340
materials, 146
sinking, 668, 766
steels, 146
Die, microelectronics, 819
Die-head chaser, 641
Dielectric, 94
fluid, 771
strength, 94
Die-sinking machining centers, 771
Diffraction gratings, 1003
Diffusion, 52, 816
adhesives, 933
bonding, 420, 914-915
silicon, 841
brazing, 925
coating, 982
in crater wear, 579
in sintering, 453
Digital
instruments, 1000
radiography, 1042
sensors, 1078
Dimensional tolerances, 998, 1013
Dimensioning, 1060
Dimples, in ductile fracture, 77
Dimpling, 405
Dip brazing, 925
Dip-pen lithography, 857
Direct
AIM, 546
emulsion, 967
extrusion, 362
labor, 33
labor costs, 1158
manufacturing, 542
numerical control, 1061
probe, 819
Directional solidification, 285
Directionality of surfaces, 954
Disassembly, 12, 1087
Discontinuities, weld, 885
Discontinuous chips, 564
Discrete products, 1
Disk test, 67
Dislocations, 45
Dispersed particles, 103
Dispersion, 1032~1033
Distortion, 113
welds, 889
Distributed numerical
control, 1061
Distribution, statistical, 1032
Dividers, 1002
Dividing head, 674, 682
Doctor-blade process, 468
Dolomite, 130
Domain, 1130
Dopants, 95, 794
Doping, 982
Double-action press, 412
Down milling, 662
Downtime, 1158
Draft rolling, 318
Draft angle
castings, 297
forging, 343, 350
Drag, 263
Drag lines, 883
Drain casting, 467
Drapping, 653
Draw
beads, 410
bench, 377
cut, 675
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Drawing
deep, 407
defects, 377
exchange format, 1097
glass, 473
strip, 375
tube, 375
Drawing (tempering), 123
Drawing out (forging), 338
Drawing rod and wire, 362, 373
Dreamer, 653
Dressing, 734
Drift, 1012
Drift pin, 939
Drill press, 650
Drilling, 616, 630, 646
forces, 647
machines, 650
torque, 647
Drills, 643
life, 649
reconditioning, 649
Drive-in diffusion, 816
Drop
forging, 354
hammer, 354
Dross, 245
Dry
chemical etching, 813
drawing, 376
etching, 812
machining, 611
oxidation, 800
pressing ceramics, 469
Dry spinning, 492
fibers, 221
Drying ceramics, 471
Dual ion-beam deposition, 980
Dual-in-line package, 822
Dual-phase steels, 142
Ductile
fracture, 77
iron, 111, 306
Ductile-regime grinding, 736
Ductility, 60
Dummy
bar, 135
block, 362
Duplex structure stainless steels, 145
Duplicating lathe, 630
Durometer, 71
Dyes polymers, 185
Dynamic stiffness, 708

E
Earing, 409
Economic order quantity, 1149
Economics
advanced machining, 781
assembly, 1089
casting, 307
composites processing, 520
gear machining, 687
grinding, 753
joining, 945
machining, 713
powder metallurgy, 459
sheet-metal forming, 431
welding, 916-917
Eddy-current inspection, 1042
Edge dislocation, 46
Edger mills, 322
Edging, 340
EFAB, 851
Effects of various elements, 135
Efficiency, welding, 870
Ejectors, 493-496, 503-504
casting, 279-280, 283
Elastic, 58
deformation, 44
recovery, 58
Elastomers, 191
processing, 507
Electric furnace, 131
Electrical properties, 94
polymers, 183
Electrical resistivity, 94
Electrical spraying, 978
Electrical-discharge
grinding, 773

machining, 769

wire cutting, 772
Electrically conducting

adhesives, 933

ceramics, 204

polymers, 183
Electric-arc furnace, 288
Electric-discharge forming, 424
Electrochemical

discharge grinding, 773

fabrication, 851

grinding, 768

honing, 769

machining, 765
Electrocoating, 991
Electrode

coatings, 880

consumable, 869

nonconsumable, 869

wear (EDM), 771
Flectrodes, 879

advanced machining, 770-771
Electrodischarge machining, 769
Electroforming, 986
Electrogas welding, 877
Electrohydraulic forming, 424
Electroless plating, 985
Electrolyte, 765, 769, 773
Electrolytic deposition, 441
Electromagnetic bonding, 944
Electromagnetically assisted

forming, 422

Electromigration, 818
Electron-beam

cutting, 883

hardening, 121

lithography, 804

machining, 777

melting, 535

welding, 880
Electronic gages, 1008
Electronic-grade silicon, 796
Electroplating, 983
Electropolishing, 749
Electrorheostatic, 95
Electroslag welding, 878
Electrostatic spraying, 991
Elements, in steel, 135
Elevator furnace, 124
Elongation, 57, 59, 393

various materials, 57, 60, 172
Embossing, 412
Embrittlement, 49
Emery, 198, 721

cloth, 746
Emulsification, 992
Emulsion, 763
Emulsions, 609, 966
Enamel, 988, 990
Enameling, 988
Encapsulation, 505
Encoder, 1062
End cutting edge angle, 568, 619
End effector, 1072
End grains, 349
End mill, 667
End milling, 667
End relief angle, 568, 619
End-feed grinding, 740
End-of-arm tooling, 1072
End-quench hardenability test, 116
Endurance limit, 74
Engine lathe, 626
Engineered materials, 6, 224
Engineering

ceramics, 197

metrology, 998

strain, 58

stress, 58
Enterprise resource planning, 1106
Environmental

effects, 611, 969

issues, 13

management systems, 1039
Environmentally conscious design and

manufacturing, 13

Environmental-stress cracking, 182
Environments, expert systems, 1130
Epitaxy, 798-799
Epoxies, 188

Epoxy, 172, 184
Epoxy-based adhesives, 933
Equiaxed grains, 50, 239
Equilibrium diagram, 104
Equipment for sheet-metal
forming, 430

Ergonomics, 31
Erosion, in forging dies, 964
Erosive wear, 962
Esteem value, 1160
Etchants, 761
Etching, 808
Ethernet, 1127
Eutectic, 109
Eutectic point, 106
Eutectoid, 109, 112

cementite, 109

ferrite, 109

reaction, 109
Evaporation, 798
Evaporative

adhesives, 933

pattern casting processes, 270
Exchange specifications, 1097
Execution functions, 1096
Exothermic reaction, 730
Expandable pattern casting, 270
Expansion

process for honeycombs, 427

reamers, 653
Expendable molds, 259
Experimental design, 31, 1025
Expert systems, 28, 1130
Explosive

forming, 421

hardening, 976

welding, 913
External damping, 709
Extreme ultraviolet lithography, 804
Extreme-pressure additives, 967
Extruder, 486

Characteristics (plastics), 488
Extrusion, 360, 362

blow molding, 499

ceramics, 468

cold, 261

constant, 363

defects, 371

equipment, 373

force, 363

hot, 364

hydrostatic, 362, 371

impact, 370

plastics, 486

powder metals, 451

ratio, 362

F
Face

grooving, 616

milling, 664

plate, 629
Face-centered cubic, 42
Facing, 616
Factorial design, 1025
Failure, 76
Failure rate, integrated circuits, 825
Families of parts, 1108
Fasteners, 939
Fastening, mechanical, 864
Fatigue, 74, 79

failure, 74

limit, 74

static, 207

strength, 80

thermal, 93, 580, 963

wear, 963
Faying surfaces, 901, 905
Feature, 1015
Feed, 556

force, 620

marks, 582, 664

rod, 627
Feedback, 1062, 1062
Feedstock metal powders, 444
Feldspar, 198, 725
Ferrimagnetism, 95
Ferrite, 107
Ferrite stabilizer, 109
Ferritic stainless steels, 144

Ferromagnetism, 95
Ferrous alloys, 129, 306
Ferrule, 912
Fiber
impregnation, 509
length, 222
pullout, 223
size, 222
Fiberglass, 206-207
Fibering, mechanical, 50, 78, 393
Fibers, 219
glass, 219
reinforcing, 219
Fibrous, 77
Field effect transistor, 791
Filament winding, 513
File transfer protocol, 1127
Files, 681
Filing, 681
Filled gold, 914
Filler metals, 865, 867, 923
Fillers in polymers, 185
Film
blown, 490
deposition, 798
extrusion, 490
Fine
blanking, 386
ceramics, 197
pearlite, 112
Finish machining, 583
Finishing cut, 621
Finishing operations, 746
gears, 685
ceramic, 478
ceramics, 471
glass, 478
powder metallurgy, 456
Finishing processes, 22
Fire polishing, glass, 473
Firing, 471
Fir-tree cracking, 372
Fishtailing, 372
Fit, 1015
Fits, 1015
Fixed
costs, 1156
gages, 1006
Fixed-position automation, 1057
Fixed-sequence robot, 1073
Fixtures, flexible, 1081
Flame
cutting, 392
hardening, 121
retardants, 185
Flammability polymers, 185
Flanging, 402
Flank wear, 574-575
Flaring, 405
Flash (butt) welding, 910-911
Flash, in
casting, 298, 300
forging, 339
friction welding, 903-904
plastic molding, 497, 503
Flashless forging, 341
Flask, 263
Flaskless molding, 265

Flat
rolling, 318
wire metal deposition, 530
Flat-die forging, 337
Flatness, 1003
Flattening by
bending, 405
roller leveling, 324
Flattening of rolls, 322
Flaws, 954
Flexibility in manufacturing, 28, 32
Flexible
assembly systems, 1086
automation, 1059
fixturing, 1081
Flexible manufacturing, 1117
cell, 1118
lines, 1055
system, 28, 1120, 1055, 1059
Flexure, 68
Flint, 198
Flip-chip on board, 822



Float glass, 473
Floating-zone method, 286
Flooding, 609
Floorstand grinders, 742
Floor-to-floor time, 1158
Flow
lines, 1058
of value streams, 1126
stress, 339
turning, 418
Fluid
flow, in casting, 243
forming, 414
Fluidity
tests, 246
molten metal, 245
Fluidized bed, 124
Fluorocarbons, 187
Flushing casting, 251
Flute, 644
Fluted reamers, 652
Flux, 130, 287, 867, 874, 924, 927
Flux-cored arc welding, 876
Fly cutting, 669
Flyer plate, 913
Foam
casting, 517
molding, 506
Foil, 318
Folds, 953
Follow rest, 629
Forced vibration, 707
Forgeability, 348
Forging, 335
closed-die, 341
defects, 348
economics, 355
forces,
impression-die, 339
isothermal, 346
tubricants, 351
machines, 353
open-die, 337
orbital, 345
powder metals, 451
precision, 342
Form
block, 404, 406
grinding, 734, 738, 740
milling, 668
tool, ultrasonic machining, 745
tools, 616, 630
Formability sheet metals, 394
Forming
processes, 313
tap, 329
Forming-limit diagrams, 394
Forward extrusion, 362
Foundations machine tools, 705
Foundries, 289
Four-high mill, 326
Four-jaw chuck, 628
Four-point bending, 68
Four-slide machine, 401
Fourteen points, Deming, 1024
Fracture, 76
brittle, 79
ductile, 77
of abrasive grains, 732
of cutting tools, 579
paths, 79
stress, 59
Fracture surfaces, 77, 79-80
reinforced plastics, 223
Fracture toughness test, welded joints,
893

Framework systems, 1130
Free-cutting wheels, 731
Free-form fabrication, 526
Free-machining steels, 584-586
Freestanding diamond film, 989
Freezing range, 239
Frequency distribution, 1032
Fretting corrosion, 963
Friability, 732
Friction, 957

angle (cutting), 561, 569

force, 958

in ceramics, 958

in metals, 957

in plastics, 958

measurement, 359

reduction, 959

sawing, 392, 680

stir welding, 904
Friction welding, 903

inertia, 904

linear, 904

pistons, 917-918
Front tension, 320
Fuel gas, 866
Full

annealing, 122

indicator movement, 1004
Fullerenes, 209, 968
Fullering, 340
Full-mold process, 270
Functional layout, 1109
Functionally graded

carbides, 597

Furnace brazing, 925
Furnaces

atmosphere, 125

heat treating, 123

melting, 288, 131
Fused alumina, 721
Fused-deposition modeling, 530
Fusion welding, 863, 865

characteristics, 866

weld joints, 884
Fuzzy logic, 1131

G
Gage
numbers, rolling, 325
blocks, 1005
length, 58, 60
Gage length, 60
Gage maker’s rule, 1012
Gages, 1005
Gain, 956
Galena, 165
Galling, 962
Gallium arsenide, 795
Galvanic corrosion, 96
Galvanized steel, 987
Galvanizing, 166, 987
Gang drilling, 651
Gap bed lathe, 626
Garnet, 721
Gas metal-arc welding, 875
Gas tungsten-arc welding, 870
Gases in casting, 250
Gate, 243, 263
Gating system, 243
Gaussian, 1032
G-code, 1066
Gear manufacturing
finishing, 685
form cutting, 682
generating, 683
grinding, 686
shaping, 683
Gears
rolling, 319
tooth measurement, 1005
bevel, 685
quality, 687
Gel spinning, 492
General considerations precision
machining, 713
Generative CAPP system, 1105
Gentle grinding, 731
Geometric
tolerancing, 1012
dimensioning, 1012
modeling, 1098
Germanium, 794
Giant molecules, 171, 184, 191
Glass
ceramics, 207, 476
fibers, 219, 476
former, 206
forming, 472
lubrication, 968
lubrication (extrusion), 367
point, 179
tempered, 476
tubes and rods, 474
wool, 476

Glasses, 205-206
strengthening, 476
as lubricants, 367, 968
mechanical properties, 207
physical properties, 207
Glass-transition temperature, 179
Glassy behavior, 180
Glaze, 472
Glazing, 477, 988
Glazing of grinding wheels, 733
Global competitiveness, 32
Globular transfer, 876
GO gage, 1006
Gob glass, 474
Gold, 166
Grade bonded abrasives, 726
Grade gage blocks, 1005
Grain, 47
boundaries, 47, 49
boundary embrittlement, 49
boundary sliding, 49, 75
columnar, 239
depth of cut, 727
flow pattern, 344, 348
force (grinding), 729
fracture bnded abrasives, 732
growth, 52
size, 48, 394
structure casting, 285
Grand average, 1034
Granite-epoxy composite in
machine tools, 703
Graphite, 208
fiber production, 493
fibers, 208, 220
foams, 209
lubricant, 968
Graphitization, 110
Gravity
drop hammer, 354
effects in casting, 242
segregation, 242
Gray cast iron, 110, 306
Greases, 967
Green
ceramics, 468
compact, 444
design, 13,1141
engineering, 1141
molding sand, 263
strength, 453
Grindability, 734
Grindable ceramics, 203
Grinding
chatter, 743
economics, 753
fluids, 742
forces, 728
process, 727
ratio, 732
specific energy, 729
temperature, 730
wheel selection, 734
wheels, 722
Grit blasting, 751
Grooving, 615
Group
layout, 1109
machine cell,
technology, 27, 1108
Guerin process, 413
Guideways, machine tools, 704
Gun
drilling, 645
trepanning, 646
Gutter, 350

H
Hacksaws, 680
Hafnium nitride, 603
Half nut, 640
Hammers, forging, 354
Hand layup molding, 512
Hard
automation, 1057
facing, 976
machining, 711
turning, 711
Hard-acting wheel, 732
Hard-chromium plating, 985

Index 1169

Hardenability, 115
band, 116
Hardening,
case, 976
explosive, 976
spark, 977
Hard-mold casting, 277
Hardness, 68
bonded abrasives, 721, 727
ceramics, 202
conversion chart, 73
hot, 71
indenters, 71
of various materials, 73
scales, 71, 73
tests, 68
vs. strength, 72
Hardwired controls, 1060
Hastelloy, 160-161
Hazards powder metallurgy, 444
Head, 672
Headers, 344
Heading, 343
Headstock, 626
Health hazards polymers, 189
Heat, 82
Heat checking, 94, 282, 731
grinding, 731
rolls, 317
Heat transfer in
welding, 870
casting, 247
Heat treating laser beams, 776
Heat treatment, 100
ferrous alloys, 111
nonferrous alloys, 117
Heat-affected zone, 884, 953
sawing, 680
Heat-resistant alloys, 161
Heat-treating furnaces, 123
Helix angle, 644
Helmets, composite, 226
Hematite, 130
Hemming, 405
Heterogeneous nucleation, 242
Heuristic, 1130
Hexagonal close-packed, 42
Hexapod machines, 705
HEXSIL, 848
Hierarchical coding, 1112
High-carbon steel, 139
High-efficiency
machining range, 716
particulate air filter, 793

High-energy-rate forging machines, 354

High-frequency

induction welding, 910

resistance welding, 909
High-pressure cutting fluid

systems, 610

High-removal-rate machining, 636
High-speed

automatic assembly, 1084

end milling, 668

machining, 709

steels, 146, 595

tapping, 654
High-strength low-alloy steels, 139
High-temperature alloys, 161

casting, 306
High-temperature ceramics, 479

High-velocity oxyfuel gas spraying, 978

History of manufacturing, 1
Hob, 684
Holarchical manufacturing
systems, 1123
Hold-down ring, 407
Hole
making, drilling, 643
preparation, 939
Hole-basis system, 1015
Holemaking, 939
Hollow end mill, 668
Holographic interferometry, 1043
Holography, 1043-1044
Holonic manufacturing, 1122
Homogeneous nucleation, 239
Homologous temperature, 52
Homopolymer, 177
Honeycomb manufacturing, 426
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Honing, 747

gears, 687
Hooker process, 371
Hooke’s law, 59
Horizontal boring machines, 642
Horizontal-spindle machining

centers, 698

Hot

cracking, welds, 888

dipping, 987

extrusion, 364

forging, 336

hardness, 71, 591

isostatic pressing, 448

isostatic pressing, ceramics, 470

machining, 587

melt adhestves, 933

metal, 131

pressing ceramics, 470

rolling, 322

shortness, 49, 372

spots, 296

tearing, 249

working, 49, 52
Hot-chamber process, 279
Hot-die forging, 346
Hot-pressed ceramics, 604
Hot-runner mold, 496
Hot-twist test, 348
Hot-work steels, 146
Hubbing, 345
Human factors engineering, 31
Hume-Rothery rules, 102
Hybrid

codes, 1112

composite, 219

machining systems, 780
Hydraulic press, 353
Hydrodynamic machining, 778
Hydroform process, 414
Hydrogen embrittlement, 80
Hydrometallurgy, 160
Hydroplastic forming, 468
Hydroplasticity, 198
Hydrospinning, 418
Hydrostatic

extrusion, 362, 371

pressure effects of, 66
Hygroscopic, 187
Hysteresis, 192

1
Ice-cold molding, 497
If-then rules, 1130
IGES, 1097
Image recognition, 1079
Immersion lithography, 804
Impact
extrusion, 370
molding, 266
strength, 592
tests, 75
toughness, 76
wear, 963
Imperfections, in crystals, 45
Implementation of automation, 1055
Impregnation, 456
Impression-die forging, 339
Impurities, 45
In good statistical control, 1035
Incandescent light bulbs,
manufacturing, 1
Inclination angle, 567
Inclusions, 46, 51, 246, 250, 953
bending, 399
effect on properties, 77
role in fracture, 77
welding, 886
Incoloy, 161
Incomplete
fusion, 886
penetration, 886
Inconel, 160-161
Incremental
forging, 346
forming, 419
Indenters, 70
Index head, 674
Indexing, 1085
tools, 598, 607

Indirect

emulsion, 967

extrusion, 362

labor, 33

labor costs, 1159
Induction

brazing, 925

furnace, 288

hardening, 121

heating, 125

welding, 910
Industrial

ceramics, 197

cycle, 13

diamond, 210

Revolution, 6, 1054
Industrial robots, 27, 1071

in assembly, 1084
Inertia friction welding, 904
Infeed grinding, 740
Inference, 1130

engine, 1130
Infiltration, 456, 517-518
Infrared

brazing, 925

radiation, 573
Ingots

casting, 133

single crystal silicon, 796
Initial Graphics Exchange

Specification, 1097

Initiator polymers, 174
Injection blow molding, 499
Injection molding

ceramics, 470

foam, 506

machines, 494, 497

plastics, 493

powder metals, 449

reaction, 506
Injection refining, 134
In-line indexing, 1085
Inoculant, 242
Inorganic adhesives, 932
In-process

annealing,

inspection, 998, 1044
Insert molding, 281, 496
Inserts

cutting tools, 597

forging die, 340
Inspection, 998

automated, 1011

castings, 287
Insulators, 94
Integral transfer devices, 1070
Integrated

circuits, 790

mills, 331

snap fasteners, 944
Intelligent robot, 27, 1074
Interactive computer graphics, 1097
Interchangeable parts, 6, 997
Interconnection, 818
Interference, 1015

fit, 1015

fringe, 1003
Interferometry, 1003
Intergranular

attack, 953

fracture, 79
Intermediate

annealing, 122

shape, 349
Intermediates, glass, 206
Intermetallic compounds, 102
Internal

centerless grinding, 740

damping, 708

grinding,
International tolerance grade, 1015
Internet tools, 1129
Interpolation, 1064
Interstitial, 45

solid solutions, 102
Invar, 94, 160
Inventory, 1124

control, 1106
Inverse segregation, 242
Inverted extrusion, 362

Investment casting, 273
Ion, 4
implantation, 604, 816, 982
plating, 980
Ion-beam lithography, 804
Ion-beam-enhanced deposition, 980
Ionic bond, 41, 197
Iron, 130
Iron-based superalloys, 161
Iron-carbon system, 107
Ironing, 375, 411
Iron-iron carbide phase
diagram, 107
Ironmaking,
1SO 14000 standard, 1030
ISO 9000 standard, 1029
ISO/OSI reference model, 1129
Isolation layer, 834
Isostatic pressing, 447
ceramics, 470
Isothermal
forging, 346
transformation diagram, 113
Isotropic, 48
etching, 809
1zod test, 76

Jacketing, 367
Jaws
soft, 628
chuck, 628
Jiggering, 470
Jigs, 1081
Job shops, 1054, 1056
Joining, 861
ceramics, 944
economics, 945
glasses, 945
of plastics, 864
processes, 23, 942
Joint design, 893
adhesive bonding, 935
brazing, 926
mechanical fastening, 942
soldering, 930
Jominy test, 116
Junction, 957
Juran, J.M., 1024
Just-in-time production, 28, 1124

K

Kaikaku, 1127

Kaizen, 1021, 1139

Kanban, 112§

Kaolinite, 198

Keltool process, 546

Kerf, 678, 772,775,777, 882
Kevlar, 186,221

Keyhole technique, 872
Key-seat cutters, 669

Killed steel, 133

KK-3 coding, 1115

Knee, 672

Knoop hardness, 70
Knowledge engineering, 1129
Knowledge-based system, 1130
Knuckle-joint press, 354
Knurling, 616

Kodel, 186

Kovar, 160

Kroll process, 162

L
Labor

costs, 34,1158

intensive, 1056
Lacquers, 990
Lactic-based system polymers, 190
Ladle metallurgy, 134
Lake sand, 262
Lamellae, pearlite, 109
Lamellar tears, 888
Laminar flow casting, 245
Laminate strengthening, 477
Laminated glass, 477
Laminated-object manufacturing, 539
Lampback, 208
Lance, 132
Lancing, 386

Land
wear, 577
drawing die, 372
forging die, 340, 350
drawing die, 376
Lapping, 747
gears, 686
Laps, 953
Laser
cladding, 976
forming, 423
interferometry, 1009
micrometer, 1008
peening, 974
scan micrometer,
surface treatment, 982
Laser-beam
cutting, 392, 883
hardening, 121
machining, 774
torch, 776
welding, 880
Laser-engineered net shaping, 541
Latent heat of
fusion, 238
solidification, 103
Lateral extrusion, 362
Latex, 192
Lathe, 617, 626
Lattice structure, 42
Lay, 954
symbols, 954
Layered structure, 208
Layout
functional, 1109
group, 1109
Layup, 512
Leaching, 96
Lead, 166
angle, 666
screw, 629, 639
time, 1150
Lead-based alloys casting, 306
Leaded steels, 584
Lead-free solders, 926
Lean manufacturing, 32, 1125
Leathery behavior, 179
Leeb test, 71
Lehr, 473
Leveling rolls, 324
Levitation melting, 289
Lexan, 186
Life cycle, 10, 1140
Life expectancy of products, 30
LIGA, 844
Light metals, 305
Limestone, 130
Limit dimensions, 1015
Limiting drawing ratio, 409
Limits, 1015
Limonite, 130
Line representation, 1098
Linear
array, 1079
elastic behavior, 58
friction welding, 904
interpolation, 1064
motor drives, machine tools, 705
polymers, 176
variable differential
transformer, 1008
Linearity, 1012
Line-graduated instruments, 1001
Linewidth, 804
Lip-relief angle, 644
Liquid
penetrants, 1040
phase, 104
Liquid-metal
embrittlement, 49
forging, 283
Liquid-phase
epitaxy, 799
processing, 517
sintering, 454
Liquid-solid processing, 517
Liquid-surface acoustical
holography, 1044
Liquidus, 103
Lithium aluminum silicate, 201



Lithography, 800
electron-beam, 804
extreme ultraviolet, 804
immersion, 804
ion-beam, 804
multilayer X-ray, 848
nanoimprint, 856
soft, 807
X-ray, 804

Live center, 627

Loading grinding wheels, 733

Local area network, 1127

Localized surface hardening, 983

Lock seams, 403

Logarithmic strain, 60

Long fibers, 222

Long-chain molecules, 184

Loss cost, 1027

Lost-foam process, 270

Lost-pattern casting, 270

Lost-wax process, 273

Lot size, 1031, 1056, 1149

Low-carbon steel, 139

Lower
control limit, 1035
specification limit, 1027

Low-expansion alloys, 94

Low-melting alloys, 164

Low-pressure chemical-vapor

deposition, 798

Low-stress grinding, 731

Low-temperature ceramics, 479

Lubricant selection, 969

Lubricants, 607, 965
blending metal powders, 443
forging, 351
in polymers, 185
rolling, 327

Lubrication, 964
boundary, 965
extrusion, 369
mixed, 965
regimes, 965
thick film, 965
thin film, 965

Lucite, 186

Luder’s bands, 323, 393

M
Machinability, 583

various materials, 583
Machinable ceramics, 203, 471
Machine

reamers, 652

tool, 554

tools, structures, 702

vision, 1078, 1131
Machining, 553, 615, 659

advanced, 759

allowance, 300

centers, 694

economics, 713

processes, 22, 553
Machinist’s rule, 1002
Macromanufacturing, 787
Macromolecules, 171
Macrosegregation, 242
Magazine machine tool, 696, 698
Magnesium

and alloys, 157, 305

production, 158
Magnetic

particle inspection, 1040

properties, 95
Magnetic-field-assisted

polishing, 750
Magnetic-float polishing, 749
Magnetic-pulse forming, 422
Magnetorheostatic, 95
Magnetostriction, 95
Magnetron sputtering, 798
Magnification, 1012
Make coat, 746
Malcolm Baldrige Award, 1021
Malleable iron, 111, 306
Mandrel, 404, 417,
629, 986

Manganese sulfide,
Manipulators, 1071
Mannesmann process, 331

Manual
assembly, 1083
part programming, 1066
Manufacturing, 1
attributes, 1111
automation protocol, 1128
cell, 28, 1054, 1118
communications networks, 1127
costs, 32-33, 1159
history, 1
holon, 1123
process selection, 18, 1148, 1152
processes, 18
properties, 15, 20
resource planning, 1106
systems, 1094
trends, 34
Maraging, 119
Marking, 343
laser-beams, 776
Martempering (marquenching), 123
Martensite, 112
Martensitic
grade steels, 142
stainless steels, 14
Mash seam welding, 909
Mask, 801
Maskants, 762
Masking, 798
chemical milling, 762
Masonry drills, 645
Mass production, 1057
Masticated, 508
Match-plate pattern, 264
Material
cost, 1145, 1156
handling, 27, 1068
movement, 1068
properties, 15
removal rate, 619, 647, 663,
771, 773
selection, 15, 1142
substitution, 16, 1146
Material-removal processes, 553
Material-requirements planning, 1106
Matrix, 217
array, 1079
materials, 222
Mats, 222
Maximum roughness height, 955
Measurement standards, 999
Measuring
instrument characteristics, 1012
machines, 1009
Mechanical
alloying, 441
fastening, 864, 939, 944
fibering, 50, 78, 393, 399
plating, 976
press, 354, 412
properties 59, 172, 202
shock, 580
surface treatments, 974
Mechanization, 1052
Medium batch, 1159
Medium-carbon steel, 139
Melamine, 188
Melt spinning, 221, 287, 492
Melting point, 92
various materials, 89
Melting practice, 287
Mer, 175
Mesomanufacturing, 788
Metal
bond, 726
flow patterns extrusion, 364
foams, 167
powder spraying, 977
stitching, 940-941
Metal powders, 438
particle shape, 443
particle size, 442
particle size distribution, 443
production, 438
Metal-injection molding, 449
Metallic
bond, 42
films, 968
glasses, 167, 286
Metallization, integrated circuits, 818

Metallizing, 977
Metallography, 953
Metallurgical burn,
Metallurgical transformation, 953
Metal-matrix composites, 227

processing, 517
Metal-oxide semiconductor, 794
Metalworking fluids, 966
Metastable, 110
Meter, 999
Method of

attributes, 1031

variables, 1031
Metrology, 998
Microabrasive blasting, 751
Microabrasive-flow machining, 752
Microalloyed steels, 141
Microcontact printing, 807
Microelectromechancial

device, 833

system, 789, 831, 833
Microelectronic device, 831, 8§33
Microelectronics, 790
Microencapsulated powders, 442
Microforming, 424
Micrograin carbides, 597
Microhardness, 71
Micromachining, 833-844

bulk, 834

surface, 834
Micromanufacturing, 787
Micromechanical device, 789, 831, 833
Micrometer, 1002

depth gage, 1002

laser scan, 1009
Micromolding in capillaries, 807
Microporosity, 155
Microreplication, 746
Microscopes, 1008
Microsegregation, 242
Microstereolithography, 850
Microtransfer molding, 807
Microwave sintering, 471
Microwelds, 958
Mil standard rule, 1012
Mild

steel, 139

wear, 962
Mill, rolling, 325
Milling, 556, 660

ceramics, 467

cutters, 660

forces, 660, 662, 664, 666

machines, 672

torque, 660, 664, 666
MIMIC, 807
Mineral oils, 966
Minimills, 331
Minimum bend radius, 398
Minimum-quantity lubrication, 611
Miscible blends, 180
Mist, 610
Mixed lubrication, 965
Mode size, metal powders, 443
Modeling, 244, 1098
Modifiers, glass, 206
Modular, 1057

construction, 701

fixturing, 1081
Module, 696, 701
Modulus of elasticity, 59

polymers, 172

various materials, 59
Modulus of

resilience, 72

rigidity, 68

rupture, 68
Mohs hardness, 71
Moisture

effect on polymers, 183

in ceramics, 471
Molds, 243

casting, 259
Molecular beam epitaxy, 799
Molecular weight, polymers, 174-175
Molybdenum, 163
Molybdenum disulfide, 968
Monel, 160
Monocode, 1112
Monomer, 174

Index 171

Monosteel® piston, 917
Moore’s Law, 806
Mounted wheels, 723
Move card, 1125
Mullite, 198
Mutltiaxis EDM wire-cutting machining
centers, 773
MultiClass coding, 1115
Multicomponent injection
molding, 496

Multijet/polyjet modeling, 534
Multilayer

blow molding, 501

X-ray lithography, 848
Multiphase coatings, 602
Multiple-spindle

automatic bar machines, 631

drills, 631
Mushy

state, 103

zone, 239
Mylar, 186

N
Nanoalloyed steels, 142
Nanoceramics, 201
Nanofabrication, 19
Nanoimprint lithography, 856
Nanolayered coatings, 603
Nanolithography, 856

dip pen, 857
Nanomanufacturing, 789, 855
Nanomaterials, 210

health hazards, 211

in cutting tools, 606
Nanophase ceramics, 201, 471
Nanopowders, 442
Nanoscale manufacturing, 832
Nanotubes, 209
Natural

adhesives, 932

aging, 119

language processing, 1130-1131

organic materials, 172

rubber, 192

strain, 60
Near-dry machining, 611
Near-net shape, 25

forging, 337
Neat oils, 966
Necking, 63, 77

cotrection for, 61

sheet metals, 393
Nesting, 388
Net-shape

forging, 337

forming, 260, 280, 437

manufacturing, 25
Network polymers, 177
Neural networks, 1131
Neurons, 1131
Neutral

axis, 397

flame, 867

point, 318
Nib, 376
Nibbling, 387
Nichrome, 160
Nickel and alloys, 160
Nickel-based superalloys, 161
Nimonic, 161
Niobium (columbium), 163
Nitrides, 200, 605
Nitriding, 119
No-bake mold, 263
Noble metals, 166
Nodular iron, 111, 306
Noise in experimental design, 1025
Nominal

size, 1015

stress, 58
Nonconsumable electrode, 869
Nondestructive testing, 1040

welded joints, 893
Nonferrous metals, 151, 302
Nonhomogeneous chips, 564
Nonproductive labor, 33, 1159
Nonsynchronous system,

assembly, 1085

Nontraditional machining, 760
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Normal
anisotropy, 409
distribution curve, 1032
force (cutting), 568
rake angle, 567
segregation, 242
Normalizing, 122
Nose
radius, 568, 574, 582, 619
wear, 579
No-slip point, 318
NOT GO gage, 1006
Notch
sensitivity, 76
wear, 577, 579
Notching, 386
No-wear EDM, 771
Nucleating agent, 242
Nucleation, 47, 242
Nugget, weld, 906
Numerical control, 26, 1060
programming for, 1065
Numerically controlled robot, 1073
Nylons, 187

O
Oblique cutting, 566
Octree representation, 1099
Offset, 58
Oils, 966

cutting, 609
On-line inspection, 998, 1044
Open riser, 263
Open-back inclinable press, 431
Open-die forging, 337
Open-hearth furnace, 131
Open-loop control, 1062
Open-mold processing, 512
Operation (routing) sheets, 1105
Opitz, H,, 1113
Optical

comparator, 1005

contour projectors, 1005

flat, 1003

interference microscope, 957

properties, 95, 179, 203, 207
Optimization, adaptive control, 1067
Optimum

cutting speed, 577, 715

tool life, 715
Orange peel, 48, 52, 394
Orbital forging, 345
Organic coatings, 988
Orientation dependent

etching, 811

Orientation, polymers, 181
Orthogonal cutting, 566
Out of

control, 1036

roundness, 1003
Outsourcing, 33
Outsourcing, 1158
Over-aging, 119
Overarm, 672
Overbending, 399
Qvercut, 771
Overhead, 33, 1159
Overlap, 887
Overmolding, 496
Oxalate coatings, 968
Oxidation, 96, 799

dry, 800

wear, 963

wet, 800
Oxide

ceramics, 198

films, 952
Oxide-powder-in-tube

process, 479

Oxidizing flame, 867
Oxyacetylene flames, 867
Oxyfuel-gas

cutting, 882

welding, 866
Oxvgen, embrittlement, 80

P

Pack rolling, 323

Packaging, microelectronics, 822
Painting, 990

Pallet, 696, 1120
changer, 696
Pancaking, 337
Pant layout, 1109
Paperless design, 542, 1104
Parabolic interpolation, 1064
Paraffin, 967
Parallel reliability, 1039
Parametric model, 1099
Parison, 499
Parsons, J.T., 1061
Part families, 1108
Part programming, 1066
Part-checking station, 697
Partially deoxidized steel, 134
Partially stabilized zirconia, 198
Particle size distribution, 443
Parting, 386, 616
agent, 264, 351
Parting line
casting, 263, 298
forging, 350
Passivation, 96, 143, 952
Pasty state, 103
Patenting, 123, 375
Patternmaker’s shrinkage
allowance, 297
Patterns, casting, 264
Pay-off reel, 320
Pearlite, 109, 112
Pedestal grinder, 742
Pedestal-type fixtures, 1082
Peeling, adhesives, 934
Peen forming, 423
Peening, shot, 423, 974
Pellets, 490
Pencil source, 805
Penetrants, liquid, 1040
Percussion welding, 912
Perforating, 386
Peripheral milling, 660
Permanent molds, 259, 277
Permeability, sand, 262
Personal area networks, 1128
Pewter, 166
Phase
diagrams, 103
transformation, 111
Phase-change materials, 1082
Phenolics, 188
Phosphate conversion coatings, 968
Phosphor bronze, 158
Photochemical
blanking, 763
machining, 763
Photoelectric digital length
measurement, 1009
Photoetching, 763
Photolithography, 800
Photomask, 801
Photopolymer, 532
Photoresist, 763, 802
Physical properties, 88-90,
203, 207
Physical tempering, 476
Physical vapor deposition, 601, 979
Physical-chemical etching, 814
Pick-and-place robot, 1073
Pickling, 323
Piece-part production, 1056
Piercing, 344
sheet metal, 405
Piezoelectric effect, 95
Pigiron, 131
Pigments polymers, 185
Pilger mill, 331
Pinch rolls, 135
Pin-grid array, 822
Pinion-shaped cutter, 683
Pipe
manufacturing, 331
extrusion (plastics), 489
defect, 134, 372
Pit furnace, 124
Pitch in broaches, 676
Pits, 953
Pitting, 96
forging dies, 964
Plain milling, 660
machines, 672

Planar anisotropy, 409
Planarization, 819, 846
Planer, 674
Planer-type milling machines, 673
Planing, 674
Plant layout, 1069
Plasma, 978-979

beams, 778

etching, 813
Plasma-arc

cutting, 778, 883

welding, 872
Plasma-enhanced chemical vapor

deposition, 799

Plaster-mold casting, 268
Plastic

deformation, 50, 58

forming ceramics, 468
Plasticizers, 184

ceramics, 467
Plastics, 171

conducting, 183

for coatings, 988

friction, 958

joining, 942

machining, 586

processing, 484

reinforced, 217

structure, 173

wear, 964
Plastisols, 501
Plate

metal, 318

glass, 473
Plating

electroless, 985

electroplating, 983

mechanical, 976
Platinum, 166
Playback robot, 1073
Plexiglas, 186
Plowing

in grinding, 729

in friction, 958
Plug gages, 1006
Plugs for tube forming, 404-405
Plunge grinding, 737, 740
Pneumatic gages, 1007
Point

angle, 644

cloud, 1009

defects, 45
Pointing, 346, 375
Point-to-point control, 1062
Poisson’s ratio, 59, 60, 172
Polarity, 869
Polishing, 747
Polyamides, 187
Polyblends, 180
Polycarbonates, 187
Polycodes, 1112
Polycrystalline diamond, 606
Polycrystals, 50
Polyesters, 187, 189
Polyethylenes, 187
Polygonization, 51
Polyimides, 188
Polymer concrete (in machine

tools), 703

Polymer

fibers, 221

precursor, 518

processing, 21

quenchants, 117
Polymeric films, 968
Polymerization, 174

degree of, 175
Polymer-matrix composites, 217
Polymers, 171, 174

fibers production, 491

structure, 173
Polymorphic transformation, 108
Polymorphism, 43
Polypropylenes, 188
Polystyrenes, 188
Polysulfones, 188
Polyurethane, 192

foam molding, 506
Polyvinyl chloride, 188
Population, 1031

Porcelain, 198
Porcelain enamels, 988
Porosity in
bonded abrasives, 726
casting, 250, 296
ceramics, 207
ingots, 134
welds, 886
Porous aluminum 1535,
Portable grinders, 742
Porthole die, 366
Position measurement, 1062
Positional tolerancing, 1015
Positioning system, 1062
Postbaking, 804
Postprocess inspection, 998, 1044
Potting, 505
Pouring basin {cup), 243, 263
Powder metallurgy, 437
equipment, 446
Powder rolling, 451
Powder-injection molding, 449
Power
cutting, 570
chucks, 628
drop hammer, 354
spinning, 418
Power-head units, 1057
Prebaking, 802
Precious metals, 166
Precipitates, 117
Precipitation, 442
hardening, 117, 144
Precision, 999, 1012
casting, 268, 274
forging, 342
machining, 704, 711
manufacturing, 25
Precision-metal deposition, 541
Precursor, 220
Preferred orientation, 50
Preforming forging, 340
Prepregs, 509
Preshaping, 350
Press
and blow process, 474
brake, 402
brake forming, 401
fitting, 941
Presses
hydraulic, 353, 373
mechanical, 354, 430
powder compaction, 446
screw, 354
Pressing
ceramics, 469
glass, 474
Pressure
casting, 278
die casting, 279
pouring, 278
sensitive adhesives, 933
sintering, 470
Pressure-bag molding, 511
Pressure-gas welding, 869
Pressureless compaction, 451
Primary
bonds, 41, 175
shear zone, 563
Primitives of solids, 1098
Printed circuit board, 826
Probability, 1039
Probes, 697, 1045
Process
annealing, 122
capabilities, 31, 1036, 1148
planning, 1104
reliability, 1040
selection, 1152
substitution, 24
Producer’s risk, 1039
Product Data Exchange
Specification, 1097
Product
design, 8, 1136
integrity, 29
liability, 31
life, 1022
quality, 1021, 1139
reliability, 1039



Production, 1

card, 1125

flow analysis, 1111

quantity (volume), 1149, 1159

rate, 635, 1057, 1150
Productive labor, 33, 1158
Productivity, 1052
Proeutectoid cementite, 109
Proeutectoid ferrite, 109
Profile

drawing, 376

measurement, 1005

milling machine, 673
Profilometer, 955
Programmable

automation, 1059

logic controllers, 1059
Programming

for NC, 1065

language, 1066
Progressive dies, 391
Projection welding, 910
Projections, in casting, 249
Properties of materials, 15
Proportional limit, 58
Prototype, 11
Protractor, 1002
Puckering, 410
Pulforming, 514
Pull

broach, 677

system, 1124, 1126
Pulsed electrochemical machining, 768
Pultrusion, 513
Pulverization, 441
Punch and die materials, powder

metallurgy, 452

Punch force, 385
Punching, 385
Pure metals, 101
Purging casting, 251
Push

broach, 677

cut, 675

system, 1124, 1126
Pyroceram, 207
Pyrolysis, 220
Pyrometallurgy, 159
Pyrophoric, 157

QS 9000 standard, 1030
Quality, 29, 1021
assurance, 29, 1022
circle, 1023
control, 1022, 1030
engineering, 1025
management standards, 1029
process certification, 31, 1029
standards, 32
Quantity of
materials, 1138
production, 1149
Quartz, 201, 721
Quench cracking, 112
Quenching, 115
media, 116
severity, 116
Quick die changing, 430
Quill, 617, 627

R
Rack
plating, 984
shaper, 684
Radial
drill, 651
force, 620
forging, 346
Radiation effects, 66
Radio frequency
tags, 1070
sputtering, 798, 980
Radiography, 1041
Rake angle, 559, 618
Ram
extrusion, 362
forging machines, 353~354
Rammed graphite molding, 266
Ram-type turret lathe, 631

Random
assembly, 1083
sampling, 1031
Range, 1033
Rapid
prototyping, 11, 264, 525
solidification, 167, 286
tooling, 544
Reaction
bonding, 518
injection molding, 498
sintering, 518
Reactive
hot melt adhesives, 933
ion-beam etching, 814
plasma etching, 813
sputtering, 980
Reagents, 761
Real-time inspection, 998
Reamers, 652
Reaming, 652
Reciprocating extruder, 494
Reconditioning
cutting tools, 607
drills, 649
Reconfigurable machines, 701
Recovery, 51
Recrystallization, 51
glass ceramics, 207
temperature, 51
Recycling, 10, 13, 1145
plastics, 191
Redrawing, 412
Reducing
flame, 867
friction, 959
Reduction of area, 60
Reduction, powder metals, 441
Redundant
systems, 1039
work of deformation, 374
Refining steels, 134
Reflow soldering, 822, 927
Refractory metals and alloys, 163
Regenerative chatter, 707
Regimes of lubrication, 965
Registration, 802
Regulating wheel, 740
Reinforced plastics, 217
processing, 508
applications, 225
elastic modulus, 224
properties, 222
strength, 224
Reinforced wheels (grinding), 726
Reinforcing fibers, 219
Relative costs, 1159
Relaxation, stress, 182
Release cloth, 511
Reliability, 1039
of integrated circuits, 825
of material supply, 1144
of supply, 16
Relief angle, 559, 619
René, 161
Repair costs, 30
Repeat accuracy, 1012, 1065
Repetitive stress syndrome, 31
Rephosphorized steels, 139
Replicast C-S process, 271
Residual elements, steels, 138
Residual stresses, 81, 953
bending, 81
casting, 299
glasses, 476
grinding, 731
reduction of, 82
rod drawing, 377
rolling, 324
welding, 889
Resinoid bond, 726
Resin-transfer molding, 513
Resistance
brazing, 925
projection welding, 910
Resistance welding, 905
high-frequency, 909
projection, 910
seam, 908
spot, 906

Resistivity, electrical, 94
Resolution, 999, 1012, 1065
Resolver, 1062
Resulfurized steels, 139
Resultant force, 568
Retained austenite, 113
Reticle, 801
Retrieval system, 107
Retrofitting machine tools, 704
Return on

investment, 1160

quality, 1022, 1139
Reverse redrawing, 412
Reversing mill, 325
Reynolds number, 245, 270
Rheocasting, 242, 284
Rifling, 346, 676
Rimmed steel, 134
Ring

compression test, 959

gages, 1006

rolling, 328
Ringing, grinding wheels, 744
Risers, 243,263
Rivets, 940
Robot safety, 1076
Robotic

assembly, 1087

deburring, 753
Robots, 1035
Robustness, 1026, 1151
Rockwell hardness, 70
Rod drawing, 362
Roll

bending, 401

bonding, 901

compaction, 451

deflections, 321

flattening, 322

forging, 327

forming, 403

design guidelines, 429

gap, 318

grinder, 738

materials, 327

spot welding, 909

stand, 320

welding, 901
Roller

burnishing, 975

leveling, 324
Rolling

ceramic, slip, 468

glass, 473

metal powder, 451

metals, 316

mills, 325
Roll-pass design, 327
Room-temperature vulcanizing, 546
Root-mean-square average, 955
Rose reamer, 652
Rotary

encoder, 1062

files, 681

forging, 346

indexing, 1085

swaging, 346

tube piercing, 331

ultrasonic machining, 745
Rotary-table

grinding, 737

milling machine, 673
Rotational molding, 501
Rough machining, 583
Roughing cut, 621
Roughness, 955
Roundness, 1003
Routing sheet, 1105
Roving, 222
RTV molding/urethane casting,
Rubber

bond, 726

forming 413,

modified polymers, 180
Rubbers, 191
Rubbery behavior, 181
Rule of 10, 1012
Rules, 1002
Runner system, 263
Runnerless mold, 496

Index 1173

Runners, 243
Running-in, 961
Rupture, 75

S
Saddle, 672
Saddle-type turret lathe, 631
SAE designations, 138
Safety
grinding, 743
machining magnesium, 586
powder metal processing,
robots, 1076
Sag point, 502
Sagging, 474
Salt-bath furnace, 124
Sample size, 1031
Sampling, 1031
Sand
casting, 262
molding machines, 265
molds, 263
Sandpaper, 746
Sands, 262
Sandslingers, 266
Sandwich molding, 496
Saponification, 992
Saran, 186
Sawing, 678
EDM, 774
Saws, 392, 680
SCALPEL, 805
Scanning acoustical holography, 1044
Scarfing, 323
Scission polymers, 184
Scleroscope, 71
Scrap
cost, 1145
in shearing, 388
SCREAM, 840
Screw
dislocation, 46
extruder, 486, 494
machines, 631
press, 354
thread cutting, 639
thread measurement, 1005
threads, 639
Seam welding, 908
Seam, defect, 377, 953
Seaming, 405, 941
Seamless tube and pipe rolling, 331
Season cracking, 80
Secondary bond, 42, 175
Secondary refining, 134
Second-phase particles, 103, 201
Sedimentation, 442
Seeded gel abrasives, 721
Segmented
chips, 564
dies, 406
Segregation, 242
Seizure, 369, 962
Séjournet process, 367
Selection
criteria, manufacturing
processes, 18, 1148
of ,materials, 15
of manufacturing process, 18, 1152
Selective
assembly, 1083
automation, 1057
laser sintering, 534
leaching, 96, 967
oxidation, 800
Selectivity, 808
Self lubricating, 958
Self-excited vibration, 707
Self-guided vehicle, 1070
Self-opening die heads, 641
Self-reversing taps, 654
Semicentrifugal casting, 282
Semiconductors, 94, 794
processing, 479
Semikilled steel, 134
Semipermanent-mold casting, 277
Semisolid metal forming, 242, 283
Semisynthetic
cutting fluids, 609
solutions, 967
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Sendzimir mill, 326
Sensitivity, 1012
Sensor
fusion, 1080
technology, 1077
validation, 1080
Sensors, 1045, 1077
cutting tools, 581
Sensory robot, 1074
Series reliability, 1039
Serrated chips, 564
Service life, 16
Severe wear, 962
Severity of quench, 116
Shaft-basis system, 1015

Shank, 566, 568, 598, 642-643, 648

Shank-type cutter, 669
Shape
factor, powder metals, 443
index, 443
rolling, 318, 327, 323
Shaped-tube electrolytic
machining, 766
Shape-memory
alloys, 166, 941
polymers, 183
Shapers, 675
Shaping
grinding wheels, 34
machining, 675
processes, 314, 478
Sharkskin, 488
Shaving, 390, 567
gears, 685
Shaw process, 270
Shear, 67
angle, punches, 390
angle, cutting, 559
die, 365
modulus, 68
plane, 559
spinning, 418
strain, 68, 561
strength, single crystals, 44
stress, 44, 67, 77
true,
zone, 559
Shearing, 382
Shearing dies, 390
Sheet
extrusion, polymers, 488, 490
metal, 318
plastic, 490
Sheet metal
characteristics, 392
formability, 394
forming, 20, 381
forming equipment, 430
Sheet-molding compound, 510
Shell
in casting, 239
mill, 669
reamer, 653
Shell-mold casting, 266
Shells, expert system, 1130
Shewhart,W.A., 1031
Shielded metal-arc welding, 873
Shock-resisting steels, 146
Shore hardness, 71
Short circuiting in GMAW, 876
Short fibers, 222
Shot
blasting, 751
peening, 423, 974
Shrink
fit, 93, 941
flanging, 402
Shrinkage
allowance, casting, 297
cavity, 134, 251, 296
in casting, 248, 264, 297
in ceramics, 471
in sintering, 453
Sialon, 200, 605
Side
cutting edge angle, 619
rake angle, 568, 619
relief angle, 568
Silane, 223
Silica, 201

Silicate-bonded sand, 277
Silicates, 201
Silicon, 795
carbide, 200, 606, 722
diffusion bonding, 841
micromachining by single-step
plasma etching, 841
nitride, 200, 605
Silicon-LIGA, 845
Silicone adhesives, 933
Silicones, 189, 192
Silver, 166
Silver solder, 926
SIMPLE, 841
Simulation, 11, 1107
Simultaneous engineering, 10
Sine bar, 1002
Single
action press, 430
crystal casting, 285
crystal silicon reactive etching
and metallization, 840
machine cell,
minute exchange of dies
(SMED), 430

spindle automatic bar machine, 631

Sink marks, 497
Sintered carbides, 596
Sintering
powder metals, 452
ceramics, 471
Six sigma, 1033
Size coat, 746
Sizing, 343, 346, 376, 456, 509
Sizing pass, 375
Skeleton, 1100
Skew rolling, 328
Skin
in casting, 239
pass, rolling, 324
rolling, 393
Skin-dried molds, 263
Skiving, 490, 567
Skull extrusion, 365
Slab, 323
milling, 660
Slag, 130, 288, 873
inclusions, 886
Slicing, 797
Slip
band, 45
casting, 467
plane, 44
systems, 45
Slip, ceramics, 467
Slitting, 386, 668
Slitting saws,
Slotters, 675
Slotting, 668
Slurry
abrasive, 744-745
casting, 270, 273
infiltration, 518
Slush
casting, 278
molding, 501
Small batch, 1056, 1159
Smart
databases, 1143
fluids, 95
materials, 95, 166
sensors, 1077, 1080
Smelting, 159
S-N curves, 74
Snagging, 742
in sawing, 679
Snap gages, 1007
Snap-in fasteners, 941
Soaking, 121
Soaps, 967
Sodium silicate process, 277
Soft
automation, 1059
jaws, 628
lithography, 807
Soft-acting wheel, 732
Softening, strain, 67
Solder
joints, 930
paste, 927

Solderability, 927
Soldering, 864, 926

reflow, 927

wave, 928
Solders, 165, 926
Sol-gel process, 518
Solid

freeform fabrication, 850

lubricants, 967

model, 1098

phase, 102

solution, 101, 104
Solid-ground curing, 541
Solidification

alloys, 239

contraction, 248

front, 238

of metals, 238

time, 147

weld metal, 884
Solid-metal embrittlement, 49
Solid-phase

forming, plastics, 507

processing, 517
Solid-state

bonding, 453, 901

welding, 864, 900
Solidus, 103
Solubility, gases, 251
Solute atoms, 102
Solution treatment, 118
Solvent

atoms, 102

bonding, 944

cleaning, 992

crazing, 182
Sonotrode, 744, 902
Spade drill, 645
Spalling

rolls, 327

ceramics, 203
Spark

hardening, 977

sintering, 454
Spark-erosion machining, 769
Sparks (grinding), 730
Special cause, 1031
Specific

energy, cutting, 570

energy, grinding, 729

gravity, 89

heat, 89, 92

stiffness, 90

strength, 90-91

volume, polymers, 179
Specification limits, 1027
Spectra fibers, 221
Speed

cracking, 372

of response, instruments, 1012
Spheroidite, 112
Spider die, 366, 489
Spin forging, 418
Spindle, 617
Spinel, 198
Spinnability, 418
Spinneret, 221, 492
Spinning

conventional, 417

glass, 474

polymer fibers, 492

shear, 418

tube, 419
Spiral point drill, 648
Splat cooling, 287
Splatter, 953
Split nut, 627, 640
Sponge titanium, 162
Spot

drill, 645

welding, 906-907

welds,testing, 907
Spray

deposition, 451

layup molding, 512

transfer, 875
Sprayed-metal tooling, 546
Spraying, thermal, 977
Spread, 1032
Spreading, rolling, 322

Spring fasteners, 941
Springback, 399
compensation for, 399
negative,
Sprue, 162, 243
Sputter etching, 812
Sputtering, 798, 980
Square
die, 365
turret, 631
Squeeze casting, 283
Stability, 1012
Stack cutting, 679
Staining, by lubricants, 969
Stainless steels, 143, 307
Stand grinder, 742
Stand-alone machines, 1054
Standard
deviation, 1033
for the Exchange of Product
Model Data, 1097
hole practice, 1015
point drill, 644
shaft practice, 1015
size, 1015
Standoff, 422
Stands, rolling, 326
Stapling, 940
Starch-based system polymers, 190
Starter bar, 135
Static fatigue, 207, 479
Statistical
process control, 30, 1033
quality control, 1031
Statistics, 1031
Steady rest, 629
Steckel rolling, 320
Steel production, 130
Steel-rule die, 387
Steels, 136
cast, 307
designations, 138
Stellite, 596
Step drill, 645
Step-growth polymerization, 174
Stepped extrusion, 364
Step-reaction polymerization, 174
Stereolithography, 532
Sterling silver, 166
Stewart platform, 705
Stick welding, 873
Stiction, 835
Stiffness, 57, 59
machine tools, 599, 703, 1065
Stiffness-to-weight ratio, 90, 217
Stitching, 940
Stockless production, 1124
Stones honing, 747
Stop-off, 420
Storage and retrieval systems, 1070
Stored energy, 51, 82
Straddle milling, 668
Straight polarity arc welding, 869
Straightening sheet, 324
Straight-flute drill, 645
Straightness, 1003
Strain
aging, 78
engineering, 58
hardening, 47
rate, 65
rate hardening, 65
Strain-hardening exponent, 62, 393
Strain-rate
exponent, 65
metals, 66
sensitivity, 65, 181, 393
polymers, 181
Strand casting, 134
Strength coefficient, 62, 65
Strength coefficient
various metals, 62
Strengthening
glass, 476
metal ailoys,
Strength-to-weight ratio, 217
Stress
cracking, 80
engineering, 58
relaxation, 75, 182



relieving, 122, 890
shear, 44, 67, 77
true, 60
whitening, 182
Stress-corrosion cracking, 80, 96
Stress-relief annealing, 122
Stress-strain curves, 61
polymers, 181
various metals, 63
Stretch
bending, 399
blow molding, 501
flanging, 403
forming, 406
Stretcher strains, 323, 393
Stretching, 395
Striations, 80
Stringers, 51
Strip
casting, 136
drawing, 375
Strippers, 370, 391, 403, 408, 804
Structural
defects, 324
foam molding, 506
grade steels, 139
Structure
bonded abrasives, 726
insensitive, 46
of alloys, 101
of ceramics, 197
of metals, 40
of polymers, 173
of reinforced plastics, 217
sensitive, 46
Structure-property relationships,
casting, 241
Stud (arc) welding, 912
Stuffing box, 376
Stylus, 956
Styrofoam, 506
Subcritical annealing, 112
Submerged-arc welding, 874
Substitution of materials, 1146
Substitutional
atom, 46
solid solutions, 102
Substrate, 601-603, 952
Subtractive processes, 528
Superabrasives, 721
Superalloys, 160-161
casting, 306
Superconductors, 94
Supercooling, 205
Superficial hardness, 70
Superfinishing, 747
Superheat, 246
Superplastic forming, 66, 420, 915
Superplasticity, 66
Surface
alloying, 983
defects, 953
fatigue wear, 963
finish, 581, 954, 956, 1149
grinding, 727, 736
hardening, 976
integrity, 581, 953
micromachining, 834
model, 1098
mount, 822
plate, 1002
preparation, 72, 934
profiles, 956
profilometer, 955
rolling, 975
roughness, 325, 582, 955
structure, 952
tension, molten metal, 246
texture, 953
texturing, 983, 990
treatments, 973
treatments, mechanical, 974
Surfaces, 952
Sustainable manufacturing, 1142
Swaging, 346
Swell die, 488
Swept volume, 1098
Swing, 627
Swing-frame grinder, 742
Swiss-type automatics, 631

Synchronous system, assembly, 1085
Synthetic

diamond, 210

organic adhesives, 932

organic polymers, 173

rubbers, 192

solutions, 967
System in package, 822

T
Taconite, 130
Tactile sensing, 1078
Taguchi
loss function, 1027
methods, 1025
Taguchi, G., 1025
Tailor-welded blanks, 388
Tailpipe, defect, 372
Tailstock, 627
Take-up reel, 320
Tamping, 265
Tandem
drawing, 377
rolling, 326
Tantalum, 164
Tap, 653
for forming, 329
Tapping, 653
Taylor, EW., 575
Teach pendant, 1073
Tearing, in weld joints, 888
Technical and office protocol, 1129
Teemed, 133
Teflon, 186, 959
Temper
designation, aluminum, 155
embrittlement, 49, 123
rolling, 324, 393
Temperature
effects, 64, 181
in cutting, 572
in grinding, 730
rise, 82
Tempered
glass, 476
martensite, 113
Tempering, 123
glass, 476
grinding, 731
Template, 630, 682
Tennis racquets, 515
Tension test, 57
Tension-shear test, 892
Terpolymers, 177
Test pattern, 819
Testing,
destructive, 1044
nondestructive, 1040
Texture, 50
Texturing, surface, 990
Thermal
aging, 181
camber, 322
conductivity, 89, 93
cracking, 203
distortion, machine tools, 704
emf, 573
energy deburring, 753
expansion, 93
expansion anisotropy, ceramics, 203
fatigue, 93, 580, 963
gradient casting, 241
inspection, 1043
metal powder spraying, 977
properties, metals, 89
properties, polymers,
shock, 94
shock resistance, 592
spraying, 977
stresses, 93
tempering, 476
wire spraying, 977
Thermally
assisted machining, 587
conducting adhesives, 933
Thermocouples, 573
Thermoforming, 502
Thermographic inspection, 1043
Thermomechanical processing, 123
Thermoplastic bond, 726

Thermoplastics, 180, 185

joining, 943
Thermosetting plastics, 184

joining, 944
Thick-film lubrication, 965
Thick-molding compound, 510
Thin-film lubrication, 965
Thixotropic, 284

casting, 242
Thread

grinding, 739

rolling, 329, 639
Threaded fasteners, 939
Threading, 616

die, 641

insert, 640
Threads, 639

measurement, 1005
Three-body wear, 962
Three-dimensional

integrated circuits, 791

printing, 536
Three-high mill, 326
Three-jaw chuck, 628
Three-point bending, 68
Through hardening, 119
Through-feed grinding, 740
Through-silicon via, 825
Thrust force

cutting, 568, 620, 647

drilling, 647
Time-temperature-transformation

diagrams, 113

Tin, 166

cans, 166

cry, 45

plate, 165
Tin-based alloys casting, 306
Titanium

aluminide intermetallics, 162

and alloys, 162

carbide, 200, 597

carbonitride, 603

nitride, 200
Titanium-aluminum nitride, 603
Titanium-carbide coatings, 602
Titanium-nitride coatings, 601
Token

bus, 1127

ring, 1127
Tolerance control, 1013
Tolerances, 998, 1013, 1149

casting, 305
Tombstone fixtures, 1082
Tool and die

materials, shearing, 391

steels, 145
Tool

failure, 574

life, 574

materials, cutting, 591

post, 626

steels, 595

storage, 696
Tool wear, 574

EDM, 771

measurement, 580
Tool-checking station, 697
Tool-condition monitoring, 580
Tool-exchange arm, 697
Toolholders, 669
Tooling costs, 1156
Tool-life curves, 576
Toolmaker’s microscope, 580
Tool-post grinder, 742
Toolroom lathe, 630
Tooth set, 678
Top-down manufacturing, 855
Torch

brazing, 924

welding, 867
Torsion test, 67
Total

elongation, 393

indicator reading, 1004

production quantity, 1056

productive maintenance, 1059
Total quality

control, 1023

management, 29, 1023
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Touch probe, 697
Toughness, 62, 76, 592
Trace elements, 138
Tracer lathe, 630
Traditional ceramics, 197
Train, rolling mill, 326
Transducers, 580, 902, 1077
Transfer

dies, 391

lines, 695, 1058

machines, 1058

mechanisms, 1058, 1084

molding, 504

systems, assembly, 1084
Transfer/injection molding, 513
Transferred-arc, 872
Transformation

diagrams, 113

toughened zirconia, 199
Transgranular fracture, 79
Transistor, 790, 794
Transition

fit, 1015

temperature, 78
Transverse

grinding, 736

rupture strength, 68
Tree, in investment casting, 273
Trepanning, 646
Tribology, 951
Trim loss, 388
TRIP steels, 142
Triple-action press,
True

strain, 60

stress, 60

stress-strain curves, 61
Truing, 733
T-slot cutters, 668
Tube

bending, 404

bulging, 405

drawing, 375

extrusion plastics, 489

hydroforming, 414

manufacturing, 331

rolling, 331

spinning, 419

swaging, 346
Tundish, 135
Tungsten, 163
Tungsten carbide, 200, 597
Turbine blades, casting, 285
Turbulence, in casting, 245
Turk’s head, 376
Turn broaching, 676
Turning, 615, 618

centers, 696, 699

forces, 620
Turret lathes, 631
Tuyeres, 130
Twinning, 45
Twin-wire arc spraying, 978
TWIP steels, 142
Twist drill, 644
Two-body wear, 962
Two-high mill, 325
Two-phase processing, 517
Two-phase systems, 102
Tygon, 186

U
U.S. Pennies, 17
Udimet, 161
Ultimate tensile strength, 58
polymers, 172
relation to fatigue, 75
relation to hardness, 72
various materials, 59
Ultra-high-strength
steels, 142
Ultralarge-scale integration, 791
Ultraprecision
machining, 711
manufacturing, 25
Ultrasonic
inspection, 1041
machining, 744
peening, 975
soldering, 927



1176 Index

Ultrasonic (continued)
vibration, 376, 959
welding, 902
Uncoated carbides, 594
Unconventional machining, 760
Undeformed chip
length, 727
thickness, 662, 727
Undercuts, 765
Undercutting, 762, 765, 887
Underfilling, 887
Underwater spark forming, 424
Unfused alumina, 721
Unified Numbering System, 138
Uniform
deformation, forging, 338
elongation, 57
Unilateral tolerancing, 1016
Unit cell, 42
Unit cost
casting, 307
forging, 355
Universal column-and-knee milling
machine, 672
Universal dividing head, 674
Universal drilling machines, 651
Universal grinders, 738
Universal machining centers, 699
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