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CHAPTER 1.1

PURPOSE, CONTENTS, AND
USE OF THIS HANDBOOK

OBJECTIVE

This is a reference book for those practicing or otherwise having an interest in design
for manufacturability (DFM). DFM principles and guidelines are many; no one person
should be expected to remember them all nor the detailed information, such as sug-
gested dimensional tolerances, process limits, expected surface finish values, or other
details, of each manufacturing process. It is expected that those involved will keep this
book handy for reference when needed.

Additionally, this handbook is intended to be an educational tool to assist those
who wish to develop their skills in ensuring that products and their components are
easily manufactured at minimum cost. Its purpose, further, is to enable designers to
take advantage of all the inherent cost and other benefits available in the manufactur-
ing process that will be used.

Like handbooks in other fields, it is a comprehensive summary of information
which, piecemeal at least, is known by or available to specialists in the field. Although
some material in this handbook has not appeared in print previously, the vast majority
of it is a restatement, reorganization, and compilation of data from other published
sources.

USERS OF THIS HANDBOOK

The subject matter of this book covers the area where product engineering and manu-
facturing engineering overlap. In addition to being directed to product designers and
manufacturing engineers, this book is directed to the following specialists:

Operation sheet writers

Value engineers and analysts

Tool engineers

Process engineers

Production engineers

Cost-reduction engineers

Research and development engineers
Drafters

1.3
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Industrial engineers

Manufacturing supervisors and managers

These specialists and any other individuals whose job responsibilities or interest
involve low-cost manufactured products should find this handbook useful.

CONTENTS

This book contains summary information about the workings and capabilities of vari-
ous significant manufacturing processes. The standard format for each chapter
involves a clear summary of how each manufacturing process operates to produce its
end result. In most cases, for added clarity, a schematic representation of the operation
is included so that the reader can see conceptually exactly what actions are involved.
In many cases, for further clarification, photographs or drawings of common equip-
ment are presented. The purpose of this brief process explanation is to enable readers
to understand the basic principles of the manufacturing process to determine whether
it is applicable to production of the particular workpiece they have in mind.

To illustrate further the workings of each manufacturing process from the view-
point of product engineers, descriptive information on typical parts produced by the
process is provided. This book tells readers how large, small, thick, thin, hard, soft,
simple, or intricate the typical part will be, what it looks like, and what material it is
apt to be made from. Typical parts and applications are illustrated whenever possible
so that readers can see by example what can be expected from the manufacturing
process in question.

Since so many manufacturing processes are limited in economical application to
only one portion of the production-quantity spectrum, this factor is reviewed for each
process being covered. We want to help engineers to design a product for a manufac-
turing process that fits not only the part configuration but the expected manufacturing
volume as well. We want to steer them away from a process that, even though it might
provide the right size, shape, and accuracy, would not be practical from a cost stand-
point.

To aid designers in specifying a material that is most usable in the process, infor-
mation is provided on suitable materials in each chapter. Emphasis is on materials for-
mulations that give satisfactory functional results and maximum ease of processibility.
Where feasible, tables of suitable or commonly used materials are included. The tables
usually provide information on other properties of each material variation and remarks
on the common applications of each. Where available, processibility ratings are also
included. All materials selection is a compromise. Functional considerations—
strength, stiffness, corrosion resistance, electrical conductivity, appearance, and many
other factors—as well as initial cost and processing cost, machinability, formability,
and so on, must all be considered. When one factor is advantageous, the others may
not be. Most of the materials recommendations included in this handbook are for run-
of-the-mill noncritical applications for which processibility factors can be given
greater weight. The purpose is to aid in avoiding overspecifying material when a
lower-cost or more processible grade would serve as well. For many applications, of
course, grades with greater functional properties must be used, and materials suppliers
should be consulted.

The heart of this handbook (in each chapter) is the coverage of recommendations
for more economical product design. Providing information to guide designers to con-
figurations that simplify the production process is a prime objective of this handbook.
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Design recommendations are of two kinds: general design considerations and
detailed design recommendations. The former cover the major factors that designers
should take into consideration to optimize the manufacturability of their designs. Such
factors as shrinkage (castings and molded parts), machining allowances, the feasibility
of undercuts, and the necessity for fillets and radii are discussed.

Detailed design recommendations include numerous specific tips to aid in develop-
ing the most producible designs with each process. Most of these are illustrated and are
in the form of “do, don’t,” “this, not this,” or “feasible, preferable” so that both the pre-
ferred and less desirable design alternatives are shown. The objective of these subsec-
tions is to cover each characteristic having a significant bearing on manufacturability.

Dimensional-tolerance recommendations for parts made with each process are
another key element of each chapter. The purpose is to provide a guide for manufac-
turing engineers so that they know whether a process under consideration is suitable
for the part to be produced. Equally important, these recommendations give product
designers a basis for providing realistic specifications and for avoiding unnecessarily
or unrealistically strict tolerances. The recommended tolerances, of course, are aver-
age values. The dimensional capabilities of any manufacturing process will vary
depending on the peculiarities of the size, shape, and material of the part being pro-
duced and many other factors. The objective in this book has been to provide the best
possible data for normal applications.

To give a fuller understanding of these tolerances and the reasons why they are
necessary, most chapters include a discussion of the dimensional factors that affect
final dimensions.

This handbook helps determine which process to use, but it does not tell how to
operate each process, e.g., what feed, speed, tool angle, tool design, tool material,
process temperature, pressure, etc., to use. These points are valid ones and are impor-
tant, but of necessity, they are outside the scope of this book. To include them in addi-
tion to the prime data would make this handbook too long and unwieldy. This kind of
material is also well covered in other publications. The emphasis in this book is on the
product rather than the process, although a certain amount of process information is
needed to ensure proper product design.

This book also does not contain very much functional design information. There is
little material on strength of components, wear resistance, structural rigidity, thermal
expansion, coefficient of friction, etc. It may be argued that these kinds of data are
essential to proper design and that consideration of design only from a manufactura-
bility standpoint is one-sided. It cannot be denied that functional design considerations
are essential to product design. However, these factors are covered extensively and
well in innumerable handbooks and other references, and it would be neither economi-
cally feasible nor practicable to include them in this book. This handbook is to be used
in conjunction with such references. The subjects of functional design and design for
manufacturability are complementary aspects of the same basic subject matter. In this
respect, DFM is no different from industrial design, which deals with product appear-
ance, or reliability design or anticorrosion design, to cite some examples of subsidiary
design engineering disciplines that have been the subject of separate handbooks.

RESPONSIBILITIES OF DESIGN ENGINEERS

The responsibilities of design engineers encompass all aspects of design. Although
functional design is of paramount importance, a design is not complete if it is func-
tional but not easily manufactured, or if it is functional but not reliable, or if it has a
good appearance but poor reliability. Design engineers have the broad responsibility to
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produce a design that meets all its objectives: function, durability, appearance, and
cost. A design engineer cannot say, “I designed it. Now it’s the manufacturing engi-
neer’s job to figure out how to make it at a reasonable cost.” The functional design and
the production design are too closely interrelated to be handled separately.

Product designers must consider the conditions under which manufacturing will
take place, since these conditions affect production capability and costs. Such factors
as production quantity, labor, and materials costs are vital.

Designers also should visualize how each part is made. If they do not or cannot,
their designs may not be satisfactory or even feasible from the production standpoint.
One purpose of this handbook is to give designers sufficient information about manu-
facturing processes so that they can design intelligently from a producibility stand-
point.

RESPONSIBILITIES OF MANUFACTURING
ENGINEERS

Manufacturing engineers have a dual responsibility. Primarily, they provide the tool-
ing, equipment, operation sequence, and other technical wherewithal to enable a prod-
uct to be manufactured. Secondarily, they have a responsibility to ensure that the
design provided to the manufacturing organization is satisfactory from a manufactura-
bility standpoint.

It is to the latter function that this handbook is most directly aimed. In the well-run
product design and manufacturing organization, a team approach is used, and the
product engineer and manufacturing engineer work together to ensure that the product
design provides the best manufacturability.

Another function of manufacturing engineers, cost reduction, deserves separate
comment. Manufacturing and industrial engineers and others involved in manufactur-
ing under industrial conditions have, since the process began, made a practice of whit-
tling away at the costs involved in manufacturing a product. Fortunes have been spent
(and made) in such activities, and no aspect of manufacturing costs has been spared.
No avenue for cost reduction has been ignored. In my experience, by far the most
lucrative avenue is the one in which the product design is analyzed for lower-cost
alternatives (value analysis). This approach has proved to provide a larger return
(greater cost reduction) per unit of effort and per unit of investment than other
approaches, including mechanization, automation, wage incentives, and the like.

HOW TO USE THIS HANDBOOK

This book can be used with any of three methods of reference: (1) by process, (2) by
design characteristic, and (3) by material. Readers will use the first approach when
they have a specific production process in mind and wish to obtain further information
about the process, its capabilities, and how to develop a product design to take best
advantage of it. Most of the handbook’s chapters are concerned with a particular
process, e.g., surface grinding, injection molding, forging, etc., and it is a simple mat-
ter to locate the applicable section from the Contents or Index.

The problem with the process-oriented book layout is that it is not adapted to
designers (or manufacturing engineers) who are concerned with a particular product
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characteristic and do not really know the best way to produce it. For example, design-
ers having the problem of making a nonround hole in a hardened-steel part may not be
aware of the best process to use or even of all processes that should be considered.
This is the kind of problem for which this handbook is intended to provide assistance.
There are three avenues that readers can use to obtain assistance in answering their
questions:

1. The handbook chapters, as much as possible, are aimed at a workpiece characteris-
tic, e.g., “ground surfaces = flat,” rather than a process, e.g., “surface grinding.”

2. The Index has numerous cross-references under product characteristics such as
“holes, nonround” or “surfaces, flat.” It provides page listings for various methods
of making such holes, e.g., electrical-discharge machining (EDM), electrochemical
machining (ECM), broaching, etc.

3. This a chapter entitled, “Quick References” (Chap. 1.4), where readers can obtain
comparative process-capability data for a variety of common workpiece character-
istics such as round holes, nonround holes, flat surfaces, contoured surfaces, etc. A
full listing of quick-reference subjects can be found in the Contents.

To aid readers interested in obtaining information about the manufacturability of
particular materials, there is a section entitled, “Economical Use of Raw Materials”
(Sec. 2), that summarizes applications of common metallic and nonmetallic materials
and recommends certain material formulations or alloys for easy processibility with
common manufacturing methods.

WHEN TO USE THIS HANDBOOK

This handbook can be used for reference at the following stages in the design and
manufacture of a product:

1. When a new product is in the concept stage of product development, to point out, at
the outset, potentially low-manufacturing-cost approaches. This is by far the best
time to optimize manufacturability.

2. During the design stage, when prototypes are built and when final drawings are
being prepared, particularly to ensure that dimensional tolerances are realistic.

3. During the manufacturability-review stage, to assist manufacturing engineers in
ascertaining that the design is suitable for economical production.

4. At the production-planning stage, when manufacturing operations are being chosen
and their sequence is being decided on.

5. For guidance of value-analysis activities after the product has gone into production
and as production quantities and cost levels for materials and labor change, provid-
ing a potential for cost improvements.

6. When redesigning a product as part of any product improvement or upgrading.

7. When replacing existing tooling that has worn beyond the point of economical use.
At this time it usually pays to reexamine the basic design of the product to take
advantage of manufacturing economies and other improvements that may become
evident.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



PURPOSE, CONTENTS, AND USE OF THIS HANDBOOK

1.8 INTRODUCTION

METRIC CONVERSIONS

Most dimensional data in this handbook are expressed in both metric and U.S. custom-
ary units. Metric units are based on the SI system (International System of Units). In
some cases, data have been rounded off to convenient values instead of following
exact equivalents. This was done with design and tolerance recommendations when it
was felt that easily remembered order-of-magnitude values were more important than

precise conversions.

When dual dimensions are not given, Table 1.1.1 provides conversion factors that

can be applied.

TABLE 1.1.1 Metric Dimensions Used in This Handbook

Measurement

Metric symbol

Metric unit

Conversion to U.S. customary unit

Linear dimensions

Area

Surface finish

Volume

Stress, pressure,
strength

Temperature

mm
cm
m

cm?

m?
wm
cm?
m?

kPa
MPa

°C

millimeter
centimeter
meter

square centimeter
square meter

micrometer

cubic centimeter
cubic meter

kilopascal
megapascal

degree Celsius

1 mm = 0.0394 in

1cm = 0.394 in
I m=394in

1 cm? = 0.155 in®
1 m? = 10.8 ft>

I pwm = 39.4 pin

1 cm?® = 0.061 in?
1 m? =353 ft

1 kPa = 0.145 1bf/in?
1 MPa = 145 1bf/in?

degrees F — 32
1.8

degrees C =
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CHAPTER 1.2

ECONOMICS OF
PROCESS SELECTION

Frederick W. Hornbruch, Jr.

Corporation Consultant
Laguna Hills, California

COST FACTORS

Design engineers, manufacturing engineers, and industrial engineers, in analyzing
alternative methods for producing a part or a product or for performing an individual
operation or an entire process, are faced with cost variables that relate to materials,
direct labor, indirect labor, special tooling, perishable tools and supplies, utilities, and
invested capital. The interrelationship of these variables can be considerable, and
therefore, a comparison of alternatives must be detailed and complete to assess proper-
ly their full impact on total unit costs.

Materials

The unit cost of materials is an important factor when the methods being compared
involve the use of different amounts or different forms of several materials. For exam-
ple, the materials cost of a die-cast aluminum part probably will be greater than that of
a sand-cast iron part for the same application. An engineering plastic for the part may
carry a still higher cost. Powder-metal processes use a smaller quantity of higher-cost
materials than casting and machining processes. In addition, yield and scrap losses
may influence materials cost significantly.

Direct Labor

Direct labor unit costs essentially are determined by three factors: the manufacturing
process itself, the design of the part or product, and the productivity of the employees
operating the process or performing the work. In general, the more complex the
design, the closer the dimensional tolerances, the higher the finish requirements, and
the less tooling involved, the greater the direct labor content will be.

1.9

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



ECONOMICS OF PROCESS SELECTION

1.10 INTRODUCTION

The number of manufacturing operations required to complete a part probably is
the greatest single determinant of direct labor cost. Each operation involves a “pick up
and locate” and a “remove and set aside” of the material or part, and usually additional
inspection by the operators is necessary. In addition, as the number of operations
increases, indirect costs tend to accelerate. The chances for cumulative dimensional
error are increased owing to changing locating points and surfaces. More setups are
required; scrap and rework increase; timekeeping, counting, and paperwork expand;
and shop scheduling becomes more complex.

Typical of low-labor-content processes are metal stamping and drawing, die cast-
ing, injection molding, single-spindle and multispindle automatic machining, numeri-
cal- and computer-controlled drilling, and special-purpose machining, processing, and
packaging in which secondary work can be limited to one or two operations.
Semiautomatic and automatic machines of these types also offer opportunities for
multiple-machine assignments to operators and for performing secondary operations
internal to the power-machine time. Both can reduce unit direct labor costs significant-
ly.

Processes such as conventional machining, investment casting, and mechanical
assembly including adjustment and calibration tend to contain high direct labor con-
tent.

Indirect Labor

Setup, inspection, material handling, tool sharpening and repairing, and machine and
equipment maintenance labor often are significant elements in evaluating the cost of
alternative methods and production designs. The advantages of high-impact forgings
may be offset partially by the extra indirect labor required to maintain the forging dies
and presses in proper working condition. Setup becomes an important consideration at
lower levels of production. For example, it may be more economical to use a method
with less setup time even though the direct labor cost per unit is increased. Take a
screw-machine type of part with an annual production quantity of 200 pieces. At this
volume, the part would be more economically produced on a turret lathe than on an
automatic screw machine. It’s the total unit cost that is important.

Special Tooling

Special fixtures, jigs, dies, molds, patterns, gauges, and test equipment can be a major
cost factor when new parts and new products or major changes in existing parts and
products are put into production. The amortized unit tooling cost should be used in
making comparisons. This is so because the unit tooling cost, limited by life expectan-
cy or obsolescence, is very production-volume-dependent. With high production vol-
ume, a substantial investment in tools normally can be readily justified by the reduc-
tion in direct labor unit cost, since the total tooling cost amortized over many units of
product results in a low tooling cost per unit. For low-volume-production applications,
even moderate tooling costs can contribute relatively high unit tooling costs.

In general, it is conservative to amortize tooling over the first 3 years of produc-
tion. Competition and progress demand improvements in product design and manufac-
turing methods within this time span. In the case of styled items, the period may need
to be shortened to 1 or 2 years. Automobile grilles are a good example of items that
traditionally have had a production life of 2 years, after which a restyled design is
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introduced.

Perishable Tools and Supplies

In most cost systems, the cost of perishable tools such as tool bits, milling cutters,
grinding wheels, files, drills, taps, and reamers and supplies such as emery paper, sol-
vents, lubricants, cleaning fluids, salts, powders, hand rags, masking tape, and buffing
compounds are allocated as part of a cost-center manufacturing-overhead rate applied
to direct labor. It may be, however, that there are significant differences in the use of
such items in one process when compared with another. If so, the direct cost of the
items on a unit basis should be included in the unit-cost comparison. Investment cast-
ing, painting, welding, and abrasive-belt machining are examples of processes with
high costs for supplies. In the case of cutoff operations, it is more correct to consider
the tool cost per cut as an element in a comparison. Cutting-tool costs for other types
of machining operations also may constitute a major part of the total unit cost. The
high cost and short tool life of carbide milling cutters for profile milling of “hard met-
als,” such as are used in jet-engine components, contribute significantly to the cost per
unit. The hard metals include Inconel, refractory-metal alloys, and superalloy steels.

Utilities

Here again, as with perishable tools and supplies, the cost of electric power, gas,
steam, refrigeration, heat, water, and compressed air should be considered specifically
when there are substantial differences in their use by the alternative methods and
equipment being compared. For example, electric power consumption is a major ele-
ment of cost in using electric-arc furnaces for producing steel castings. And some air-
operated transfer devices may increase the use of compressed air to a point at which
additional compressor capacity is needed. If so, this cost should be factored into the
unit cost of the process.

Invested Capital

Obviously, it is easier and less risky for a company to embark on a program or a new
product that utilizes an extension of existing facilities. In addition, the capital invest-
ment in a new product can be minimized if the product can be made by using available
capacity of installed processes. Thus the availability of plant, machines, equipment,
and support facilities should be taken into consideration as well as the capital invest-
ment required for other alternatives. In fact, if sufficient productive capacity is avail-
able, no investment may be required for capital items in undertaking the production of
a new part or product with existing processes. Similarly, if reliable vendors are avail-
able, subcontracting may be an alternative. In this event, the capital outlays may be
borne by the vendors and therefore need not be considered as separate items in the
cost evaluation. Presumably, such costs would be included in the subcontract prices
per unit.

On the other hand, there may be occasions when the production of a single compo-
nent necessitates not only the purchase of additional production equipment but also
added floor space, support facilities, and possibly land. This eventuality could occur if
the present plant was for the most part operating near capacity with respect to equip-
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ment, space, and property or if existing facilities were not fully compatible with pro-
ducing the component or product at a low unit cost.

When capital equipment costs are pertinent to the selection of a process, the unit-
cost calculations should assign to each unit of product its share of the capital invest-
ment based on the expected life and production from the capital item. For example, a
die-casting machine that sells for $200,000, has an estimated production life of 10
years and an expected operating schedule of three shifts of 2000 h each per year, and
is capable of producing at the rate of 100 shots per hour with a two-cavity mold, less a
20 percent allowance for downtime for machine and die maintenance and setups,
would have a capital cost per unit as follows:

$200,000
10 X 3 X 2000 X 100 X 2 X (100% — 20%)

Capital cost = = $0.020 per piece

This calculation assumes that the machine will be utilized fully by the proposed
product or other production. Also, the computation does not include any interest costs.
Interest charges for financing the purchase of the machine should be added to the pur-
chase price. If interest costs of $50,000 over the life of the machine are assumed, the
capital cost per unit would be $0.025 instead of $0.020. This type of calculation is
applicable solely to provide a basis for choosing between process alternatives and is
simpler and different from the analysis involved in justifying the investment once the
process selection has been made.

Other Factors

Occasionally, a special characteristic of one or several of the processes under consid-
eration involves an item of cost that may warrant inclusion in the unit-cost compari-
son. Examples of this type might include costs related to packaging, shipping, service
and unusual maintenance, and rework and scrap allowances. The important point is to
recognize all the essential differences between the alternatives and to allow properly
for these differences in the unit-cost comparison. Remember that the objective is to
determine the most economical process for a given set of conditions, i.e., the process
that can be expected to produce the part or product at the lowest total unit cost for the
anticipated sales volume.

Also, in making a unit-cost comparison between several alternatives, it is necessary
to include in the analysis only those costs which differ between alternatives. For
example, if all choices involve the same kind and amount of material, the materials
cost per unit need not be included in the comparison.

Further, when available capacity exists on production equipment used for similar
components, the choice of process may be obvious. This is especially true when the
production quantity for the new part or product is not high. The opportunity for utiliz-
ing available capacity makes an additional investment in an alternative process diffi-
cult to justify.

TYPICAL EXAMPLES

Exhibits 1.2.1 and 1.2.2 are examples showing a concise layout for comparing alterna-
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tives. Exhibit 1.2.1 compares sand-mold casting with die casting for one part. Exhibit
1.2.2 considers making a part on a turret lathe versus single-spindle and multispindle
automatic screw machines. Neither of these examples attempts to justify the purchase
of machines or equipment. These examples assume that the processes are installed and
have available capacity for additional production. Note that the production quantity is
an important factor in determining the most economical process. In both illustrations,
as the production quantity increases, the unit-cost comparison begins to favor a differ-
ent alternative.
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Source: DESIGN FOR MANUFACTURABILITY HANDBOOK

CHAPTER 1.3

GENERAL DESIGN PRINCIPLES
FOR MANUFACTURABILITY

BASIC PRINCIPLES OF DESIGNING FOR
ECONOMICAL PRODUCTION

The following principles, applicable to virtually all manufacturing processes, will aid
designers in specifying components and products that can be manufactured at mini-
mum cost.

1. Simplicity. Other factors being equal, the product with the fewest parts, the least
intricate shape, the fewest precision adjustments, and the shortest manufacturing
sequence will be the least costly to produce. Additionally, it usually will be the most reli-
able and the easiest to service.

2. Standard materials and components. Use of widely available materials and off-
the-shelf parts enables the benefits of mass production to be realized by even low-unit-
quantity products. Use of such standard components also simplifies inventory manage-
ment, eases purchasing, avoids tooling and equipment investments, and speeds the
manufacturing cycle.

3. Standardized design of the product itself. When several similar products are to be
produced, specify the same materials, parts, and subassemblies for each as much as possi-
ble. This procedure will provide economies of scale for component production, simplify
process control and operator training, and reduce the investment required for tooling and
equipment.

4. Liberal tolerances. Although the extra cost of producing too tight tolerances has
been well documented, this fact is often not appreciated well enough by product design-
ers. The higher costs of tight tolerances stem from factors such as (a) extra operations
such as grinding, honing, or lapping after primary machining operations, (b) higher tool-
ing costs from the greater precision needed initially when the tools are made and the
more frequent and more careful maintenance needed as they wear, (c) longer operating
cycles, (d) higher scrap and rework costs, (e) the need for more skilled and highly trained
workers, (f) higher materials costs, and (g) more sizable investments for precision equip-
ment.

Figure 1.3.1 graphically illustrates how manufacturing cost is multiplied when close
tolerances are specified. Table 1.3.1 illustrates the extra cost of producing fine surface fin-
ishes. Figure 1.3.2 illustrates the range of surface finishes obtainable with a number of
machining processes. It shows how substantially the process time for each method can
increase if a particularly smooth surface finish must be provided.

1.17
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Rough machining,

*0.030in

Standard machining, \c

+0.005 in N

Fine machining or rough )
grinding, ¥*0.001in

Very fine machining or
ordinary grinding, £0.0005 in

Fine grinding, shaving,
or honing, 00002 in R
Very fine grinding, shaving, \G
honing, lapping *0.0001 in N
Lapping, burnishing, super - \
honing, polishing *0. 00005 in
100 300 800 2000 6000
200 500 1000 4000

Approximate relative cost, %
FIGURE 1.3.1 Approximate relative cost of progressively tighter dimensional tolerances. (From N.

E. Woldman, Machinability and Machining of Metals, McGraw-Hill, New York. Used with the permis-
sion of McGraw-Hill Book Company.)

TABLE 1.3.1 Cost of Producing Surface Finishes

Surface Approximate
Surface symbol designation roughness, pin relative cost, %
Case, rough-machined 250 100
Standard machining 125 200
Fine machining, rough-ground 63 440
Very fine machining, ordinary grinding 32 720
Fine grinding, shaving, and honing 16 1400
Very fine grinding, shaving, honing, and lapping 8 2400
Lapping, burnishing, superhoning, and polishing 2 4500

Source: N. E. Woldman, Machinability and Machining of Metals, McGraw-Hill, New York. Used with
the permission of McGraw-Hill Book Company.

5. Use of the most processible materials. Use the most processible materials avail-
able as long as their functional characteristics and cost are suitable. There are often sig-
nificant differences in processibility (cycle time, optimal cutting speed, flowability, etc.)
between conventional material grades and those developed for easy processibility.
However, in the long run, the most economical material is the one with the lowest com-
bined cost of materials, processing, and warranty and service charges over the designed
life of the product.

6. Teamwork with manufacturing personnel. The most producible designs are pro-
vided when the designer and manufacturing personnel, particularly manufacturing engi-
neers, work closely together as a team or otherwise collaborate from the outset.
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FIGURE 1.3.2 Typical relationships of productive time and surface
roughness for various machining processes. (From British Standard BS
1134.)

7. Avoidance of secondary operations. Consider the cost of operations, and design in
order to eliminate or simplify them whenever possible. Such operations as deburring,
inspection, plating and painting, heat treating, material handling, and others may prove to
be as expensive as the primary manufacturing operation and should be considered as the
design is developed. For example, firm, nonambiguous gauging points should be provid-
ed; shapes that require special protective trays for handling should be avoided.

8. Design appropriate to the expected level of production. The design should be suit-
able for a production method that is economical for the quantity forecast. For example, a
product should not be designed to utilize a thin-walled die casting if anticipated produc-
tion quantities are so low that the cost of the die cannot be amortized. Conversely, it also
may be incorrect to specify a sand-mold aluminum casting for a mass-produced part
because this may fail to take advantage of the labor and materials savings possible with
die castings.

9. Utilizing special process characteristics. Wise designers will learn the special
capabilities of the manufacturing processes that are applicable to their products and take
advantage of them. For example, they will know that injection-molded plastic parts can
have color and surface texture incorporated in them as they come from the mold, that
some plastics can provide “living hinges,” that powder-metal parts normally have a
porous nature that allows lubrication retention and obviates the need for separate bushing
inserts, etc. Utilizing these special capabilities can eliminate many operations and the
need for separate, costly components.
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10. Avoiding process restrictiveness. On parts drawings, specify only the final charac-
teristics needed; do not specify the process to be used. Allow manufacturing engineers as
much latitude as possible in choosing a process that produces the needed dimensions, sur-
face finish, or other characteristics required.

GENERAL DESIGN RULES

1. First in importance, simplify the design. Reduce the number of parts required.
This can be done most often by combining parts, designing one part so that it performs
several functions. There are other approaches summarized in Chap. 7.1. (Also see Figs.
6.2.2and 5.4.2.)

2. Design for low-labor-cost operations whenever possible. For example, a punch-
press pierced hole can be made more quickly than a hole can be drilled. Drilling, in turn,
is quicker than boring. Tumble deburring requires less labor than hand deburring.

3. Avoid generalized statements on drawings that may be difficult for manufacturing
personnel to interpret. Examples are “Polish this surface....Corners must be square,”
“Tool marks are not permitted,” and “Assemblies must exhibit good workmanship.” Notes
must be more specific than these.

4. Dimensions should be made not from points in space but from specific surfaces or
points on the part itself if at all possible. This facilitates fixture and gauge making and
helps avoid tooling, gauge, and measurement errors. (See Fig. 1.3.3.)

5. Dimensions should all be from one datum line rather than from a variety of points
to simplify tooling and gauging and avoid overlap of tolerances. (See Fig. 1.3.3.)

6. Once functional requirements have been fulfilled, the lighter the part, the lower its
cost is apt to be. Designers should strive for minimum weight consistent with strength
and stiffness requirements. Along with a reduction in materials costs, there usually will be
a reduction in labor and tooling costs when less material is used.

7. Whenever possible, design to use general-purpose tooling rather than special tool-
ing (dies, form cutters, etc.). The well-equipped shop often has a large collection of stan-
dard tooling that is usable for a variety of parts. Except for the highest levels of produc-
tion, where the labor and materials savings of special tooling enable their costs to be
amortized, designers should become familiar with the general-purpose and standard tool-
ing that is available and make use of it.

8. Avoid sharp corners; use generous fillets and radii. This is a universal rule applic-
able to castings and molded, formed, and machined parts. Generously rounded corners
provide a number of advantages. There is less stress concentration on the part and on the
tool; both will last longer. Material will flow better during manufacture. There may be
fewer operational steps. Scrap rates will be reduced.

There are some exceptions to this “no sharp corner” rule, however. Two intersecting
machined surfaces will leave a sharp external corner, and there is no cost advantage in
trying to prevent it. The external corners of a powder-metal part, where surfaces formed
by the punch face intersect surfaces formed by the die walls, will be sharp. For other cor-
ners, however, generous radii and fillets are greatly preferable.

9. Design a part so that as many manufacturing operations as possible can be per-
formed without repositioning it. This reduces handling and the number of operations but,
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FIGURE 1.3.3 Dimensions should be made from points
on the part itself rather than from points in space. It is also
preferable to base as many dimensions as possible from the
same datum line.

equally important, promotes accuracy, since the needed precision can be built into the
tooling and equipment. This principle is illustrated by Fig. 4.3.3.

10. Whenever possible, cast, molded, or powder-metal parts should be designed so
that stepped parting lines are avoided. These increase mold and pattern complexity and
cost.

11. With all casting and molding processes, it is a good idea to design workpieces so
that wall thicknesses are as uniform as possible. With high-shrinkage materials (e.g., plas-
tics and aluminum), the need is greater. (See Figs. 6.1.5 and 5.1.21.)

12. Space holes in machined, cast, molded, or stamped parts so that they can be made
in one operation without tooling weakness. Most processes have limitations on the close-
ness with which holes can be made simultaneously because of the lack of strength of thin
die sections, material-flow problems in molds, or the difficulty in putting multiple
machining spindles close together. (See Fig. 1.3.4.)
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FIGURE 1.3.4 Most manufacturing processes for producing multiple
holes have limitations of minimum hole spacing.

EFFECTS OF SPECIAL-PURPOSE, AUTOMATIC,
NUMERICALLY CONTROLLED AND COMPUTER-
CONTROLLED EQUIPMENT

For simplicity of approach, most design recommendations in this handbook refer to
single operations performed on general-purpose equipment. However, conditions faced
by design engineers may not always be this simple. Special-purpose, multiple-opera-
tion tooling and equipment are and should be the normal approach for many factories.
Progressive designers must allow for and take advantage of the manufacturing
economies such approaches provide whenever they are available or justifiable.

Types Available

Types of special-purpose and automatic equipment and tooling suitable for operations
within the scope of this handbook include

1. Compound, progressive, and transfer dies for metal stamping and four-slide
machines

Form-ground cutting tools

Automatic screw machines

Tracer-controlled turning, milling, and shaping machines

Multiple-spindle drilling, boring, reaming, and tapping machines

Various other multiple-headed machine tools

Index-table or transfer-line machine tools (which are also multiple-headed)

Sl A A B

Automatic flame-, laser-, or other contour-cutting machines that are controlled by
optical or template tracing or from a computer memory
9. Automatic casting equipment, automatic sand-mold-making machines, automatic
ladling, part-ejection, and shakeout equipment, etc.
10. Automatic assembly and parts-feeding apparatus including both robotic equip-
ment and that dedicated to a specific product

11. Program-controlled, numerically controlled (NC), and computer-controlled (CNC)
machining and other equipment

12. Robotic painting and other automatic plating and/or other finishing equipment
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Some high levels of automation are already inherent in methods covered by certain
handbook chapters; for example, four-slide forming (Chap. 3.4), roll forming (Chap.
3.11), die casting (Chap. 5.4), injection molding (Chap. 6.2), impact extrusion (Chap.
3.8), cold heading (Chap. 3.7), powder metallurgy (Chap. 3.12), screw machining
(Chap. 4.3), and broaching (Chap. 4.9) are all high-production processes.

Effects on Materials Selection

The choice of material is seldom affected by the degree to which the manufacturing
process is made automatic. Those materials which are most machinable, most castable,
most moldable, etc., are equally favorable whether the process is manual or automatic.
There are two possible exceptions to this statement:

1. When production quantities are large, as is normally the case when automatic
equipment is used, it may be economical to obtain special formulations and sizes of
material that closely fit the requirements of the part to be produced and which
would not be justifiable if only low quantities were involved.

2. When elaborate interconnected equipment is employed (e.g., transfer lines, index
tables, multiple-spindle tapping machines), it may be advisable to specify free-
machining or other highly processible materials, beyond what might be normally
justifiable, to ensure that the equipment runs continuously. It may be economical to
spend slightly more than normal for material if this can avoid downtime for tool
sharpening or replacement in an expensive multiple-machine tool.

Effects on Economic Production Quantities

The types of special-purpose equipment listed above generally require significant
investment. This, in turn, makes it necessary for production levels to be high enough
so that the investment can be amortized. The equipment listed, then, is suited by and
large only for mass-production applications. In return, however, it can yield consider-
able savings in unit costs.

Savings in labor cost are the major advantage of special-purpose and automatic
equipment, but there are other advantages as well: reduced work-in-process inventory,
reduced tendency of damage to parts during handling, reduced throughput time for
production, reduced floor space, and fewer rejects.

Computer-controlled, numerically controlled, and program-controlled equipment
noted in item 11 is an exception. The advantage of such equipment is that it permits
automatic operation without being limited to any particular part or narrow family of
parts and with little or no specialized tooling. Automation at low and medium levels of
production is economically justifiable with numerical control and computer control.
As long as the equipment is utilized, it is not necessary in achieving unit-cost savings
to produce a substantial quantity of any particular part.

Effects on Design Recommendations

There are few or no differences in design recommendations for products made auto-
matically as compared with those made with the same processes under manual control.
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When there are limitations to automatic processes, these are generally pointed out in
this handbook (e.g., design limitations of parts to be assembled automatically). In the
preponderance of cases, however, the design recommendations included apply to both
automatic and nonautomatic methods. In some cases, however, the cost effect of disre-
garding a design recommendation can be minimized if an automatic process is used.
With automatic equipment, an added operation, not normally justifiable, may be feasi-
ble, with the added cost consisting mainly of that required to add some element to the
equipment or tooling.

Effects on Dimensional Accuracy

Generally, special machines and tools produce with higher accuracy than general-pur-
pose equipment. This is simply a result of the higher level of precision and consisten-
cy inherent in purely machine-controlled operations compared with those which are
manually controlled.

Compound and progressive dies and four-slide tooling for sheet-metal parts, for
example, provide greater accuracy than individual punch-press operations because the
work is contained by the tooling for all operations, and manual positioning variations
are avoided.

Form-ground lathe or screw-machine cutting tools, if properly made, provide a
higher level of accuracy for diameters, axial dimensions, and contours than can be
expected when such dimensions are produced by separate manually controlled cuts.
Form-ground milling cutters, shaper and planer tools, and grinding wheels all have the
same advantage.

Multiple-spindle and multiple-head machines can be built with high accuracy for
spindle location, parallelism, squareness, etc. They have a definite accuracy advantage
over single-operation machines, in that the workpiece is positioned only once for all
operations. The location of one hole or surface in relation to another depends solely on
the machine and not on the care exercised in positioning the workpiece in a number of
separate fixtures. Somewhat tighter tolerances therefore can be expected than would
be the case with a process employing single-operation equipment.

Automatic parts-feeding devices generally have little effect on the precision of
components produced. They are normally more consistent than manual feeding except
when parts have burrs, flashing, or some other minor defect that interferes with the
automatic feeding action. No special dimensional allowances or changed tolerances
should be applied if production equipment is fed automatically.

COMPUTER AND NUMERICAL CONTROL: OTHER
FACTORS

Computer-controlled and numerically controlled equipment has other advantages for
production design in addition to those noted above:

1. Lead time for producing new parts is greatly reduced. Designers can see the results
of their work sooner, evaluate their designs, and incorporate necessary changes at
an early stage.

2. Parts that are not economically produced by conventional methods sometimes are
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quite straightforward with computer or numerical control. Contoured parts such as
cams and turbine blades are examples.

3. Computer control can optimize process conditions such as cutting feeds and speeds
as the operation progresses.

4. Computer-aided design (CAD) of the product can provide data directly for control
of manufacturing processes, bypassing the cost and lead time required for engi-
neering drawings and process programming. Similarly, the process-controlling
computer can provide data for the production and managerial control system.

5. Setup and changeover times are greatly reduced. Processing times are also being
reduced as high-velocity computer control is being developed.

To achieve these advantages, an investment in the necessary equipment is required,
and this can be substantial. More vital and even more costly in many cases is the train-
ing of personnel capable of developing, debugging, and operating the necessary con-
trol programs.
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CHAPTER 14
QUICK REFERENCES

TABLE 1.4.1 Guide to Surface Finishes from Various Processes

Roughness height rating, x#m {(gin), AA

Process 50 25 125 3 32 16 080 040 020 010 005 00250012
(2000) (1000) (500) (250) (126) (63) (32) (16) (8) (4) (2) (1 (05)

Flame cutting
Snagging
Sawing
Planing, shaping 222

2L

Drilling
Chemical miiling

Elec;lr.iqw-discharge
machining
Mitling e =Lz

Broaching
Reoming
Electron beam

Laser

Electrochemical
Boring, turning 2227227
Barrel finishing

L

Al L Ll L

Electrolytic grinding
Roller burnishing
Grinding

Honing

Ll LLLLLL

|
Electropolish 2222222222

Polishing
Lapping

Superfinishing 72227

Sand costing
Hot rolling
Forging
Permanent-mold
casting

Investment costing | 7z
Extruding 2727277,

Cold rolling, drowing 1

Die casting

s Z

IR - averoge application

The ranges shown are typical of the processes listed.
=less frequent application

Higher or lower values may be obtained under special conditions.

Source: From General Motors Drafting Standards.
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TABLE 1.4.2 Normal Maximum Surface Roughness of Common Machined Parts

Maximum roughness
Surface or part pm pin
Chased threads 6.3 250
Clearance surfaces (machined) 6.3 250
Surfaces for soft gaskets 3.2 125
Housing fits (no gasket or seal) 3.2 125
Die- or tap-cut threads 3.2 125
Datum surfaces for tolerances over 0.025 mm (0.001 in) 3.2 125
Mating surfaces: brackets, pads, faces, bases, etc. 3.2 125
Teeth of ratchets and pawls 1.6 63
Gear teeth (ordinary service; diametral pitch over 10) 1.6 63
Datum surfaces for tolerances under 0.025 mm (0.001 in) 1.6 63
Milled threads 1.6 63
Pressed fits, general: keys and keyways 1.6 63
Rolling surfaces, general: cams and followers, etc. 1.6 63
Surfaces for copper gaskets 0.80 32
Slideways and gibs 0.80 32
Journal bearings, general 0.80 32
Push fits 0.80 32
Sliding surfaces of mating mechanisms or parts, general 0.80 32
Worm gears, general 0.80 32
Rotating surfaces, general: pivot pins and holes, etc. 0.80 32
Pistons 0.40 16
Cam lobs (automotive) 0.40 16
Cylinder bores: O-rings or leather packings 0.40 16
Ground screw threads and worms 0.40 16
Piston rods: O-rings or leather packings 0.40 16
Gear teeth (heavy loads) 0.40 16
Gear teeth (ordinary service; diametral pitch under 10) 0.40 16
Journal bearings (precision) 0.40 16
Sliding surfaces of mating mechanisms or parts (precision) 0.40 16
Worm gears (heavy loadings) 0.40 16
Valve stems (automotive) 0.40 16
Rotating surfaces (precision) 0.40 16
Friction surfaces: brake drums, clutch plates, etc. 0.40 16
Cylinder bores (automotive) 0.33 13
Seats for antifriction-bearing races 0.25 10
Crankpins 0.20 8
Valve seats 0.20 8
Rolled threads 0.20 8
Rolling surfaces (precision; heavy-duty) 0.20 8
Piston pins 0.13 5
Surfaces of fluid seals (sliding or rubbing) 0.13 5
Pressure-lubricated bearings 0.13 5

Source: Courtesy of Machine Design.
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TABLE 1.4.3 Guide to Dimensional Tolerances from Various Machining
Processes
Drilled holes
Drill size, in Tolerance, in Drill size, in Tolerance, in
0.0135-0.0420 +0.003 0.2660-0.4219 +0.007
—0.002 —0.002
0.0430-0.0930 +0.004 0.4375-0.6094 +0.008
—0.002 —0.002
0.0935-0.1560 +0.005 0.6250-0.8437 +0.009
—0.002 —0.003
0.1562-0.2656 +0.006 0.8594-2.0000 +0.010
—0.002 —0.003
0.251 to 0.501 to 0.751 to 1.001 to 2.001 to
Diameter or stock size, in To 0.250 0.500 0.750 1.000 2.000 4.000
Reaming
Hand *0.0005 *0.0005 *0.0010 +0.0010 +0.0020 +0.0030
Machine +0.0010 +0.0010 +0.0010 +0.0010 +0.0020 +0.0030
—0.0015 —0.0020
Turning *0.0010 *0.0010 +0.0010 +0.0020 +0.0030
Boring +0.0010 +0.0010 +0.0015 +0.0020 +0.0030
Automatic screw machine
Internal Same as in drilling, reaming,| or boring
External forming +0.0015 + 0.0020 +0.0020 +0.0025 +0.0025 +0.0030
External shaving *0.0010 *0.0010 *0.0010 +0.0010 *0.0015 +0.0020
Shoulder location (turning) | *0.0050 +0.0050 +0.0050 +0.0050 +0.0050 +0.0050
Shoulder location (forming) | =0.0015 +0.0015 +0.0015 +0.0015 *0.0015 +0.0015
Milling (single cut)
Straddle +0.0020 +0.0020 +0.0020 +0.0020 +0.0020 +0.0020
Slotting (width) *0.0015 *0.0015 *0.0020 +0.0020 *0.0020 *0.0025
Face +0.0020 +0.0020 +0.0020 +0.0020 +0.0020 +0.0020
End (slot widths) +0.0020 +0.0025 +0.0025 +0.0025
Hollow *0.0060 *0.0080 +0.0100
Broaching
Internal *0.0005 *0.0005 *0.0005 +0.0005 *0.0010 *0.0015
Surface (thickness) +0.0010 *0.0010 +0.0010 *0.0015 *0.0015
Precision boring
Diameter +0.0005 +0.0005 +0.0005 +0.0005 +0.0005 +0.0010
—0.0000 —0.0000 —0.0000 —0.0000 —0.0000 —0.0000
Shoulder depth +0.0010 +0.0010 +0.0010 +0.0010 +0.0010 +0.0010
Hobbing *0.0005 *0.0010 *0.0010 +0.0010 *0.0015 *0.0020
Honing +0.0005 +0.0005 +0.0005 +0.0005 +0.0008 +0.0010
—0.0000 —0.0000 —0.0000 —0.0000 —0.0000 —0.0000
Shaping (gear) +0.0005 +0.0010 *0.0010 +0.0010 *0.0015 *0.0020
Burnishing +0.0005 +0.0005 +0.0005 +0.0005 +0.0008 +0.0010
Grinding
Cylindrical (external) +0.0000 +0.0000 +0.0000 +0.0000 +0.0000 +0.0000
—0.0005 —0.0005 —0.0005 —0.0005 —0.0005 —0.0005
Cylindrical (internal) +0.0005 +0.0005 +0.0005 +0.0005 +0.0005
—0.0000 —0.0000 —0000 —0.0000 —0.0000
Centerless +0.0000 +0.0000 +0.0000 +0.0000 +0.0000 +0.0000
—0.0005 —0.0005 —0.0005 —0.0005 —0.0005 —0.0005
Surface (thickness) +0.0000 +0.0000 +0.0000 +0.0000 +0.0000 +0.0000
—0.0020 —0.0020 +0.0030 —0.0030 —0.0040 —0.0050

Source: From Douglas C.

Greenwood, Engineering Data for Product Design, McGraw-Hill, New York.
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1.64 INTRODUCTION

TABLE 1.4.23 Major Principles of Design for Assembly

Minimize the number of parts in the assembly

Combine parts
Incorporate hinges, springs, bearings, guides, and other functions into the basic parts.
Eliminate fasteners by using snap fits to hold parts together.
Put electrical and electronic components in one location and consolidate components as

much as possible.

Make an outright reduction For example, use fewer fasteners.

Make a full redesign of the assembly

Use a different technology  For example, electronics instead of mechanical linkages.

The three-question approach to parts elimination:
Does the part move with respect to mating parts?
Must adjacent parts be made of different materials?
If parts were combined, would assembly of other parts or field service be more difficult or
unfeasible?

If the answer to all three is “No,” the part in question probably can be eliminated by putting its
function into some other part of the assembly.
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CHAPTER 1.5
THE HISTORY OF DFM*

The principles of design for manufacturability (DFM) and its application are not really
new. Awareness of the importance of designing products for easy manufacture has
existed in clever design and manufacturing engineers since product design and manu-
facturing activities originated. However, use of the term design for manufacturability,
recognition of it as a worthwhile engineering approach, and development of an orga-
nized DFM methodology are more recent. The following are some highlights from the
history of designing products for easier manufacture.

ELI WHITNEY

Eli Whitney is one person from an earlier period whose work is notable as an example
of the use of some DFM approaches. Whitney was engaged in design for manufactura-
bility over 180 years before use of the term became widespread. At the turn of the
nineteenth century Whitney developed, for the U.S. government, a system for manu-
facturing muskets that incorporated the concept of interchangeable parts. Prior to his
innovation, all U.S. muskets were handmade by individual craftsmen who each made
the complete product. They used saws and files to shape each part and fit them togeth-
er. No two muskets were ever exactly alike; parts from one musket could not fit into
another. The craftsmen who fabricated the muskets shaped each part to fit only the
mating parts of the same gun. Production rates were very low, depending on the avail-
ability of skilled craftsmen and their degree of skill.

Whitney’s contribution was to “redesign” each part to a specific dimension with a
limited tolerance. (He also developed manufacturing processes that depended on fix-
tures, machinery, and gauges, rather than the skill of a particular workman, to control
the dimensions of each component.) Whitney made other design and process changes
too. He changed one part from a sand-mold casting to a forging to gain the greater
accuracy that production with a steel forging die provided. “The procedure enabled
him to forge the guards of the locks quickly and so they will require less work in fit-
ting up than could be cast in brass after a perfect pattern by an experienced founder.””!
(Note: Whitney’s approach differed from what is now sometimes advocated, the loos-
ening of dimensional tolerances where feasible. This is advocated in order to eliminate
the need for some manufacturing operations necessary to meet a tight dimensional tol-

*This chapter is adapted from material in Chap. 1 of Design for Excellence, by James G. Bralla, McGraw-
Hill, New York, 1996.
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erance but not really necessary for the proper functioning of the product. Whitney
went in the other direction. He tightened tolerances that were far too loose. This
enabled him to organize and utilize a system of mass production that was far more
economical—per unit of product produced—than the previous handcraft approach.*)

HENRY FORD

Henry Ford is undoubtedly most famous among engineers (as well as economists and
social scientists) for his advanced and extensive use of the assembly line. This
involved dividing manual assembly operations into short-cycle repetitive steps that
could be carried out at high efficiency. However, the design concepts of his Model T,
the car that revolutionized the automobile industry, probably were of equal or greater
significance to the success it achieved.

From Burlingame? (p. 289):”...costs had been lowered by concentrating on the
fewest possible standard parts and designing machines to turn them out—them and
nothing else—automatically if could be.” And (p. 292): “He had been studying parts,
simplifying, estimating production methods, performance.”

Ford’s own book, My Life and Work,* states that his objectives in the Model T
included simplicity in operation, absolute reliability, and high quality in materials
used. He also had the objective of providing easy serviceability. “The important fea-
ture of the new model...was its simplicity. All [components] were easily accessible so
that no skill would be required for their repair or replacement....[I]t ought to be possi-
ble to have parts so simple and so inexpensive that the menace of expensive hand
repair work would be entirely eliminated....[I]t was up to me, the designer, to make
the car so completely simple....[T]he less complex the article, the easier it is to make,
the cheaper it may be sold....[T]he simplest designs that modern engineering can
devise....Standardization, then, is the final stage of the process. We start with the con-
sumer, work back through the design, and finally arrive at manufacturing.”

John B. Rae writes that durability and simplicity were “achieved in 1907 with the
Model T....Its 20-hp, four-cylinder engine was a marvel of mechanical simplicity, as
was its planetary transmission.” It can be seen that much of what Ford accomplished
is now referred to as DFM.

VALUE ANALYSIS

This approach first appeared in the late 1940s at General Electric® and got its largest
impetus in the 1950s and 1960s. It involves a systematic review of the cost of produc-
ing a component or product and the evaluation of design alternatives that could pro-

*While Whitney’s advance, conceived in 1798, provided the basis for later mass-production industries in
the United States, it should be noted that LeBlanc, a Frenchman, developed a similar system for the production
of muskets in France 10 years earlier than Whitney. Whitney apparently did not know of LeBlanc’s approach,
which was actually broader than Whitney’s, since it encompassed the barrel, mounting, and stock of the mus-
ket, while Whitney’s involved only the lock. After LeBlanc’s death, the system in France deteriorated and was
abandoned.?
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duce the desired results—the desired “value”—at the lowest cost. Initially, it was
applied to existing products. However, Lawerence Miles and others recognized the
advantages of performing the analysis during the design stage of a product rather than
after it had been introduced or matured. The term value engineering was applied when
the technique was used during the design phase of a product. However, even in the
full-fledged application of value engineering, the emphasis has not been on such an
early involvement of manufacturing-knowledgeable people in the design process as
are now advocated in DFM/concurrent-design approaches. In addition to the fact that
it is typically used later in a product’s development cycle, value analysis has differed
from DFM in that the use of an organized knowledge base has not been quite so well
refined as it is with DFM. However, the philosophical approach of value analysis—
questioning and comparing the value and cost of each feature and each element of a
product’s design—is compatible with the whole methodology of DFM. The brain-
storming approach, frequently part of a value-analysis project, is another worthwhile
technique.

FORMULATION AND DOCUMENTATION OF DFM

In 1941, the Metals Engineering Division of the American Society of Mechanical
Engineers (ASME) conducted a survey that revealed a need for a reference for
mechanical engineers and designers on the properties and characteristics of metals. A
series of handbooks was published, and one of them, published in 1958, contained
information on various manufacturing processes from the product designer’s point of
view. The book, Metals Engineering Processes,” provided a series of guidelines to aid
the designer in enhancing the manufacturability of metal components made with a
number of manufacturing processes such as casting, forging, extrusion, machining,
joining, finishing, etc. The book was edited by Roger W. Bolz.

Bolz was actually one of the first persons to organize DFM methodology, though
he did not use the term. In the 1940s, as associate editor of Machine Design magazine,
he prepared a series of articles summarizing the capabilities of various manufacturing
processes from a product designer’s viewpoint. Included in these articles were design
guidelines for components made with each process, dimensional tolerance recommen-
dations, and data on characteristics of the parts produced. His articles were combined
and supplemented to form a book, Production Processes: The Producibility Handbook,
Industrial Press, NY, first published in 1947 and updated through at least five editions
through 1981.

ORIGIN OF TERMS PRODUCIBILITY AND DFM

The terms producibility and manufacturability began to be used in the 1960s to indi-
cate the ease with which a product or component could be manufactured. In 1960,
General Electric developed for internal use in the company a Manufacturing
Producibility Handbook. The term producibility is still used widely, particularly by the
U.S. Department of Defense. The term manufacturability gradually became ascendant
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among those interested in the approach, and about 1985, design for manufacturability
and its shortened form, DFM, came into wide use.

DESIGN FOR ASSEMIBLY

Geoffrey Boothroyd and A. H. Redford studied automatic assembly, which led them to
considerations of product and parts design to facilitate assembly. Their book,
Mechanized Assembly,® published in 1968, contains in one chapter a series of design
guidelines for facilitating assembly. It is noteworthy that even at that relatively early
stage in the development of DFM, Boothroyd and Redford recognized that the element
of design is far more important than the use of mechanization in reducing the cost of
assembly. To quote from their book,

Experience shows that it is difficult to make large savings in cost by the introduction
of mechanized assembly in the manufacture of an existing product. In those cases where
large savings are claimed, examination will show that often the savings are really due to
changes in the design of the product necessitated by the introduction of the new process.
It can probably be stated that in most of these instances even greater savings would be
made if the new product were to be assembled manually. Undoubtedly, the greatest cost
savings are to be made by careful consideration of the design of the product and its indi-
vidual component parts.®

Over the years, but especially in recent years, various trade associations and ven-
dors of parts have issued booklets that provide, for product designers, a series of
design guidelines and tolerance and materials recommendations for parts made with
processes of interest to the association or vendor. These kinds of publications have
provided valuable and authoritative assistance to product designers.

OBJECTIVE MEANS OF EVALUATING DESIGNS

What can be very helpful to the designer/DFM practitioner is some objective means of
evaluating design alternatives so that the best approach can be chosen easily with the
assurance that it truly is the best one. The proof of whether one design is superior to
another in manufacturability is its manufacturing cost compared with that of the alter-
native design. Computer systems that provide cost or time data on alternative designs
can provide a highly useful measure of which design alternative is preferable, i.e.,
which one has the lowest combination of labor, materials, and overhead costs. Most
convenient are approaches that permit the designer himself or herself to make the
comparative evaluations. There are a number of such systems currently available to
product designers.

More recently, others have taken steps toward developing systems—with the use of
personal computers—that provide designers with both the cost implications of various
design alternatives and redesign suggestions and the cost-reduction implications of
those suggestions.
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CURRENT INTEREST IN DFM

DFM has been accepted by industry as a valid element in the product design process.
Seminars, conferences, and short-term training courses are frequently scheduled on
the subject; the ASME has a Design for Manufacturability Committee, and many uni-
versities have added the subject to their engineering curriculum. A number of books
are available that describe the process.

CONTINUING DEVELOPMENT

DFM is not a fixed system. This system is continually being developed, both in uni-
versity research projects and by a number of consultants and within companies. The
objectives of almost all developments are to make guidelines more accessible to
designers and more easily applied. Additionally, and more important, evaluations are
put on each guideline so that the designer can determine how much cost gain can be
achieved if the guideline is incorporated. All these advances depend on the use of
computers. Computerization is the developing movement in DFM.
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CHAPTER 1.6
MANAGING DFM*

It is entirely possible for a design engineer, aware of the advantages of designing for
manufacturability to work independently in optimizing the product design for ease of
manufacture. However, most current DFM specialists advocate a team approach in
applying DFM. Essentially, this means that the design and manufacturing people work
together to gain the benefits of manufacturing knowledge and experience that the
designer may not have and to ensure that the product is both functional and manufac-
turable. When other objectives—as discussed in Chap. 9.2—are part of the project, a
team approach becomes more important, even essential. This chapter deals primarily
with the managerial techniques needed when a team approach is used.

MANAGEMENT'S ROLE

Strong management support is a minimum prerequisite for successful application of a
team-based concurrent engineering approach to DFM. The company’s product design
staff and the manufacturing organization not only must cooperate in a successful DFM
project but also must, to a substantial degree, overlap and combine functions.

Management’s task with respect to a concurrent engineering team, once formed, is
twofold: (1) to clearly define the team’s task, objectives, and limits, and (2) to ensure
that the participants function well as a team, that the reservations or anxieties of team
members and their managers are overcome, and that true productive cooperation
occurs.

Management also should anticipate that there may be resistance to change. When
job duties and responsibilities are altered, employees’ sense of security is affected.

PLANNED SEQUENCE'

The following is a recommended sequence for a company beginning a team approach
to product design:

*Adapted from Chaps. 7, 8, 9, and 10 of Design for Excellence, by James G. Bralla, McGraw-Hill, New
York, 1996.
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1. An overview of the methodology, organization, benefits, and costs should be pre-
pared and presented to the senior management group.

2. A pilot program should be selected.
3. A concurrent engineering coordinator should be appointed.

4. With the chief executive’s concurrence, the objectives of the changed procedure
should be defined and promulgated carefully. It is important that management
make the team objectives very clear.

5. A team to carry out the pilot program should be appointed and organized.

6. The key people should be trained.

7. The pilot project should be carried out.

8. Management should follow up.

9. At the conclusion of the pilot project, the chief executive should announce the

results to company employees with his or her comments.

REDIRECTION OF DESIGN EFFORTS

A major obstacle to the design engineer at present is the fact that he or she is now
required to be an expert in many disciplines. In addition to the usual factors of con-
cern—new product features and proper function and quality of the product—we now,
with DFM, ask the designer to ensure manufacturability. DFX (Design for all desir-
able attributes) further expands the scope of needed skills dramatically. For many
designers, this involves a complete redirection and refocus. It is no longer satisfactory
to develop a product that simply functions well and has desirable features. The kind of
teamwork inherent in concurrent engineering was not—and still in too many cases is
not—a normal part of the product realization process for many companies. The fol-
lowing summarizes four possible levels of interaction:

1. Traditional approach: “over the wall.” Designers and manufacturing engineers do
not communicate about the design. Design documents are transmitted to manufac-
turing without any prerelease review by manufacturing engineers.

2. An improvement: The sign-off procedure. Manufacturing engineers approve and
accept the design after it is completed but before it is released to production.

3. Further improvement: There is some collaboration between designers and manufac-
turing engineers during development of the design.

4. Current thinking: full concurrent engineering. Designers and manufacturing engi-
neers work together on the design as a team.

THE TEAM

In addition to the important product design and manufacturing engineering members,
the optimal design team should have representation from other functions that are
important in the lifetime of the product. Ideal participants include purchasing and key
vendors, safety engineering, reliability engineering, quality control, representatives of
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the manufacturing line organization, product service, environmental engineering, pro-
duction planning and control, and product management—hence the sometimes used
term cross-functional design teams.

Purchasing personnel should be in attendance regularly at team meetings as long as
purchased components are a significant factor. Certain vendors should be called in
whenever the component supplied by the vendor is critical to the design or the cost of
the product.

The product manager is a key and frequent participant. He or she provides the input
from the market and the company’s sales force. As such, the product manager repre-
sents the customer’s viewpoint, the most vital one to be considered if the product
design is to be successful.

The very best—most talented, most motivated—people should be selected for the
first try at concurrent DFM. The initial team members not only must be good perform-
ers but also should be respected by others in their groups and should have some ability
to communicate the benefits of the team approach to their colleagues.

One key decision is how broad a charter to give to the concurrent engineering
design team. Is the team’s responsibility solely to provide the design for the proposed
product such that it meets all prescribed objectives? Or does the team have a longer-
lasting charter? Should it function as a team for the life of the product, monitoring and
coordinating customers’ reactions to the product, studying field-service problems and
competitors’ counterstrategy to the new or improved product, reviewing reliability and
product safety statistics, etc.?

SOME COMMENTS ON TEAM BUILDING

Some questions that should be decided when a concurrent engineering approach is
contemplated are the following:?

e What training is needed to prepare team members to work as a group rather than
individually?

e To whom in the organization does the team report?

What will happen to the team members when the project is completed? Are there
other products for them to develop? If not, are there jobs waiting for them in their
home departments?

Will team members all move to a central team location and work together full time,
or will they just meet periodically?

e How will the team properly weigh conflicting objectives and incorporate the best
tradeoff in the final product design?

e How to ensure that it is productive and does not get bogged down with disagree-
ments over conflicting objectives.

THE RISKS OF CONCURRENT ENGINEERING

Although it is the recommended approach, there are some risks to the concurrent engi-
neering approach. Consider the following:
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1. Teams are more difficult to manage than individuals. Team meetings can take
excessive time if not managed well. Achieving teamwork may require a delicate
and diplomatic approach.

2. Not all good designers and engineers are team players. Some of the best designs
historically have come from brilliant individual achievements.

3. The cost of bringing team members together may not be insignificant, particularly
if product design, production, and key staff functions are located at different facili-
ties.

4. The cost of removing team members from their home departments to be part of the
concurrent engineering team also must be considered.

5. There is the important factor of resistance to change that can arise when concurrent
engineering is implemented and which must be allowed for and overcome.

RESISTANCE TO A CHANGE TO CONCURRENT
ENGINEERING

Some of the factors that can cause resistance to a change to concurrent engineering on
the part of managers and engineers are the following:?

o The basic conservatism and cautiousness of many managers, a preference for tradi-
tional rather than innovative approaches.

The natural fear that people tend to have of the unknown.

o A lack of understanding or lack of clarification as to what job responsibilities each
will have after the change is implemented.

The need for team members to learn new job skills. They may not relish the prospect
of training or may fear not being able to perform their changed duties well enough.

The possibility of a loss of authority or status on the part of people affected by the
changed system. For example, design engineers may fear loss of design authority to
all the other team members, who have different objectives than they.

Fear that one’s job may be classified at a lower salary rate as a result of the changed
system and, in the more extreme case, fear of eventual loss of one’s job.

e The change to existing working relationships, which may be comfortable ones.
e Concern over loss of job satisfaction.

Concerns that higher management may not manage the project properly. The under-
lying source of resistance has been stated by some to be a lack of information about
the change.

OVERCOMING RESISTANCE TO A CHANGE TO
CONCURRENT ENGINEERING

Four actions have been suggested® to overcome resistance to broad changes of this
type. They are education/training, involvement/participation, information sharing, and
role clarification.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



MANAGING DFM*

MANAGING DFM 1.75

Training can help overcome resistance stemming from job insecurities by making
the participants more confident that they can perform their jobs under the new system.
Lawrence” strongly emphasizes that resistance to changes can be overcome by getting
the people involved in the change to participate in making it.

Role clarification is important. If management can define job responsibilities clear-
ly, both for the team and for others involved in related work during the team project
and after its completion, much of this apprehension will disappear.

MANAGING THE NEW SYSTEM

The Leader

To be successful, a concurrent engineering project should be guided by a person hav-
ing authority, at least within the project, over all team participants. The role of the
leader of a DFM or DFX design project is most critical to the project’s success.

In addition to having the leadership and human relations skills needed to direct per-
sons with varied skills, backgrounds, and attitudes, the leader must have sound techni-
cal judgment in matters of design, manufacturability, and the other key attributes
wanted in the product. Much design engineering involves delicate compromises in
which conflicting objectives have to be balanced. Knowledge and experience in the
various functions involved in the realization and sale of the product are also important.
The leader should be results-oriented and should be able to imbue the same attitude in
the team. In addition, the leader must have persuasive powers to influence others both
inside and outside the team.

System Tools to Aid in Managing the Team

To aid in managing the design project, consider the following.

CAD/CAM. One tool to aid the concurrent engineering project is a good CAD/CAM
system, part of a system of computer-integrated manufacturing. A central design data-
base, accessible by manufacturing engineers and other team members, can ensure that
all team members are working with identical information. This implies that a workable
computer network is also needed, and if the team participants are located some distance
from one another, a wide-area network is required. Such facilities reduce the need for
team members to carry out all team business face-to-face at the same location.

Standardization. Standardization is an important approach. As many elements as pos-
sible of the systems used to control engineering and production should be included.
Consider standardizing the following:

Engineering drawings
Design features

Parts (New parts should be as similar to existing parts as possible. Also, the total
number of parts varieties used should be held to the smallest practicable number.
Parts that have already been purchased or gone into production have proven func-
tionality, quality, cost, and reliability.)
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Fasteners, materials, and commercial parts
Modules

Design organization and procedures
Processes

Standardization has many advantages. Development costs are eliminated if existing
components can be used. Training costs are reduced because when employees learn a
procedure once, it is applicable to other situations. The need for additional training for
other products, other locations, or other projects is eliminated. Mistakes are fewer
because employees have developed the knowledge and skills that minimize mistakes.
Startup costs are reduced because of the familiarity of workers, supervisors, and sup-
port personnel with the systems already in place. Quality is higher, lead time is short-
er, and productivity is better because debugging has already taken place, at least par-
tially. Tooling costs may be reduced because tools are already available from the
manufacture of prior similar parts. Production quantities are higher, permitting many
economies of scale, including the justifiability of investments in automated or other-
wise more productive equipment and tooling. Just-in-time arrangements are easier
because suppliers can concentrate more easily on scheduling and stocking the compo-
nent involved as a result of its larger usage quantity and greater importance.

Brainstorming. Brainstorming is a technique for enhancing creativity. It is most use-
ful in the early stages of a project when the design concept for the product is being
developed. Its value lies in the fact that it can generate highly inventive solutions that
may not be evident if design is performed in the usual manner by an individual design-
er.

The procedure involves the meeting of a group of persons, both those directly
involved in the project and others. Having a group is an essential part of the procedure
because it is based on the face-to-face interaction of ideas from a number of people.
Participants are encouraged to put forth, in a group meeting, suggestions for the
design of the component or product under review. All ideas, even if they seem silly,
are to be mentioned. Participants are encouraged to respond to suggestions of others
with further suggestions, perhaps built on one just voiced. A paramount rule in the
procedure is to prohibit negative comments on any suggestion, no matter how imprac-
tical it may sound to some of the participants. (The meeting leader must police this
strongly.) The idea is that even silly ideas may stimulate a similar but more practical
idea from someone else. The objective is to create a free flow of ideas—to break away
from existing patterns of thought that may limit innovation. The procedure originated
in the advertising industry in the 1940s> and has been used for many different applica-
tions since then.

The composition of the brainstorming group is critical. Most critical is the leader
or facilitator. He or she must act somewhat like a cheerleader, urging the team mem-
bers on to further ideas. However, he or she also must exert control, particularly if
inhibiting comments or actions come from some group members.

Only after the flow of ideas has subsided does the evaluation of the ideas expressed
take place. This can be done by a subgroup from the team. They are assigned to sort
through the ideas listed during the creative phase, selecting those which show promise
for further investigation. The subgroup may request clarification on a proposal before
rejecting it. Nevertheless, the subgroup does decide which suggestions merit further
investigation or action.

The procedure, if successful, will provide design avenues that would not have been
conceived of by designers working on their own or under a more conventional structure.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



MANAGING DFM*

MANAGING DFM 1.77

Benchmarking. Benchmarking is a procedure for making major improvements in
some aspect of a company’s operations—its product, system, process, method, organi-
zation, or procedure—by comparing it with the best known example elsewhere.
Normally, the leader in the function being examined is selected, even if that leader is
another company, either a competitor or a noncompetitor. The procedure is a sound
one for product design as well as for developing operational improvements.

Aspects that could be compared by benchmarking include, but are by no means
limited to, the following: the competitor’s product or some component of it; some
attribute of another product, its serviceability, reliability, environmental friendliness,
etc.; some manufacturing process; some specific engineering procedure or system; a
company’s customer service operation; or a competitor’s product line or business strat-
egy.

The operation selected for comparison should be the “best in class.” It can be in a
competitor, an unrelated company, another division or plant of the company making
the study, a nonprofit organization, a foreign company, etc. The only requirement is
that the operation selected for study should offer a fresh perspective and have potential
for providing improvement for the corresponding one in the organization doing the
benchmarking. The amount of potential improvement should be sufficient to justify
the cost and time required for the study.

Ideally, objective indicators of performance should be used as a basis for compari-
son of the operation studied. Indexes such as product development time, the number of
customer complaints in the first year after product introduction, process yield, and fuel
consumption per operating hour are examples.

There are many sources for information needed to conduct the benchmarking
analysis. They include published data such as in newspaper and magazine articles,
product brochures, testing of a product purchased from normal sources, and semipub-
lic data such as credit reports, governmental filings, etc. The capability of estimating
critical data that are not supplied directly may be a crucial factor in the success of a
study.® Most useful are visits to the operation being studied and interviews with
employees. This may not be feasible with direct competitors. For this reason, it is
often most useful to visit a noncompetitive company. If the company has a superior
operation in the function under study, the effect can be quite productive, even if the
industry is a different one.

Desirable Sequence of DFM Activities

Effective DFM involves two aspects: (1) an analysis of the complete product in order
to simplify its design (reduce the parts count, etc.), and (2) an analysis of each individ-
ual part to maximize its manufacturability.

It makes sense to perform the overall product analysis first—before individual
components are analyzed—for several reasons:

1. Design for assembly (DFA) seems to provide a greater potential return—probably
due to opportunities to simplify the whole product and eliminate parts—than does
analyzing individual component parts.

2. The configuration of the overall assembly, decided on after a DFA analysis, will
determine whether certain parts exist and what configuration they must have. It
does not make sense to analyze the component parts until their existence and con-
figuration are determined.
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3. Final assembly is often the major operation in a factory, the one with the most cost
for the company. The project, therefore, often will be more effective simply
because the highest-cost area is attacked first.

Once the overall assembly is analyzed and the improved overall design is at least
tentatively settled on, the next logical step is to analyze the proposed major compo-
nent parts next. The design of each and every part in the assembly should be reviewed
and simplified as much as possible, roughly in order of its cost or importance to the
product.

TRAINING AND INDOCTRINATION

For a sound DFM team project, training/education of several types is needed:

1. Attitudinal training. It is necessary to redirect design efforts, to incorporate the
objectives of DFM, to promote and facilitate a team approach to product design,
and to help participants adapt to their new responsibilities. It is important that the
group members have a team orientation and a team spirit.

2. How-to training. Development of the know-how needed to intelligently apply
applicable DFM tools and guidelines is also essential.

3. Information-sharing. It is necessary to share information about the product and its
place in the market.

Obviously, the design team members should be the primary recipients of indoctrina-
tion and training.

There is also a need for some “appreciation training” for others in the company.
Most important, the managers of the functions that will be supplying team members
must be included in the indoctrination sessions. Full information should be provided
to them about team members’ duties and responsibilities and team procedures.

On-the-Job Training

Unfortunately, many designers have little or no experience in manufacturing. Their
exposure may be limited to a college course in manufacturing processes and a few
plant tours. Actual shop floor troubleshooting, supervisory experience, or work as a
manufacturing engineer in the types of operations likely to be involved in the compa-
ny’s products is very valuable, if not essential, in properly grounding the designer in
the background understanding that will make DFM/DFX principles meaningful.

Sources of Instruction

Training instruction can come from the company’s own personnel, vendors, consul-
tants, or educational institutions. Each choice has its pluses and minuses.
Company personnel are preferred in most cases, especially when they have person-
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al knowledge of the material being taught. This is the case for much of the subject
matter mentioned earlier, such as product plans, design procedures, and company pri-
orities, that is explained to the team. The best people to instruct and advise team mem-
bers and others are the managers and specialists who have the most knowledge and
familiarity with the material being presented.

Vendors can be useful for instruction if the subject matter concerns the vendor’s
product.

Consultants and local educational institutions may be good sources if what they
offer happens to coincide with the needs of the company for the project.

Usually, some combination of teaching sources is advisable, with company-specific
material best taught by company people and specialized techniques best taught by out-
side agents most knowledgeable about the techniques involved. In general, the more
use that can be made of company instructors, the better.

Scheduling the Training

To ensure that all questions are answered at the start and that team members are fully
aware of their roles and the tools available to them, the most important information
sharing and training must be scheduled to take place at the very start of the project. It
is essential that there exists in the team as high as possible a level of expertise in
DFM/DFX methodology, i.e., that the team is able to shape a design to achieve DFM/
DFX attributes. Developing such a level of expertise cannot take place in a short train-
ing session; it is really a prerequisite for sound DFM and DFX. If this level of special-
ization does not exist before the start of the project, some key team members should
receive training in these principles prior to the start of the team’s activities.

Some follow-up training and information sessions may well be required as the pro-
ject progresses. These can be scheduled by the team leader, normally as part of regular
team meeting.

Training Site

Almost all the information and training sessions probably can be conducted right in
the meeting room used by the team. Special skills development for subgroups or indi-
viduals will best take place at some other location so as not to disrupt the team’s work.
Appreciation training for larger groups of nonteam personnel probably will require
some larger meeting area.

Individual or Group Training

Almost all the information and training sessions for DFM and concurrent engineering
will be on a group basis. The whole rationale of concurrent engineering, a team
approach, precludes having much segmented or individual instruction. The exception
may be some particular skill needed in some aspect of the project but not needed by
all team members.
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Sources of the Technical Expertise Needed

Traditionally, the knowledge base of manufacturability principles, the guidelines and
rules of thumb that facilitate low-cost production, comes from the experience and
expertise of the manufacturing engineer. Other sources of this information are the fol-
lowing:

1. The company’s own design manuals often have useful information for families of
parts common to the company’s products.

2. Manufacturers’ and trade associations’ bulletins. These are often published by such
groups to promote business for group members and to facilitate trouble-free, eco-
nomical production.

3. More formal publications, such as this handbook.

4. Computer programs that evaluate the design of product assemblies are another
source of guideline information. In these programs, the categorization of con-
stituent parts by the designer using the program gives him or her implicit informa-
tion as to what characteristics of parts are desirable and what characteristics are
not.
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CHAPTER 1.7

EVALUATING DESIGN
PROPOSALS*

Designers need some method for knowing if the new or redesigned product will meet
its manufacturability and other objectives. The designer’s general judgment may be
very sound in weighing the design’s conformance to planned design attributes, but an
objective measurement almost always will be better. Every design variation has conse-
quences in the properties of the product, including its manufacturability.

Evaluation is needed not only so that the design team or designer can know if the
product’s objectives have been met but also so that alternative designs can be com-
pared and the most effective alternative selected.

Preferably, the design team should be able to carry out an evaluation early in the
design process, ideally at the concept stage. Then the time-consuming and expensive
development and detailed work does not take place unless it is verified that the pro-
posed approach is really effective. The procedure should be one that can be applied
easily and routinely by the product designers. It should employ some numerical rating,
index, or cost so that as objective a comparison as possible can be made between alter-
native designs.

EVALUATING MANUFACTURABILITY

Manufacturing cost is the most complete measure of manufacturability. It can be
expressed as a total cost for the product or component or can be approximated with
some major cost element such as direct labor time.

Most progress of all has taken place with design for assembly (DFA). Providing an
evaluation of assembly designs is somewhat simpler than evaluating the manufactura-
bility of individual parts, where such factors as tooling cost, yield, and production
quantity all weigh more heavily than they do with assemblies. Assembly evaluation
systems can provide a rapid and easy comparison between several alternatives.
Common measures, in addition to cost, are parts count, design efficiency, and assem-
bly time.

Direct labor time is a straightforward indicator of manufacturing cost and is usable
by itself in a large number of cases. (Exceptions are those in which materials costs,

*Adapted from Chap. 11 of Design for Excellence, by James G. Bralla, McGraw-Hill, New York, 1996.
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labor rates, and overhead costs also vary significantly with different design varia-
tions.) Therefore, in many cases, manufacturability of a series of design choices can
be evaluated by estimating and comparing the direct labor time required for produc-
tion of each design. Eventually, however, a full cost estimate is the ultimate guide to
the designer in knowing how well the product design has been engineered for manu-
facturability.

Conventional cost estimates are made by evaluating the materials content of a
design and the labor content of the production operations involved. This is a valid and
accurate way to estimate the manufacturing cost of a particular design, and hence its
manufacturability, although it may be time-consuming. The time element can be
reduced by using computer assistance.

ASSEMBLY EVALUATION SYSTEMS

What are most interesting and useful are cost-estimating computer programs devel-
oped specifically for DFM use. The longest-standing—and in many ways the most
useful for DFM—are those applicable to assembly evaluation.

It should be noted that current programs evaluate the labor content of an assembly
design, not the materials costs. Sometimes there are tradeoffs between materials and
labor costs of design alternatives. For example, a complex part made by combining
several simpler parts will reduce assembly costs, but the cost of the complex part
could conceivably be higher than the cost of several simple parts. Fortunately, howev-
er, materials costs are easy and straightforward to estimate from per-pound or per-
square-foot data. Materials cost differences can be combined with the labor cost dif-
ferences of alternative designs to arrive at a more nearly total cost comparison. The
programs may give a design efficiency rating, a ratio comparing the calculated assem-
bly time with a theoretical ideal for the number of parts involved.

There is one other quite useful method to evaluate the manufacturability of assem-
blies. This is simply to count the number of parts that the design entails. Assemblies
with fewer parts normally can be assembled in less time and have higher design effi-
ciency ratings.

One powerful advantage of these computer programs and the parts-count approach
is that they can be used by designers themselves. They provide an easy way for
designers to gauge the effectiveness of their efforts. They help to eliminate “we versus
they” feelings that can arise when manufacturing people are doing the evaluation and
pressing the designer to simplify the designs. The programs also have guideline infor-
mation implicit in their tables of time data in that the designers, in working to improve
the rating of their designs, will apply guidelines that promote that objective. In this
sense, they are also useful in training designers in principles applicable to better, more
easily assembled products.

MANUFACTURABILITY EVALUATIONS OF
INDIVIDUAL PARTS

One simple way to compare the manufacturability of alternative designs of a part is to
count the number of process operations that each requires. Other factors being equal,
the part with the fewest number of operations will be the simplest to manufacture and
the lowest in cost. Of course, tooling complexity and materials cost often must be con-
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sidered also. Nonetheless, this metric is often a useful one for comparing parts from a
DFM standpoint.

Some companies have developed systems to facilitate the manufacturability evalua-
tion of piece parts in a product. They are somewhat more complex than the assembly
systems described earlier in that there are separate methods for each manufacturing
process involved. For example, die castings, injection-molded plastic parts, machine
parts, powder-metal parts, and metal stampings each are evaluated with separate sys-
tems, since design principles, rules of thumb, and manufacturing costs are different for
each process. Current systems simplify and ease the task of making an estimate of the
manufacturing cost of a part. They consider tooling cost and amortization, process
labor, and materials costs. As in the case of assembly evaluation systems, comparisons
can be made for different design concepts. Some systems are computerized and are
programmed to request the input data needed to develop a cost estimate.

EVALUATING DFX ATTRIBUTES

All the systems described earlier deal with manufacturability and not the other DFX
attributes that are discussed in Chap. 9.2. Evaluating designs for DFX requires differ-
ent, more complex methods such as the following:

1. The attribute being evaluated can be expressed in terms of cost or some other mon-
etary factor. This is difficult because of the intangible nature of many of the DFX
attributes. The most intangible factor is the financial benefit that can accrue when a
company incorporates desirable attributes into a product and gains additional sales,
larger profit margins, or both. For instance, speed to market is emphasized in order to
enhance product sales. How much additional profit margin can be generated if the
product realization time is reduced by 3 months? Providing an accurate estimate for
such a not easily predicted factor is difficult but remains a possible avenue for some-
one establishing an evaluation system for improved speed to market. Similarly, esti-
mated cost or profit amounts could be related to different design concepts when evalu-
ating a design for such attributes as safety, serviceability, reliability, etc.

2. Use a scoring system that rates or ranks design alternatives against some criterion.
Ideally, such a system should provide a design efficiency or other numerical rating of
the extent of the attribute. Normally, systems of this type must be somewhat general-
ized and rely quite heavily on the experience, knowledge, and judgment of the person
making the evaluation.

3. Test the design. This involves making at least one prototype of the proposed prod-
uct and subjecting it to whatever tests are appropriate for the objectives being evaluat-
ed. For example, if reliability is one of the design objectives, life tests are called for; if
user friendliness is an objective, a number of user tests of the product with feedback
information from the test users is needed.

Almost all DFM and DFX guidelines are still qualitative in nature and often con-
flicting. It would be ideal if the effect of any one design alternative, considered with
respect to some DFX recommendation, could be evaluated.

There is one way that the DFX guidelines can be related to cost and thereby given
quantitative evaluation. This is through use of the life-cycle cost concept—Taguchi’s
concept of overall product quality (see definition in Chap. 9.3). The lower the life-
cycle cost for such factors as service, safety, the repair of quality defects, and so on, as
well as the initial cost, the better is the DFX performance. As noted earlier, however,
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many of the life-cycle cost factors are highly intangible and not well suited to quantifi-
cation. How, for example, can one predict the cost (or profit effect) of sales that are
lost due to a poor reliability reputation? How can one predict the cost of product lia-
bility lawsuits resulting from safety defects? Broad overall projections of such costs
may be possible, but relating them to specific design changes such as changing a sharp
corner in a part to a radiused corner (sometimes a safety and sometimes a product reli-
ability factor) is not really feasible. Even calculating the manufacturing cost effect of
such a change may be somewhat lengthy and uncertain.

WHO SHOULD MAKE THE EVALUATION?

The best approach, when possible, is to have the designers themselves make the evalu-
ation. This certainly has speed and accuracy advantages in that there is no need to
transfer information about the design from one person to another. The time to prepare
documentation and to explain the design concept to the specialist is avoided. One of
the advantages of some of the current evaluation systems, particularly those involving
assembly or other aspects of manufacturability, is that they make it relatively easy for
the designers themselves to carry out the evaluation. In addition to the convenience
and time advantages of this, there is also the learning factor that benefits the designer.
Designers who conduct an evaluation with a prepared system tend to learn the design
principles that underlie the system.

TESTING DESIGN PROPOSALS

Prototypes should be subjected to a variety of tests:

1. Use tests to verify that the product functions as it was designed to.

2. Life testing is important to determine the reliability and useful life of the product
and its components.

3. Environmental testing, usually at various temperatures, humidities, and other con-
ditions, confirms the product’s performance under any extreme conditions that the
product may face in use.

4. Field tests help to confirm the successful operation of the product under customer-
use conditions. Another purpose of field tests is to verify that customers will under-
stand and be able to use the product easily and as intended.

5. Shipping tests help to verify the effectiveness of packaging and the sturdiness of
the product.

Good testing is a powerful and essential step in perfecting the design and in ensur-
ing that it meets the varied objectives of the program.
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CHAPTER 2.1
INTRODUCTION

PROPER MATERIALS SELECTION

The choice of materials is a major determinant for the successful functioning and the
feasible, low-cost manufacture of any product. The design engineer must tread a
course (which is often a narrow one) between functional requirements on one hand
and cost considerations on the other. In some cases, there will be a real conflict
between function and cost in the selection of a material. In other cases, happily, the
choice is easy: There is a particular material that does the job functionally and which
minimizes the cost of production. It is the purpose of this section of the handbook to
provide information about the properties, relative costs, and fabricability of materials
so as to aid the designer in making such favorable choices.

There is a real need for economy in materials costs because, for most products,
these costs account for a major portion of the total: 50 percent is a common order-of-
magnitude percentage. However, the objective is not necessarily minimum materials
cost but minimum overall cost, including the initial price of the material, the cost of
processing and assembling it with other materials into a product, the cost of guaran-
teeing the durability of the product and servicing it, etc. Thus, in the long run, the low-
est-cost material may not be the material with the lowest price tag.

MATERIALS AVAILABLE

The designer today is provided with a vast array of metallic and nonmetallic materials
that have been engineered for various applications. The list of available materials is
also growing as new alloys, plastics, and composite and clad materials are introduced.

Figure 2.1.1 is a master chart of engineering materials available to the product
designer. Table 2.1.1 shows the forms in which a number of common materials are
normally available.

FUNCTIONAL REQUIREMENTS

Tables 2.1.2 through 2.1.8 provide data on several functional properties of materials.
Selected materials are listed in order of degree of possession of the property involved.

23
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2.6 ECONOMICAL USE OF RAW MATERIALS

TABLE 2.1.2 Ultimate Tensile Strength of Selected Materials

Tensile strength

Material kPa 1000 1bf/in?
Steel: SAE 4340, drawn 205°C 2000 290
Steel: C.60-80, forged-rolled 860 125
Brass 275-825 40-120
Ductile iron: grade 90-65-02 as cast 655-725 95-105
Monel: 70 Ni, 30 Cu 690 100
Stainless steel: 18-8 585-655 85-95
Titanium: 99.0 Ti, annealed bar 655 95
Copper 220-470 32-68
Structural steel: ordinary grade 345-450 50-65
Aluminum: wrought and heat-treated 205-415 30-60
Cast iron 140-415 20-60
Magnesium alloys: wrought 220-380 32-55
Zinc: die-cast 215-355 31-52
Aluminum: die-cast 270-315 39-46
Polyimides: reinforced 35-185 5-27
Acetal copolymer: 25% glass-reinforced 125 18
Nylons 35-95 5-14
Lead alloys 12-90 1.7-13
Acrylics 35-80 5-12
Polystyrene 35-80 5-12
Acetal 55-70 8-10
Polycarbonate 55-60 8-9
Vinyl: rigid 35-60 5-9
ABS 27-55 4-8
Polyethylene: high-density 21-38 3.1-5.5
Polypropylene 20-38 2.9-5.5
Polyethylene: low-density 4-16 0.6-2.3

The properties covered are as follows: Table 2.1.2, tensile strength; Table 2.1.3, spe-
cific gravity; Table 2.1.4, melting point; Table 2.1.5, thermal conductivity; Table 2.1.6,
coefficient of thermal expansion; Table 2.1.7, electrical resistivity; and Table 2.1.8,
stiftness-weight ratio.

DESIGN RECOMMENDATIONS

Some general rules for minimizing materials-related costs are as follows:

1. Use commercially available mill forms so as to minimize in-factory operations.
(See Fig. 4.1.3.)

2. Use standard stock shapes, gauges, and grades or formulations rather than specials
whenever possible. Sometimes, larger or heavier selections of a standard material
are less costly than smaller or thinner sections of a special material.
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TABLE 2.1.3 Specific Gravity of Selected Materials

Platinum 21.3-21.5 Phenolic, molded 1.2-2.9
Gold 19.25-19.35 Aluminum 2.55-2.75
Tungsten 18.7-19.1 Glass, plate 2.4-2.17
Lead 11.28-11.35 Silicon 2.5

Silver 10.4-10.6 Porcelain 2.3-2.5
Molybdenum 10.2 Carbon, amorphous 1.9-2.2
Bismuth 9.8 Silicone, molded 0.99-1.50
Monel 8.8-9.0 Melamine 1.48-2.00
Copper 8.8-9.0 Epoxy 1.11-1.40
Cobalt 8.72-8.95 Magnesium 1.74
Nickel 8.6-8.9 Vinyl 1.16-1.45
Bronze: 8-14% Sn 7.4-8.9 Polycarbonate 1.2-1.5
Brass 8.4-8.7 Acetal 1.4

Steel 7.8-7.9 Rubber, neoprene 1.0-1.35
Iron, wrought 7.6-7.9 Ebony 1.2
Aluminum bronze 7.7 Acrylic 1.09-1.28
Tin 7.2-7.5 Nylon 1.04-1.17
Manganese 7.2-7.4 Polystyrene 1.04-1.10
Iron, cast 7.2 ABS 1.01-1.21
Zinc 6.9-7.2 Polyethylene, high-density 0.94-0.97
Chromium 6.9 Polyethylene, low-density 0.91-0.93
Antimony 6.6 Rubber, natural 0.93
Glass, high-lead 6.2 Polypropylene 0.89-0.91
Vanadium 5.5-5.7 Hardwood, North American  0.4-0.7
Alumina ceramics 3.5-3.9 Softwood, North American 0.4-0.5
Glass, flint 3.2-3.9

TABLE 2.1.4 Melting Point of Selected Materials, °C

Carbon 3700 Manganese 1245
Tungsten 3400 Copper 1083
Tantalum 2990 Gold 1063
Magnesia 2800 Aluminum bronze 855-1060
Molybdenum 2620 Beryllium copper 870-980
Beryllia 2590 Silver 960
Alumina 2050 Salt (sodium chloride) 803
Vanadium 1900 Glass, soda-lime 695-720
Chromium 1840 Aluminum alloys 485-660
Platinum 1773 Magnesium 650
Titanium 1690 Antimony 630
Porcelain 1550 Glass, lead silicate 580-620
Glass (96% silica) 1540 Zinc alloys 385-419
Carbon steels 1480-1520 Lead 327
Alloy steels 1430-1510 Cadmium 320
Stainless steels, austenitic 1370-1450 Pewter 245-295
Nickel 1450 Bismuth 271
Wrought iron 1350-1450 Tin 231
Silicon 1420 India rubber 125
Cast iron, gray 1350-1400 Sulfur 112
Beryllium 1280 Paraffin 54
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TABLE 2.1.5 Thermal Conductivity of Selected Materials, cal/(h - cm? - °C - cm)
Silver 3600 Phenolic 2.9-7.2
Copper 3400 Melamine 3.9-4.6
Gold 2500 Polyethylene, high-density 4.0-4.5
Aluminum 1900 Nylon 1.8-3.8
Magnesium 1400 Maple, hard 1.5-3.7
Graphite, cylindrical 1000-1300 Asbestos-cement board 3.3
Brass, 70-30 1000 ABS 1.6-2.9
Zinc 960 Polyethylene, low-density 2.9
Tin 560 Paper, kraft 2.3
Nickel 510 Acrylic 1.4-2.2
Steel (1% carbon) 390 PVC, flexible 1.9-2.1
Stainless steel 100-200 Acetal 2.0
Stone, typical 190 Polystyrene 0.9-1.9
Alumina ceramics 80-140 Polycarbonate 1.7
Carbon 45-89 Rubber, natural 1.1-1.4
Brick 74 PVC, filled rigid 1.4
Air at 38°C 23 Polypropylene 1.0-1.4
Steatite 22 Pine, white 0.89
Glass 5.0-10 Glass wool 0.32
Cinder block 9.2 Polyurethane foam 0.28
TABLE 2.1.6 Coefficient of Linear Thermal Expansion of Selected Materials,
107% cm/(cm - °C)
Silicones, flexible 80-300 Aluminum 24
Vinyl, flexible 70-250 Bronze (90 Cu, 10 Sn) 22
Polystyrene 34-210 Brass (66 Cu, 34 Zn) 19
Polyethylene, low-density 100-200 Silver 18
Vinyl, rigid 50-185 Copper 17
Nylon 80-150 Nickel alloys 12-17
Polyethylene, high-density 110-130 Phosphor bronze 17
ABS 60-130 Steel, carbon 10-15
Rubber, natural 125 Gold 14
Polypropylene 58-102 Concrete 14
Acrylic 50-90 Marble 4-14
Acetal 81-85 Titanium alloys 9-13
Polycarbonate 66 Cast iron 11
Epoxy 45-65 Glass 0.6-9.6
Ice 51 Brick 9.5
Phenolics, filled 8-45 Alumina ceramics 5.7-6.7
Zinc alloys 19-35 Oak wood 4.9-54
Lead 30 Tungsten 43
Magnesium alloys 25-29 Carbon 1.0-2.9
Tin 27
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TABLE 2.1.7 Electrical Resistivity of Selected Materials, p() - cm

Mica 10'9-10% Stainless steel, martensitic 40-72
Glass, lead silicate 1020-102! Carbon steel 11-45
Ceramics, electrical 1019-102! Monel 44
Polypropylene 105-10"7 Lead 22
Polystyrene 1013-10" Magnesium alloys 5-16
Beryllia 1013-10"7 Tin 12
Epoxy 10'2-10" Nickel 8.5
Polycarbonate 2-5 X 10'° Brass 6.2
Acetal 10'4-10'® Zinc 6.0
Nylon 10'-10" Beryllium copper 4.8-5.8
Phenolic 10'9-1013 Aluminum 2.8
Carbon 3800-4100 Gold 2.4
Graphite 720-810 Copper 1.7
Cast iron 75-99 Silver 1.6
Stainless steel, austenitic 69-78

TABLE 2.1.8 Stiffness-Weight Ratio for Various Materials

Material Weight for equal stiffness
Steel 7.95
High-density polyethylene 6.40
Polypropylene 4.38
ABS 4.29
Polystyrene 3.90
Aluminum 3.66
Expanded ABS 3.06
Maple wood 1.62
Pine wood 1.00

3. Consider the use of prefinished material as a means of saving costs for surface-fin-
ishing operations on the completed component.

4. Select materials as much as possible (consistently with functional requirements) for
processibility. For example, use free-machining grades for machined parts, easily
formable grades for stampings, etc. It pays to take the time to determine which
variety of the basic material is most suitable for the processing sequence to be
used.

5. Design parts for maximum utilization of material. Make ends square or nestable
with other pieces from the same stock. Avoid designs with inherently high scrap
rates.

FINISHES AND TOLERANCES

Close tolerances and good finishes are found on metal shapes that are cold-rolled or
cold-drawn. They are closer than those for hot-rolled or extruded metals. Cross-sec-

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



INTRODUCTION

2.10 ECONOMICAL USE OF RAW MATERIALS

tional dimensions of cold-finished bars or other shapes are usually held to within
about =0.06 mm (*=0.0025 in). Surface finishes generally range from 0.8 pwm (32 pin)
to 3 wm (125 pin). Ground plates and bars, of course, are held to much closer toler-
ances, about +0.025 mm (£0.001 in), but these are found primarily in materials for
specialized applications. For example, tool steel may be finished in this way. Length
tolerances for commercially stocked pieces of rod, tubing, bar, etc., are normally about
* 3 mm (£0.125 in) and sometimes greater.

For nonmetals, tolerances on dimensions of stock shapes are considerably broader
than for metals because of flexibility, softness, or high shrinkage during manufacture.
However, ceramics, carbon, and glass sections, if ground to size, have tolerances close
to those of metals, e.g., =£0.05 mm (*0.002 in). Otherwise, sectional dimensions will
vary by about =0.25 mm (*=0.010 in) or more on the average.

More detailed information on tolerances for stock shapes of specific materials are
found in the chapters that follow.

COST DATA

Table 2.1.9 provides relative cost data for selected engineering materials.
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TABLE 2.1.9 Relative Cost per Unit Weight and per Unit Volume for Various Materials
(Compared with Hot-Rolled, Low-Carbon Steel)*

Relative cost per Relative cost per
Material unit weight unit volume

Hot-rolled, low-carbon steel bar 1.0 1.0
Cold-rolled, low-carbon steel bar 1.3 1.3
Soft maplef 1.8 0.14
Poplart 1.9 0.11
Red oakf 2.0 0.18
Cold-finished 4140 steel alloy 2.0 2.0
Low density polyethylene: 2.2 0.26
Polypropylene: 2.3 0.26
Polystyrene, general purpose:: 2.6 0.35
Lead sheet 32 4.6
Zinc alloy ingots for die casting 3.3 3.0
PVCi 3.8 0.29
Phenolici 4.2 0.76
Aluminum ingot 4.6 2.0
Acrylici 5.1 0.78
ABS# 54 0.82
Polycarbonate 5.6 1.6
400-series stainless steel bar 6.4 6.3
Copper wire bar 6.8 7.7
Acetali 8.2 1.5
Brass ingots 9.6 10.3
300-series stainless steel bar 9.9 10.2
Magnesium ingot 10.2 2.3
Tin ingots 15.1 14.0
Iron powder 18.5 18.5%
Nickel ingot 19.4 21.6
Polyphenylene sulfide (40% glass filled)} 21.9 19.5
Polysulfoned 24.0 3.8
Silver 429 572
Gold 30,600 75,500

*Based on published 1996 prices in various trade publications for large-quantity purchases.
FTop-quality, kiln-dried, rough-cut boards.

fFigures for all plastic materials are based on prices for molding compound, not finished shapes or parts.
§At 100% density.
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CHAPTER 2.2
FERROUS METALS

PART 1
HOT-ROLLED STEEL

THE PROCESS

Hot-rolled shapes are produced by passing a heated billet, bloom, or ingot of steel
through sets of shaped rollers. Upon repeated passes, the rollers increase the length of
the billet and change it to a cross section of specified size and shape. After rolling, the
shape is sometimes pickled (by immersion in warm, dilute sulfuric acid) to remove
scale and is then oiled.

TYPICAL CHARACTERISTICS OF
HOT-ROLLED-STEEL SHAPES

Hot-rolled steel is produced in a variety of cross sections and sizes, of which the fol-
lowing are typical:

Round bars from 6 to 250 mm (14 to 10 in) in diameter
Square bars from 6 to 150 mm (1/4 to 6 in) per side
Round-cornered squares, 10 to 200 mm (3/8 to 8 in) per side

Flat bars from 5 mm (0.20 in) in thickness and up to 200 mm (8 in) in width but
not over 80 cm2 (12 in2) in cross-sectional area

Angles, channels, tees, zees, and other sections that have a largest cross-sectional
dimension of 75 mm (3 in) or less

Ovals, half-rounds, and other special cross sections
Sheets, 1.5 mm (0.060 in; 16 gauge) or thicker and plates

Figure 2.2.1 illustrates some common cross-sectional shapes in which hot-rolled
steel is available from warehouse distributors. Figure 2.2.2 illustrates typical cross
sections obtainable by special mill-run order.

Hot-rolled steel averages about 30 percent lower in price than cold-finished steel.
This makes its use attractive whenever the application permits. However, hot-rolled
steel has more dimensional variation, a rougher surface, mill scale (if not removed by
pickling), less straightness, less strength in low-carbon grades, and somewhat poorer
machinability. If these factors are not critical, the use of hot-rolled material may per-
mit a substantial cost savings.

2.13
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FIGURE 2.2.1 Hot-rolled sections commonly available from
warehouse distributors.

Usually, hot-rolled steel is employed in applications for which only a small amount
of machining is required and for which a smooth surface finish is not necessary. Some
examples are tie rods, welded frames, lightly machined shafts, cover plates, riveted
and bolted racks and frames, railroad cars, ships, storage tanks, bridges, buildings, and
other applications for which heavy structural members are required.

The preponderance of steel sold in the hot-rolled form is of low-carbon content,
0.25 percent or less.

Hot-rolled steel can have good weldability, formability, and machinability.
Although its machinability and formability may be slightly less than those of equiva-
lent cold-finished alloys, the choice of cold-finished over hot-rolled material is usually
a matter of surface finish, accuracy, or strength rather than ease of further processing.
Hot-rolled material is generally used when surface finish is of secondary importance.

ECONOMIC QUANTITIES

As long as standard cross sections are involved, hot-rolled-steel shapes are suitable for
all levels of production. Small quantities for maintenance purposes or for low-unit
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Jack channels

Studded T bars

U-harrow bars

Hexagons

Diamonds

Ovals

Single-bevel blades

Suspension clamps

Moo C 43

FIGURE 2.2.2 Typical hot-rolled sections that
could be available on special mill order.

production can be purchased from steel-distribution warehouses. Large quantities for
mass-production applications can be purchased directly from mills.

For special cross sections (such as those shown in Fig. 2.2.2), however, minimum
mill quantities dictate use only for high production levels. Although some steel mills
tend to specialize in shorter mill runs, the common minimum mill quantity for special
shapes is on the order of 100 tons. A complex cross section is apt to have a larger min-
imum mill quantity than a simple one.

GRADES FOR FURTHER PROCESSING

Machining

Moderately low-carbon grades are best. Usually, alloy steels of the same carbon con-
tent and strength have poorer machinability than plain-carbon grades.

Hot-rolled steel with a carbon content of 0.15 percent or less tends to be gummy
and to adhere to the cutting tool. If it is to be machined, it should first be hardened and
tempered.
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With carbon content in the range of 0.15 to 0.30 percent, machinability is good,
especially in the upper part of the range, if the steel has not been hardened.

Machinability is good with the 0.30 to 0.50 percent carbon grades. Best results are
achieved when there has been prior annealing such that the structure is partially spher-
oidized.

For higher-carbon grades (0.55 percent and more), annealing must provide a com-
pletely spheroidized structure; otherwise, machining will be difficult.

If heavy machining is required, free-machining grades containing sulfur or lead
should be employed.

Forming

The low-carbon grades are best. The lower the yield strength and the more ductile the
material, the more easily it can be formed. The scale on hot-rolled steel is usually not
a significant deterrent to use of the material on press operations.

Welding

The best results are achieved with the low-carbon grades. Materials having 0.15 per-
cent or less carbon are invariably easily welded. As either the carbon content, the
thickness, or the alloy content increases, however, weldability decreases.

Hot-rolled steel with 0.15 to 0.30 percent carbon usually gives satisfactory results
if the section is less than 1 in thick. For higher carbon or alloy content or heavy sec-
tions, preheating or postweld stress relieving may be necessary for best results.

DESIGN RECOMMENDATIONS

In deciding whether to use hot-rolled instead of cold-finished material and in choosing
the grade, the product designer should consider the concept of designing for minimum
cost per unit of strength. Often grades with higher carbon content or low alloy content
will provide lower-cost parts that can be made from plain low-carbon grades. The rea-
son is that lighter sections can be used.

When bending hot-finished-steel members, the bend line should be at right angles
to the grain direction from the rolling operation. The bend radius also should be as
generous as possible. Adhering to both these rules will help avoid fracturing the mate-
rial at the bend. See Fig. 2.2.3 for a conservative set of rule-of-thumb values for mini-
mum-bend radius.

When hot-rolled material is machined with the objective of providing a true sur-
face, it is necessary to remove sufficient stock to get below the surface defects and
irregularities. (These include seams, scale, deviations from straightness or flatness,
and decarburization.) The American Iron and Steel Institute (AISI) recommended
machining allowance per side is 1.5 mm (0.060 in) for finished diameters or thickness-
es from 40 to 75 mm (1% to 3 in) and 3 mm (0.125 in) per side for diameters or thick-
nesses over 75 mm (3 in). (See Fig. 2.2.4.) However, these values are considered liber-
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< Allowance
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£, / S - ’ Cem e e o )
o /‘ Finished dimension
5 - A D o1
E "4 ] FIGURE 2.2.4 Recommended machining
§ allowances per side to remove hot-rolling scale, sur-
Y 10 20 30 40 face inclusions, and irregularities.
< Diameter or thickness of bar, in

Finished dimension Allowance
FIG_URE 2.2.3 Regommended approximate Up to 38 mm (1.5 in) 0.8 mm (0.031 in)
minimum-bend radius for hot-rolled-steel 38 t0 75 15103 16 0.062 i
members. (Courtesy American Society for to 75 mm ( '_ to 3 in) -6 mm (0. }n)

Over 75 mm (3 in) 3.2 mm (0.125 in)

Metals, Metals Handbook.)

al. For moderate and high levels of production, it is worthwhile to test the actual con-
dition of the steel being used.

DIMENSIONAL FACTORS

Since hot-rolled steel does not have the benefit of a secondary sizing operation,
dimensional variations are considerably wider than with cold-finished material. The
factors that lead to size, flatness, straightness, and twist deviations are heat, tempera-
ture, and cooling-rate variations, breaking off and movement of scale during rolling,
sag of less supported bar areas when the material is red-hot, and variations in rolling
equipment, tools, and reduction per pass.

Hot cutting of ends, usually by shearing, causes material at the ends to deviate
dimensionally more than the limits stated in the tolerance tables. Ends can be trimmed
by cold sawing if such deviations are objectionable.

TOLERANCES FOR HOT-ROLLED-CARBON-STEEL
BARS

Tables 2.2.1 through 2.2.4 show standard tolerances as established by major steel
mills. Mills customarily hold dimensions to closer limits than those shown, but there
is no assurance that this will be the case for every lot rolled.
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TABLE 2.2.1 Tolerances for Size and Out-of-Round or Out-of-Square Hot-Rolled-Carbon-
Steel Bars: Round, Square, and Round-Cornered Square Bars

Size tolerances, in Out-of-round or
Specified sizes, in Over Under out-of-square section, in
To 5/16 inclusive 0.005 0.005 0.008
Over Y4 to /4 inclusive 0.006 0.006 0.009
Over % to Y% inclusive 0.007 0.007 0.010
Over % to "% inclusive 0.008 0.008 0.012
Over 7/3 to 1 inclusive 0.009 0.009 0.013
Over 1 to 1]/8 inclusive 0.010 0.010 0.015
Over 11/8 to 11/4 inclusive 0.011 0.011 0.016
Over 1Y to 1% inclusive 0.012 0.012 0.018
Over 13/8 to 11/2 inclusive 0.014 0.014 0.021
Over 11/2 to 2 inclusive I/64 1/64 0.023
Over 2 to 2% inclusive e 0 0.023
Over 2'/2 to 31/2 inclusive 3/64 0 0.035
Over 3% to 4% inclusive Ye 0 0.046
Over 4' to 5% inclusive Yo 0 0.058
Over 5% to 6% inclusive % 0 0.070
Over 6% to 8" inclusive Y 0 0.085
Over 8, to 9% inclusive e 0 0.100
Over 9% to 10 inclusive A 0 0.120

Note: Out-of-round is the difference between the maximum and minimum diameters of the bar, measured
at the same cross section. Out-of-square section is the difference in the two dimensions at the same cross sec-
tion of a square bar between opposite faces.

Source: American Iron and Steel Institute.
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TABLE 2.2.3 Angles for Hot-Rolled Steel: Tolerances for Thickness, Length of Leg, and Out-

of-Square
Thickness tolerances, for thicknesses given,
over and under, in Tolerances for
Specified length To % Over 7 to length of leg,
of leg, in inclusive % inclusive Over % over and under, in
To 1 inclusive 0.008 0.010 Y
Over 1 to 2 inclusive 0.010 0.010 0.012 Yea
Over 2 to 3 exclusive 0.012 0.015 0.015 Ye

Note: The longer leg of an unequal angle determines the size for tolerance. The out-of-square tolerance
in either direction is 1/4°.

Source: American Iron and Steel Institute.

TABLE 2.2.4 Straightness Tolerances for Hot-Rolled-Steel Bars

Normal straightness tolerance % in in any 5-ft length or /4 X number of feet of length divided
by 5

Special straightness tolerance % in in any 5-ft length or % X number of feet of length divided
by 5

Note: Because of warpage, tolerances do not apply after any subsequent heating operation except stress
relieving which has been performed after special straightening.
Source:  American Iron and Steel Institute.
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PART 2
COLD-FINISHED STEEL

DEFINITION

Cold-finished steel is a more physically refined product than hot-rolled steel. Its
chemistry is identical except, in some cases, for the removal of surface decarburiza-
tion. However, its surface finish, dimensional accuracy, and grain structure are superi-
or, and it is free from scale. It also has improved tensile and yield strengths.

Cold-finished steel is available in a variety of grades under both “carbon steel” and
“alloy steel” designations (for information about cold-finished stainless steel, see Part 3).

Cold-finished-steel products include bars (round, square, hexagonal, flat, or in spe-
cial shapes), flat products (sheets, strips, or plates), tubular products, and wire of vari-
ous cross sections.

TYPICAL APPLICATIONS

Cold-finished steel has applicability when

1. The greater accuracy and smoother surface finish of the material are necessary for
the function of the product or for the elimination of additional machining or other
operations which would otherwise be required. This advantage is particularly
applicable when special cross sections are used or when a part is designed to con-
form to a standard shape.

2. The added mechanical properties resulting from cold working (higher yield and
tensile strengths) are required. (Tensile strength may increase by 20 percent or
more and yield strength by 60 percent or more when a bar is cold-drawn with a
cross-sectional reduction of 12 percent or more.)

3. The improved machinability, improved formability, and freedom from surface scale
facilitate manufacturing operations.

The following are typical applications of cold-finished steel: sheet and strip: auto-
mobile bodies, appliance housings, and sewing-machine parts; bars: cams, shafts,
studs, screws, gears, pins, bushings, firearm parts, and machinery components; tubular
products: boiler tubes, mechanical (structural) tubing, pipe for various applications,
conduit, and pilings; wire: cold-headed parts, springs, cable, tire reinforcement, wire
fences, and netting; special cross sections: pinions, ratchets, gun parts, lock parts,
vanes, pawls, hinge parts, tool parts, valve parts, miscellaneous hardware, etc.

MILL PROCESSES

There are three basic processes that are used individually or in combination to produce
cold-finished steel from hot-rolled material: cold drawing, cold rolling, and machin-

2.21
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ing. They may involve some preliminary steps such as pickling or grit blasting, water
washing, and dipping the bar in a solution of slaked lime.

Cold-finished steel also may be subjected to stress relieving, annealing, or normal-
izing; carbon restoration; and special inspection operations as the application dictates.
Normally, sheet and strip stock intended for press bending, forming, or drawing is
annealed.

GRADES FOR FURTHER PROCESSING

Machining

The improved machinability of cold-finished steel is due primarily to the increased
hardness imparted by the drawing operation. Drawing causes the chips produced by
the cutting tool to be more brittle so that they break away from the workpiece more
easily. Power requirements and tool wear are both reduced. Cold-finished bars are
commonly formulated specifically for screw-machining and other metal-cutting
processes.

Sulfur, lead, and tellurium additives are frequently incorporated into cold-finished
bars to optimize machinability. Table 2.2.5 lists some of the more common cold-fin-
ished-steel-bar formulations with particularly good machinability.

Stamping

Cold-rolled-steel sheet and strip generally are preferable to hot-rolled material for
stampings because of the absence of scale, their greater uniformity of stock thick-
ness, and their often better formability. The surface finish of cold-rolled material is
superior, and its use is thus called for whenever dictated by the appearance specifica-
tions of the finished part. For thicknesses of 1.5 mm (0.060 in or 16 gauge) or less,

TABLE 2.2.5 Cold-Finished-Steel-Bar Formulations with Particularly Good

Machinability

Common designation UNS designation Machinability rating, %
1214 Gl12144 158

1215 G12150 137

1213 G12130 137

1212 G12120 100

1119 G11190 100

1211 Gl12110 94

1116 G11160 92

1117 G11170 89

1118 G11180 85

1144 G11440 85 (annealed)
1141 G11410 81 (annealed)
1108 G11080 80

1109 G11090 80
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cold-rolled material is also apt to be more readily available and less costly than hot-
rolled material.

When cold-rolled steel is specified for a stamping, the grade of steel required
depends on the severity of the forming operation. Deep-drawn parts may require alu-
minum-killed (special-killed) or drawing-quality steel, the former having the greater
formability. Lower carbon content, down to that of 1008 (maximum C, 0.10 percent)
also usually provides better formability.

Slightly dulled surfaces are actually preferred over highly smooth surfaces if the
part is produced by deep drawing or if the part is to be porcelain-enameled. The dull
surface is produced by using etched rolls for the final rolling operation. The dull sur-
face retains lubricant during drawing and gives better results.

Welding

Cold-finished steel is fully weldable, especially in the low-carbon, low-alloy grades.
However, designers should bear in mind that distortion is inherent in arc-welded
assemblies and that it may not be possible to take advantage of the superior surface
finish and dimensional accuracy of cold-finished steel. Hence hot-rolled steel may be
more appropriate and more economical.

For resistance weldments, cold-rolled material is more suitable, particularly since
resistance-welded assemblies employ sheet metal that may require a smooth surface
finish. Cold-rolled steel, by virtue of its freedom from scale, also resistance-welds
more easily.

The preferred cold-finished steels for arc and resistance welding are the plain-car-
bon steels with a carbon content below 0.35 percent.

Brazing

Brazing is best accomplished with steels of lower carbon and alloy content. Ideal
materials have carbon in the range of 0.13 to 0.20 percent and manganese in the range
of 0.30 to 0.60 percent.

Heat Treating

Cold-finished steels are heat-treatable and are widely used in applications for which
surface or through hardness is required. The following are recommended grades for
various heat-treating processes:

Carburizing: 8620 (G86200), 4620 (G46200), 1020 (G10200), 1024, 9310
Nitriding: 4140 (G41400), 4340 (G43400), 8640 (G86400)

Flame hardening: Medium-carbon steels (0.35 to 0.70% carbon) are generally
employed.

Cyaniding/carbonitiriding: 1020 (G10200), 1022 (G10220), 1010 (G10100)
Induction hardening: 1045 (G10450), 1038 (G10380), 1144 (G11440)
Other through-hardening: 4140 (G41400), 4130 (G41300)
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Plating

Cold-finished bars of all formulations are suitable for plating. However, the normal
cold-drawn finish, though smooth in appearance, is not usually plated without addi-
tional polishing. Such polishing is required because minor surface imperfections,
though greatly smoothed and reduced by cold drawing, are highlighted by the plated
finish. Cold-finished bars, which are turned or ground and polished as part of the cold-
finishing operation, do not present this problem and provide a pleasing appearance
after plating.

Painting

The painting of cold-finished steel is practical. Sometimes cold-finished material is
specified for painted parts solely to avoid extensive cleaning prior to painting.

AVAILABLE SHAPES AND SIZES

Table 2.2.6 summarizes the common shapes, sizes, and lengths of cold-finished steel
available from warehouse distributors in the United States. Special rolled and drawn

TABLE 2.2.6 Common Commercially Available Sizes of Cold-Finished Steel

Minimum Maximum
thickness or thickness or Size Normal
diameter diameter increments length
Round bars 0.125 in 12 in 32ds to 1 in, 16ths to 10-12 or
3 in, 8ths to 6 in 20-24 ft
Square bars 0.125 in 6 in 16ths to 17 in, 8ths 10-12 ft
to 2% in
Hexagonal 0.125 in 4 in 16ths to 2 in, 4ths 10-12 ft
bars to 4 in
Flats 0.125 in thick 3 in thick X 16ths to 'Y in, 10-12 ft
X 0.25 in wide 8 in wide 8ths to 1% in, 4ths
to 3 in
Sheet 0.015 in (28 0.179 in (7 Standard gauges 48, 60, 72,
gauge) X 13 gauge) X 48 96, 120 in
in wide in wide or coil
Tubing, round 0.125 in OD 12in OD X 0.5  32ds to %e-in dia- 17-24 ft,
seamless X 0.049 in wall in wall meter, 16ths to 2%-in random
diameter,8ths to 5%-in  lengths
diameter,4ths to 12-in
diameter
Tubing, round 0.250 in OD 6in OD X 0.250 16ths to 1%-in 17-24 ft,
welded X 0.035 in wall in wall diameter, 8ths to 37%- random
in diameter, 4ths to lengths

5-in diameter
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FIGURE 2.2.5 Typical special shapes which can be rolled or drawn from cold-fin-
ished wire or bar material. (Courtesy Rathbone Corporation.)

sizes and shapes are available from mills when necessary. Prices, of course, are higher
for special orders. Lead time is also greater, and there is a minimum quantity or a min-
imum charge.

A number of firms specialize in shaping cold-finished wire or bars into special
cross sections. Intricate and nonsymmetrical shapes can be produced as illustrated in
Fig. 2.2.5. Some firms limit their output to sizes that can be produced from 13-mm
(%-in) or smaller stock with width limits of 3 to 25 mm (0.125 to 1.00 in) and thick-
ness limits of 0.5 to 7 mm (0.02 to 0.28 in). Other firms produce somewhat larger sec-
tions. Minimum order quantities from these fabricators are on the order of 225 kg (500
Ib). Finished stock is supplied in coils or in standard lengths of 12 ft. Sections with
holes (excluding tubing) are not produced.
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FIGURE 2.2.5 (Continued) Typical special shapes which can be rolled or
drawn from cold-finished wire or bar material. (Courtesy Rathbone
Corporation.)

DESIGN RECOMMENDATIONS

The basic approach of the design engineer in utilizing cold-finished steel most effec-
tively is to specify a size and shape of material that minimize subsequent machining.
This procedure involves the use of as-drawn or as-rolled surfaces and dimensions as
much as possible and having the finished component conform as much as possible to
the cross-sectional shape of the cold-finished-steel material.

Other primary rules are the following:

1. Use the simplest cross-sectional shape possible consistent with the function of the
part. Avoid holes, grooves, etc. With special shapes, undercuts and reentrant angles
can be produced, but they are more expensive than simpler shapes without these
features. The latter, therefore, are preferable if functionally suitable. (See. Fig.
2.2.6.)
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N

T

Feasible Less expensive and
therefore preferable

FIGURE 2.2.6 Avoid undercuts and reentrant
angles in the cross section of special cold-fin-
ished-steel stock if possible, since these are more
costly to produce.

R as large
as possible

R minimum:0.08 mm
(0.003 in)

Rounded corners
Sharp corners R

Not these These

FIGURE 2.2.7 Avoid sharp corners in special cross-sectional shapes pro-
duced by cold rolling and drawing steel wire and bars.

2. Use standard rather than special shapes.

3. Sharp corners should be avoided. The largest fillets and radii possible are function-
ally preferable and less troublesome to manufacture. The minimum radius of fillets
is normally 0.08 mm (0.003 in). (See Fig. 2.2.7.)

4. Grooves deeper than 1.5 times width are not feasible unless generous bottom radii
are specified. (See Fig. 2.2.8.)

5. Abrupt changes in section thickness should be avoided since they introduce local
stress concentrations.

6. Specify the most easily formed materials since these provide the lowest cost and
the greatest precision.

7. With tubular sections, welded rather than seamless types are more economical,
especially if drawing after welding is done without a mandrel. This type of tubing
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T e
T

Not this This

FIGURE 2.2.8 Grooves deeper than 1 l/2 times width
are not feasible unless generous bottom radii are speci-
fied.

possesses internal weld fillets and internal shape variations, but for many applica-
tions it is fully usable.

The following recommendations apply to cold-drawn pinion-gear sections:

1. Top and bottom lands of the gear teeth should be rounded. (See Fig. 2.2.7.)

2. Avoid excessively thin and deep gear teeth, especially in difficult-to-draw materi-
als.

3. Avoid undercuts in gear-tooth forms, if possible.

STANDARD TOLERANCES

Normal AISI tolerances for cold-finished-steel mill products are summarized in Tables
2.2.7 through 2.2.10.
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TABLE 2.2.8 Normal Tolerances for Cold-Rolled Sheets over 12 in in Width
Plus or minus tolerance for thickness, in
Specified thickness, in
0.0113  0.0195 0.0389 0.0568 0.0710 0.0972  0.1420
Specified To to to to to to to and
width, in 0.0112  0.0194 0.388 0.0567  0.0709  0.0971  0.1419  thicker
Over 12to 24  0.0015  0.002 0.003 0.004 0.005 0.005 0.006 0.006
Over 24 to 40  0.0015  0.002 0.003 0.004 0.005 0.006 0.006 0.007
Over40to 60 — 0.002 0.003 0.004 0.005 0.006 0.007 0.008
Over 60 to 80 — — 0.004 0.005 0.006 0.007 0.007 0.008
Over 80 — — — 0.006 0.006 0.007 0.008 0.010
Source: American Iron and Steel Institute.
TABLE 2.2.9 Normal Surface Finish for Cold-Finished Steel
Cold-rolled and cold-drawn surfaces 1.6 pm (63 pin)
Turned and polished bars 0.4 pm (15 pin)
Turned, ground, and polished bars 0.2 pm (8 pin)
Source:  American Iron and Steel Institute.
TABLE 2.2.10 Normal Tolerances for Cold-Finished Steel: Special Bar and Wire Shapes
Cross-sectional dimensions
Normal tolerance *0.05 mm (0.002 in)
Tightest tolerance, normal for +0.013 mm (0.0005 in)
thickness
Angular tolerance +0°30!
Surface finish 1.6 pm (63 win)
Straightness
Normal tolerance 0.7 mm maximum bow/m (0.010 in maximum bow/ft)
Tightest tolerance 0.35 mm maximum bow/m (0.005 in maximum bow/ft)
Twist 0°10'/m (0°30'/ft)

Source: American Iron and Steel Institute. The tightest tolerances shown entail a surcharge from suppli-

ers.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)

Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



FERROUS METALS

PART 3
STAINLESS STEEL

Originally prepared by
Calvin J. Cooley
American Iron and Steel Institute
Washington, D.C.

Updated for this edition by
lvan A. Franson

Allegheny Ludlum Corporation
Brackenridge, Pennsylvania

DEFINITION

Stainless steels are alloys of steel that possess unusual resistance to attack by corro-
sive media. They are produced to cover a wide range of mechanical and physical prop-
erties and corrosion resistance for particular applications at atmospheric, elevated, and
cryogenic temperatures.

These steels may be subdivided into the following groups: (1) Iron-chromium
alloys, which are hardenable by heat treatment (martensitic alloys such as type 410
[UNS number S41000]); they are ferromagnetic; (2) iron-chromium alloys, which can-
not be hardened significantly by heat treatment or cold-working (ferritic alloys); all
the stainless steels in this group, of which type 430 (S43000) is the general-purpose
alloy, are ferromagnetic; (3) iron-chromium-nickel (300 series) and iron-chromium-
nickel-manganese (200 series) alloys hardenable only by cold-working (austenitic
group, of which type 304 [S30400] is the general-purpose alloy); these stainless steels
are nonmagnetic in the annealed condition; (4) the precipitation-hardening stainless
alloys consist of controlled compositions of iron, chromium, and nickel, together with
other elements that enable hardening and strengthening by solution treating and aging;
common precipitation-hardening stainless alloys are types UNS S13800, S15500,
S17400, and S17700; and (5) the duplex alloys, which are two-phase austenitic and
ferrite in roughly equal proportions; the most common duplex alloy is the 2205 mater-
ial (UNS S31803). In addition, proprietary alloys belonging to each of the five alloy
groups are available to the end user.

More recently, producers have developed a number of proprietary alloys for spe-
cialty and harsh-environment applications. They are included in ASTM specifications.
Examples include the superferritic S44735 alloy and the superaustenitic 904L
(NO8904) and AL-6XN (N08367) alloys.

2.32
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APPLICATIONS

Common applications of stainless steels include aircraft, railway cars, trucks, trailers,
food-processing equipment, sinks, stoves, cooking utensils, cutlery, flatware, architec-
tural metalwork, laundry equipment, chemical-processing equipment, jet engine parts,
surgical tools, furnace and boiler components, oil-burner parts, petroleum-processing
equipment, dairy equipment, heat-treating equipment, and automotive exhaust sys-
tems, fuel lines, and trim, and power plant heat exchangers and flue gas scrubbers.

MILL PROCESSES

Stainless steels are normally produced by electric-arc melting followed by argon-oxy-
gen decarburization (AOD) refining and continuous casting. A number of sheet finish-
es are available through pickling, bright annealing, and polishing or buffing processes.

GRADES FOR FURTHER PROCESSING

Stainless steels are generally selected, first, on the basis of corrosion resistance and,
second, on the basis of strength or other mechanical properties. In some applications,
end-use requirements may be so restrictive as to preclude a third-level consideration:
fabricability. The production engineer, however, should keep in mind that many of the
stainless steels, especially those in the 200 and 300 series, have fabrication character-
istics different from those of carbon steels. For example, more force is required in the
tools used to bend, draw, and cut, and slower cutting speeds and different tool geome-
tries are required for machining.

Table 2.2.11 shows relative fabrication characteristics of 200 and 300 series types.
Table 2.2.12 shows relative fabrication characteristics of 400 series types. The newer
duplex superferritic and superaustenitic alloys generally require greater attention dur-
ing fabrication. The producers of these materials should be contacted with regard to
specific fabrication requirements.

Cold Forming

The bending characteristics of annealed 200 and 300 series stainless steels are consid-
ered excellent, in that many types will withstand a free bend of 180° with a radius
equal to one-half the material thickness. In a controlled V block, the bend-angle limit
is 135°. As the hardness of the stainless steel increases, bending becomes more restric-
tive. Bend characteristics of the 400 series types also are good. However, these types
exhibit less ductility than 300 series types, and the minimum-bend radius is equal to
the material thickness.

The 200 and 300 series stainless steels can be stretched more than carbon steel and,
accordingly, have excellent stretch-forming characteristics. Types 301 or 201 are pre-
ferred for stretch-formed parts because they develop high strength during cold work-
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ing while retaining excellent ductility. Because of their work-hardening rate and rela-
tively low ductility, the 400 series types cannot be stretched severely without thinning
and fracturing. The low work-hardening austenitic grades such as type 305 (S30500)
offer excellent deep drawability. The ferritic 400 series can be processed to provide
deep drawability.

For cold-heading, types 304L (S30430), 305 (S30500), and 384 (S38400) are pre-
ferred within the 300 series because they work-harden less during cold working than
other 300 series types. Straight chromium types such as 430 (S43000), 410 (S41000),
and 409 (S40900) are readily cold-headed.

Hot Forming

Stainless steels are readily formed by hot operations such as rolling, extrusion, and
forging.

Machining

The machining characteristics of stainless steels are substantially different from those
of carbon or alloy steels and other metals. In varying degree, most stainless types are
tough and rather gummy, and they tend to seize and gall.

The 400 series steels are the easiest to machine, although they produce a stringy
chip that can slow productivity. The 200 and 300 series have the most difficult
machining characteristics, primarily because of their gumminess and secondarily
because of their propensity to work-harden at a very rapid rate.

There are three ways for production engineers to work around these conditions and
achieve adequate machinability: (1) They can specify that the bar for machining be in
a slightly hardened condition, which will result in a slight improvement in machining.
(2) They can order a stainless steel type with an analysis that is “better suited for
machining.” In such cases they would receive the same type specified by the designer,
in that the chemical composition, while altered slightly for better machining, would be
within the specified composition range. (3) They can order a free-machining stainless
steel.

In some of the stainless steels the sulfur, selenium, lead, copper, and/or phosphorus
contents are varied to alter machining characteristics. These alloying elements reduce
the friction between the workpiece and the tool, thereby minimizing the tendency of
the chip to weld to the tool. Also, sulfur and selenium form inclusions that reduce the
friction forces and transverse ductility of the chips, causing them to break off more
readily. The improvement in machinability in the free-machining stainless steels,
namely, types 303 (S30300), 303 Se (S30323), 430F (S43020), 430F Se (S43023), 416
(S41600), 416 Se (S41623), and 420F (S42020), is clearly evident in Fig. 2.2.9.

While the stainless steel types within each group in Fig. 2.2.9 have similar corro-
sion-resistance properties, they are not identical. The free-machining types have
slightly less corrosion resistance than their counterparts. The selenium-bearing grades,
types 303 Se (S30323), 430F Se (S43023), and 416 Se (S41623), are used when better
surface finishes are required or when cold working, such as staking, swaging, spin-
ning, or severe thread rolling, may be involved in addition to machining.
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FIGURE 2.2.9 Comparative machinability of frequently used stainless
steels and their free-machining counterparts. (Courtesy American Iron
and Steel Institute.)

Welding

Weld-rod selection is important because the filler metal should have a composition
equivalent to or more highly alloyed than the base metal; otherwise, the weld may not
have the same corrosion-resistance properties. (The American Welding Society issues
recommended practices.)

Chromium carbides can precipitate in the grain boundaries when stainless steels
are heated and cooled (as in welding) through a temperature range of about 430 to
900°C (800 to 1650°F). This lessens corrosion resistance, and if the steel is used sub-
sequently in corrosive environments, intergranular corrosion may occur. To prevent
such an occurrence in welded fabrications, low-carbon or extra-low-carbon stainless
steels are often used. These include types 304L (S30403), 316L (S31603), and 317L
(S31703). Also, some stainless steels are stabilized with niobium or titanium to help
prevent chromium carbide precipitation when service is in the 430 to 900°C (800 to
1650°F) range or when used in the as-welded condition. Among these are austenitic
types 321 (S32100) and 347 (S34700) and most of the ferritic grades such as types
409 (S40900) and 439 (S43900).
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Soldering and Brazing

Stainless steels can be soldered readily so long as proper techniques are employed.
With some types, special precautions must be observed on heating and cooling. The
300 series alloys require special care to avoid chromium carbide precipitation during
brazing, since the filler metal has a melting point above 430°C (800°F). If necessary,
extra-low-carbon types or niobium-stabilized types can be used. Titanium-stabilized
stainless types such as type 321 (S32100) or ferritic types 409 (S40900) or 439
(843900) are more difficult to braze.

AVAILABLE SHAPES, SIZES, AND FINISHES

Stainless steels are available from steel producers and steel service centers as sheet,
strip, plate, bar, wire, tubing, pipe, pipe fittings, fasteners, and other product forms.
Material under 3/8 in thick and over 24 in in width is classified as sheet, while that of
the same thickness but less than 24 in wide is classified as strip. Plate stock is % in
thick and over and more than 10 in in width.

Surface finishes available range from as hot-rolled to highly reflective polished
surfaces and include dull or bright cold-rolled and satin finishes.

Standard hot-rolled and cold-rolled bars include round, flat, square, hexagonal, and
octagonal cross sections. Available wire cross sections are similar in shape.

DESIGN RECOMMENDATIONS

Stainless steels must be utilized efficiently if they are to be competitive with lower-
cost metals. In some instances, it is possible to compensate for the higher cost per
pound of stainless steel by utilizing its high strength and corrosion resistance to
reduce the thickness of sections. For maximum economy, the following guidelines
should be considered:

o Use the least expensive stainless steel and product form suitable for the application.
e Use rolled finishes.

e Use the thinnest gauge required.

e Use a thinner gauge with a textured pattern.

e Use a still thinner gauge continuously backed.

e Use standard roll-formed sections whenever possible.

o Use simple sections for economy of forming.

o Use concealed welds whenever possible to eliminate refinishing.

o Use stainless steel types that are especially suited to manufacturing processes, such
as the free-machining grades.
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DIMENSIONAL FACTORS AND TOLERANCES

Tolerances for the various mill forms of stainless steels are given in the Steel Products
Manual: “Stainless and Heat-Resistant Steels” (Iron and Steel Society of AIME) and
in American Society for Testing and Materials (ASTM) specifications as follows:
ASTM A484 and A484M, Bars, Billets, Forgings; ASTM A480 and A480M, Plates,
Sheet, and Strip; ASTM A555 and AS555M, Wire and Wire Rods; ASTM AS511,
Mechanical Tubing; and ASTM A554, Welded Mechanical Tubing. Tolerances in these
specifications are comparable with those applicable to carbon and alloy steels (see
Parts 1 and 2).

BIBLIOGRAPHY
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CHAPTER 2.3
NONFERROUS METALS®

PART 1

ALUMINUM

Originally prepared by
William B. McMullin

Reynolds Metals Company
Richmond, Virginia

Updated by
Michael H. Skillingberg

Reynolds Metals Company
Richmond, Virginia

DEFINITION

Aluminum is an abundant, slightly blue-white metal of high strength-to-weight ratio.
Unalloyed, its melting point is 658.7°C (1218°F) and its specific gravity is 2.7, rough-
ly 35 percent that of iron and 30 percent that of copper. It is nonmagnetic and has high
thermal and electrical conductivity. Aluminum is resistant to corrosion and chemical
attack in many environments at normal temperatures largely due to the very thin
(0.025 pm) film of aluminum oxide that quickly forms on surfaces exposed to the
atmosphere. Aluminum is highly malleable in the pure form as well as in many
alloyed versions. Tensile strength ranges from 90 MPa (13,000 1bf/in?) in the pure,
annealed state to greater than 690 MPa (100,000 1bf/in?) when highly alloyed and
heat-treated.

*The data supplied in this chapter are believed to be reliable; however, no warrant is given, either ex-
pressed or implied, for the accuracy or completeness of this information. Neither the authors nor the publishers
assume any responsibility or liability for the use of the information contained herein.

2.4
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TYPICAL APPLICATIONS

Aluminum is used when some or all of the following properties are required: strength
with light weight, corrosion resistance, nontoxicity, electrical conductivity, and easy
machinability or formability. Aircraft structures and internal-combustion engine pis-
tons are two notable applications for which light weight and high strength are impor-
tant. Cooking utensils and beverage containers are examples where formability and
nontoxicity are essential. Other examples, for common aluminum alloys, are shown in
Table 2.3.1.

Corrosion resistance of higher-strength alloys can be improved by cladding with
purer alloys or applying a chemical or electrochemical coating.

MILL PROCESSES

Mill forms of aluminum are made by rolling, extruding, forging, and cold drawing.
Structural shapes such as I-beams, channels, angles, tees, and zees are generally made
by the extrusion process (see Chap. 3.1). Sheet, plate, and foil are commonly made by
a combination of hot and cold rolling large rectangular cast ingots to the desired thick-
ness. Light-gauge plate, sheet, and foil also can be produced from continuously cast
slab or coil stock depending on the exact product requirements. Rod and bar, other
than extruded, are also made by rolling, usually hot. They also can be cold-finished to
final dimensions to improve surface quality.

Wire is cold-drawn from redraw rod to its final form. Some tube products are also
brought to their final dimensions by cold drawing from extruded tube stock. A number
of hot- and cold-forging techniques are used to make a wide range of preforms and
near-net-shape final products.

GRADES FOR FURTHER PROCESSING

Aluminum alloys suitable for processing with all major metal-working processes are
available. For machining and forming operations, there are available grades of alu-
minum with processibility superior to that of steel or other materials. For other opera-
tions, techniques differ with aluminum but are not necessarily more difficult if carried
out properly. Table 2.3.2 lists the preferred aluminum alloys, from a processing stand-
point, for various manufacturing processes. Table 2.3.1 indicates the machinability,
formability, and weldability of common aluminum alloys.

Machining

In general, machining speeds can be faster and require considerably lower forces than
those for other materials of similar tensile strengths. Generally, the stronger, harder
alloys are easier to machine than soft alloys that tend to become gummy and have
longer, bigger chips.
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TABLE 2.3.2 Aluminum Grades Recommended for Processing by Various Methods

Alloy UNS Forms
Operation recommended designation Temper available Remarks
Machining, 2011 A92011 T3 Bar, rod Machinability:
grinding 300-1500
Forming 1100 A91100 0 Sheet, plate
Deep drawing 3003 A93003 0 Tubing
Warm extrusion 1100 A91100 Billets Extrudability: 150
6063 A96063 Extrudability: 100
6061 A96061
Forging 2014 A92014 Forging bars,
rods, billets
Cold heading 2024 A92024 T4 Most common
1350 A91350 Rod, bar, wire
1100 A91100 HI4 Most headable
6061 A96061 T6
Impact 1100 A91100 0 Rod and other
extrusion 3003 A93003 0 forms
Die casting 360 A03600 Ingots Most common
380 A03800 and most castable
413 A04130
Other castings B443 A24430 Ingots Very good
castability
Arc weldments 1060 A91060
1100 A91100 Various
1350 A91350 forms, Wrought alloys
B443 A24430 castings
Resistance 1100 A91100 Sheet, plate,
weldments 5052 A95052 etc.
Anodizing 5357 A95357 Sheet
5457 A95457
5557 A95557
Brazing 1000 A91000 Various Al-Si brazing
3003 A93003 forms alloys:
4047 (A94047)
4145 (A94145)
4343 (A94343)
Forming

Aluminum sheet and plate can be formed by any of the conventional methods current-
ly used. Softer tempers are normally preferred. Proper alloy selection is also important
because some alloys will work-harden more rapidly than others and may require
annealing between operations. Springback must be accounted for in all methods used.
Since aluminum has a relatively low modulus of elasticity, it must be overformed more
to accommodate springback.

When forming parts from aluminum sheet or plate, high elongation by itself is only
a partial index of ductility. The strength and the total spread between yield and ulti-
mate strength also must be considered. An alloy and temper that are soft and have a
wide spread will take more severe forming than other alloys.
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Joining

Fusion Welding. Gas metal arc (GMA) welding and gas tungsten arc (GTA) welding
are two fusion welding techniques commonly used for joining structural assemblies.
However, most of the structural alloys attain their strength by heat treating and/or
strain hardening, and welding may cause local annealing, which produces a zone of
lower strength along the weld seam. Some structural alloys are non-heat-treatable and
generally do not lose as much strength when welded as others. High-energy tech-
niques, such as laser-beam and electron-beam welding, can be used to reduce the
extent of the heat-affected zone when welding relatively thin sections. In addition,
new solid-state welding techniques, such as friction stir welding, have potential for
almost complete elimination of the heat-affected zone and may allow for the welding
of alloys previously classified as nonweldable. In all cases, proper joint preparation is
required. It is important that the surfaces to be welded are clean and free from grease
and oil. It is much better and easier to weld aluminum by a gas-shielded-arc method
than to weld with an open-flame torch. This method prevents the formation of hard
aluminum oxide on materials before they can be properly wetted by the liquid welding
components.

Resistance Welding. Aluminum also can be joined using resistance spot or resis-
tance seam welding using either ac or dc welding equipment. It is an ideal technique
for high-strength, heat-treatable alloys, since they can be welded with little or no loss
of strength. Because aluminum’s electrical conductivity is much higher than that of
steel, the current required is higher. While it is preferable that surfaces be clean and
free from grease and oil, some forming lubricants may be compatible with subsequent
spot-welding operations. Again, alloy selection is important, and the location and
design of the joint are also important.

Brazing and Soldering. With proper technique, aluminum also can be soldered or
brazed. The main difficulty is to break up the very tenacious aluminum oxide surface
coating that is always present. This is readily accomplished if the proper equipment
and procedures are used. Many special aluminum sheet alloys are available for brazing
applications, and most have designations specific to the mill that produces them.

Mechanical Fastening and Adhesive Bonding. These methods can be used effec-

tively with aluminum, including cases of joining dissimilar materials or gauges of
material (see Chaps. 7.1 and 7.5).

AVAILABLE SHAPES AND SIZES

Forms of aluminum available from mills include ingots for casting; plate, 6.3 to 200
mm (0.250 to 8 in) thick; sheet, 0.15 to 6.3 mm (0.006 to 1/4 in) thick; foil, 0.0063 to
0.15 mm (0.00025 to 0.006 in) thick; rods, 9.5 mm (3/8 in) or more in diameter; bars,
either square, rectangular, or hexagonal in cross section with one perpendicular
dimension between opposite faces of more than 9.5 mm (3/8 in) and up to 100 mm (4
in); wire (by definition less than 9.5 mm or 3/8 in in diameter or distance between
opposite faces) furnished with a round, square, rectangular, hexagonal, octagonal, or
flattened cross section; structural shapes such as I's, H’s, T’s, channels, angles and
Z’s; tubing from 4.8 mm (0.187 in) inside diameter with 0.9-mm (0.035-in) wall to
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270 mm (10.5 in) inside diameter with 19-mm (0.750-in) wall; and special forms like
tread plate, tooling plate, mold plate, tapered plate, and patterned sheet.

Special grades of aluminum are available for operations that are enhanced by cer-
tain properties. Examples are anodizing sheet, porcelain enameling sheet, and litho-
graphic sheet.

A typical mill length for rod and bar is 3.7 m (12 ft). Other lengths are available on
special order. Aluminum distributors generally stock most of the preceding structural
shapes, sheets, plates, bars, rods, and tubing.

ECONOMICAL PROCUREMENT QUANTITIES

Mill standard quantities in the United States are generally considered to be orders of
7000 1b or more for sheet and plate and 200 1b or more for wire, rod, and bar. For most
mill items, the base price applies to orders in the range of 40,000 1b each. Order sizes
between these amounts usually will be priced for quantity extras. Orders under the
minimum size should be placed with distributors, whose minimum order size is small-
er and is normally expressed in monetary terms rather than weight.

DESIGN RECOMMENDATIONS

When forming aluminum, use the largest bend radii possible in order to prevent tear-
ing of the metal at the corners. The minimum allowable radius depends on the alloy,
temper, stock thickness, and method of bending. Less ductile alloys, harder tempers,
and thicker sections require larger radii. Table 2.3.3 provides summary rule-of-thumb

TABLE 2.3.3 Minimum Recommended Bend Radii for 90° Cold Forming of Aluminum Sheet
and Plate

Radii in terms of stock thickness T.

Stock thickness

Temper and To 0.8 mm Over 0.8 to 3 mm Over 3 to 6 mm Over 6 to 13 mm
cold workability (to %5 in) (over %, to % in) (over % to % in) (over % to % in)
Soft tempers

A-B* 0 0 1T 14T

C-D* 0 1T 1'4-24T 2-4T
Medium tempers

A-B* 0-1T 12T 2-3T 34T

C-D* 34T 4-5T 5-6T 6-8T
Hard tempers

A-B* 1-14T 2-3T 34T 4-6T

C-D* 3-6T 4-6T 6-8T 8-11T

*Cold-workability rating from Table 2.3.1.
Source:  Aluminum Standards and Data, 1993, Aluminum Association, Inc., New York, 1993.
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minimum-bend radii for sheet and plate.

If aluminum components are attached to parts made from other metals, the facing
surfaces should be insulated so that galvanic corrosion is prevented. Zinc chromate or
zinc phosphate may be used on the aluminum, and the other metal should be primed
and painted with a good paint containing aluminum pigments. Precautions also should
be taken when aluminum surfaces come in contact with wood, concrete, or masonry. A
heavy coat of alkali-resistant bituminous paint should be applied. However, aluminum
embedded in concrete does not need painting unless corrosive additives, such as some
quick-setting compounds, have been added to the concrete.

Design recommendations in chapters covering the major manufacturing processes
apply generally to aluminum to the same extent as to other materials.

STANDARD STOCK TOLERANCES

Standard tolerances for various mill forms of aluminum products are presented in
Tables 2.3.4 through 2.3.7. Tighter tolerances than these may be obtainable, but most
manufacturers will supply them only after special inquiry and mutual agreement
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TABLE 2.3.5 Standard Width Tolerances of Sheared Flat Aluminum Sheet and Plate
Specified width, in
Up through Over 6 Over 24 Over 60 Over 96 Over 132
6 through 24 | through 60 through 96 | through 132 | through 168

Specified
thickness,
in Tolerance, in
0.006-0.124 e % *+% *+% %
0.125-0.249 % * % *+% *% ¥
0.250-0.499 +% +%6 +% +% +7s +%

Source: Condensed from Aluminum Standards and Data, Aluminum Association, Inc., Washington D.C., 1993.

TABLE 2.3.6 Standard Diameter Tolerances of Round Aluminum Wire and Rod

Tolerance, in; plus and minus except as noted; allow-
able deviation from specified diameter

Rolled rod
Specified Drawn Cold-finished

diameter, in wire rod Plus Minus
Up through 0.035 0.0005
0.036-0.064 0.001
0.065-0.374 0.0015
0.375-0.500 0.0015
0.501-1.000 0.002
1.001-1.500 0.0025
1.501-2.000 0.004 0.006 0.006
2.001-3.000 0.006 0.008 0.008
3.001-3.499 0.008 0.012 0.012
3.500-5.000 0.012 0.031 0.016
5.001-8.000 0.062 0.031

Source: Condensed from Aluminum Standards and Data, Aluminum Association, Inc., Washington D.C.,

1993.
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TABLE 2.3.7 Standard Tolerances for Distance across Flats: Square, Hexagonal,
and Octagonal Aluminum Wire and Bar

Tolerance, in, plus and minus, allowable deviation from
specified distance across flats

Specified Drawn Cold-finished Rolled bar
distance across flats, in wire bar
Up through 0.035 0.001
0.036-0.064 0.0015
0.065-0.374 0.002
0.375-0.500 0.002
0.501-1.000 0.0025
1.001-1.500 0.003
1.501-2.000 0.005 0.016
2.001-3.000 0.008 0.020
3.001-4.000 0.020

Source: Condensed from Aluminum Standards and Data, Aluminum Association, Inc.,
Washington D.C., 1993.
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PART 2

COPPER AND BRASS

Konrad J. A. Kundig, Ph.D.

International Copper Association
New York, New York

DEFINITION

Wrought-copper mill products consist of sheets, strips, rods, bars, drawn shapes,
wires, and tubes. Copper is either their major or virtually their sole ingredient. When
the “copper” designation is used, these products consist of 99.3 percent or more of
metallic copper. The balance may contain a number of elements, some intentional,
some as impurities, including oxygen, phosphorus, silver, and other metals.

Brass is a copper alloy with zinc as the principal alloying element with or without
small quantities of other elements. Bronze is a term that historically has referred to
copper alloys that have tin as the principal or sole alloying element. In modern usage,
the term bronze is seldom used alone. Phosphor bronze does utilize tin as the major
alloying element, and aluminum bronze, silicon bronze, tin bronze, and nickel-tin
bronze contain the respective named elements as the principal alloying addition.
Contact bronze, bearing bronze, and commercial bronze are all really brass alloys
(copper and zinc).

TYPICAL APPLICATIONS

Copper alloys, although considerably more expensive than ferrous materials on a pure-
ly materials-cost basis (except for some stainless alloys), nevertheless enjoy wide use.
There are two major reasons for this:

1. Copper, brass, and bronze are superior for further processing: forming, machining,
joining, and finishing. This property can reduce the total cost of the finished com-
ponent.

2. These alloys are particularly useful when a combination of properties is required.
Examples are electrical conductivity and spring action, corrosion resistance and
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TABLE 2.3.8 Copper Alloys with Excellent Cold-Working Properties

UNS alloy ASTM Common

designation specification Name applications

C11000 B-152 Electrolytic tough-pitch Electrical parts, switch gear

copper

C10200 B-152 Oxygen-free copper Electronic and radar equipment,
connectors, glass-to-metal seals

C16200 — Cadmium copper Pole-line hardware

C22000 B-36 Commercial bronze Electrical outdoor fixtures,
costume jewelry

C23000 B-36 Red brass Radiator cores, jewelry, fire
extinguishers

C26000 B-36 Cartridge brass Deep-drawn and spun parts, eye-
lets, small-arms cartridges

C26800 B-36 Yellow brass Versatile: for general drawing,
stamping, forming, spinning

C50500 B-103 Phosphor bronze Spring contacts, diaphragms,
instruments

C74500 B-206 Nickel silver Silver-plated ware, costume
jewelry, fishing reels, slide
fasteners

C22600 B-36 Jewelry bronze Jewelry findings, zippers

C24000 B-36 Low brass Jewelry findings, parts with large
upset heads, flexible hose

C66500 B-97 Silicon bronze A Tanks, vessels for chemical and
marine use

Source: Prepared from data provided by the Copper Development Association, Inc.

weldability, heat conductivity and solderability, machinability and corrosion resis-
tance, formability and nonmagnetic properties, and formability and wear resistance.

Typical applications of copper alloys in strip or sheet form are stampings, often of
intricate form and shape, that require electrical conductivity, corrosion resistance,
spring action, or joining to other components. Electrical connectors and spring con-
tacts are common examples.

Bars, rods, and drawn shapes serve as machining stock, most frequently for use in
automatic screw machines. Again, when electrical, anticorrosion, or antimagnetic
properties or easy joinability is required in the finished part, copper alloys (usually
brass) are more apt to be chosen. When machining is extensive, as in gear making,
these alloys are also apt to be advantageous.

Wire (excluding wire for electrical transmission) is usually used when forming
operations, including cold heading, impact extrusion, and simple bending, are used.
Typical parts are springs, screws and rivets, and jewelry components.

Tubing is used for fluid-carrying applications and is often utilized when compo-
nents formed from tubing by swaging, expanding, or bending are required. Water tube
is by far the dominant product in this category, but the category also includes level-
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TABLE 2.3.9 Copper Alloys with Excellent Hot-Working Properties

UNS alloy ASTM Common

designation specification Name applications

C10200 B-124, B-187 Oxygen-free copper Electrical and electronic parts,
heat sinks

C11000 B-152 Electrolytic tough- Switches, busbars, electronics

pitch copper parts, terminals, heat sinks

C28000 — Muntz metal Hot-forged parts

C38500 B-455 Architectural bronze

C46400 B-21, B-124, Naval brass Marine parts, bolts, nuts,

B-283 hardware

C37700 B-124 Forging brass Hot-forged and machined
parts

C67500 B-124 Manganese bronze A

C65100 B-98, B-99 Low-silicon bronze B Electrical contacts, outdoor
hardware, springs

C65500 B-99 Silicon bronze A Springs, small tanks, pole-
line hardware

C69400 B-371 Silicon red brass

C27400 — Yellow brass 63%

C64200 B-150 Pump parts, valve stems, gears,

worms, compression fittings

Source: Prepared from data supplied by the Copper Development Association, Inc.

TABLE 2.3.10 Copper Alloys with the Best Machinability

UNS alloy ASTM Machinability Common
designation  specification Name rating applications
C36000 B-16 Free-cutting brass 100 Versatile: meets 90% of
applications where brass is
indicated
C35600 — Extra-high-leaded 100 Clock and watch gears,
brass hardware, nuts
C38500 B-455 Architectural 90 Outdoor uses, hinges,
bronze lock bodies
C14500 B-301 Tellurium 90 Soldering iron tips, current-

carrying electrical parts,
which require machining

C37700 B-124 Forging brass 80 Forgings of all kinds
C32000 B-140 Leaded red brass 90 Pump bodies, pipe fittings,
valves
C14700 B-301 Sulfur copper 90 Blanked clock parts
C93700 B-22 Bushing and bearing 80 High-load, high-speed appli-
bronze cations, pumps, impellers,

pressure-tight castings

Source: Prepared from data provided by the Copper Development Association, Inc.

2.57
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wound air-conditioning/refrigeration (ACR) tube, heat exchanger/condenser tube, and
enhanced-surface tube.

MILL PROCESSES

Wrought products of brass and other copper alloys are made by hot and cold rolling,
extrusion, and cold drawing.

GRADES FOR FURTHER PROCESSING

Copper alloys are purchased for applications that benefit from their combination of
properties. Additionally, because of their high suitability to further processing, copper-
alloy mill products are often selected for applications that require a considerable
amount of further processing. Common operations include the following.

Cold Forming

Cold-forming operations performed on copper, brass, and bronze mill products involve
strip, sheet, rod, wire, tube, and sometimes plate forms. The following operations may
be employed: blanking, bending, and forming; drawing, including deep drawing; roll
forming; swaging; cold heading; impact extruding; and spinning.

Table 2.3.8 lists some common copper alloys that have an excellent cold-formabili-
ty rating. The table shows the Unified Numbering System (UNS) and the American
Society of Testing and Materials (ASTM) specification numbers, the common name of
the alloy, and its common applications. The alloys listed were chosen for relatively
low materials cost as well as for formability. Note that the five-digit UNS numbers for
copper metals are based on formerly used three-digit Copper Development
Association (CDA) numbers.

Note: In selecting a material for punch-press blanking with little or no forming, the
more machinable alloys are preferable to those listed in Table 2.3.8.

Hot Forming

Hot-forming operations include forging, extruding, and hot upsetting. Table 2.3.9 lists
a number of alloys rated excellent or good in hot formability.

Machining

There are many highly machinable brasses. These materials are favored by screw-
machine operators because they can be machined with high surface speeds, provide
long tool life, hold dimensions well, and yield parts with excellent surface finish.
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However, not all copper alloys have good machinability. The alloys that are suitable
for forming operations may be too soft and will cut less cleanly, requiring greater care
in establishing machining parameters, tool geometries, etc. Cutting speed and tool life
will be affected. Conversely, free-cutting alloys usually are not particularly well suited
for use in cold-forming operations. Table 2.3.10 lists the specifications of the more
machinable copper alloys.

Welding
The more weldable copper alloys are the following:

UNS alloy C12200 (ASTM B152) : Phosphorus deoxidized copper: This formula-

TABLE 2.3.11 Thickness Tolerances of Flat Wire, Strip, and Sheet

Width

Nominal Flat wire to Strip to Sheets to

thickness 31 mm (1% in) 500 mm (20 in) 1.5 m (60 in)
Up to 0.33 mm *0.025 mm +0.025 mm +0.090 mm
(Up to 0.013 in) (£0.001 in) (*+0.001 in) (*+0.0035 in)
Over 0.33 to 0.52 mm *+0.033 mm +0.038 mm +0.088 mm
(Over 0.013 to 0.021 in) (+0.0013 in) (=0.0015 in) (+0.0035 in)
Over 0.52 to 1.27 mm *+0.033 mm +0.05 mm *0.13 mm
(Over 0.021 to 0.050 in) (+0.0013 in) (+0.002 in) (%= 0.005 in)
Over 1.27 mm to 4.7 mm *+0.05 mm +0.088 mm *0.2 mm
(Over 0.050 to 0.188 in) (=0.002 in) (=0.0035 in) (+0.008 in)

Note: Allow 50% greater tolerances to the following alloy families: beryllium copper, manganese bronze
and inhibited admiralty bronze, copper nickel, nickel silver, and phosphor bronzes.

Source: Prepared by condensing data provided by the Copper Development Association, Inc.

TABLE 2.3.12 Thickness Tolerances of Plates and Bars (Rectangular)

Width

Nominal Bar to 300 mm Plate to 500 mm  Plate to 900 mm  Plate to 1.5 m

thickness (12 in) wide (20 in) wide (36 in) wide (60 in) wide
Over 4.7 to 13 mm *0.11 mm *0.13 mm *+0.25 mm *+0.35 mm
(Over 0.188 to 0.500 in)  (*0.0045in)  (£0.005 in) (*+0.010 in) (+0.014 in)
Over 13 to 25 mm *+0.18 mm *+0.23 mm *+0.45 mm +0.60 mm
(Over 0.500 to 1.00 in) (+0.007 in) (+0.009 in) (=0.018 in) (%=0.024 in)
Over 25 to 50 mm *+0.60 mm *+0.60 mm *+0.70 mm *+0.90 mm
(Over 1.00 to 2.00 in) (+0.024 in) (+0.024 in) (*+0.028 in) (%£0.036 in)

Note: Allow 30% greater tolerances for the following alloy families: beryllium copper, copper nickel,
manganese bronze, inhibited admiralty bronze and nickel silver, phosphor bronze, silicon bronze, and Muntz
metal.

Source: Prepared by condensing data provided by the Copper Development Association, Inc.
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TABLE 2.3.13 Diameter Tolerances of Cold-Drawn Copper-Alloy Rod (Round, Hexagonal,
and Octagonal)

Tolerance

Diameter or distance
between parallel surfaces Round Hexagonal, octagonal
Up to 3.75 mm *0.033 mm *0.063 mm
(Up to 0.150 in) (=0.0013 in) (%=0.0025 in)
Over 3.75 to 12.5 mm *+0.038 mm *+0.075 mm
(Over 0.150 to 0.500 in) (%£0.0015 in) (%£0.003 in)
Over 12.5 to 25 mm *+0.05 mm *+0.10 mm
(Over 0.500 to 1.00 in) (%=0.002 in) (%=0.004 in)
Over 25 to 50 mm *+0.063 mm +0.13 mm
(Over 1.00 to 2.00 in) (%=0.0025 in) (%£0.005 in)
Over 50 mm *+0.15% *+0.30%

(Over 2.00 in)

Note: For forging brass and the other materials listed in the note under Table 2.3.11, add 33% to these
values.

Source: Prepared by condensing data provided by the Copper Development Association, Inc.

TABLE 2.3.14 Diameter Tolerances or Tolerances on the Distance between Parallel
Surfaces of Extruded or Hot-Rolled Rods of Round or Other Shape

Diameter or distance Tolerance, extruded round, square,
between parallel surfaces rectangular, hexagonal, and octagonal sections
Up to 25 mm *0.25 mm
(Up to 1.00 in) (%£0.010 in)

Over 25 to 50 mm *+0.38 mm
(Over 1.00 to 2.00 in) (%£0.015 in)
Over 50 to 75 mm *0.63 mm
(Over 2.00 to 3.00 in) (%=0.025 in)
Over 75 to 88 mm +0.88 mm
(Over 3.00 to 3.50 in) (%£0.035 in)
Over 88 mm to 100 mm *+1.5 mm
(Over 3.50 to 4.00 in) (%=0.060 in)

Note: For materials listed in the note under Table 2.3.11 or for hot-rolled rod, add 30% to
these values.

Source: Prepared by condensing data provided by the Copper Development Association, Inc.

tion is suitable for welding, brazing, and soldering. In tubing form, it is used for
hydraulic lines for oil, gas, air, and other fluids.

UNS alloys C65500 and C65100 (ASTM B99 and BI05) : Silicon bronze: These
alloys and related compositions are used as welding rod and wire for tanks and ves-
sels and structures in the chemical and marine industries. Large quantities are con-
sumed in automobile assembly and for the welding of galvanized steel.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



NONFERROUS METALS*

-ouf ‘uonerdossy yuawdoroad 1oddo) ay) £q pepraoid ejep Sursuapuos £q paredarq :224nog

+azuoiq 1oydsoyd pue ‘azuoiq
uodIyIs-y31y ‘fayyoru raddoo ‘1oddoo wnif[A19q ‘sseiq wnUIWNE ‘SSeIq [BARU PUEB A)[RIIWPE PAIQIYUI :SIN[BA ISIY) 0} PAPPE 9q P[NOYS %G| ‘SAO[[e SUIMO[[O] Y} IO  :2JON

%9F (Ur910°0%) (Urz10°0) (Uroro’0=) (Uro10°0=*) (ur Q[ 03 L 19AQ)
%9F wuw 0f'0F wu 0¢°0F wuw Gz 0F wuw §7'0F wu 06z 03 GLT A0
%9+ (U $10°0%) (U1 6600°0%) (ur 6£00°0%) (ur L00°0=+) (ur £ 01 § 19AQ)
%9F wuw G¢'0F ww $7°0% wuw 6['0F wuw §1°0F wuw G/ 01 001 10
%SF (Urz10°0=) (U1 6200°0%) (ur 6600°0%) (U1 £00°0%) (ur §%00°0) (ur § 03 ¢ 10AQ)
%S+ wuw 0¢°0F wuw 61°0F wuw $°0F ww [ 0F wuw [['0F wuw (O] 03 0§ 1PAQ
%S+ (Uro10°0*) (U1 6500°0) (U1 $00°0) (ur €00°0¥) (U1 z00°0¥) (ur €00°0) (ur g 01 [ 10AQ)
%S+ wuw §7°0F wuw 10 F ww O['0F wuw G/0'0F ww 60'0F wuw G/0'0F wut 0§ 03 G7 J9AQ
(U1 600°0%) (U1 6600°0) (U1 $00°0%) (U1 6200°0¥) (Ur¢100°0%) | (U 6TOO'0F) (ur [ 01 % IAQ)
wuw €7°0F wuw 10 F ww O[0F wu €900+ wuw 8¢ 0F wuw €90°0F wui ¢7 03 9] I9AQ
(ur ¢%00°0%) (U1 $€00°0) (U1 62000+ (U1 100°0) (urz00'0) (ur % 01 % 19AQ)
ww [[0F ww 880°0F ww €90°0F wuw 6700+ ww 600+ wuw 9] 03 ¢ JAQ
(ur €00°0+) (ur €00°0) (U1 Z00'0+) (U1 z00'0=+) (ur% 03dn)
(ww 620°0F wuw G/0'0F ww 60'0F wuw §0'0F wuw ¢ 03 dn

(urpg¢0)  (Urp8e0-91°0) (U G9I0-¢80°0) (U €80'0-S€0°0)  (UI G€0°0—810°0) (ur810°0) QOUEID[O} Iojwer(q

$'6 1980 wuw ¢'6 01 1Y Ww ¢4 0180°C  WW )70l W 88 () 0S40 wut G0 OL Iojowerq

QOUBID[O) PUB SSAUNITY) [[BAN

Surqny, SSo[WEaS puNoy J0j SOOUBI[OL, SSAUNOIY] -[[EA PUB IJoWeL] GL°€Z 19V.L

2.61
Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)

Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



NONFERROUS METALS*

2.62 ECONOMICAL USE OF RAW MATERIALS

Other alloys with good or excellent weldability using the GTAW or GMAW weld-
ing processes include oxygen-free copper, chromium copper, cadmium copper, red
brass (85 percent), low brass (80 percent), phosphor bronze, copper nickels, and alu-
minum bronzes. Leaded alloys generally cannot be welded.

Casting

Copper alloys are commonly used when corrosion resistance, electrical conductivity,
good bearing surface, or other properties of these materials are required in the func-
tion of a given product. Casting permits a freedom of shape not always possible with
other processes. While many copper and brass alloys are castable, those with the high-
est castability in sand molds are high-lead tin bronze, leaded red brass, and leaded
semired brass. Yellow brasses, silicon brasses, and other short-freezing-range alloys
are particularly well suited to permanent mold-casting processes.

Soldering and Brazing

Almost all copper alloys are well suited for soldering and brazing. Exceptions are the
aluminum bronzes and beryllium coppers, which may require plating or other special
steps before soldering.

Springs

Copper-alloy springs are used when corrosion resistance, electrical conductivity, or
some other special property is required in addition to the spring action. Copper alloys
most suitable for springs are cartridge brass 70 percent, C26000, the most economical;
phosphor bronze 5 percent A, C51000, the most widely used; phosphor bronze 8 per-
cent C, C52100, used for more severe conditions; phosphor bronze 10 percent D,
C52400, used for extreme conditions; nickel silver 55-18, C77000, used for corrosive
environments; and nickel silver 65-12, C75700, which is less costly than C77000.

Demanding requirements of electronic, communications, automotive, and military
equipment have prompted use of improved spring materials for electrical and some-
times mechanical uses. These include beryllium coppers C17700, C17400, and
C17500 (automotive), nickel-copper C70250 (automotive, high duty), aluminum
bronze C63800 and aluminum brass C68800 (properties similar to phosphor bronze
but more formable), silicon bronze C65400 (peripheral connectors for computers),
copper-iron-phosphorous-cobalt alloy C19500 (high conductivity), and high-strength
spinodal copper-nickel-tin alloys such as C72500.

AVAILABLE SHAPES AND SIZES

Flat wire, strip, and sheet are terms used to designate brass and other copper alloys
rolled or drawn to thicknesses of 0.188 in or less. The terms bar and plate refer to flat
products of a greater thickness than 0.188 in. See Tables 2.3.11 and 2.3.12. Strip is
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available in thicknesses from 0.005 to 0.188 in and in widths to 20 in. Sheet is avail-
able in thicknesses from 0.010 to 0.188 in and in widths from 20 to 60 in.

The largest standard bar and plate thickness for most mills is 2 in. Round stock is
referred to as wire if it is furnished wound or in coils and as rod if it is furnished in
straight lengths. The standard lengths for rods are 6 to 14 ft. The minimum standard
diameter for round rods is 0.25 in; the maximum standard diameter for most mills is 3
in. Wire (excluding electric wire) ranges, in standard sizes, from 0.010 to 0.75 in in
diameter. The term rod is also applied to pieces with hexagonal and octagonal cross
sections. See Tables 2.3.13 and 2.3.14.

Copper-alloy tubing is available in a variety of diameters and wall thicknesses.
Both thin- and heavy-wall varieties are available. Diameters range from 0.125 to 12 in
and wall thicknesses from 0.010 to 0.625 in. Nonround tubing and round tubing with
nonround holes are also available. Round copper tubing for refrigeration and automo-
tive use comprises a major portion of the output of some mills. See Table 2.3.15.

Extruded shapes in brass and copper are available from mills and from custom
extruders. Although brass is not the most readily extrudable metal, numerous sections
can be produced, especially with commercially pure and modified copper, copper
nickel 10 percent, C65100, and C65500. See Chap. 3.1 for further information on
extruded copper-alloy sections.

DESIGN RECOMMENDATIONS

Because copper and brass alloys are easy to process, there are few design recommen-
dations that would not be equally applicable to other materials. There are, however,
some points that should be kept in mind by the designer:

1. Copper and brass are not inexpensive materials on an initial price basis compared,
for example, with steel and aluminum. If the application does not demand the spe-
cial properties of copper or brass (e.g., processibility, corrosion resistance, electri-
cal conductivity), it may be more economical to use other materials, e.g., plated
steel. Total cost of the part should be the determining factor.

2. Similarly, it is generally preferable, if possible, to use methods such as cold head-
ing, extrusion, and press forming instead of machining to avoid the material loss
(in the form of chips) that is inherent in machining, despite the fact that machining
chips of copper alloys have a high salvage value.

3. Although further processing of copper and brass alloys is economical, it is advis-
able, if possible, to design parts so that they utilize stock sizes and shapes with a
minimum of further operations.

4. For the lowest-cost further processing, it is important that the correct alloy be spec-
ified. Easily formable alloys are not usually easily machinable. Good alloys for
cold forming may not be satisfactory for hot forming. Designers must consider the
process involved as well as the other factors before specifying a particular copper
alloy.

*Updated with the assistance of The International Magnesium Association.

2.63
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STANDARD STOCK TOLERANCES

Tables 2.3.11 through 2.3.15 provide tolerance data for commercial forms of wrought
copper alloys.
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PART 3
MAGNESIUM*

PROPERTIES

Magnesium is the lightest metal of those available in quantity and suitable for general
structural and product-component use. Its specific gravity is 1.74 in the pure state,
whereas alloys average 1.80. This is about 66 percent of the specific gravity of alu-
minum and only 24 percent of that of steel. Magnesium melts at 651°C (1204°F). Its
tensile yield strength (when alloyed) ranges from about 75,000 kPa (11,000 Ibf/in?) to
260,000 kPa (38,000 1bf/in?), with wrought forms having higher values than castings.

Magnesium has good damping properties, better thermal conductivity than steel,
and lower electrical conductivity than copper and aluminum but higher than iron and
steel. It is not very wear resistant, so bushings and wear pads should be of other mate-
rials unless the bearing pressure, velocity, and temperature are low.

Magnesium has good stability in normal atmospheric exposure. It is resistant to
attack by hydrocarbons, alkalis, and some acids, but it is attacked by seawater and
most salts and acids. Magnesium is flammable at high temperatures, but in practical
use, a large part must be raised entirely to the melting point for it to burn freely. Care
must be taken, however, to avoid ignition of fine particles such as powder, chips, or
turnings. The cost of magnesium is higher than that of aluminum.

TYPICAL APPLICATIONS

The prime application for magnesium is lightweight structural components. Sound-
resonator diaphragms, sound-damping and -shielding components, and plates for pho-
toengraving are other applications, but these account for only a small portion of total
use.

Since the yield strength of magnesium alloys diminishes above 230°C (450°F), its
use is most common where atmospheric, indoor, or other moderate temperatures pre-
vail. It is also most commonly found in applications in which low stresses are
involved. Magnesium is used in machine parts with an oscillating motion in order to
reduce vibration- or inertia-induced stresses.

Historically, the typical applications of magnesium have been aircraft-engine cast-
ings; aircraft and automotive wheels; high-speed impellers; ladders; loading ramps;
sporting goods; housings for portable power tools such as chain saws, drills, and
sanders; various aircraft structural parts; office equipment; hand trucks; grain shovels;
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gravity conveyors; foundry equipment; lawn-mower housings; electric-motor hous-
ings; and electronics mounting bases. More recently, automotive uses have expanded
to such applications as clutch and brake pedal support brackets, steering column sup-
ports, seat frames, transmission housings, and instrument panel structures. Magnesium
alloys are used increasingly for parts that operate at high speeds such as computer
disk-drive armatures, where light weight minimizes inertial forces.

MILL PROCESSES

Magnesium is produced mainly by the electrolysis of magnesium chloride salts, which
are obtained from seawater and other sources. It is then remelted and/or refined,
alloyed, and cast into ingots, billets, or slabs. If wrought forms are involved, it can be
extruded or rolled into many different shapes and sizes.

GRADES FOR FURTHER PROCESSING

Machining

All magnesium alloys are highly machinable. They can be processed at higher surface
speeds and with greater depths of cut than other structural materials. Smooth surface
finishes can be produced without the need for finish grinding and polishing. Power
requirements per unit volume of metal removed are also the lowest among these met-
als. For fire protection, tools must be kept sharp and be constantly bathed in curring
fluid.

The differences in machinability of magnesium alloys are not significant.
Therefore, no specific alloy need be specified to ensure machinability. However,
AZ31B (M11311) and AZ61A (M11610) are generally specified for screw-machine
work. MIA (M15100) is not quite so freely cutting as other magnesium alloys. The
surface finish of machined magnesium can be maintained at exceptionally fine values
even with heavy cuts and high cutting speeds. Close tolerances can be held if care is
exercised to prevent expansion of the workpiece from heat and if clamping distortion
is avoided.

Forging

Magnesium alloys generally forge more satisfactorily by hydraulic press than by drop
hammer. However, alloys MIA (M15100), AZ31B (M11311), and TAS4A (M18540)
are drop-hammer-forgeable, the last-named being developed expressly for this method
of processing. Other forging alloys are ZK60A (M16600), AZ8OA (M11800), HK31A
(M13310), and HM21A (M13210); of these, ZK60A is the most easily forged. AZS0OA
provides strong forgings and is processible by hydraulic press, while HK31A and
HM21A are used for higher-temperature applications.
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TABLE 2.3.16 Size Range of Available Mill Forms of Magnesium Alloys

Form Thickness range Width Length
Sheet 0.4 to 6.3 mm 0.6to1.2m 24t055m
(0.016-0.250 in) (24-48 in) (96-216 in)
Plate 6.3 to 150 mm 1.2m 2.4t03.6m
(0.250-6.0 in) (48 in) (96144 in)
Bar and rod 3.2 to 90 mm 25 to 150 mm 3.6m
(0.125-3.5 in) (1-6 in) (12 ft)
Tube 1.6- to 6.3-mm wall 12.7- to 100-mm
(0.065- to 0.250-in) wall (0.5- to 4-in) diameter

source:  From AMCD 706-100.

Extrusion

AZ31B (M11311) is a good alloy for general-purpose extrusions; it has excellent
extrudability. Other suitable alloys are AZ61A (M11610), AZ8OA (M11800), and
ZK60A (M16600). AZ61A has improved strength but slightly reduced formability,
whereas ZK60A has further improved properties and is heat-treatable.

Press Forming

Magnesium sheet can be sheared, blanked, pierced, formed, spun, roll-formed, and
deep-drawn. However, most forming operations are performed at elevated tempera-
tures, usually up to about 290°C (550°F), with slow rates of deformation, particularly
if the amount of working is severe. Annealed stock is preferred to unannealed or hard-
rolled material if any substantial deformation is required. Casting alloys are not rec-
ommended for forming operations after casting. Alloys suitable for forming in order
of decreasing formability are ZEIOA-0 (M16100-0), AZ31B-0 (M11311-0), HK31A-0
(M13310-0), ZE1OA-H24, AZ31B-H24, and HK31A-H24. Alloy AZ61A (M11610)
provides cleanly sheared or blanked edges for parts requiring these operations without
severe forming.

— Min.> 013 H
7\I

I Min.>05H T/ 2
Tw (); |}

“vam l 7777

{174 in)
FIGURE 2.3.1 Sidewalls of magnesium forgings should be at least as heavy as
indicated by these two examples.
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FIGURE 2.3.2 Ribs in magnesium forgings should be at least as heavy as
the ribs in these two examples.

- I :
Radius Radius 1/2W

less than or greater
172 W

Not this This
FIGURE 2.3.3 Minimum top radius of ribs in magnesium forgings.

Sand Casting

The most common casting alloys are AZ63A (M11630) and AZ92A (M11920)
because of their good castability and high strength. Other commonly used alloys are
AMS0A (M11800), AZ91C (M11914), and AM100A (M10100). Alloys containing
rare earths (EK30A, EK33A, EK41A, ZE41A [M16410], ZK51A [M16510], and
ZK61A [M16610]) have good properties and casting characteristics but are somewhat
more costly. HK31A (M13310) is used for high-temperature applications.

L>20T Pern?anent-MoId and Plaster-Mold
l Casting

) AZ91E (M11918) is the most commonly

T used alloy. Others frequently used are

T AZ63A (M11630), AMIOOA (M10100),

and AZ91C (M11914). Rare-earth alloys

Not this EK(310A, EK41A, and EZ33A also can be
used.

FIGURE 2.3.4 Limits of length-to-thickness
ratio of thin legs in the cross sections of magne-
sium extrusions.
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Investment Casting

2.69

AMI100A (M10100) and AZ92A (M11920) are the recommended alloys.

Die Casting

}*—Blonk diamefer,D‘—H

VIO ITIIIIT IO TSI IITIIIS ]

Drawn part "‘

diameter, D,

—

Dy- Dp< 25% of Dy

FIGURE 2.3.5 For magnesium alloy AZ31A-0
(annealed), the maximum percent reduction in
cold drawing is 25 percent. For other anneal mag-
nesium alloys, the maximum ranges from 15 to
25 percent.

AZ91D (M11916) is the most frequently
used die-casting alloy. AZ91B (M11913)
is lower in cost, whereas AZ91D has bet-
ter saltwater-corrosion resistance.
AM60B (M10602) and AMS50B are also
used commonly.

Arc Welding

Most magnesium alloys, both wrought
and cast, are arc-weldable. The gas-tung-
sten-arc (GTAW) process is the best for
magnesium. Some alloys, specifically the
Mg-Al-Zn series and alloys that contain
more than 1 percent aluminum, require
postweld stress relieving to prevent
cracking. MIA (M15100) and other
alloys containing manganese, rare earths,
zinc, or zirconium do not require stress

relieving and hence are preferred for
assemblies requiring extensive welding.
(See also Table 7.1.3.)

TABLE 2.3.17 Minimum-Bend Radii for Round Magnesium Tubing Bent at
Room Temperature

Minimum-bend radius*

Wall thickness Y2 D %D %D
AZ61A (M11610) unfilled 5D 2% D 2/ D
AZ61A (M11610) filled ¥ 2% D 2% D 2D
AZ31B (M11311) unfilled 6D 4D 3D
AZ31B (M11311) filledt 3D 2D 2D
MIA (M15100) unfilled 6D 6D 2% D
MIA (M15100) filled+ 6D 3D 2% D

*Centerline bend radius as a ratio of tube outside diameter D.
fFilled with low-melting-temperature alloy.

Source:  Adapted from Metals Handbook, 9th ed., American Society for Metals, Metals
Park, Ohio, 1979.
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Brass insert

Narrow boss

Sharp corner
Notch

Not this

Riser

Steel insert
Wide boss

—_— Gentle radius

g No notch

Vo

This

FIGURE 2.3.6 Magnesium sand-mold-casting practice
with respect to inserts.

Gas Welding

This process generally is not recommended for magnesium alloys because they are
susceptible to corrosion from flux. Normally, gas welding of magnesium is limited to
emergency repairs of thin-gauge stock.

Resistance Welding

AZ31B (M11311) and M1A (M15100) are the most common alloys to be resistance
welded. Spot and seam welding can be employed. Spot welding is the usual process
for sheet up to 0.5 mm (0.020 in) thick. AZ31B, AZ61A (M11610), and AZ80OA
(M11800) are suitable for flash welding. However, M1A is difficult.

Brazing

This process is not widely used with magnesium components but has been carried out
with alloy M1A (M15100).
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Weldments and Other Assemblies

Butt and fillet joints are preferred to lap joints for arc-welding magnesium. They are
easier to weld and provide more satisfactory results in service. The minimum stock
thickness for arc-welding magnesium is 0.8 mm (0.032 in). Thick plates up to the
thickest available can be welded satisfactorily.

Spot and seam welds are of limited fatigue strength but are satisfactory for lower-
stress applications. Riveted and bonded assemblies are often more satisfactory in
joints subject to vibration or other high intermittent or cyclic stress. Spot welds in
magnesium sheets of unequal thickness with a thickness ratio greater than 2':1 are
not recommended.

Adhesive joints for magnesium should be lap joints with a large bonded area. Thin-
sheet components can be bonded effectively, and bonding makes a more satisfactory
assembly with thin stock than can be made by riveting.

Riveted joints of magnesium sheets or plates should utilize rivets of aluminum to
avoid galvanic corrosion. Quarter-hard 5056 alloy is commonly used. Press fits in
magnesium require considerable interference between the press-fit component and the
base component. Table 2.3.18 provides information on normally recommended inter-
ference dimensions.

TABLE 2.3.18 Recommended Diametral Interference for Press Fit and Shrink Fit of Steel
Inserts in Magnesium

Operating temperature

Outer diameter Magnesium wall

of insert, thickness,
mm (in) mm (in) 21°C (70°F) 38°C (100°F) 93°C (200°F) 148°C (300°F)
12.7 (0.5) 1.5 (0.062) 0.010 mm 0.012 mm 0.023 mm 0.033 mm
(0.0004 in) (0.0005 in) (0.0009 in) (0.0013 in)
25 (1.0) 2.4 (0.094) 0.015 mm 0.025 mm 0.043 mm 0.063 mm
(0.0006 in) (0.0010 in) (0.0017 in) (0.0025 in)
50 (2.0) 3.2 (0.125) 0.025 mm 0.038 mm 0.079 mm 0.12 mm
(0.0010 in) (0.0015 in) (0.0031 in) (0.0047 in)
75 (3.0) 4.0 (0.156) 0.038 mm 0.061 mm 0.12 mm 0.18 mm
(0.0015 in) (0.0024 in) (0.0047 in) (0.0072 in)
100 (4.0) 4.8 (0.188) 0.053 mm 0.086 mm 0.16 mm 0.24 mm
(0.0021 in) (0.0034 in) (0.0062 in) (0.0096 in)
125 (5.0) 5.5(0.218) 0.071 mm 0.11 mm 0.20 mm 0.31 mm
(0.0028 in) (0.0044 in) (0.0080 in) (0.0121 in)
150 (6.0) 6.3 (0.250) 0.091 mm 0.13 mm 0.25 mm 0.37 mm

(0.0036in)  (0.0053in)  (0.0098 in)  (0.0147 in)

Source: Metals Handbook, 9th ed., American Society for Metals, Metals Park, Ohio.
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STANDARD STOCK TOLERANCES

Standard thickness tolerances for magnesium plate and sheet are shown in Table
2.3.19. Cross-sectional tolerances for other magnesium products are shown in Table
2.3.20.

TABLE 2.3.19 Thickness Tolerances for Magnesium Flat and Coiled Sheet and Plate

Thickness tolerance, in;, plus and minus
Specified widths, in

Specified Upto 18 Over 18 Over 48 Over 60
thickness, in inclusive through 48 through 60 through 72
0.016-0.036 0.002 0.0025 0.005 0.005
0.037-0.068 0.0025 0.004 0.006 0.006
0.069-0.096 0.0035 0.004 0.006 0.006
0.097-0.125 0.0045 0.005 0.007 0.007
0.126-0.172 0.006 0.008 0.009 0.014
0.173-0.249 0.009 0.011 0.013 0.018
0.250-0.438 0.019 0.019 0.020 0.023
0.439-0.875 0.030 0.030 0.030 0.030
0.876-1.375 0.040 0.040 0.040 0.040
1.376-1.875 0.052 0.052 0.052 0.052
1.876-2.750 0.075 0.075 0.075 0.075
2.751-4.000 0.110 0.110 0.110 0.110
4.001-6.000 0.135 0.135 0.135 0.135

Source: Condensed from data supplied by the Dow Chemical Company.
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TABLE 2.3.20 Standard Tolerances for Extruded Magnesium Bars, Rods, and Shapes (Cross-
Sectional Dimensions)

Tolerance, in, plus and minus

Allowable deviation
from specified
dimension when 75%
Specified dimension, in or more of the dimension is metal ‘Wall thickness

Circumscribing circle sizes less than 10 in in diameter

0.124 and under 0.006

0.125-0.249 0.007

0.025-0.499 0.008 10% of specified dimen-
0.500-0.749 0.009 sion; 0.600 maximum,.
750-0.999 0.010 0.010 minimum
1.000-1.499 0.012

1.500-1.999 0.014

2.000-3.999 0.024

4.000-5.999 0.034

6.000-7.999 0.044

8.000-9.999 0.054

Circumscribing circle sizes 10 in in diameter and over

0.124 and under 0.014

0.125-0.249 0.015

0.250-0.499 0.016

0.500-0.749 0.017

0.750-0.999 0.018

1.000-1.499 0.019

1.500-1.999 0.024

2.000-3.999 0.034 15% of specified dimen-
4.000-5.999 0.044 sion; 0.090 maximum,
6.000-7.999 0.054 0.015 minimum
8.000-9.999 0.064

10.000-11.999 0.074

12.000-13.999 0.084

14.000-15.999 0.094

16.000-17.999 0.104

18.000-19.999 0.114

20.000-21.999 0.124

22.000-23.999 0.134

Note: Dimensions enclosing hollow spaces may require 2 to 4 times the tolerances shown above. The tol-
erances applicable to a dimension composed of two or more component dimensions is the sum of the tolerances
of the component dimensions if all the component dimensions are indicated.

Source: Courtesy the Dow Chemical Company. These tolerances are applicable to the average shape;
wider tolerances may be required for some shapes, and closer tolerances may be possible for others.
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PART 4
OTHER NONFERROUS METALS

The variety of nonferrous metals available to the design engineer is very broad. In fact,
every known metallic element has some industrial use. The metals covered by this
chapter, however, are those which have significant use in applications for which they
are the major alloying ingredient and for which their use is more or less structural.

Metals whose prime applications are as part of chemical compounds, as coatings or
as secondary alloying elements, are not covered in this chapter. Instead, they are cov-
ered to the degree appropriate in other chapters, e.g., as electroplated coatings, stain-
less steel alloying ingredients, dip coatings, etc.

These other nonferrous metals are specified when they have properties superior to
those obtainable from the more common ferrous and nonferrous metals. One common
advantage found in many of them is superior corrosion resistance. Another property
necessary for some applications is higher-operating-temperature capability. Some of
these metals have superior wear resistance; others have better electrical properties.
Some are specified because of their appearance advantages. Most of them are more
expensive than steel, aluminum, copper alloys, or magnesium. They are used in appli-
cations for which their support properties are worth the extra cost.

One exception in the group is the use of zinc for die castings. In this case, the
prime advantage is manufacturing economy rather than special physical properties.

ZINC AND ITS ALLOYS

Zinc is a blue to gray metal that has a specific gravity of 7.1 and melts at 419°C
(786°F). Its tensile strength in the wrought state ranges from 110 to 300 MPa (16,000
to 43,000 1bf/in?). Zinc ranks third in worldwide consumption of nonferrous alloys
(after aluminum and copper).

Zinc possesses inherent ductility and malleability. The superplastic alloy (Zn-22
Al) is very workable, especially at an elevated temperature of 260°C (500°F). Zinc
also possesses fairly good corrosion resistance. Its solubility in copper accounts for
the wide availability of brass alloys. Zinc’s high place in the electromotive series
accounts for its use as a galvanic protective coating for steel.

For structural applications, zinc is seldom used in the unalloyed state. However, the
major use of zinc is nonstructural: 42 percent of current production is for galvanic
coatings; 32 percent, for die-casting alloys; 16 percent, for brass; 6 percent, for rolled
zinc; and 4 percent, for other applications.

A major use of wrought zinc is in the construction field: Roofing, flashing, gutters,
leaders, downspouts, termite shields, and weather stripping are all made from sheet
zinc. Other uses of sheet zinc are eyelets, meter cases, dry-battery cups, flashlight

2.74

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



NONFERROUS METALS*

NONFERROUS METALS 2.75

reflectors, fruit-jar caps, radio shielding, gaskets, nameplates, and parts for lamps.
Wrought zinc is also used for photoengraving plates. As noted in Chap. 5.4, zinc is the
basis for numerous die-cast parts: handles, gears, levers, pawls, etc.

Wrought zinc is made by hot rolling cast slabs. Extrusion and drawing are other
methods employed for shapes other than sheets. Zinc foil is made by electroplating
zinc on an aluminum drum and then stripping it off.

The available forms of wrought zinc are strip and sheet, foil, plate, rod, wire, and
blanks for forging, extrusion, and impact extrusion. Foil thicknesses range from 0.025
to 0.15 mm (0.001 to 0.006 in). Strip thickness is from 0.075 to 6 mm (0.003 to 0.250
in), and widths are 3 to 900 mm (0.125 to 36 in).

The prime zinc die-casting alloys, as mentioned in Chap. 5.4, are ASTM AG40A
(XXIII, SAE 903, or UNS Z33520) and ASTM AC41A (XXV, SAE 925, or UNS
735531). For slush casting, zinc-based slush-casting alloys, 4.75 percent Al (Z34510)
and 5.5 percent Al (Z30500), are recommended. For forming, the following are most
suitable:

ASTM B69: Zn + 1.0 percent Cu + 0.01 percent Mg (Z45330)
Commercial rolled zinc (0.08 percent Pb) (Z41320 and Z44330)

Zn - Pb 0.05-0.10 percent, Fe 0.012 percent maximum, Cd 0.005 percent maxi-
mum, Cu 0.001 percent maximum (Z21210)

Zn - Pb 0.05-0.10 percent, Fe 0.012 percent, CD 0.06 percent, Cu 0.005 percent
maximum (Z21220)

Bends in regular commercial rolled zinc should be at right angles to the grain or
rolling direction and should have a minimum-bend radius of one material thickness.
(See Fig. 2.3.7.) For forging and extrusion, use Zn-Mg alloys with up to 25 percent
manganese. Commercial wrought-zinc alloys are easily machined, soldered, and spot
welded by conventional methods.

LEAD AND ITS ALLOYS

Lead is a soft, heavy, very malleable, and very flexible metal. It has a specific gravity
of 11.3 and a melting point of 327°C (621°F). Its tensile strength is low: 25 MPa
(3600 1bf/in?) after cold rolling.

Lead forms surface oxides easily but thereafter is very stable and resistant to corro-
sion. It also possesses good lubricity. Lead is easily fused and has a low strength, a
low elastic limit, and low electrical conductivity. It is less expensive than other low-
melting-temperature metals.

The following are significant commercial uses for lead and its alloys: storage bat-
teries, electrical-cable covering, solder, babbitt bearings, ammunition, flashings and
gutters for buildings, soundproofing and deadening, radiation shielding, chemical tank
liners, piping, weights, electrodes, caulking material, and gaskets. For solders, tin is
the predominant alloying material. Babbitt alloys contain 75 to 90 percent lead plus
antimony and tin. Roofing sheet is 6 to 7 percent antimony. Health concerns and tech-
nological advances have reduced the use of lead in recent years in some applications.

Lead is commercially available in the following forms: lead wool for caulking, foil
down to 0.0125 mm (0.0005 in) in thickness, and sheet 2.4 m (8 ft) wide in almost any
thickness. Standard “3-1b” lead roofing is 1.2-mm (¥-in) thick and weighs approxi-
mately 3 1b/ft?.
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FIGURE 2.3.7 Design rules for bends in commercial zinc sheet.
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TIN AND ITS ALLOYS

John Casteras

Alpha Metals, Inc.
Jersey City, New Jersey

Tin is a soft, silvery-white lustrous metal with a bluish tinge. It has a specific gravity
of 7.3 and a melting point of 232°C (450°F). Its tensile strength is 14 to 28 MPa (2000
to 4000 1bf/in?). Tin is a ductile, corrosion-resistant metal that is slightly harder than
lead. It is highly reflective when polished, solders easily, and does not contaminate
food.

Most tin is consumed as an alloying element in solder and bronze or as a coating
for other metals. Coating applications include food containers (i.e., “tin cans”), elec-
trolytic tin plate (i.e., tin-plated steel), tin-dipped-steel sheet, or terne-plated steel
(terne is an alloy of lead and tin). Applications involving tin as the principal con-
stituent are tinfoil (now replaced by aluminum foil except for electronic capacitors and
bottle-cap liners), collapsible tubes, pewterware, costume jewelry, bearing linings,
cooking vessels, and tubing and piping for food processing. Table 2.3.21 lists the
forms of tin alloys that are available commercially.

Tin alloys are fully die-castable. Commonly cast alloys are white metal (92 percent
Sn and 8 percent Sb), die-casting alloy (82 percent Sn, 13 percent Sb, and 5 percent
Cu)(UNS L13820), tin babbitt alloy No. 1 (L13913), and tin babbitt alloy No. 5
(L13650).

Gravity casting is carried out with white metal or pewter. (Traditionally, pewter has
been an alloy of about 88 percent tin and 12 percent lead; nontarnishing pewter or bri-
tannia metal is 91 percent tin, 7 percent antimony, and 2 percent copper.)

Spinning and various press-forming operations are easy with most tin alloys,
notably pewter. Impact extrusion is another common process for which tin alloys are
utilized. Pure tin, various tin-lead alloys, tin-lead-aluminum alloys, and “hard tin” are
used.
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TABLE 2.3.21 Commercially Available Mill Forms of Tin and Tin Alloys

Material UNS or other designation Mill forms/applications
Tin and tin alloys
Grade A tin QQ-T-371 grade A, Sheet, pipe and tube, foil, castings,
straights tin powder
Hard tin (99.6% Sn, 0.4% Cu) Pipe and tube, foil

White metal

Pewter

Tin babbit alloy 1

Tin babbit alloy 2
Tin babbit alloy 3

(92% Sn, 8% Sb)

L13912
L13911

L13913
CY 44A
ASTM B23, alloy 1
ASTM B23, alloy 2
ASTM B23, alloy 3

Sheet, castings, jewelry

Sheet
Castings

Precision inserts of babbit-lined
bearing shells, ingots, die castings

Die casting alloy L13820 Ingots, die castings

YCI35A
Tin babbit alloy 5 L13650 Ingots, die castings

PY1815A

Tin-lead-antimony alloys
Tin babbit alloy 8 L53565 Small ingots and bars, bearings
8(YT 155A) L53560 Ingots and bars, die castings
Y10A L53340 Ingots and bars, die castings
Tin babbit alloy 15 L53620 Ingots and bars, bearings
Solders

Antimonial tin solder  L13940 Bar, wire for soldering copper

Tin-silver solder

Eutectic solder

60-40 solder

62-36-2 solder

ASTM B-32 grade Sb 5

(95% Sn, 5% Ag)

ASTM B-32 grade Sn 95

L13630
ASTM B 32 grade 63

L13600
ASTM B-32 grade 60

(62% 5n, 36% Pb,
2% Ag

plumbing tubing

Bar, wire for oxygen, air-condition-
ing, food-handling equipment

Bar, wire, paste for electronic
circuit boards

Bar, wire, paste for electronic
circuit boards

Bar, wire, paste for electronic circuit
boards where thermal stress resistance
is important

Note: For additional solders, see Chap. 7.4.
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NICKEL AND ITS ALLOYS

Russ W. Kirchner

High Performance Alloys, Inc.
Tipton, Indiana

Nickel is a ductile, tough, magnetic, silver-white metal. It has a specific gravity of 8.8
and a melting point of 1452°C (2646°F). Nickel has a high resistance to corrosion in
many media and is also abrasion-resistant. It is similar in some respects to iron, for
example, in being strong, tough, and magnetic. Nickel also has good thermal conduc-
tivity and takes and retains a high polish. The tensile strength of nickel is approxi-
mately 480 MPa (70,000 Ibf/in?) when annealed and 790 MPa (115,000 1bf/in?) when
cold reduced.

Applications

The principal use of nickel is as an alloying agent with steel, to which it imparts corro-
sion resistance and strength. A sizable portion of current production is used for elec-
troplating. About one-fourth of current production is devoted to alloys of which nickel
is the principal ingredient. These alloys are used in applications demanding corrosion
resistance (e.g., to caustic alkalies) and, often, the ability to maintain their properties
at elevated temperatures.

The following are typical applications of nickel alloys: aircraft engine and aircraft
structural parts, coinage, dies, cast propellers, valve seats, hard surfacing (from pow-
der), corrosion-resistant chemical-processing equipment and containers, resistance
heating wire, magnet parts, and food-handling equipment.

The following are specific applications for certain particular alloys: Incoloys 800
(N08800), 800H (N08810), and 800HT (NO8811) are used for high-temperature fur-
nace applications. Inconels are used for heat-treatment containers and furnace compo-
nents, as well as for gas-turbine-engine parts subject to high heat, e.g., manifolds and
certain springs. They are also used for dairy and food equipment, including milk-pas-
turizing apparatus and distilling equipment for spirits. Inconel X-750 (N07750) is
used for gas-turbine blades and other high-temperature components. Monel alloys 400
(N04400), 405 (N04405), and K-500 (NO5500) are used in marine applications such as
propellers and propeller shafts and in food-service and food-processing applications.
They are also used in refinery equipment, salt plants, steel-pickling equipment, and
laundry and dry-cleaning machines. Hastelloys containing chromium, molybdenum,
and sometimes tungsten are used for high-temperature and corrosive-environment
applications. Hastelloy C-276 (N10276) is a “universal” corrosion-resistant alloy
usable in both oxidizing and reducing environments. Hastelloy B-2 (N10665), nickel
base, 28% molybdenum, is used in reducing corrosive environments. Nickel-chromi-
um alloys such as ASTM B344-59T (80 percent Ni, 20 percent Cr) (N06003) are used
for resistance heating wires and corrosion-resistant heating equipment.
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Mill Process

Wrought-nickel alloy bar, plate, sheet, and strip are produced by casting, forging, and
hot and cold rolling.

Grades for Further Processing

Most high-nickel alloys are best fabricated by forming and welding. They are general-
ly difficult to cast, and machinability ratings usually range around 20 percent. The fol-
lowing is a list of alloys commonly used or particularly suitable for various manufac-
turing processes.

Sand-mold casting: Hastelloy B (N10001), Hastelloy C (N10002), Hastelloy C-4
(N06455), Inconel 625 (N066250, Monel 400 (N04400), and S Monel (N24030)

Forging: Monel 400 (N04400), Monel 405 (N04405), Monel K-500 (N05500),
Hastelloy C-276 (N10276), Hastelloy C-4 (N06455), Hastelloy S (N06635),
Inconel 600 (N06600), Inconel 625 (N26625), Incoloy 800H (N08810), Incoloy
800HT (NO08811), and nickel chromium alloy, 80 percent Ni, 20 percent Cr

Machining: Hastelloy C (N10002), Monel R-405 (N04405), 400 (N04400), and K-
500 (N05500)

Forming: Nickel 200 (N02200), Monel K-500 (N05500), K Monel (N04405),
Hastelloy C-276 (N10276), Hastelloy B-2 (N10665), Hastelloy C-4 (N06455),
Hastelloy C (N10002), and Inconel 625 (N06625)

Arc welding: Nickel 200 (N02200), Monel 400 (N04400), Monel 405 (N04405),
Hastelloy B-2 (N10665), Hastelloy C-4 (N06455), Hastelloy S (N06635),
Hastelloy X (N06002), and Hastelloy W (N10004)

Brazing: Monel, K Monel (N04405); for silver solder, Inconel

Resistance welding: Inconel 600 (N06600), Inconel 625 (N06625), Hastelloy B
(N10001), Hastelloy C (N10002), Hastelloy B-2 (N10665), Hastelloy C-276
(N10276), Hastelloy C-4 (N06455), Hastelloy S (N06635), Hastelloy W (N10004),
and Hastelloy X (N06002)

Gas welding: Not recommended for Hastelloy alloys
Soldering: Monel, K Monel (N04405), and Inconel

Available Shapes and Sizes

Nickel alloys are currently available in the form of plates, bars, sheets, strips, rods,
wires, tubing, flats, powder, and wire cloth. Table 2.3.22 lists available sizes of mill
forms and alloy availability in various forms.
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TABLE 2.3.22 Thickness, Size Range, and Availability of Various Nickel-Alloy

Mill Forms
Thickness and size range of mill forms
Form Thickness range, in Size range, in
Strip 0.001-0.125 Coils, 14
Plate 0.1875-4.00 10-150, width
Bar
Square %2 %—2% X 360
Hexagonal %=2% %2 X 360
Square forged 2/-6 2%—6 X 72
Rod
Cold drawn %6—4.00 456 maximum
Hot finished %—4.50 288 maximum
Forged billets 12-25
Wire, round
Hot rolled V=% Coils
Cold drawn 0.001-0.875 Coils
Tube
Cold drawn 0.012-8.00 0.002-0.500
Extruded 24-9% %~1.000
Available mill forms
UNS Bar Pipe
desig- and and
Material nation Strip Sheet Plate rod Shapes Wire tube Forgings Billets
Nickel and alloys
Nickel 200 N02200 x X X X X X
Nickel 201 N02201  x X X X X X
Monel 400 N04400 x X X X X X X X
Monel K-500 N05500 X X X
Monel R-405 X X
Nickel-base
superalloys
Inconel 600 N06600  x X X X X X X X X
Inconel 601 N06601  x X X X X X X X X
Inconel 625 N06625  x X X X X X X X X
Inconel X-750  NO7750 x X X X X
Hastelloy B-2 ~ N10665  x X X X X X X X
Hastelloy C-4 N06455  x X X X X X X X
Hastelloy C-276 N10276 x X X X X X X X
Hastelloy S N06635 X X X
Hastelloy X N06002 X X X X X X
Unitemp HX N06002 X X X X X X
Inconel 718 NO7718  x X X X X X
Udimet 500 NO07500 x X X X X
Waspaloy NO07001 x X X X X X
Nicrotung Only as castings
Rene 41, R-41* NO07041 x X X X X X
Inconel 713 NO07713 Only as castings
IN-100 N13100 Only as castings
Low-expansion
nickel alloys
NI 36 K94610 x X X X X X
Ni 42 K94100 x X X X X X
Ni-Span C-902 N09902 x X X

*Also as castings.
Source:
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COBALT AND ITS ALLOYS

Russ W. Kirchner

High Performance Alloys, Inc.
Tipton, Indiana

Cobalt is a white metal that resembles nickel but is much rarer and more expensive. It
has a specific gravity of 8.8 and a melting point of 1495°C (2723°F). When used as an
alloying ingredient, cobalt imparts high-temperature strength and corrosion resistance.
The cobalt-based superalloys have high-temperature properties of high strength, shock
resistance, low creep, and wear and corrosion resistance.

Common applications of cobalt alloys are jet-engine parts and other engine compo-
nents, dental and surgical implants, burnishing and cutting tools, wear strips, perma-
nent magnets, antifriction bearings, other high-wear machine parts, and agricultural
equipment.

Particular applications of some of the notable cobalt alloys are as follows: Stellite 6
and 6B (UNS designation R30006) (cobalt, chromium, tungsten) have superior high-
temperature properties and are used for fuel nozzles and bearings of gas turbine
engines, ordnance parts (gun barrels), cutting tools, and knives. HS188 (UNS R30188)
is used in burner cans of military gas turbines. HS25 (R30605), also designated L605,
is also used in gas-turbine parts, bearings, and other high-temperature applications. N-
155 (R30155), also designated Multimet, and Haynes 556 (R30556) are used in land-
based turbine engine components. F90 (R30605), also designated L605, MP35N
(R30035), and CCM (R30075), also designated F799 or F75, are all used for surgical
implants and dental applications. Stellite 32 (R30002), also designated alloy F, and
Eatonite (N06005) (cobalt, nickel, tungsten) are used for valve facings in internal-
combustion engines. Invar (K93600) has zero thermal coefficient of expansion. Alnico
(aluminum, nickel, cobalt) alloys are used for magnets.

Cobalt alloys are not easily machined. Stellite, for example, has a machinability
rating of 15 (1112 steel = 100). The normal manufacturing process for the hard
cobalt-chromimum-tungsten-molybdenum wear-resistant alloys is casting to as close
to finished size as possible and then grinding. These alloys exhibit good fluidity even
at low carbon levels. Cobalt alloys are particularly suitable for investment casting.
Welding of cobalt alloys in plate and sheet form is feasible by GTAW, GMAW, and
SMAW methods. Commercially available forms of cobalt alloys are shown in Table
2.3.23.
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TABLE 2.3.23 Commercially Available Mill Forms of Cobalt and Cobalt Alloys

UNS Bar and

Material no. Sheet Plate rod Wire  Forgings Billets
Cobalt Roundelle powders
HS25 (L605 or F90) X X X X X X

R30605
HS188 R30188 X X X X X X
6B,6BH R30006 X X X X X X
MP35N R30035 X X
CCM (F799) R30075 X X
F75 R30075 X X
Kovar K94610 X X X X X X

Note: Alloys 3 (R30001), 6 (R30006), 21 (R30021), 25 (R30605), and 31 (R30031) are supplied as
ingots for casting.

TITANIUM AND ITS ALLOYS

Charles W. Hatmaker

Titanium and Alloys Corp.
Warren, Michigan

Titanium is a light metal (43 percent lighter than steel, 67 percent heavier than alu-
minum; specific gravity 4.5) with excellent corrosion resistance. It melts at 1668°C
(3035°F) and has a tensile yield strength of 828 MPa (120,000 1bf/in?) or higher, about
equal to that of steel. Its strength-to-weight ratio is the highest of any structural metal,
30 percent greater than that of steel or aluminum. The outstanding strength of titanium
is maintained at temperatures from —250 to 540°C (—420 to 1000°F). Titanium has
low thermal and electrical conductivity and a low thermal coefficient of expansion. Its
wider use has been hampered by its high cost (about double that of stainless steel) and
its tendency toward contamination during some processing operations with hydrogen,
nitrogen, or oxygen, all of which cause embrittlement.

Applications

Titanium is an important material in the aerospace industry. It is used for gas-turbine
compressors and other jet-engine components, airframe parts, airborne equipment, and
missile fuel tanks. Titanium is also used for chemical-processing equipment including
heat exchangers, compressors, and valve bodies. Other applications are surgical
implants and instruments, marine hardware, paper-pulp equipment, and portable
machine tools.
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Castings of titanium and some of its alloys can be produced in sizes up to 60 in in
diameter. A vacuum-casting process is used with graphite or investment molds.

Grades for Further Processing

Special precautions are necessary in processing titanium at elevated temperatures
because of its susceptibility to embrittlement from absorption of hydrogen, oxygen,
and nitrogen. Protective atmospheres are required.

The grades of titanium most suitable for common manufacturing operations are as
follows:

Casting: Titanium castings are not common. Ti-5A1-2.5Sn (R54521) is one alloy
that is cast.

Forging: Commercially pure titanium is preferred to alloys. Among the latter,
alpha-beta alloys are more easily forgeable than alpha alloys.

Machining and grinding: There is no free-machining titanium alloy. Commercially
pure titanium is more machinable than the alloys and has a machinability about
equal to that of 18-8 stainless steel.

Bending and forming: Commercially pure titanium has the best formability, fol-
lowed by 99.0 percent pure titanium. Ti-3A1-2.5V (R56320) has good formability.
Other suitable alloys are Ti-5A1-2.5Sn (R54521), Ti-6A1-4V (R56401), and Ti-
3A1-13V-11Cr (R59010).

Welding: The lower-yield-strength grades (under 480 MPa, or 70,000 Ibf/in?) are
generally most easily welded. Commercially pure unalloyed titanium is best. The
alpha alloy Ti-5A1-2.5Sn (R54521) is good. Alloys Ti6A1-4V (R56401) and Ti-
5A1-2.5Sn (R54521) also are satisfactory.

Heat treatment: Alloy Ti-6A1-4V (R56401) can be heat-treated to 1170 MPa
(170,000 1bf/in?) tensile yield strength. The alloy Ti-6A1-6V-2Sn (R56620) is heat-
treatable to 1310 MPa (190,000 1bf/in?). Beta alloys are heat-treatable to over 1380
MPa (200,000 1bf/in?).

Available Shapes and Sizes

Titanium and its alloys are commercially available in a variety of wrought-mill forms
such as plates, sheets, rods, wire, and tubing. Table 2.3.24 lists standard sizes, and
Table 2.3.25 indicates which grades are available in each form.

Design Recommendations

When bending titanium sheet, generous bend radii are advisable. The minimum-bend
radii for commercially pure titanium are 1.5 T at a forming temperature of 290°C
(550°F) and 2 T at room temperature, where 7 = stock thickness.
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TABLE 2.3.24 Thickness, Size Range, and Availability of Titanium and Titanium Alloys

Thickness and size range of mill forms

Form Thickness range, mm (in) Size range, m (in or ft)
Sheet >0.4 (>0.0015) Maximum width 1.2 (48 in)
Plate 3-150 (0.125-6) 2.4 X 8.9 (96 X 350 in)

Rod and bar To 900 (36) Maximum length 5.5 (18 ft)
Wire 2.5 min. dia. (0.001 min. dia.) Coils or random length to 4 or 5
(14-16 ft)

TABLE 2.3.25 Available Mill Forms of Titanium Alloys

UNS Bar and
Material no. Strip  Sheet Plate rod Wire Tube Forgings Billets

Unalloyed™" R50250

R50550 X X X X X X X X

R52250
5A1-2.5Sn" R54521 X X X X X X X
5A1-5Sn-5Zr  R54550 X X X X X X X
8A1-1Mo-1V ~ R54810 X X X X X X X
7A1-4Mo” R56740 X X X X X X X
6A1-6V-2Sn"  R56620 X X X X X X X
6A1-4V" R56401 X X X X X X X X
8Mnl R56080 X X X
13V-11Cr-3A1" R59010 X X X X X X X

*Also as foil.

TAlso extruded forms.

When designing forgings, the following limits are recommended for average-size
nonprecision parts:

Minimum draft angle: 5 to 7°

Minimum web thickness (closed-die forgings): 16 mm (0.63 in)
Minimum rib width: 10 mm (0.39 in)

Maximum rib height: 4 times rib width

Minimum fillet radius of ribs: 25 percent of rib height

Note: These limits vary with the size of the forging and can be bettered at extra cost
in precision forgings. See Fig. 2.3.8 for an illustration of these limits.
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Min. rib width,
1Omm(0.39in)

Min. radius of rib fillet
=25% of rib height

Max. rib height =
4 X width

A
Min. web thickness, zli"'7d°’°“ ongle,
16 mm (0.63 in) -
Section A~-A

FIGURE 2.3.8 Design rules for titanium forgings.

REFRACTORY METALS AND THEIR ALLOYS

Jan Carlén
Boris Bryskin

Rhenium Alloys, Inc.
Elyria, Ohio

Metals are classified as refractory when they have an extremely high melting point,
higher than the range of iron, nickel, and cobalt. Some metals in this category are
chromium, niobium, molybdenum, tantalum, rhenium, and tungsten. Of these, tung-
sten, molybdenum, and tantalum are most commonly utilized unalloyed or as the
major alloying ingredient.
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Tungsten

Tungsten is a heavy, hard, ductile, and strong metal. Its specific gravity is 19.6, and its
melting point, 3410°C (6170°F), the highest of any known metal. Tungsten is corro-
sion-resistant even at high temperatures. Its tensile strength is in the range of 345 to
1380 MPa (50,000 to 200,000 1bf/in?) but can be as high as 3450 MPa (500,000
1bf/in?).

Tungsten, in addition to its use as an alloying agent to increase the hardness of
other metals and its role as a major constituent of tungsten carbide, has a number of
very important uses. Many of these are for electrical applications. Tungsten is used for
filament wires for incandescent lights and electron tubes. It is employed to make
spark-plug electrodes, ignition breaker points for internal-combustion engines, circuit
breakers, and lead-in wires for power electron tubes. Tungsten is employed for rocket
nozzles and other aerospace components, magnets, vibration-damping devices, con-
tainers and shielding for radioactive environments, and reinforcing filament for met-
als, ceramics, and plastics.

Filament wire may be only 10 to 15 pm (0.0004 to 0.0006 in) in diameter and in
some cases is as fine as 5 pm (0.0002 in).

Tungsten is processed at 1600 to 1800°C (2900 to 3300°F). The mill process for
producing wrought shapes involves powder-metallurgy processes, followed by forging
or rolling at elevated temperatures.

Table 2.3.26 lists the normally available forms of tungsten, tantalum, and molybde-
num.

Molybdenum

Molybdenum is a silvery-white, ductile but hard metal with good resistance to corro-
sion. Its specific gravity is 10.2, and its melting point is 2620°C (4750°F).
Molybdenum has greater structural strength over 870°C (1600°F) than any other com-

TABLE 2.3.26 Commercially Available Mill Forms of Tantalum, Tungsten, and Molybdenum
Alloys

Material
Common Bar and Pipe and

designation Sheet  Plate rod Wire tube Billets
Tantalum* X X X X
Tungsten* X X X X X
Molybdenum* X X X X X X
Rhenium X X X X X
Mo-0.05Ti, TZM (0.05Ti-0.01Zr)# X X X X X
Tantalum 10-W X X

*Also as foil and powder.

fIncluding rhenium alloys with tungsten and molybdenum.
EAlso as forgings.

Source: Updated from AMCP 706-100.
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mercial metal. The room-temperature tensile strength of a typical alloy (Mo - 1.5Ti) is
900 MPa (130,000 1bf/in?).

The major use of molybdenum is as an alloying ingredient for steel. Only a small
amount (often 0.15 to 0.50 percent) of molybdenum improves the heat treatability and
toughness of steel. In stainless steels and in nonferrous alloys, molybdenum increases
corrosion resistance. It is also added to cast iron to increase strength.

However, alloys containing molybdenum as the principal constituent are important
too. Applications of these alloys comprise electrical parts such as arc-resistant con-
tacts, furnace heating elements, and support members for electron-tube and lightbulb-
wire elements; high-temperature structural parts for missiles and jet engines; tools for
hot-metal working; boring bars; and nuclear-reactor parts.

Like other refractory metals, molybdenum is difficult to work. Wrought-mill forms
are made from powder-metal ingots and hot-rolling processes. Because of their ten-
dency to work-harden, shearing, bending, and other press-forming operations must be
carried out at an elevated temperature. Welding requires a closely controlled protective
atmosphere. Molybdenum alloys are hardened by work hardening rather than by heat
treatment.

Available mill forms include sheet from 0.025 mm (0.001 in) to 9.5 mm (0.375 in)
and wire as fine as 0.10 mm (0.004 in). Table 2.3.26 summarizes the forms available.

Tantalum

A silver-gray metal that resembles platinum and niobium, tantalum is very ductile,
hard, and corrosion-resistant. It has a specific gravity of 16.6 and a melting tempera-
ture of 2850°C (5160°F). The tensile strength of annealed sheet is 350 MPa (50,000
1bf/in?), and that of drawn wire is 900 MPa (130,000 Ibf/in?). The corrosion resistance
of the pure metal is better than that of tantalum alloys.

The largest uses of tantalum are in the electronics industry, for capacitors, sputter-
ing targets, filaments, and getter devices. Tantalum also is used in applications for
which corrosion resistance and high-temperature performance are important.
Examples of applications are chemical equipment such as heat-exchange coils for acid
baths, surgical implants, permanent surgical sutures, surgical instruments, incandes-
cent lights, electrical rectifiers, and rocket-motor parts. Tantalum is also alloyed with
steel for high-temperature applications and as a carbide for cutting tools and wear-
resistant parts.

Tantalum is more easily processed than the other common refractory metals.
Unalloyed tantalum has about the same machinability as cold-finished steel; alloys
may be somewhat less machinable. Forming is straightforward owing to the outstand-
ing low-temperature ductility of tantalum; Ta-10 percent W is an easily formed alloy.
Tantalum can be forged cold. It can be brazed with copper alloys in a vacuum and can
be resistance-welded and arc-welded with TIG, metal-inert-gas (MIG), or electron-
beam welding. Mill forms of tantalum and its alloys are made by cold rolling or draw-
ing billets made from metal powders. A number of forms are commercially available:
sheets, foil, rods, bars, tubing, and wire. Foil is available down to 0.005 mm (0.0002
in) in thickness. Sheet is made in thicknesses up to 6.5 mm (0.250 in), but 0.33 to 0.75
mm (0.013 to 0.030 in) is more common, and the normal thickness for condensers and
heat exchangers is 0.38 to 0.5 mm (0.015 to 0.020 in). Sheet sizes are 0.9 by 2.4 m (36
by 96 in) or smaller. Wire is available in a diameter range from 0.025 to 0.38 mm
(0.001 to 0.015 in). Common diameters for welded tubing are 19, 25, and 38 mm (%,
1, and 1'% in). Table 2.3.26 summarizes the forms commercially available.
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Rhenium

Rhenium is a silvery-white metal with very high density (21.04 g/cm?) and a high
melting point (3453 K, 3180°C). It is the only metal with good ductility in the temper-
ature range 0 to 2775° K (=273 to 2500°C). Although soft in the recrystallized-
annealed condition, rhenium work-hardens very quickly, and many process annealings
are usually required when rhenium is cold formed. Most rhenium metal products are
used for applications where the combination of its high-temperature strength and low-
temperature ductility can be utilized. Despite its high density, there are many space
applications for rhenium. Rhenium is also used as an alloying element with tungsten
and molybdenum to improve their low-temperature ductility. The most common alloys
are W-25/26%Re and Mo-41/48%Re.

PRECIOUS METALS AND THEIR ALLOYS

Considered by most persons only in terms of their use for jewelry and coinage, the
precious metals are actually more important for their industrial applications. Covered
here are the most significant precious metals for such applications: gold, silver, and
platinum.

Gold

Gold is a soft yellow-colored metal with a specific gravity of 19.3 and a melting point
of 1061°C (1943°F). It is a corrosion-resistant material, unaffected by many corrosive
substances. It has a tensile strength, when cast, of 140 MPa (20,000 1bf/in?) and a high
cost ($3500 per pound in 1998).

Aside from well-known jewelry, coinage, and electroplating applications, gold has
a number of important commercial uses. Among them are dentistry (alloys), infrared
and red light reflectors, electrical contacts, particularly those in which contact pres-
sure is low and no oxide or sulfide layer is permissible, laboratory crucibles and dish-
es for use in handling acids, electrical terminals, eyeglass frames, potentiometer wire
(with iron and palladium), gold leaf (0.00013 mm, or 0.000005 in, thick) for decora-
tive use in signs, books, etc., other chemical apparatus (in alloy with palladium and
platinum), and grid wires in electron tubes.

Gold mill forms are produced by cold rolling or drawing. Since gold work-hardens,
annealing at 500°C (932°F) is sometimes necessary. Gold leaf is produced by a ham-
mering process rather than by rolling.

Available forms of gold and other precious metals are shown in Table 2.3.27.

Silver

Silver is a white metal that is very ductile and malleable. Its specific gravity is 10.7,
and its melting temperature is 961°C (1762°F). Silver has the best electrical and heat
conductivity of any metal. Its hardness lies between that of gold and copper; its mal-
leability is second only to gold’s. Its tensile strength is 180 MPa (26,000 Ibf/in?). Fine
silver is 99.9 percent pure, sterling silver is 92" percent silver and 7' percent copper,
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TABLE 2.3.27 Commercially Available Mill Forms of Precious Metals*

Bar and Pipe and
Metal Strip Sheet rod Wire tube Foil Powder

Gold X X X X X X
Silver X X X X X X
Platinum X X X X X
Palladium X X X X X
Rhodium X X X
Ruthenium* X X X
Osmium Cast or sintered parts

Iridium X X X X X

*Also as sintered parts.
Source: From AMCP 706-100.

and commercial silver is 90 percent silver and 10 percent copper. Annual production
of silver in the United States is about 1300 tons, and its price was approximately $75
per pound in 1998.

Major applications of silver are tableware, jewelry, electrical contacts, solders, den-
tistry (in alloy with tin and mercury), chemical and food equipment (clad metal), bear-
ings in aircraft and rockets, electronic circuits, coinage, batteries, and electroplating.
A substantial amount of silver is also used in the manufacture of photographic film.

Silver is customarily worked cold and annealed as necessary at 500°C (932°F).
Wire of less than 0.025 mm (0.001 in) in diameter is difficult to draw. Available forms
are tabulated in Table 2.3.27.

Platinum

Platinum is a heavy grayish-white metal that is very soft in the unalloyed state. Its
specific gravity is 21.5, and its melting temperature is 1769°C (3217°F). Platinum is
very ductile, more so than gold, copper, or silver. It is noncorroding and nontarnishing
even at elevated temperatures and is inert to common strong acids. Its tensile strength
when annealed is 120 MPa (17,000 1b/in?). Annual world production is about 10 tons.
Platinum lends its name to the platinum group of metals, all of which have similar
properties. Other metals in this group are palladium, rhodium, iridium, osmium, and
ruthenium.

Major applications for platinum are catalysts, jewelry, electrical contacts, particu-
larly those with low pressure, thermocouples, resistance wires, resistance thermome-
ters, electrodes (insoluble anodes), chemical-industry-equipment components (as
cladding and in solid components), extrusion dies for glass fibers, crucibles for melt-
ing glass, filaments, burner nozzles, dental applications, aircraft spark plugs (alloyed
with tungsten), electron-tube grids, brazing metal for tungsten, and various electro-
plated coatings.

Mill forms of platinum are produced by hot or cold working. Annealing after work
hardening takes place at 1000°C (1832°F).

Platinum is available in the form of gauze, for catalyst applications; foil, down to
0.005 mm (0.0002 in) in thickness; and wire, down to 0.01 mm (0.0004 in) in diame-
ter. See also Table 2.3.27.
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Soldering and Adhesive Bonding

These processes are feasible with all magnesium alloys. All commercial alloys are also
paintable after normal precleaning.

AVAILABLE SHAPES AND SIZES

Wrought magnesium is available from commercial sources in the following forms:
sheet, strip, plate, wire, rod, bar, tubing, and other shapes. Tooling plate—precision
flat ground plate for tooling applications—and tread plate are two special forms that
are widely stocked by distributors. Many special shapes are also readily procured from
custom extruders.

Table 2.3.16 shows the normal size limits of commercially stocked magnesium
alloys in wrought form.

DESIGN RECOMMENDATIONS

The following recommendations arise from the special characteristics of magnesium.

Machined Parts

Sharp corners, notches, and other stress raisers should be avoided. This is particularly
true with form tools and counterbores. Because magnesium has a relatively low modu-
lus of elasticity (low stiffness) compared with other metals, particular care should be
taken that the thickness of the part at the place where it is to be clamped for machining
is sufficiently large. In other words, good, strong clamping points should be provided
to avoid distortion. This is a universal rule for all materials, but it is particularly
important for magnesium.

Forgings

Sidewalls should be fairly thick, ranging from 50 percent of height for walls of 6.3-
mm (0.25-in) height to 13 percent of depth for walls of 50-mm (2-in) height. (See Fig.
2.3.1)

Ribs also should be as thick as possible. Ribs 0.8 mm (0.030 in) in height can be as
narrow as 0.4 mm (0.015 in). Ribs 40 mm (1.60 in) in height should be at least 8§ mm
(0.320 in) thick. (See Fig. 2.3.2.) Ribs should have a top radius equal to one-half the
thickness. (See Fig. 2.3.3.) A generous radius should be allowed at all inside corners.
See Table 3.13.3 for recommended minimum values. If surfaces are to be machined
after forging, stock should be allowed for machining as in Table 3.13.4.

Extrusions

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



NONFERROUS METALS*

2.92 ECONOMICAL USE OF RAW MATERIALS

Very-thin-walled, large cross sections should be avoided. The length of a particular
section should not be longer than 20 times its thickness. See Fig. 3.1.10 for an illustra-
tion. If the extrusion contains both a heavy section and a thin leg, the leg should not be
too long in relation to the width. A rule of thumb is that the length should not exceed
20 times the thickness. (See Fig. 2.3.4.) Other items to avoid are illustrated in Fig.
3.1.9.

Press-Formed and Other Sheet Parts

Although most press forming of magnesium is performed at elevated stock temperatures,
it is possible to form cold if the bend radii are generous and the deformation is mild. If
the function of the component does not require a severe change in shape, designers
should try to specify bends that are gentle enough so that forming can be done cold.

For somewhat more severe deforma-
tion, the use of annealed sheet allows for sharper cold bends and more stock deforma-
tion than are possible with hard-rolled stock. The cold-forming limit of annealed
AZ31A-0 alloy (M11310) is 25 percent. (See Fig. 2.3.5.) For other alloys, it is normal-
ly less.

Because of magnesium’s low density,
thicker sheet gauges can be used without a weight penalty. This can eliminate the need
for stiffening ribs or other reinforcing members, which would add to the cost of the
part. Designers therefore should consider the use of thicker but unribbed magnesium
sheet instead of ribbed sheets of thinner but denser materials. Deep-drawn magnesium
parts may exhibit some wrinkling at the corners. Cylindrical parts or generously round-
ed rectangular parts are therefore preferable to boxlike designs. In blanking stock thick-
er than 1.5 mm (0.060 in) or 3.0 mm (0.125 in) if annealed, some flaking of material at
the edge where the blank breaks away from the sheet stock can be expected. If this is
not permissible, allow for fineblanking or shaving. When bending magnesium tubing,
bend radii should be equal or greater than the minimum values of Table 2.3.17.

Sand-Mold Castings

Design recommendations for magnesium parallel those for other metals. Wall-thick-
ness limitations are about the same as those for other nonferrous castings. Thin-walled
sections should be kept small in area; 8 mm (¥ in) is a desirable minimum wall thick-
ness, but 5 mm (¥ in) may be used in limited areas. (See Fig. 2.3.6.) Sharp corners,
gouges, and notches should be avoided in areas of high stress. Generous fillets around
bosses and other heavy sections are advisable.

Cast-in inserts are troublesome and should be avoided if other design approaches
are feasible. For metallurgical reasons, the inserts, if used, should be made of steel
rather than brass, bronze, or other nonferrous metals. Ample material must be allowed
around cast-in inserts, but care must be taken so that the large casting mass in that area
does not cause draws or cracks. Such bosses and other heavy sections should be locat-
ed so that they can be risered or chilled. See Fig. 2.3.6 for an illustration of some of
these points. When designing parts containing inserts, measures for prevention of gal-
vanic corrosion must be part of the design. Shrinkage for magnesium sand castings
ranges from 1 to 1.5 percent (%4 to 44 in/ft).
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Die Castings

For design recommendations for magnesium die castings, see Chap. 5.4.
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Source: DESIGN FOR MANUFACTURABILITY HANDBOOK

CHAPTER 2.4
NONMETALLIC MATERIALS

Charles A. Harper

Technology Seminars, Inc.
Lutherville, Maryland

CLASSIFICATION OF MATERIALS

Especially in view of the explosive growth in recent years in the availability and use of
polymeric materials (plastics and synthetic rubbers), nonmetallic materials are major
constituents of present-day manufactured goods. For many applications they offer
superior properties or less costly fabricability compared with metals, and designers
have taken advantage of these attributes.

Nonmetallic is a broad category. It comprises organic materials of natural origin
such as wood, leather, and natural rubber. It includes materials such as plastics and
paper that are manufactured at least in part from natural substances. It also includes
inorganic (mineral) materials such as glass, ceramics, and concrete. Figure 2.4.1 illus-
trates the generic relationships of common nonmetallic materials.

GENERAL PROPERTIES OF NONMETALLIC
MATERIALS

Nonmetallic materials have varied properties, and few characteristics are applicable to
all of them. Two that are almost universal are low electrical and heat conductivity.
With the exception of carbon, nonmetallic materials, when dry, are nonconductors.

Nonmetallic materials are usually less tough and less strong than metals, except
that the inorganic materials normally have very high compressive strengths. The inor-
ganic materials also have superior high-temperature properties. Resistance to corro-
sion is a common property with many nonmetallics. Ease of fabrication is a property
shared by polymers, wood, and some other organic materials. Table 2.4.1 lists the
maximum service temperatures of selected nonmetallics.

2.91
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TABLE 2.4.1 Maximum Service Temperatures of Plastics and Other Nonmetallics, °C

Beryllia 2400 Polysulfone 150-175
Silicon carbide 2310 Nylon 80-150
Alumina 1950 Polycarbonate 95-135
Mullite 1760 Polypropylene 90-125
Cubic boron nitride 1600 Polyethylene 80-120
Porcelain enamel 370-820 Felt, rayon viscose 107
Silicones 260-320 Polyurethane 90-105
Polyesters 120-310 Acetal 85-105
Glass, soda-lime 290 Polystyrene 65-105
Epoxy 95-290 Cellulosic 50-105
Glass, borosilicate 260 ABS 60-100
Fluoroplastics 50-260 Acrylic 52-95
Phenolic 90-260 Natural rubber 82
Melamine 100-200 Vinyl 55-80

POLYMERS: PLASTICS AND ELASTOMERS

Practically stated and with the fine points of definition omitted, a plastic is an organic
polymer available in some resin form or a form derived from the basic polymerized
resin. These forms include liquids and pastes for embedding, coating, and adhesive
bonding. They also encompass molded, laminated, or formed shapes, including sheet,
film, and larger bulk shapes. While there are numerous minor classifications for poly-
mers, depending on how one wishes to categorize them, nearly all can be placed in
one of two major classifications. These two major plastic-material classes are ther-
mosetting materials (or thermosets) and thermoplastic materials, as shown in Fig.
2.4.1. Although Fig. 2.4.1 shows elastomers separately (and they are a separate appli-
cation group), elastomers, too, are either thermoplastic or thermosetting, depending on
their chemical nature.

As the name implies, thermosetting plastics, or thermosets, are cured, set, or hard-
ened into a permanent shape. This curing is an irreversible chemical reaction known as
cross-linking, which usually occurs under heat. For some thermosetting materials,
however, curing is initiated or completed at room temperature. Even then, however, it
is often the heat of the reaction, or the exotherm, that actually cures the plastic materi-
al. Such is the case, for instance, with room-temperature-curing epoxy, polyester, or
urethane compounds.

Thermoplastics differ from thermosets in that they do not cure or set under heat.
They merely soften, when heated, to a flowable state in which under pressure they can
be forced or transferred from a heated cavity into a cool mold. Upon cooling in a mold,
thermoplastics harden and take the shape of the mold. Since thermoplastics do not cure
or set, they can be remelted and rehardened by cooling many times. Thermal aging,
brought about by repeated exposure to the high temperatures required for melting,
causes eventual degradation of the material and so limits the number of reheat cycles.

The term elastomers includes the complete spectrum of elastic or rubberlike poly-
mers that are sometimes randomly referred to as rubbers, synthetic rubbers, or elas-
tomers. More properly, however, rubber is a natural material, and synthetic rubbers are
polymers that have been synthesized to reproduce consistently the best properties of
natural rubber. Since such a large number of rubberlike polymers exist, the broad term
elastomer is most fitting and most commonly used.
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TABLE 2.4.2 Commercially Available Shapes of Plastics Materials Other than Molding
Compound Suitable for Further Fabrication

Forms commonly

Material available* Typical applications
ABS S.R Decorative panels, vacuum forming
Acetal S,PR Mechanical parts
Acrylic S.PR,T.E Housewares, furniture, glazing
Cellulose acetate butyrate S Machine guards
Epoxy laminate S.PR,T Aerospace structural parts, insulation
Melamine laminate S,PR, T Switch boxes, circuit breakers, arc barriers
Nylon S,PR,T.E Wear-resistant surfaces
Phenolic S,PR, T Electrical and electronics parts
Polycarbonate S,P.R,T,F, Glazing
Polycarbonate, glass S.R
indent-reinforced
Polyester F Membrane switches, graphic arts
Polyethylene, low-density S,PR,T,F Tanks, containers
Polyethylene, high-density S,PR,T Containers, coverings
Polypropylene S.PR,T Tanks, ducts
Polyethylene, ultra-high S.,PR.E Wear-resistant surfaces, machinery parts
molecular weight
Polystyrene S Thermoforming
Polyurethane S.PR,T.F Seals, couplings, diaphragms, wheels, liners
Teflon S,P.R,T,F Low-friction surfaces
Viny, rigid S.R,P Vacuum forming
Vinyl, flexible S, T.F Low-pressure hose
Acrylic-PVC alloy S Thermoforming
Polyphenylene oxide S.PR High-temperature applications
Polamide-imide reinforced PR High-temperature seals and bearings

*T = tubing; S = sheet (0.50 mm [0.020 in] to 13 mm [0.5 in] thick); P = plate (13 mm [0.5 in] to 100
mm [4.0 in] thick); R = rod and round bar; E = square, rectangular, hexagonal, half-round, or other shapes;
F = film (less than 0.50 mm [0.020 in] thick).

Applications of polymer materials, processing methods, and design recommenda-
tions are covered in Sec. 6 of this handbook. Materials for these processes are in gran-
ular or near-granular form, which is most convenient for molding operations. In addi-
tion, many bulk shapes and forms mentioned above are available commercially for
machining and further fabrication. Table 2.4.2 lists the materials commonly available
for such purposes.

OTHER ORGANIC MATERIALS

Carbon and Graphite

Carbon is a very common element and the key constituent of all organic materials. In
the uncombined pure state, it exists as diamond or graphite. In a less pure state, it
exists as charcoal, coal, or coke (amorphous carbon). Both amorphous carbon and
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graphite are produced in structural shapes when the particles are bonded together with
elemental carbon.

Carbon and graphite exhibit properties similar to those of ceramics with two major
exceptions. They are electrically and thermally conductive. The ceramiclike properties
include greater compressive than tensile strength, a lack of malleability and ductility,
and a resistance to high temperatures and corrosive environments. The usable tempera-
ture limits for carbon and graphite are on the order of 2400°C (4350°F) and even high-
er. Strength is actually higher at elevated than at room temperatures. Specific electrical
resistance ranges from a low of 0.004 () - in (graphite) to 0.0022 () - in (carbon).

The production of carbon and graphite components involves two processes: (1)
molding or extrusion followed by oven baking and (2) machining. High pressures and
consequently significant die or mold costs are involved in the first method, which
therefore is economically advantageous only for large-quantity production. Machining
is more suitable for limited or moderate quantities.

Carbon and graphite components have mechanical, metallurgical, chemical, electri-
cal, and nuclear applications. Typical uses include electrodes for the production of
metals and chemicals in electric-arc furnaces, lighting electrodes, brushes for electric
motors, electrodes in electrolytic cells, crucibles, molds for metal casting, resistance-
furnace parts, and rocket components when high-temperature and thermal-shock resis-
tance are important.

Carbon and graphite are available in round, square, and rectangular sections.
Round bars commonly stocked range from 3 to 1100 mm (% to 45 in) in diameter and
from 300 to 2800 mm (12 to 112 in) in length. Rectangular bars range from 13 by 100
by 400 mm (% by 4 by 16 in) long to 600 by 750 mm by 4.5 m (2 by 24 by 12 ft)
long.

Graphite is favored over carbon for applications requiring extensive machining.
Graphite machines fairly well, and tolerances comparable with those of rough machin-
ing of metals can be achieved. Carbon members are recommended if only cutoff or
other minimum machining is required.

Wood

Wood has a number of desirable properties. It machines and fastens easily; it is attrac-
tive, it has a high strength-to-weight ratio; when dry, it has good electrical-, heat-, and
noise-insulating properties; it is long-lasting in dry environments; and it accepts
preservative treatment readily. On the negative side are its directional-strength charac-
teristics (because of its grain), its large dimensional change and tendency to warp with
changes in moisture content, its susceptibility to rot in moist environments, and its
poor abrasion resistance. Table 2.4.3 summarizes the properties and uses of woods
which grow in temperate climates.

CERAMICS AND GLASSES

Ceramics and glasses are nonorganic, nonmetallic materials made by fusing clays and
other “earthy” materials that usually contain silicon and oxygen in various composi-
tions with other materials.

Ceramics are hard, strong, brittle, and heat- and corrosion-resistant and are electri-
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cal insulators. They are used when these properties are important, particularly heat and
corrosion resistance and electrical nonconductivity. Glass is used when transparency is
important in addition to these other properties.

Also see Chap. 6.11 for information on the design of parts made from ceramic
materials.
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CHAPTER 3.1
METAL EXTRUSIONS

THE PROCESS

Extrusion is a process in which a heated billet or ingot of metal is inserted in a cham-
ber called a container and, by means of a hydraulically powered ram, is forced
through a die hole of the desired shape. The material movement is in the same direc-
tion as the ram stroke. The metal emerges from the die in solidified form and closely
conforms in cross section to the shape and dimensions of the die opening. Figure 3.1.1
illustrates the process schematically.

The ram stroke is usually horizontal. A lubricant is often employed to facilitate
passage of the metal through the die. In the case of ferrous metals, a common method
is the Sejournet process, in which molten glass is applied to the billet as a coating. The
glass acts as both an insulator and a lubricant for the steel, which has been heated to
the plastic or recrystallization temperature range. After extrusion, the section is
stretch-straightened to remove twist and camber that can result from the process.

-

FIGURE 3.1.1 Sectional view of the extrusion process. (Courtesy Babcock & Wilcox Co.)

Hot billet

Hot extrusion Glass lubricant

3.3
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Cold-drawing die and holder Gripper and lever

Lubrication Reduction Pointing N
Extruded shape Cold-drawn shape
N\ -~

Cold-drawing trolley

Direction of drive

FIGURE 3.1.2 Cold drawing of an extrusion. (Courtesy Babcock & Wilcox Co.)

A common companion operation to extrusion is cold drawing of the extruded mate-
rial. This secondary operation, illustrated by Fig. 3.1.2, tends to refine the molecular
structure of the material and permit sharper corners and thinner walls in the extruded
section. Cold drawing is more likely to be specified in the case of ferrous metals.

TYPICAL PARTS AND APPLICATIONS

Almost any part with a constant cross section may be suitable for extrusion. Typical
extruded components have constant irregular or even intricate cross sections and often,
but not necessarily, are long in comparison with their cross sections. The more intri-
cate the cross section and the longer the part, the more advantageous extrusion will be
as a manufacturing process. Cross sections that cannot be machined by normal
machining processes are often economically produced by extrusion. Figure 3.1.3 illus-
trates typical extruded cross sections.

The maximum size of an extrudable cross section depends on the tonnage of the
press available, the material to be extruded, and the complexity of the cross section. A
standard method of measuring capacity is in terms of circumscribing-circle diameter
(CCD). This is the size of circle into which the cross section will fit.

In aluminum, extrusions have been made with CCDs as small as 6.3 mm (0.25 in)
and as large as 1.02 m (40 in). The bulk of aluminum-extrusion work, however, is
done within a CCD of 250 mm (10 in). In steel, diameters are smaller because of the
higher forces involved. The usual maximum CCD is about 150 mm (6 in). Extrusions
of over 30 m (100 ft) in length and over 1 ton in weight can be made, but handling
conditions usually limit piece length to 7.5 m (25 ft) or less.

Thin-walled extrusions are more difficult to produce than extrusions with heavy
walls. Wall thickness for aluminum ranges from 1.0 mm (0.040 in) upward. For carbon
steel, the minimum is 3.2 mm (0.125 in); for stainless alloys, 4.8 mm (0.187 in).

ECONOMIC PRODUCTION QUANTITIES

While commonly considered a high-production process, extrusion is surprisingly
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FIGURE 3.1.3 Typical extruded cross sections. (Courtesy ITT
Harper.)

advantageous and should not be ruled out for short-run or even prototype production.
Conversely, for very high production levels and for shapes that can be produced by
rolling, the latter process probably will prove more economical.

A prime advantage of the extrusion process is the low cost of tooling. Extrusion
dies for the simpler shapes are low in cost. This is in contrast to rolling tooling, which
usually involves a significant investment. Equipment for extrusion is applicable to any
cross section within its tonnage capacity. Most such equipment is in the hands of ven-
dors who specialize in the operation. Order charges cover extrusion die, setup, and
operating costs. Operating costs are usually expressed on a per-unit-weight basis.
There is customarily a minimum weight for each order of a special cross section. The
minimum quantity may be 1000 kg for carbon steel, 500 kg for stainless, and 80 kg for
aluminum. The net result is that the most economical operation takes place at moder-
ately low production quantities or higher.

The major benefit of extrusion is the fact that machining work is often eliminated
because irregular cross-sectional shapes can be incorporated in the extrusion dies.
When applicable, this factor can outweigh other costs even for short runs.

A second factor of importance is the materials savings that can result, since no
material is lost in the form of chips, as would be the case if the part were made by
machining. The higher priced the raw material, the more important this factor becomes
and the smaller the economical extrusion quantity also becomes.
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Several other factors may make extrusions more economical for shorter-run pro-
duction:

1. If the cross section is carried in stock by the supplier, there may be no minimum
quantity. Some larger extrusion suppliers maintain stocks of common shapes such
as angles, tees, ells, I beams, and flats.

2. If the die is standard or already in existence, there should be no tooling charge by
the extruder.

GENERAL
a ZZED DESIGN
D 2 ]
Equal-leg Unequal-leg Tees
angles angles
I Beams Channels Flats

&

& ©
1 O

Hollow bars Pipes

R

Doorway thresholds

FIGURE 3.1.4 Standard extruded shapes avail-
able from one supplier.

RECOMMENDATIONS

Although extrusion is particularly advantageous when complicated shapes are
required, it is still desirable to limit irregularities of shape as much as the function of
the part permits. Metal flows less readily into narrow and irregular die sections, and
distortion and other quality problems are more likely. Custom extruders charge higher
prices for intricate cross sections.

Standard shapes may be available
from extrusion shops or metals suppliers that will adequately serve the designer’s pur-
pose. Since these are always lower in cost than special shapes, the rule should always
be “Use standard cross sections whenever possible, especially those carried in stock
by the supplier.” Figure 3.1.4 illustrates the standard cross sections carried in stock by
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TABLE 3.1.1 Recommended Dimensional Tolerances for Ferrous-Metal Extrusions

Dimension Tolerance

Cross-sectional dimensions

0—-40 mm (0-1.0 in) *0.5 mm (0.020 in)
41-120 mm (1-3 in) +0.8 mm (0.031 in)
121-160 mm (34 in) +1.2 mm (0.047 in)
Over 160 mm (over 4 in) +1.6 mm (0.063 in)

Cross-sectional dimensions if cold-drawn
after extrusion (all dimensions)

Angles *2°
Surface finish 6.2 pm (250 pin)
Flatness (transverse)
Dimensions to 25 mm +0.25 mm (0.010 in)
Dimensions over 25 mm *0.1 mm/cm (0.010 in/in)
Twist
Widest dimension, 60 mm (1% in) 2 mm/m (% in/5 ft)
Widest dimension, 61-160 mm (1%—4 in) 3 mm/m (¥ in/5 ft)
Widest dimension, 161 mm up (4 in up) 4 mm/m (% in/5 ft)
Camber Maximum, 2 mm/m (% in/5 ft)

one ferrous-metals extruder.

For best dimensional control (when
component requirements are exacting), a secondary drawing operation is added after
the extrusion of most metals. Although such an operation is entirely feasible, it does
entail additional tooling, handling, and cost. Therefore, the designer should specify
liberal enough tolerances, if possible, so that secondary drawing operations are not
required. Tables 3.1.1 and 3.1.2 provide dimensional information to guide the designer
in this respect.

SUITABLE MATERIALS FOR EXTRUSIONS

Quite a wide variety of metals is currently extruded commercially. The most common
are the following (listed in order of extrudability): aluminum and aluminum alloys,
copper and copper alloys, magnesium, low-carbon and medium-carbon steels, modi-
fied-carbon steels, low-alloy steels, and stainless steels.

The temperature required and the extrusion temperature range are two factors that
affect the ease with which a metal can be extruded. The lower the required tempera-
ture and the broader the temperature range, the better.

The following is a discussion of the extrudability of various alloys.

Aluminum

Extrudability is in reverse order of strength. High-strength alloys require higher pres-
sures and a slower extrusion rate. The most commonly extruded aluminum alloy is
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TABLE 3.1.2 Recommended Dimensional Tolerances for Aluminum, Copper, and Brass Alloy
Extrusions

Dimension Tolerance

Cross-sectional dimensions*

0-13 mm (0-0.50 in) *0.25 mm (£0.010 in)

14-38 mm (0.51-1.50 in) *+0.30 mm (*+0.012 in)

39-100 mm (1.51-4.00 in) +0.50 mm (%0.020 in)

101-200 mm (4.01-8.00 in) *1 mm (£0.040 in)

201-300 mm (8.01-12.00 in) +1.6 mm (£0.065 in)

301-500 mm (12.01-20.00 in) *2.5 mm (*0.100 in)
Angles

Wall thickness, 0—5 mm (0-0.2 in) *2°

Wall thickness, 5-19 mm (0.2-0.75 in) +14°

Wall thickness, 19 mm or more (over 0.75 in) *1°

Surface finish (depth of surface defects)

Specified section thickness Maximum depth
To 1.5 mm (0.06 in) 0.04 mm (0.0015 in)
1.5-6 mm (0.06-0.25 in) 0.06 mm (0.0025 in)
6—12 mm (0.25-0.5 in) 0.1 mm (0.004 in)
12 mm and over (0.5 in and over) 0.2 mm (0.008 in)

Twist
Twist
Widest dimension Per length Maximum
To 40 mm (1.5 in) 3°/m (1°/ft) 7°
40-75 mm (1.5-3 in) 14°/m (5°/ft) 5°
75 mm and over (3 in and over) Y°lm (°/ft) 3°
Camber (deviation from straightness)
Wall thickness Camber

To 2.5 mm (to 0.094 in) 4 mm/m (0.05 in/ft)
Over 2.5 mm (over 0.094 in) 1 mm/m (0.0125 in/ft)

*Add 50% to these values if more than 25% of the dimension is over open space.

6063, which combines very good extrudability with moderate strength, good formabil-
ity, good weldability, and resistance to corrosion. Except for porcelain enameling, it
finishes well.

Table 3.1.3 lists various aluminum alloys that are suitable for extrusion and gives
information on suitable applications.

Copper and Copper Alloys

The most extrudable copper alloys are those with a copper content of 55 to 65 percent.
As copper content increases beyond this range, extrudability decreases. The commer-
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TABLE 3.1.3 Characteristics of Some Aluminum Extrusion Alloys

Corrosive Remarks and
Alloy Extrudability resistance Weldability applications
1100 (A91100) 150 A A Bright finish after anodizing
1350 (A91350) 150 A A Best electrical conductivity
3003 (A93003) 100 A A Tubing
6063 (A96063) 100 A A The most commonly extruded
alloy; pipe, railing, furniture,
architectural extrusions
6101 (A96101) 100 A A Good electrical conductivity
6463 (A96463) 100 A A Bright-appearance trim
6061 (A96061) 60 A A Heavy-duty structures, furni-
ture, pipe lines
5086 (A95086) 25 A A
2014 (A92014) 20 C B Truck frames, aircraft struc-
tures
5083 (A95083) 20 A A
5454 (A95454) 60 A A For applications at tempera-
tures above 65°C (150°F)
2024 (A92024) 15 C B Truck wheels, screw-machine
parts, aircraft
7075 (A97075) 10 C D Aircraft parts, keys
7001 (A97001) 7 C D Used when higher strength is
required

Source: From Aluminum Association data.

cial coppers are extruded, but cross sections are limited to relatively simple shapes.
The following brasses are suitable for extrusion and are commonly used:

Architectural bronze (C38500): 57 Cu—40 Zn-3 Pb
Forging brass (C37700): 60 Cu-38 Zn-2 Pb
Free-cutting brass (C36000): 61 Cu-36 Zn-3 Pb

Aluminum bronzes, phosphor bronzes, and aluminum silicon bronzes also can be
extruded. Nickel silvers are satisfactory for extrusion if the nickel content is not higher
than 10 or 12 percent. Tin bronzes and cupronickel are difficult to extrude.

Steels

The extrusion of steels has been made possible by the Ugine Sejournet process noted
above. High pressures (50 percent higher than for copper) and high temperatures are
required with steel. High die wear is a complicating factor. However, stainless steel
of various grades and carbon and alloy steels are extruded by commercial steel
extruders.

Magnesium

A number of magnesium alloys are suitable for extrusion: AZ31B (M11311), ZK60A
(M16600), AZ8OA (M11800), and AZ61A (M11610) are four recommended alloys.
Extrusion is metallurgically desirable for magnesium because it refines the grain size.
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FIGURE 3.1.5 Good and bad practice in the design of cross
sections to be extruded.

Table 3.1.4 Recommended Minimum Radii of Extruded Sections

Material Corners, mm (in) Fillets, mm (in)

Aluminum, magnesium, and copper alloys

As extruded 0.75 (0.030) 0.75 (0.030)

After cold drawing 0.4 (0.015) 0.4 (01015)
Ferrous metals, titanium, and nickel alloys

As extruded 1.5 (0.060) 3(0.125)

After cold drawing 0.75 (0.030) 1.5(0.060)

Other Metals

Inconel and Monel are difficult to extrude, but simple cross-sectional shapes can be
extruded. Titanium, molybdenum, and zirconium are all difficult to extrude and
require the molten-glass lubricant that is used with steel. Zinc, tin, and lead are all
generally suitable for extrusion.

DETAILED DESIGN RECOMMENDATIONS

Generous radii are advantageous for both internal and external corners of extruded
cross sections. (See Fig. 3.1.5 for this and other recommendations.) It is possible to
extrude sharp corners, but they cause the following problems:
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i)
] t

Poorer flatness

Ferrous
2 materials
Better flatness % %

because of ribs Not this This
FIGURE 3.1.6 Variations from flat- FIGURE 3.1.7 With steels and other less extrudable
ness of long sections are reduced if ribs materials, holes in nonsymmetrical shapes should be
are added to the sections. avoided.

1. Less smooth flow of material through the die, leading to increased dimensional
variations and surface irregularities in the extruded part

2. Increased tool wear

Yo m %6 in 3. Increased possibility of tool breakage
r_ 4. Less strength in the extruded part
owing to stress concentrations
T If a sharp internal corner is necessary, the
1m ‘l included angle should be as large as pos-

sible and always more than 90°. The
}‘— 2in—> | 2in—> amount of radiiynecessary to avoid seri-
This cannot This can ous problems varies with the extrudabili-
il:‘e sﬁ’é'e',‘fded %es‘;;;"’ded ty of the material used. Table 3.1.4 shows
recommended minima.
FIGURE 3.1.8 With less extrudable materials,  Section walls should be balanced as
avoid abrupt changes in section thickness. much as the design function permits
because die strain and extrusion distor-
tion tend to occur with unbalanced cross
sections. This is particularly true of hollow sections. (See Fig. 3.1.5.)
If long, thin sections have a critical flatness requirement, variations from flatness
are reduced if ribs are added to the section. (See Fig. 3.1.6.)
Avoid knifelike edges of parts because they interfere with the smooth flow of mate-
rial through the die. (See Fig. 3.1.5.)
With steels and other less extrudable materials, holes in nonsymmetrical shapes
should be avoided. (See Fig. 3.1.7.)
With all metals, but particularly with
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FIGURE 3.1.10 The length-to-thickness ratio
of any section of an extrusion of steel or other
difficult-to-extrude material should not exceed
14. For magnesium the limit is 20.
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FIGURE 3.1.11 Sometimes it is preferable to
produce a nonsymmetrical shape by extruding a
FIGURE 3.1.9 Design rules for indentations. symmetrical section and dividing it in two.

steel and less easily extruded metals, avoid extreme changes in section thickness.
Figure 3.1.8 illustrates limits for steel extrusions.

In steel extrusions, the depth of an
indentation should be no greater than its width at its narrowest point. This is necessary
to provide sufficient strength in the tongue portion of the extruding die. In copper
alloys, magnesium, and aluminum, the depth of an indentation may be greater since
extrusion pressures are lower. Figure 3.1.9 illustrates the limits for these materials.

With steel extrusions there are limita-
tions on the cross-sectional length of any thin-walled segment. The ratio of length to
thickness of any segment should not exceed 14:1. (See Fig. 3.1.10.) For magnesium,
ratios of 20:1 can be used.

Symmetrical cross sections are preferable to nonsymmetrical designs to avoid
unbalanced stresses and warpage. Sometimes it is advantageous, if the part is nonsym-
metrical, to use a double section that is divided after extruding. Figure 3.1.11 illus-
trates an example.

DIMENSIONAL FACTORS

Extrusions have more inherent piece-to-piece and drawing-to-piece dimensional varia-
tions than parts made with other processes (cold drawing, machining, etc.). The main
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reason for this discrepancy is the effect of heat. Extrusion is a hot process, and tem-
perature and cooling-rate variations affect the final dimensions of the extruded parts.
Another major factor is the wear of extrusion dies, both from passage of metal through
the die and from polishing to remove adhered metal. When dimensions are critical,
cold drawing the extruded section refines and smooths the surface as well as improv-
ing dimensional accuracy.

RECONMMENDED TOLERANCES

Tables 3.1.1 and 3.1.2 present recommended tolerances for extruded parts.
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CHAPTER 3.2
METAL STAMPINGS

Conventional Stampings

John Stein

The Singer Company
Elizabeth, New Jersey

Short-Run Stampings

Federico Strasser
Santiago, Chile

STAMPING PROCESSES

Conventional Stamping

Simply put, stamping is a method of cold-working sheet metal to a prescribed size and
shape by means of a die and a press. The die determines the size and shape of the
completed workpiece. The press provides the force needed to effect the change.

Each die is specially constructed for the operation to be performed and is not suit-
able for other operations. The die is in two halves, between which the sheet metal is
placed. When the two halves of the die are brought together, the operation is per-
formed. Normally, the upper half of the die is the punch (the smaller member), and the
lower half is the die (the larger member). When the two die halves are brought togeth-
er, the punch enters the die.

The die, or matrix, has the desired opening cut into it by various methods. The
punch has a shape that corresponds to that of the die but is smaller by an amount
determined by the required punch and die clearance, which in turn is determined by
the type and thickness of the material and the operation to be performed.

The two parts are mounted in a die set, or subpress, the die (in a simple blank-
through die) being mounted on the base and the punch on the upper shoe. The use of a
die set ensures proper alignment of the punch and die regardless of the condition of
the press. The simplest dies are those for punching holes in a blank.

The machine used to consummate these changes of shape has a stationary bed, or
bolster, on which the die portion is clamped. A guided slide, or ram, which has the

3.13
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FIGURE 3.2.1 Typical crankshaft-type punch press.
Coiled sheet metal is fed through the die automatical-
ly. Finished parts are ejected through the open back of
the press. (Courtesy Niagara Machine & Tool Works.)

punch portion clamped to it, moves up and down perpendicularly to the bed. The
motion and force of the ram are provided by a crankshaft, eccentric, or other mechani-
cal means. Hydraulically actuated presses are also employed. Figure 3.2.1 shows a
typical crankshaft-type press.

The stamping of sheet metal involves cutting or shearing, bending or forming, and
drawing or deep-drawing operations. Cutting around the entire periphery of a part is
called blanking. Cutting holes in a workpiece is called punching or piercing. A
description of each category follows:

Blanking or Piercing. Blanking or piercing to a contour progresses through three
stages (see Fig. 3.2.2): (1) plastic deformation, (2) penetration, and (3) fracture. In
stage 1, the punch makes contact with the material, and pressure begins to be exerted
until the elastic limit of the stock is exceeded and plastic deformation commences. In
stage 2, the continuing pressure causes the punch to penetrate the stock, thereby dis-
placing the blank or slug into the die opening, the displacement equaling the amount
of penetration. In stage 3, the fracturing occurs. At this point, the blank or slug is sep-
arated from the parent stock.

Generally, the straight or cut band of the material will average approximately one-
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FIGURE 3.2.2 Blanking or piercing sequence.

third of the stock thickness. This, of course, depends on the material’s brittleness. The
punch could penetrate anywhere from 15 to 40 percent of the thickness before fracture
occurs.

Forming. In forming, the operation produces one or more plane surfaces that are at
an angle to the original or flat plane of the blank. Any change in the shape of the
blank, no matter how small, is classified as forming.

The material to be formed must have the proper ductility to ensure its retention of
deformation in tension without rupture. A schematic of the bending action in a pad die
is shown in Fig. 3.2.3.

Drawing. When a part is designed so that no seams or other mechanical joints are
permissible, it can be described as a “hollow” or “cup-shaped” body. The “body” is
manufactured, by using a flat blank, with the drawing method. Drawing probably
ranks second in importance to the cutting operations of press-metal working.

Generally speaking, drawing operations require the use of a triple-acting toggle
joint or drawing press. Two or more draws (with necessary heat treatment between
draws, depending on the material used) are required when the depth of the cup-shaped
area is more than three-fourths of its diameter or width. In a simplified description,
blanks are drawn by first confining them between the die and a pressure pad (this is
where the triple-acting press comes in); then, as the press continues its cycle, the
punch (which has the reverse shape of the die but is smaller by stock thickness) forces
the material to flow inwardly from between the two confining surfaces.

The pressure applied between the die and the pressure pad during the entire press
cycle must be such that the blank is kept from wrinkling. Wrinkles will prevent obtain-
ing a smooth cup, and the possibility of tearing the cup increases. The pressure
required is mainly the result of experience plus trial and error. For a schematic view of
a typical drawing operation, see Fig. 3.2.4.

In addition to the three basic methods, conventional stamping includes shaving,
trimming, embossing, coining, and swaging.

Shaving. Shaving is a secondary operation after blanking or piercing. It produces a
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FIGURE 3.2.3 Schematic view of the bending action that occurs in a

forming operation.

smooth edge on the workpiece instead of the breakaway edge shown in Fig. 3.2.2.
This is accomplished by removing only a small amount of stock from the edge of the

Direction of pressure

Y

Punch

inwardly.

FIGURE 3.2.4 Schematic illustration of deep
drawing.

part. The deformed, fractured portion of
the edge is removed, leaving chiplike
scrap material and a relatively square and
unfractured edge on the part.

Trimming. This method is similar to
blanking except that it occurs after form-
ing, drawing, or other operations when
extra metal is left in the part for holding
or locating purposes or as a stock
allowance. The removal of this extra
stock is called trimming.

Embossing. Embossing produces shal-
low surface designs from alternately
raised and depressed areas with little or no
change in material thickness. Raised areas
in the punch correspond to depressed
areas in the die. Nameplates and stiffening
ribs are two applications. See Fig. 8.6.1, in
Chap. 8.6, “Designing for Marking,” for
illustrations of embossed parts and simple
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embossing dies.

Coining. In this process, the blank is entirely captive within the die. The die
squeezes the workpiece under very high pressure, causing the workpiece material to
flow into every die depression. Dies of quite substantial proportions and special press-
es are often required because of the high tonnage involved.

Unlike embossing, coining permits different designs to be imparted on either side
of a blank, as is the case with all coins.

Swaging. This process involves an “open” die, also of substantial construction. The
part is also squeezed into a cavity, but in contrast to coining, the excess material is not
contained but allowed to flow at will.

Knuckle-joint presses are customarily used for both coining and swaging because
they combine high tonnage and a slow squeezing action to the workpiece rather than
the sharp impact of a conventional press.

Short-Run Methods

General-purpose-equipment methods involve a variety of means for working sheet
metal. They differ from conventional metal-stamping processes in utilizing tooling of
universal or wide-range applicability rather than dies made for only one operation.
They rely on the skill of the operator rather than on tooling for their accuracy. Their
production rates are far lower than those of conventional stamping. Common general-
purpose sheet-metal processes are the following:

Straight-Line Shearing. This process utilizes two blades. The lower blade is station-
ary; the upper is movable. Sheet material is placed between the blades. The movable
blade is forced down into the stock, cutting and fracturing it with an action similar to
that which occurs when sheet metal is blanked.

Notching. Similar to straight shearing except that it produces an angle cut in the
workpiece, notching is used to remove excess stock prior to a forming, bending, or
drawing operation.

Nibbling. This process involves cutting out a contoured or other shape by punching
a series of overlapping round or square holes along the edge of the part.

Rotary Shearing. This process is a means for cutting sheet in a contoured shape or a
straight line by passing it between two tapered wheel cutters.

Folding-Machine Bending. This process produces straight-line bends. The sheet is
clamped between two beams, while a movable beam pivots upward, folding the sheet
against the edge of the clamping beam. Sharp or rounded folds can be made. Hand-
lever force is adequate for most metal thicknesses.

Press-Brake Bending. This process is performed in a long, narrow gap-frame press.
Bends are normally made on the centerline of the ram in V-shaped dies. Universal
tooling of a wide variety, however, can produce many different bend shapes. With suc-
cessive operations, complex forms are possible.
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FIGURE 3.2.5 Turret punching machine equipped with computer control. (Courtesy Strippit-
Houdaille.)

Turret Punching. This process involves the use of a machine that has punches and
dies mounted on synchronized indexing tables. As the tables are indexed, different sets
of punches and dies come into operating position. Thus, as a sheet is moved on the
machine’s work table and different dies are used, holes and notches of various sizes and
shapes can be punched and various-shaped blanks can be produced by nibbling. Some
turret punching machines rely on manual manipulation of the workpiece and manual
indexing of the turret. Others provide for numerical or computer control of these ele-
ments. Fig. 3.2.5 illustrates a typical machine, whereas Fig. 3.2.6 illustrates typical
blanks that it can produce. Although primarily used for blanking, with appropriate dies,
these machines can produce embossed shapes, countersunk holes, welding projections,
electrical breakaway holes, and louvers. Tapping heads can be added as accessories.

Steel-Rule Die Blanking. This process utilizes a die that employs a thin strip of
hardened steel bent to the outline of the blank and held on its edge by a wooden base.
The exposed edge of the steel band (or steel rule) is sharpened to a cutting edge (see
Fig. 3.2.7). The workpiece is placed between this edge and a flat opposing surface.
The cutting edge penetrates the workpiece and cuts it to the outline of the part.
Normally, soft materials such as leather, paper, and rubber are blanked with this
method. However, it is surprisingly effective for short runs of nonferrous metals and
even unhardened steel. Steel-rule dies are quite inexpensive.

Nonstamping Blanking Methods. When quantities are small, it may be advanta-
geous to produce the blank by nonstamping methods, even though subsequent pierc-
ing, forming, or other operations are produced by punch-press methods. Among these
nonstamping methods are contour sawing (see Chap. 4.10), routing, laser-beam
machining (see Chap. 4.21), other machining methods, flame cutting (see Chap. 4.11),
and hand cutting and filing.

Master Die Set: Adjustable-Die Stamping. This is a useful method for secondary
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FIGURE 3.2.6 Typical turret-punched parts. (Courtesy Wiedemann Division, The Warner & Swasey
Co.)
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FIGURE 3.2.7 Cross section of steel-rule blanking die. (Courtesy J. A. Richards Co.)
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stamping operations (after blanking).
Punching, notching, countersinking, and
other operations can be performed. The
system utilizes reusable punch-die com-
binations for each hole or other element
stamped in the workpiece. These combi-
nations are fastened to a master reusable
die set. The number of punch-die sets
used and their locations determine the
configuration of the stamped workpiece.
In each punch-die combination are incor-
porated stripper devices, which are bolted
to the master die plates or held magneti-
cally. Templates are often used to locate
the punch-die combinations, particularly
if the job is rerun periodically. Figure
3.2.8 shows a typical punch-die combina-
tion.

Special Short-Run Tooling Methods.
These methods involve tooling that,
although more or less conventional in
principle, is constructed especially for
short-run work. Differences between this
kind of tooling and its operating method
and that of high-production tooling can
include some or all of the following:

FIGURE 3.2.8 Exploded view of a punch-die 1. Less expensive and more easily ma-

combination used with a master reusable die set. chinable materials can be employed.
The stripper is self-contained, and holes of differ-

ent sizes and shapes can be produced by changing 2. Ofte_n no provision is made for
to the appropriate punch and die inserts. regrinding. There is no need for
(Courtesy S. B. Whistler & Sons, Inc.) regrinding if the whole lot can be run

in one setup.

3. The quantity of tool members is
reduced to the minimum possible.
Often no die shoes, punch pads,
guideposts, spring strippers, tripper
stops, wear plates, etc., are used.
4. Formal die designs are omitted or greatly simplified. Die construction is left to the
skill of the toolmaker.

5. Die sets may be omitted. The tightness of the punch press and the skill of the
setup operator are relied upon to provide correct alignment of the punch and die.

6. Single-operation tooling is employed. Compound, progressive, and other multi-
ple-operation tooling is not attempted.

Figure 3.2.9 illustrates a typical simplified die especially constructed for a short-
run operation.
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FIGURE 3.2.9 The simplified die on the left is especially constructed for
a short-run application with a conventional die for the same part shown to
the right. (Courtesy Ebway Corp.)

CHARACTERISTICS AND APPLICATIONS OF
METAL STAMPINGS

If cleverly designed, metal stampings, like injection-molded parts and die castings,
can contribute strongly to design for manufacturability (DFM). They can incorporate
diverse functions that otherwise would require additional parts. Springs and other flex-
ible sections, snap-fit elements, folding tabs, and press-fitable designs can be incorpo-
rated and can eliminate the need for other parts, including separate screw fasteners or
other fasteners. Projection welding and spot welding are easily provided for. Such
innovations can reduce the number of parts in an assembly and make the stamped part
itself easy to assemble.

Perhaps the major characteristic of stamped-metal parts is the fact that with a few
exceptions, the wall thickness is essentially uniform throughout. Finished stampings
are sometimes quite intricate in shape, with many tabs, arms, holes of various shapes,
recesses, cavities, and raised sections. In all cases, however, the wall thickness is
essentially uniform. Thick bosses of the type found in many castings are absent. For
drawn shells, there is almost an infinite variety of shapes.

The wall thickness ranges from a low of about 0.025 mm (0.001 in) to about 20
mm (0.79 in), although pure bending or shearing operations are produced on even
heavier stock, Most stamping, however, is performed in the range of about 1.3-mm
(0.050-in) to 9.5-mm (%-in) stock thickness. The size of metal stampings ranges from
the smallest parts used in wristwatches to large panels used in trucks or aircraft. The
largest press brakes are as long as 9 m (30 ft).

The characteristic edge of a stamped part, as illustrated in Fig. 3.2.2., should be
kept in mind by the design engineer, especially if bearing surfaces at the edges are
involved or if, for appearance or other reasons, smooth edges are needed. The designer
also should be aware of the burr on one side of stamped pieces and be careful to
design parts so that burrs either are easily removed or do not interfere with subsequent
operations or function.

Stampings can be machined after blanking and forming if dimensions that are more
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FIGURE 3.2.10 Collection of typical conventional stampings. (Courtesy Torin Corporation.)

FIGURE 3.2.11 Stampings produced by short-run methods. (Courtesy Dayton
Rogers Mfg. Co.)
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accurate than can be produced by stamping or shapes not feasible purely by stamping are
required. Examples are reamed center holes of stamped pulleys or gears, surfaces ground
for flatness, and grooves or relief areas requiring a change in thickness of the part.

A collection of typical stampings is shown in Fig. 3.2.10. Stampings produced by
short-run methods are shown in Fig. 3.2.11.

ECONOMIC PRODUCTION QUANTITIES

Conventional Stampings

Conventional stamping is a high-production process. Production is very fast, from 35
to 500 or more strokes per minute. If total production is sufficient to justify compound
or progressive dies, all blanking and forming can be done in one press stroke. In these
cases, parts can be produced complete at a rate of thousands per hour.

A progressive die for the production of parts similar to those illustrated in Fig.
3.2.10 requires high production rates (e.g., 250,000 pieces per year) to justify the
investment. Conventional dies to produce such parts might consist of (1) a compound
blanking and piercing die and (2) a pad-forming die, which together would cost only
about half the price of the progressive die. As a general rule, a progressive die should
not be considered unless two secondary press operations can be eliminated.

Forming dies vary greatly in cost, depending on their complexity and size. A sim-
ple conventional die to form one bend can be very inexpensive, whereas a complex
forming or drawing die for a large part can require a major investment.

As a result of these often sizable tooling costs for metal stampings, coupled with
low unit labor costs, even with multiple operations, conventional metal stamping is a
high-production process.

Punch presses are relatively low in cost compared with other high-production
equipment. However, press cost is not a significant factor in economic-lot-size calcu-
lations because presses are versatile. Almost any given press has a wide range of
stamping-operation capabilities.

Short-Run Stampings

As a very rough approximation, it can be stated that for average conditions, the bor-
derline between short-run and regular (middle-volume) production may be assumed to
be between 5000 and 10,000 pieces per run or per lot. Probably more important, how-
ever, is the total quantity expected to be produced by the tooling over the life of the
product. If this quantity is less than 20,000, then short-run methods will probably pro-
vide the lowest overall costs. When 10,000 to 20,000 total parts are required, it may be
advantageous to have both short-run and conventional tooling quoted so as to enable a
comparative-cost study to be made.

Another rule of thumb for differentiating between short-run and regular stampings
is the following: When the cost of the dies themselves exceeds the cost of the parts
produced, it is a short-run job.

Labor costs per piece are invariably higher per unit for short-run methods. The
materials cost also may be somewhat higher in short-run jobs because of poorer stock
utilization. Setup time is usually greater, and other secondary factors such as material
handling, scrap, and work-in-process inventory are apt to be somewhat higher with
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short-run methods owing primarily to the greater number of operations involved.

The approach that yields the lowest costs for the total of all these factors over the
life of the product is the one that should be used.

It should be noted that the total tooling cost of the separate dies used for short-run
methods is always a fraction of that of a multistage die that incorporates all the neces-
sary operations simultaneously. (The estimated cost ratio is as much as 1:6 and up to
1:8 or more.) Very significant is the fact that in a majority of cases short-run methods
permit the use of exisiting universal-type dies, especially for hole punching and right-
angle bending.

Another advantage of the short-run approach is the shorter lead time required for
tooling the short-run variety. It should be noted, however, that the quality of stampings
produced with permanent-type tooling is usually superior to that of those produced
with temporary dies; thus interchangeability of parts is better.

Short-run stamping methods should be considered under any of the following con-
ditions: (1) For experimental, prototype, or pilot-lot production, particularly when
engineering changes are likely to occur and the use of permanent tooling would not
yet be advisable. (2) For spare-parts production after the original tooling has been dis-
posed of. (3) For products such as industrial, medical, or laboratory equipment or for
other fields in which unit production levels are not large. (4) In cases in which faster
delivery of a component is essential for the commercial success of a product (e.g., a
seasonal article whose development has been started late or has taken too long). With
shortened tooling lead time, production may start earlier. In these cases, the basic eco-
nomic requirements (low cost and high productivity) must be disregarded in the tem-
porary tooling. These considerations are duly taken into account when permanent-type
tooling is developed later. (5) When standby tools are desired for high-production per-
manent-type dies whose working is essential for the uninterrupted manufacturing
process. (6) Last but not least, for low-budget business when it is not considered con-
venient to invest a large sum in costly permanent tooling.

SUITABLE MATERIALS FOR STAMPINGS

One rule of thumb is that any material that can be produced in the form of sheet or
strip can be press-worked. The exceptions, of course, are brittle nonmetallic materials
such as glass and the somewhat similarly brittle, very-high-hardness metals, e.g., those
of hardness above R 50.

Materials for stamping are classified in three groups: (1) ferrous metals, (2) nonfer-
rous metals, (3) nonmetallics.

Ferrous Metals (See also Chap 2.2)

By far the most widely used metal for general stamping applications is cold-rolled
steel in sheet, strip, and coil form having a carbon content of between 0.05 and 0.20
percent. The lower-carbon steels are the least expensive for stamping.

Steels with 0.10 percent or less carbon are most suitable for severe forming appli-
cations. However, steel with up to 0.15 percent carbon normally can be bent 180° on
itself in any direction. If the carbon content is 0.15 to 0.25 percent, steel can be bent
180° over one thickness of material. Use of aluminum-killed steels is also advanta-
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No. 2 temper half-hard, Ry 70/75 No. 3 temper quarter-hard, R, 60/75
Will take right-ongle bend Will bend down upon
across the grain around itself across the
a radius equal to the grain and fairly well
stock thickness with the grain
No. 4 temper pinch pass or No. 5 temper dead soft, Rp 55 max.
skin roll, Ry 50/65 For drawing, difficult

cupping, and severe work;
will bend down upon itself
both ways of the grain

For tubing, molding, etc.

FIGURE 3.2.12 Temper ranges and forming capabilities of low-carbon open-hearth steel
C-1010.

geous when the design calls for bending or folding the material down on itself.

Comparatively few materials can be drawn successfully, since the material must
have the required ductility and tensile strength. Aluminum-killed (sometimes called
special-killed) steel is the preferred material for deep-drawing applications. Drawing-
quality steel is superior to regular commercial-quality steel for these applications but
is not as drawable as the aluminum-killed material. Cold-rolled steel is preferred over
hot-rolled for drawing applications.

For coining applications, carbon or alloy steels of no more than 0.30 percent car-
bon content should be specified.

Of the stainless steels, Types 302 (S30200), 304 (S30400), and 305 (S30500) have
maximum stamping and forming capabilities. However, with all stainless steels, higher
tonnages are required and punch and die life suffers because of the tougher material.
Since the stainless-steel groups and some steel-alloy groups such as the silicon steels
are more difficult to work, especially when forming, liberal tolerances should be spec-
ified. For coining applications using stainless steel, the following grades are usable:
301 (S30100), 302 (S30200), 304 (S30400), 305 (S30500), 410 (S41000), and 430
(S30500) (305 is more costly than 301 or 302).

Temper is an important factor in the formability of both ferrous and other materi-
als. Figure 3.2.12 illustrates the forming capabilities of four tempers of C-1010 open-
hearth steel.

Galvanized and other coated steels are normally practical materials.
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Nonferrous Metals (See also Chap. 2.3)

Aluminum and copper alloys are the two principal nonferrous materials used for
stampings. Other stampable nonferrous metals are nickel alloys, zinc, magnesium
(when heated), titanium, and many less common metals.

Copper and many of the brasses have excellent stamping characteristics. Cartridge
brass is particularly suited for deep-drawing and severe forming applications. Yellow
brass has similar stampability. Phosphor bronze and beryllium copper, even though
less workable, are frequently used for electrical contacts and other applications for
which spring action is required. The preferred alloys for coining are those with very
high copper content: electrolytic-tough-pitch (ETP) copper, gilding, commercial
bronze, and red brass.

Aluminum alloys 1100 (A91100) and 3003 (A93003) have excellent forming char-
acteristics and are low in cost. If greater strength is required, 3004 (A93004), 5052
(A95052), 5154 (A95054), and 5036 (A95036) are suitable. If the finished stamping
requires a smooth or polished surface, 5053 (A95053), 5252 (A95252), or 5457
(A95457) is recommended. Types 1100 (A91100), 3003 (A93003), and 5005
(A95005) are the aluminum alloys most easily deep-drawn.

Nickel 200 (NO2000) and Monel 400 (NO4400) are the most easily press-worked
nickel alloys. If the amount of forming is not severe, they are often processed in the
one-eighth-hard or quarter-hard tempers to promote better blanking and piercing.

Magnesium alloys are normally formed at temperatures between 120 and 430°C
(250 and 800°F). However, large-radius bends can be made in most alloys at room
temperature. Alloys AZ31B-0 (M11311-0) and LAI41A-0 (M14141-0) are the most
easily formable alloys at room temperature.

Gold, silver, and platinum are all highly suitable for press working, including coin-
ing.

Nonmetallic Materials

Many nonmetallic materials in sheet form are processed with punch presses and tool-
ing of the type used for sheet metal. Operations are normally limited to blanking and
piercing, although with some materials bending, light forming, and embossing are
possible. Another exception is ABS plastic, which can be deep-drawn. Some cup-
shaped food containers of ABS are made by deep-drawing on metal-working presses.

Nonmetallic materials commonly blanked and pierced include fiberboard, paper,
leather, rubber, cork, wood and wood-based composition board, and various plastics,
especially laminated thermosets. Except for glass-reinforced laminates, these materials
are ideally suited for blanking with steel-rule dies and other short-run tooling.

DESIGN RECOMMENDATIONS

Stock Utilization

Stampings should be designed for the economical use of material. Shapes that can be
nested close together are better than those which must be more widely spaced on the
stock material. An L-shaped part will nest better than a T shape. Other examples are
illustrated in Fig. 3.2.13. Such improved stock utilization also requires close liaison
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80 mm wide 90 mm wide
X 70 mm long X 50 mm long
(20% less material)
|
i
60 mm of stock 38 mm of stock;
same width
(4 1% less material)
Original designs Improved designs

FIGURE 3.2.13 Two examples of parts that were redesigned to provide
better nesting of blanks and thus improved material utilization.

between the designer and the die maker or, at the very least, the ability of the designer
to visualize a strip layout such as the die maker would make.

Consideration also should be given to utilizing scrap portions to produce additional
parts. In the case of large projects, many parts no doubt will require the same thick-
ness and type of material. By designing a small part of such a shape that it can be
made from a piece of stock left over from the blanking of a large part, the designer
will save material. The designer should make a drawing notation in such cases to carry
the information to the manufacturing personnel. Figure 3.2.14 illustrates an example
of this kind of step. Another common example is the typical motor lamination die in
which the field and armature parts are made from the same strip with very little waste
of material. (See Fig. 3.2.15.)

Holes

The diameter of pierced holes should be not less than stock thickness, as illustrated in
Fig. 3.2.16. Special intermeshed punch-support sleeves or the fine-blanking process
(Chap. 3.3) permits smaller holes, but with conventional stamping tooling, punch
breakage becomes excessive if pierced holes below the prescribed minimum are
attempted.

The spacing between holes should be a minimum of 2 times stock thickness; 3
times is preferable from a die-strength standpoint; i.e., if the wall thickness is too lit-
tle, the die’s ability to resist the pressure of piercing is seriously impaired.

The minimum distance from the edge of a hole to the adjacent edge of the blank
should be at least stock thickness, but preferably it should be 1% to 2 times that (see
Fig. 3.2.17). Too small a spacing will cause the part to bulge in the edge area adjacent
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| 40 mm stock width
80mm long X plus

30mm stock width L : .
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80 mm long X

90 mm stock width;
one stock material only
(28% less material )

Improved design

FIGURE 3.2.14 Example of how minor redesign allowed a part to be blanked from scrap
material left over from the blanking of a companion part.

Direction of stock movement

- ———————
O O [e) ° O
offe oflo o o o
o o) o) i 0
9 Field core
laminotion Armature
lamination
piece

FIGURE 3.2.15 Typical progressive die-blanking sequence for motor laminations showing how both
the armature and field core laminations are blanked from the same stock with little material loss.

(Courtesy The Singer Company.)
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T or greater
(2 T or greater
for alloy or
stainless steel)

Less than T
Stock
o thickness o
T
—— VvV °C
Not this _T This
Less than 2T 27T or 3T or greater
Stock
thickness o) <>
T
AR |
Not this T This

FIGURE 3.2.16 Design rules for size and spacing of holes.

Less than T /4- /4— 17T min,;
1%h-27
preferred
Stock
thickness o
T
[ V. L
Not this T This
FIGURE 3.2.17 Pierced holes should not be located too close to the edge of the
part.
to the hole.

Piercing a hole before forming is less costly than piercing or drilling as a sec-
ondary operation. The minimum distance between the lowest edge of the hole and the
other surface should be 1'% times stock thickness plus the radius of the bend, as illus-
trated in Fig. 3.2.18. Distortion of the hole will occur if this minimum distance is not
observed.

The writers have employed the following method to eliminate or minimize distor-
tion when the design requires the lowest edge of the hole to be closer than the recom-
mended minimum. A nonfunctional window, either square or rectangular, is pierced
directly beneath the desired hole or holes. (A minimum wall thickness between the
holes should, of course, be observed.) Thus, during forming, no (or at least very little)
stress or distortion is transmitted to the hole. (See Fig. 3.2.19.) Trial and error and
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Min H=1% T +
bending
radius

i
)

T

FIGURE 3.2.18 Minimum spacing between a pierced hole
and a bend to avoid distortion of the hole.

N

experience are necessary to determine
stress.
Often it is desired to include two aligned
holes in opposite legs of a U-bent part for
holding a shaft or for some other pur-
pose. Designers should realize that it is
difficult to form such a part from a
1 prepierced blank and have the holes
aligned precisely. Several alternatives can
i be considered: (1) Pierce or drill the
NN holes after forming. This is more expen-
T sive but provides excellent alignment. (2)
Hole 1o absorb Use broad tolerances on the holes, or
T distortion make one a slot, i.e., allow for misalign-

Height less
than min.

X

FIGURE 3.2.19 Method for avoiding out-of-
roundness distortion of holes located adjacent to a
bend.

ment if the function of the part permits.
(3) Include a pilot hole in the bottom of
the U bend. This hole is located over a

pin in the pad of the forming die that will

consistently position the blank. Another
requirement, if truly close alignment is to be achieved with this method, is the use of
stock of close thickness control. Although material of close thickness tolerance com-
mands a premium price, the extra cost may be more than offset by the savings realized
by not having to perform the second operation. (See Fig. 3.2.20.)

The designer of stampings should
always try to specify round holes instead of holes of square, rectangular, or other
shapes. Tooling costs for round-hole punches and dies are far below those for holes of
other than round shapes.

Sharp Corners

Sharp corners, both internal and external, should be avoided whenever possible. Sharp
external corners of punches or dies tend to break down prematurely, causing more
pull-down, larger burrs, or rougher edges of the blanked part in the area of the corner.
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Probable slight
misalignment

O O

Blank and pierce
before forming.

{a)

Very good
hole alignment

Blank only
before forming.

(b)

L Oversize or oval hole

(c)

Good hole
alignment

O?O*]

Pilot hole —’ Closely controlled
stock thickness

(d)

FIGURE 3.2.20 Problem of alignment of holes in opposite legs of a U-bent
part. (a) Normal method. Not recommended if close hole alignment is
required. (b) More accurate method. Pierce or drill holes after forming. (¢)
Oversize or oval hole allows for misalignment. (d) Pilot hole assures that blank

is centered in forming die.
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Part produced by blanking die

a

Sharp Radii = % T or more
corners with 0.8mm min.
for thin stock

Not this This
FIGURE 3.2.21 Design rules for fillets and radii of blanked parts.

Not recommended

Stress

Preferred
grain

direction Preferred

grain direction
Acceptable (approx. 45°)

Not recommended

FIGURE 3.2.22 The grain direction of rolled sheet metal has a bearing on its strength and bendabili-
ty.

Correspondingly sharp interior corners of punches and dies are a stress-concentration
point and can lead to cracking and failure from heat treatment or in use. A general rule
of thumb is to allow a minimum corner radius of one-half stock thickness and never
less than 0.8 mm (4, in). (See Fig. 3.2.21.) It should be remembered, however, that
there will inevitably be a sharp corner wherever two edges produced by separate
shearing, slotting, or blanking operations intersect at approximately a right angle or
less. Such corners may have to be rounded by tumbling the part or performing some
other secondary operation.

Grain Direction

Whether a part remains flat or is eventually formed, the designer should consider its
strength requirements relative to the grain direction of the material. If necessary, the
desired grain direction should be indicated on the part drawing. (Grain direction usual-
ly runs lengthwise in the coil or strip.) See Fig. 3.2.22.

Strip Stock
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L 0Jl 0

Not this

> 0] Ojif> 0)f= 0]

I d 24?54}‘3 e

FIGURE 3.2.23 Use of strip stock of the width of the part with a parting die utilizes material bet-
ter than wider strip stock with a full-periphery blanking die.

Line of shear cutoff

(a)

)

(b)

gsm;n of parting punch

FIGURE 3.2.24 Simple shear cutoff of strip stock
provides the fullest utilization of raw material.

Many times it is possible to design a part so that it can be cut off from strip stock
rather than being blanked by a more expensive die, which also leaves a web of unused
material. Granted, this method applies only when the part can have two sides parallel,
as in simple brackets, but if a specific shape or extra close width tolerances are not
required, it is nonetheless an inexpensive and simple approach. Some examples are
shown in Fig. 3.2.23.
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Long projections
or webs

>1% T (>3 T if forming \t T

operation is to be performed
on the projection)

Not this This

Short projections

3T or less
or webs
3T orless >//<\ \<\>/

3T or less 3T orless
T = material thickness

Not this This

FIGURE 3.2.25 Narrow projections and webs cause die punches to be nar-
row and fragile. This should be avoided. Projections should be still wider if
they undergo bending operations.

In designing a part when for economic reasons a cutoff or parting tool is used with
strip stock, avoid featheredges. In Fig. 3.2.24, method A is preferred, method B is
acceptable, and method C is to be avoided.

Narrow Sections

Long, narrow projections should be avoided because they are subject to distortion and
require thin, fragile punches. As a general rule, long sections should not be narrower
than 1'% times stock thickness. If the projection or web is relatively short, however,
this precaution can be relaxed. Figure 3.2.25 illustrates some examples.

Shaving Allowances

If parts are shaved after blanking to provide a smooth edge, the recommended stock
allowance for this operation is as shown in Table 3.2.1.
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TABLE 3.2.1 Per-Side Shaving Allowance for Steel

Allowance, mm (in)

No. 1 temper No. 5 temper
Thickness,

mm (in) First shaving Second shaving First shaving Second shaving
1.2 (0.046) 0.08 (0.003) 0.04 (0.0015) 0.06 (0.0025) 0.03 (0.00125)
1.6 (0.062) 0.10 (0.004) 0.05 (0.002) 0.08 (0.003) 0.04 (0.0015)
2.0 (0.078) 0.13 (0.005) 0.06 (0.0025) 0.09 (0.0035) 0.044 (0.00175)
2.4 (0.093) 0.15 (0.006) 0.08 (0.003) 0.10 (0.004) 0.05 (0.002)
2.8 (0.109) 0.18 (0.007) 0.09 (0.0035) 0.13 (0.005) 0.06 (0.0025)
3.2(0.125) 0.23 (0.009) 0.11 (0.0045) 0.18 (0.007) 0.08 (0.003)

2 T—-l /}50

FIGURE 3.2.26 Stiffening ribs for a right-angle
bend.

= |
“__{_ 5 J2 T max. steel or brass

1% T max. aluminum,
copper, or zinc

FIGURE 3.2.27 Design recommendations for screw
threads in flat stock.

Reinforcing Ribs

When the formed section of a part requires extra resistance to flexing greater than that
afforded by the strength, thickness, or temper of the material, stiffening ribs should be
provided. Figure 3.2.26 illustrates a typical design.

% , T Screw Threads
; JL. T Sheet-metal stampings almost invariably
1A XT _.J ) are part of an assembly, and the methods
Stock thins to for joining the parts into an assembly are
less thon T.

many. One of the most widely employed

FIGURE 3.2.28 Design recommendations for — and least expensive is the use of a screw
screw threads in extruded holes.
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T fastener. An added advantage is the ease
—> I‘— Diameter + 6% with which the components can be disas-
_L sembled if necessary.
A disadvantage, in many cases, is the fact

that the material thickness of a typical
Diumeter—»l l<—- Th stamping does not permit an adequate
{a)

number of threads for even minimum

Qe tightening ability. A rule of thumb for the
minor thread diameter (tap-drill size) is
‘ Iq— 3T —>1 that it not exceed twice the stock thick-

ness for steel and brass and 14 times the
///Ai stock thickness for aluminum, copper,
fr % T and zinc. (See Fig. 3.2.27.)
T 1 ¥ 2 One of the simplest and least expen-
1'/2 T = k T sive solutions to the problem of getting
> T —fe— —» 037 sufficient thread length is by use of

extruded or flanged holes. Generally, the

(b) height of the extrusion is limited to the

FIGURE 3.2.29 Design recommendations for ~ stock thickness; taking into account the

set-outs when they are used to replace separate  unavoidable lead-in or pull-down radius,

rivets, pins, cam followers, locators, etc. one can expect a full thread length

approximately 1% times the stock thick-

ness. (See Fig. 3.2.28 for a typical design.) However, it is extremely difficult to define

by formulation a standard for these extrusions. As a rule, most are developed in the die
room and are based on trial and error.

Set-Outs

Set-outs can serve many purposes such as locators, rivets, cam followers, pins, etc. As
such, they are economical in that separate components need not be purchased, han-
dled, and assembled. Generally, to avoid fracture of the stock material, set-outs should
be limited in height to one-half the stock thickness. The punch, of course, must be
slightly larger in diameter than the set-out. (See Fig. 3.2.29a.) If the set-out is made
hollow, it is possible to obtain a height of approximately 1'4 times stock thickness (see
Fig. 3.2.29b).

Burrs

Designers should bear in mind the difference between the two sides of a blanked or
sheared sheet (as shown in Fig. 3.2.2) and decide which face of the finished part
should have the sharp edge and which side should have the rounded or pulled-down
edge. When the stamping must move against another part, normally the rounded edge
should be on the side in contact. It is also advisable to locate the sharp or burred side
so that it cannot cause injury when the part is in use. This may be preferable to the
inclusion of blanket notes like “Remove all burrs” or “Break sharp edges,” which are
antieconomical because burr removal is expensive (see Chap. 4.23). Curled, folded, or
sharply bent edges should be designed so that the burr side is on the interior of the
bend. In blueprints of stampings, unless otherwise specified, it is generally understood
that the burr side is the top one as drawn.
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Punch
l‘ W " T Workpiece
H
Preferred min. W=2H K
to provide clearance for Die/

forming punch.

FIGURE 3.2.30 Preferred proportions for channel bends.

Formed Parts

For tooling economy, the designer should specify shapes that can be produced with
standard existing, universal bending dies. This implies the following specific recom-
mendations:

1. The inside bend angle preferably should be 90°.

2. In channel forming, the relationship between leg height and width (relationship
between W and H in Fig. 3.2.30) should allow the use of a single standard 90°
bending tool, especially if production quantities are limited. Normally, a ratio of
channel width to leg height of at least 2:1 is required, but the actual minimum
ratio depends on the width of the forming punch.

3. To avoid twisting and distortion, the width of the formed portion of the part
should be at least 3 times stock thickness. (See Fig. 3.2.25.)

Drawn Parts

Drawing operations are very seldom employed for small lots because drawing requires
more sophisticated, more expensive tooling and more development work and time than
simply bent stampings. In short-run jobs, quite often drawn shells and boxes are
changed to fabricated shells, which are easier to make and require simpler and less
expensive tooling.

The only kind of drawing operation that is sometimes performed in small lots is

P

/ e —
]

Q k/// i 2Ll JI ’
lae— D H =10% of D

Not this This

FIGURE 3.2.31 Recommended proportions of drawn parts pro-
duced in short-run quantities when simple tooling, without blank-
holding features, can be used.
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Not this This

Radius 2 H/4

FIGURE 3.2.32 Design rules for deep-drawn stampings.

very shallow drawing of round shells, which requires comparatively simple tools with-
out blank-holding equipment. There are no hard-and-fast rules for the design of such
workpieces. The limits of drawing without blank holders depend on the combination
of comparatively thick stock, small shell height, and large shell diameter. Heights vary
between 5 and 10 percent of shell diameter in thin- and medium-gauge stock, as
shown in Fig. 3.2.31.

When it is imperative to make drawn shells of conventional design and shape
(seamless shells), a few basic recommendations will help to keep down tooling and
overall production costs:

1. Avoid tapered-wall shells and/or flanged shells. They are much more expensive
than straight cylindrical shells.

2. Do not specify both inside and outside diameters; only one of these dimensions can
be controlled because of variations in wall thickness.

3. Avoid sharp corners in the bottoms of drawn shapes. The recommended minimum
radius is 4 times stock thickness. (See Fig. 3.2.32.)

4. For rectangular boxes, specify corner radii at least 0.25 times the depth of draw.
(See Fig. 3.2.32.)

Countersinks and Counterbores

Countersinking, counterboring, and deep chamfering, as illustrated in Fig. 3.2.33, can
be expensive, especially if quantities are limited or machining is required. Designers
should avoid specifying these features unless they are really necessary because of the
additional tooling and operational costs they entail.

Other Recommendations: Short-Run Stampings
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(a) (b}

{c) (d}
7
(e) (f)

1%%9/4
{g) (h)

FIGURE 3.2.33 Various countersinks and counterbores
used with metal stampings. a, b, ¢, and d represent pre-
ferred approaches which are relatively easy to produce.
With properly designed dies (double-acting tools) and a
favorable dimensional relationship between stock thickness
and clearance hole size, the hole may be punched simulta-
neously with the forming of the depression. In e and f, the
countersink is produced by coining. This requires soft mate-
rial, and some development is frequently needed, so this
approach is not so suitable for short runs. Unless the cham-
fer is small (as in e), a bulge will be raised around the hole
as shown in f. g and £ illustrate machined countersinks and
counterbores, respectively. Because of the secondary
machining operations, these are more costly to produce.

The best designs for short-run stampings are those which require the least tooling or
even none not already available. Designs that can be produced by straight squaring
shears, notching tooling, and standard punches and forming blocks are best. Regularly
shaped parts with standard-size features are most likely to be producible with this kind
of equipment and tooling.

Other than the need to economize on tooling costs, the design of short-run and con-
ventional stampings should follow the general principles described above. It also
should be borne in mind that even though large-volume production provides an oppor-
tunity to amortize high tooling costs, it is still preferable to minimize tooling costs in
high-production applications. Consequently, in cases in which the outer contour of a
blank is not functional (need not match mating parts), the designer should shape the
blank so that its production will entail the least expense for tooling.

DIMENSIONAL FACTORS
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Realistic, practical tolerances on metal stampings at large, whether in short-run, medi-
um-run, or high-production lots, depend on several details. The chief ones are the
design of the part, its function, the size of the part, the press operations to be per-
formed, and the material to be employed (kind and thickness). Die accuracy, die wear,
metal springback variations (due primarily to material temper and thickness varia-
tions), changes in die dimensions after sharpening, feed, and workpiece-placement
variations in the die all affect final-part accuracy. This means that each specific part
and each individual feature or dimension must have its own practical tolerance.
Short-run stampings may not have as high an accuracy as those produced from con-
ventional high-production tooling for several reasons. In high-production tooling, the
extra time and cost of building high accuracy into the tooling is more easily justified.
Multiple-operation dies usually are more accurate than separate operations in which

TABLE 3.2.2 Recommended Dimensional Tolerances for Sheet-Metal Blanks Produced with
Short-Run Tooling

Normal

Closest tolerance,
mm (in)

production
tolerance, mm (in)

Width of slit cold-rolled sheet stock up to
230 mm (9 in) wide and 1.5 mm (0.060 in) thick
Length, width, and other dimensions of
blanks produced by shear, parting-tool,
and notching operations
Dimensions of parts produced by numerical-
control turret punching machines
Diametral tolerance for holes less than 25 mm
(1.0 in) in diameter
Stock under 1.5 mm (0.060 in) thick

Stock thicker than 1.5 mm (0.060 in)

+0.05 (0.002)

+0.13 (0.005)

+0.05 (0.002)

+0, —0.05 (0.002)

+0, —0.10 (0.004)

*0.13 (0.005)

+0.25 (0.010)

+0.13 (0.005)

+0, —0.10
(0.004)
+0, —0.30
(0.012)

TABLE 3.2.3 Recommended Dimensional Tolerances for Sheet-Metal Blanks Produced

with Blanking Dies

Dimension
Up to 75 mm 76 to 200 mm 200 to 600 mm
(3 in) (3 to 8 in) (8 to 24 in)
Material thickness,
mm (in) Tolerance, mm (in)
To 1.5 (0.060) 0.08 (0.003) 0.15 (0.006) 0.25 (0.010)
Over 1.5 t0 3.0 0.15 (0.006) 0.25 (0.010) 0.40 (0.016)
(0.125)
Over 3.0 t0 6.3 0.30 (0.012) 0.45 (0.018) 0.80 (0.031)
(0.250)

Note: Tolerances are plus only for outside dimensions and minus only for inside dimensions. For
holes produced with blanking dies, the diametral tolerances shown in Table 3.2.2. also apply.
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TABLE 3.2.4 Recommended Tolerances for Dimensions of Formed Stampings

Normal production

Closest tolerance tolerance

Angle of bend of formed legs

Special dies +1/0 +10

Press brake or other universal tooling *1° *2°

Bending brake *2° *3°
Height or length of bent leg (dimension H) *0.2 mm (0.008 in) *0.4 mm (0.016 in)
Height of extruded holes +0.2 mm (0.008 in) *+0.3 mm (0.012 in)
Deviations from flatness *+0.3% *0.5%

e

N |

RS

H

WY
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Source: DESIGN FOR MANUFACTURABILITY HANDBOOK

CHAPTER 3.3
FINE-BLANKED PARTS

Joe K. Fischlin

American Feintool, Inc.
White Plains, New York

The fine-blanking process is a press-working technique that utilizes a special press
and precision tools and dies to produce parts that are more nearly complete and ready
for assembly as they leave the fine-blanking press than parts blanked by conventional
methods. Fine-blanking produces parts with cleanly sheared surfaces over the entire
material thickness. By comparison, conventionally stamped parts generally exhibit a
cleanly sheared edge over only approximately one-third of the material thickness, and
the remainder shows fracture. With conventional stamping, when these surfaces are
functional, they may require some form of secondary operation such as shaving,
milling, reaming, broaching, hobbing, or grinding. Often, several of these operations
are necessary to complete the part. Apart from the improved quality of the sheared sur-
faces when fine-blanking is used, high dimensional accuracy can be obtained, and the
process also allows operations that cannot normally be accomplished in conventional
stamping dies.

THE FINE-BLANKING PROCESS

Basic Press Requirements and Functions

To produce fine-blanked parts, a precise die with low punch and die clearance
(approximately % percent of material thickness) is required along with a triple-action
press to clamp the material during the shearing operation. The three actions in the
press provide the shearing pressure, the V-ring pressure, and the counterpressure.
These must be held constant throughout the stroke to ensure good-quality parts. The
press also must be capable of a fast approach stroke, a slow shearing speed between 4
and 15 mm/s (0.160 and 0.600 in/s), and a fast ram retraction to obtain good stroking
rates.

In production, to obtain the maximum number of parts between punch and die
regrinds, it is imperative that the punch does not enter the die. This is ensured through
a ram stroke, or shut-height setting, accurate within 0.01 mm (0.0004 in).

3.43
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FIGURE 3.3.1 A 250-ton fine-blanking press. (Courtesy American Feintool, Inc.)

Press Capacities

Currently, fine-blanking presses from 40 to 1400 tons total capacity are in use on a
production basis. Figure 3.3.1 illustrates a typical fully automated fine-blanking press
with a total capacity of 250 tons.

The Press Cycle

The sequence of operations during one cycle of the fine-blanking press, shown in Fig.
3.3.2, is as follows: (1) The material is fed into the die. (2) The upstroking ram lifts
the lower table and die set. This raises the material to the die face. (3) As the tool clos-
es, the V ring is embedded in the material. The material is clamped between the V-ring
(or “stinger”) plate and the die plate outside the shear periphery. The counterpunch
(which is under pressure) clamps the material against the blanking-punch face inside
the shear periphery. (4) While the V-ring pressure and the counterpressure are held
constant, the punch continues upstroking, cleanly shearing the part into the die and the
inner-form slug into the punch. At the top dead-center position, all pressures are shut
off. (5) The ram retracts, and the die opens. (6) Almost immediately after the tool
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opens, the V-ring pressure is reapplied. This strips the punch from the skeleton materi-
al and pushes the inner-form slugs up out of the punch. The material feed begins. (7)
The counterpressure is reimposed, ejecting the part from the die. (8) The part and
slugs are removed from the die area either by an air blast or by a removal arm. (9) The
cycle is complete and ready to recommence.

Tooling: Dies, Progressive Dies

Whenever possible, a fine-blanked part is produced with a compound die so that it is
produced completely in a single operation. Fine-blanking progressive dies have been
in use for several years.

Operations that can be carried out in progressive fine-blanking dies include

1 Chamfering (internal and external forms)
1 Bending (legs, offsets, protrusions, etc.)

1 Coining for counterbores, thinning material on hammer-type components, flanges,
and coins or tokens

1 Forming (shallow “draws” are possible in certain parts and materials)

TYPICAL CHARACTERISTICS AND APPLICATIONS

The reasons for considering fine-blanking include the need for improved surface finish
and squareness of the sheared edges, higher dimensional accuracy, and superior flat-
ness or appearance compared with conventional stampings. Figure 3.3.3 compares the
sheared-edge condition from a conventionally stamped part with a fine-blanked part.
Such features as cam tracks, locating pins, rivets, and depressions can all be incor-

FIGURE 3.3.3 Comparison of the edge surface produced by con-
ventional stamping (left) and fine-blanking (right). (Courtesy
American Feintool, Inc.)

porated into the fine-blanked part. Figure 3.3.4 shows a semipierced form used in an
automotive seat-back-recliner assembly. The production of gears, gear segments,
ratchets, and racks is a major field for fine-blanking application.
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FIGURE 3.3.4 This automotive seat-back-adjustment assembly uses semi-
pierced main plates, coined double gear, spacer, and eccentric plate, all produced
by fine-blanking, to eliminate separate parts that otherwise would be necessary.
(Courtesy American Feintool, Inc.)

Surface Finish and Edge Squareness

An average surface finish for fine-blanked parts is 0.45 wm (32 pin). It is possible to
obtain a superfinish of 0.1 to 0.2 pm (8 to 16 win) by using carbide dies for applica-
tions such as special cams for which a polished surface is required. Because of die
wear and materials in use, the 0.45-pm (32-pin) figure may be exceeded after a cer-
tain number of parts have been produced.

The perpendicularity of sheared edges will seldom be exactly 90° but will not fluc-
tuate more than approximately 40 to 50 min. The quality of material sheared and the
condition of the fine-blanking tooling are most influential for these two features.

Part and Material Sizes

As with most stampings, the vast majority of fine-blanked parts are made from coil or
strip stock. On occasion, profile-rolled or -extruded bars are fine-blanked when the
part configuration dictates, but this is not common. However, even when working with
flat stock, the finished part can have coined sections, offsets, bends, embossed areas,
etc. These latter examples may be obtained with progressive dies.

The size range for fine-blanked parts is very broad. Watch parts with overall
lengths of about 2.5 mm (0.100 in) and smaller are being produced regularly.
Conversely, large machinery plates about 760 mm (30 in) across have also been made.
The majority of parts do fall in the range of 25 by 25 mm to 250 by 250 mm (1 by 1 in
to 10 by 10 in).

Thickness, as with overall part size, also covers a broad range. Parts as thin as 0.13
mm (0.005 in) and as thick as 13 mm (0.5 in) are produced on a regular production
basis. The most widely produced parts fall within a range of 0.8- to 8-mm (0.030- to
0.300-in) material thickness.

Die Roll (Pull-Down)

Through fine-blanking, a certain deformation of the piece part occurs on the die side
of the part. (See Fig. 3.3.5.) This deformation, which is termed die roll or pull-down,
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Die rol} is less marked on fine-blanked parts than
on conventionally stamped parts. This is

V// / / ////// A due to the retention of the material during

blanking through the V-ring pressure and

Burr counterpressure.
FIGURE 3.3.5 Die roll and edge burr that may The sharper the angle on the outer
occur on fine-blanked parts. form, the smaller the radius on these cor-

ners, and the thicker the material, the
greater will be the die roll, which on certain gear-wheel parts may be as much as 30
percent of the material thickness. Less die roll is experienced on hard than on soft
materials.

Burrs

Owing to inevitable wear on the shearing punch, blunting occurs and causes burrs to
form on the piece part after a certain number of parts have been produced. (This is
also shown in Fig. 3.3.5.) The degree of burr produced is related to the type of materi-
al worked and the number of parts produced between resharpenings of the punches.

If the burr is objectionable, it can be removed by tumbling, vibratory finishing, or
belt sanding. All three methods are acceptable and must be selected according to the
type of part and finished condition required.

Outside Chamfers

In certain cases, outside chamfers on a part also can be produced. This is accom-
plished by making a V-ring impression on the die side of the part in a preceding sta-
tion in the die, exactly at the location where the outer edge will be. The part is then
blanked out, parting the V half and producing a chamfer on the die-roll side of the
part. This procedure has been carried out successfully to a chamfer depth of about 30
percent of material thickness.

Offsets

Using specially formed elements, it is possible to produce fine-blanked piece parts
with offsets to a maximum of 75° in a single operation. Until the present time, materi-
als of maximum 6-mm (0.24-in) thickness have been worked by this method. Figure
3.3.6 shows a typical offset part producible in one press stroke.

Under certain circumstances, a normal fine-blanked edge finish will not be
achieved in the offset zone, but for most piece parts of this type this finish is not a
requirement, since functional surfaces seldom lie in these areas. The dimensions of
both inner and outer forms relative to one another on both sides of the offset zone can
be held far more accurately by this method of production than is possible when pro-
ducing the offset in a secondary operation.

Semipiercing

Semipiercing in fine-blanking is shown in Fig. 3.3.7. The material has been partially
pierced or sheared, but no fracture or division of the material has been made in the
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FIGURE 3.3.6 Offset part that can be produced
in a single fine-blanking operation. FIGURE 3.3.7 Semipiercing.

shear zone. The picture shows that the material structure has been displaced at 90° in
the shear zone. The “cold forming” involved causes the material tensile strength in the
shear zone to increase, disproving the often propagated opinion that such sections are
weak and may not be placed under load or strain.

Semipierced faces may be used on both the internal and the external forms as
dowel pins, rivets, cam tracks, or gear forms. (See also Fig. 3.3.4.)

Additional examples of fine-blanked parts are shown in Fig. 3.3.8.

FIGURE 3.3.8 A collection of typical fine-blanked parts. (Courtesy American
Feintool, Inc.)

ECONOMIC PRODUCTION QUANTITIES

Fine-blanking generally can be classified as a high-volume production process, since
tool quality and cost normally require a reasonable quantity of parts to justify the
expenditure. A comparison of various production methods will show true justification,
since tooling costs are not the only factor to be taken into account. In some cases,
quantities of 1000 to 5000 pieces can completely amortize tooling costs. This is the
case when an expensive secondary operation such as numerical-control contouring,
grinding, or a difficult broaching is eliminated by designing the part to utilize fine-
blanking. As a general guideline, however, minimum quantities can be considered to
be between 10,000 and 20,000 parts.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



FINE-BLANKED PARTS

3.50 FORMED-METAL COMPONENTS

Production-Time Comparisons

The operating cycle is normally somewhat slower for fine-blanking than for conven-
tional stamping. A press rate of 45 strokes per minute would be a fair average for fine-
blanking operations. In comparing fine-blanking with conventional stamping, total
costs for all operations necessary to complete the part, including secondary machin-
ing, must be considered.

MATERIALS SUITABLE FOR FINE-BLANKED
PARTS

Unless they are to be drawn or severely formed, conventionally blanked parts are gen-
erally made with material in a relatively hard condition to obtain a good shear-break
characteristic and minimize burrs. In contrast, fine-blanking processing requires mate-
rials that exhibit a good cold-forming quality.

Steel: Structural Requirements and Shearing Characteristics

Approximately 90 percent of all fine-blanked parts are produced from steel. With
regard to the above-mentioned hardness and cold-forming characteristics, it must be
mentioned that in steels the required features generally relate directly to the material
structure. As the carbon content increases, the structure of the steel becomes increas-
ingly important. A good dispersion of small cementite spheres within a soft ferrite
mass (spheroidize-annealed) is best. This enables the cutting elements to shear the part
cleanly rather than induce a shear-break characteristic in the unevenly dispersed struc-
ture of a nonannealed material. The quality of the material used will influence not
only the appearance of the piece parts but also the die and punch life between resharp-
ening operations.

Provided that it is pickled and oiled (is scale-free), hot-rolled material can be fine-
blanked. Here again, the structure of the steel is probably of the greatest importance.
Generally, cold-rolled material will provide the best results, but overall economics
related to the function of the part, etc., must be considered. Best results in steel can be
obtained with material having a tensile strength from approximately 260 to 520 MPa
(38,000 to 76,000 Ibf/in?) and a carbon content of 0.08 to 0.35 percent. However, it is
possible to produce parts in materials with a tensile strength up to 685 MPa (100,000
1bf/in?) and a carbon content of 0.7 to 0.9 percent. In this carbon range and above, the
quality of the steel used and the type of part configuration to be produced are more
critical and must be carefully evaluated in each case.

Nonferrous Materials

Nonferrous materials such as brass, copper, and aluminum also can be fine-blanked.
When parts are produced from brass, there should be no lead content. While lead is
required in chip-forming operations, it will cause tearing on the sheared surfaces of
fine-blanked parts. Copper may tend to “cold-weld” to the sides of the punch and die
and cause a buildup on these surfaces. This generally can be overcome to an accept-
able degree by using a suitable cutting lubricant. Soft and half-hard aluminum can be
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fine-blanked providing cleanly sheared surfaces. Hard grades of aluminum (e.g., TS
and T6) can be fine-blanked but will show edge fracture because of the material struc-
ture and hardness.

In certain cases, materials with a high level of hardness (not generally recommend-
ed for fine-blanking processing) have been sheared successfully on a production basis.
Each case must be evaluated on its merits, and generally some trial or testing is
required. An overall evaluation of material suitability is provided in Table 3.3.1.

DESIGN RECOMMENDATIONS FOR PIECE PARTS

Corner Radii

On fine-blanked parts, corners must be rounded. If a radius is not introduced or is too
small, the edge near the corner will show tears in the material over the shear zones.
The main punch and inner-form punches are likely to chip in these areas after only a
short period of use.

The corner angle, material thickness, and type of material determine the minimum
radius required. In general, the following values can be applied:

Obtuse angles: radius 5 to 10 percent of material thickness
Right angles: radius 10 to 15 percent of material thickness
Acute angles: radius 25 to 30 percent of material thickness

These data relate to external forms. Inner corners can be radiused with two-thirds of
these values. In general, the maximum possible radius should be specified in all cases,
as this provision can only be beneficial to tool life. (See Fig. 3.3.9.)

A7 a2

Not this This

h
{sharp corners) A {obtuse angle): R=5-10% X T
B (right angle): R=10-15% X T
C (acute angle): R = 25-30% X T

D (internal angles): R = 66% of values
for external angles

FIGURE 3.3.9 Recommended corner radii for fine-blanked parts.

Holes and Slots

Holes in materials 1 to 4 mm (0.039 to 0.157 in) thick generally can be blanked with
the width of sections from inner to outer form corresponding to approximately 60 to
65 percent of the material thickness. When working thicker materials, the specific
shear pressure becomes higher in such critical areas. Also, the heat-up rate of the cut-
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FIGURE 3.3.10 Design rules for slots in fine-blanked parts.

ting elements increases. Practice has shown that the sections mentioned above must be
increased for materials over 4 mm (0.157 in) thick.

Basically, the same data apply for both hole diameters and slot widths.
Recommendations for actual applications can be determined from the data supplied in
Fig. 3.3.10a and b.

Tooth Forms

Tooth forms for gears, ratchets, etc., may be produced by fine-blanking when the
width of the tooth on the pitch-circle radius is 60 percent of material thickness or
more. In certain cases, width can be reduced to 40 percent of stock thickness.
Governing factors are the tooth form and, once again, the material being worked.

It should be specially noted that the crests of the teeth and the tooth-root form must
be radiused. In practically all cases this is allowable as the tooth form in these areas
generally has no actual function.

Lettering and Marking

Relatively deep marking and lettering, for appearance or identification purposes, often
can be incorporated in the piece part in the blanking operation without extra cost. It
should be noted that, when possible, markings should be laid off on the die side of the
piece part so that they can be imprinted through the ejector. If this is not possible for
any reason, the marking can be made through a punch insert on the piece-part burr
side.

The wider the markings and the deeper the coined depth into the material, the
greater the danger of bruising on the reverse side of the part. The example shown in
Fig. 3.3.11 is for a telephone coin-insert plate. Here the maximum possible coining
depth has been reached.
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section

FIGURE 3.3.11 Coining of a pay telephone money-insert plate
showing the maximum depth of coining without bruising the oppo-
site face of the part.

Semipiercings

Generally, the maximum depth to which offsets or semipiercings (see Fig. 3.3.7) are
recommended to be pierced is 70 percent of material thickness.

Countersinks and Chamfers

If the countersink of an inner form lies on the die side of the part, it can be made in
one stroke, i.e., together with the actual blanking of the part in one operation.
Countersinks of 90° can be introduced to depths of one-third material thickness with-
out disagreeable material deformation becoming noticeable. This is valid for material
thicknesses up to approximately 3 mm (0.125 in). Naturally, the angle of the counter-
sink may be increased or decreased. In such cases, the volume of material to be com-
pressed should not exceed the volume of one-third material thickness at 90°. (See Fig.
3.3.12)

When the countersink lies on the burr side (punch side) of the piece part, it must be
made in a preceding station in the tool. In the operation in which the piece part is
finally blanked out, the countersink hole may be used for location or pilot purposes.

Should countersinks be required on both sides of the hole, these must be introduced
in one or two preceding stations, depending on the depths necessary.

L G > S
TW ; 1

FIGURE 3.3.12 Countersink variations producible by fine-blanking without significant
stock deformation. Countersinks of 90° usually can be made to depths of one-third material
thickness without disagreeable deformation of the adjacent surface.

pa
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DIMENSIONAL FACTORS AND TOLERANCES

The major factors influencing piece-part quality are the stock material and the accura-
cy of the press tool. The actual configuration of the piece part is also of importance.

Since there is no taper on the punch or the die in fine-blanking tools, resharpening
the tool allows the size of the original die apertures to be maintained. This factor
ensures piece-part repeatability and maintains part accuracy for the entire life of the
die.

Piece-part flatness obtainable in production varies widely in relation to part size,
part configuration and quality, and thickness of material being worked. Generally, the
piece part will remain as flat as the stock material introduced to the die.

Table 3.3.2 indicates typical tolerances that can be maintained for various dimen-
sional characteristics of fine-blanked parts.

TABLE 3.3.2 Recommended Tolerances for Fine-blanked Parts

Tolerance of inner form

Material thickness, and outer configuration and Tolerance of hole
mm (in) dimensions, mm (in) spacing, mm (in)
Material tensile strength to 410 MPa (60,000 1bf/in?)
0.5-1.0 (0.020-0.040) +0.008/0.013 (0.0003/0.0005) +0.013 (0.0005)
1.0-3.0 (0.040-0.120) +0.013 (0.0005) +0.025 (0.001)
3.0-5.0 (0.120-0.200) +0.025 (0.001) +0.038 (0.0015)
5.0-6.3 (0.200-0.250) +0.039 (0.0015) +0.038 (0.0015)
Material tensile strength over 410 MPa (60,000 1bf/in?)
0.5-1.0 (0.020-0.040) +0.013/0.025 (0.0005/0.001) +0.013 (0.0005)
1.0-3.0 (0.040-0.120) +0.025 (0.001) +0.025 (0.001)
3.0-5.0 (0.120-0.200) +0.038 (0.0015) +0.038 (0.0015)
5.0-6.3 (0.200-0.250) +0.050 (0.002) +0.038 (0.0015)

Note: The above tolerances are average indicative values. For parts between 3 and 6 mm (/s to /4 in)
in thickness and up to 150 mm (6 in) in length, indicative flatness is within 0.1%.
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CHAPTER 34
FOUR-SLIDE PARTS

Kenneth Langlois

Torin Machinery
Torrington, Connecticut

INTRODUCTION

Four-slide parts are metal stampings, usually of complex configuration, produced on
high-speed, multiple-ram, highly versatile machines. A number of operations can be
performed before a part is ejected. Parts often can be produced completely in one four-
slide operation.

Four-Slide Process

The major functional elements and basic process sequences of four-slide machines are
shown in Fig. 3.4.1 for a horizontal machine. (There are also vertical machines with
similar capabilities but with somewhat improved ability to perform some secondary
operations.) Metal strip material moves from left to right from a continuous coil on a
strip reel through a straightener, a feed mechanism, and one or more presses in the
press area and, finally, into the forming area, from which complete parts are ejected.

Standard press operations can be performed on strip material in the press area as
long as the total tonnage and stroke required are within the capacity of the machine.
One or more press units are self-contained and controlled from a camshaft. Press oper-
ations include piercing, slotting, trimming, notching, dimpling, coining, lancing,
extrusion, blanking, forming, embossing, and drawing (shallow).

In the forming area, four forming slides operate at 90° angles around the center
form. Each slide is independently operated by a cam on one of the machine’s inter-
locking camshafts. The forming slides advance (and dwell) in sequence as necessary
to form the part. In some machines, a second forming action is available. Forming in
more than one stage on the center form permits complex forming of a single part in
more than one machine cycle without any reduction in production rate. In all forming
positions, the stroke, timing, and velocity characteristics of each forming tool can be
independently set and adjusted as necessary. After all forming and other secondary
operations have been completed, the part is ejected from the machine.

3.57
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FIGURE 3.4.1 Typical vertical four-slide machine. (Torin V-81 Verti-Slide.)

Straight or shaped ends on parts can be produced by a variety of cutoff methods.
Usually, a standard cutoff punch and fixed die blocks are used. However, the forming
slides can all be tooled for cutoff as desired.

As many as eight or more parts can be produced in each machine cycle with multi-
ple tooling, substantially increasing the machine’s productivity. The duplicate parts
may be formed side by side across the strip width or following each other along the
strip. Or two or more parts may be produced simultaneously from separate strips fed
in together in parallel. This kind of multiple processing is usually limited to relatively
simple parts.

Eliminating Secondary Operations

The structure and operating characteristics of four-slides allow these machines to per-
form at one time many operations that are customarily carried out as secondaries in
conventional metal stamping. These operations include drawing (limited by the stroke
of the press portion of the four-slide machines, but performed in one or more die sta-
tions), reaming (normally performed by an air-operated reaming head), tapping (per-
formed by an auxiliary tapping head), welding (both spot and butt welds can be pro-
duced), assembly (simple assembly equipment can be integrated into the machines),
and packaging (automatic packaging apparatus can be added at the ejection point of a
vertical machine).
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TYPICAL PART CHARACTERISTICS AND
APPLICATIONS

Compared with parts produced on conventional punch presses, four-slide parts are more
complex, involve a higher degree of forming, and usually have the basic strip shape and
edges integrated into their design. In contrast, the usually larger capacity of a conven-
tional power press, in both die size and tonnage, is superior whenever fabrication of the
part is mostly a matter of blanking. Parts that require forming to more than shallow
angles out of the strip plane take fullest advantage of the four to six slide tools in a
four-slide’s forming area. The slide motions available can bend strip in almost any con-
ceivable way: it can be turned back against itself or bent in several directions.

The ends of four-slide parts can be overlapped, butted, and interlocked as necessary
to form closed configurations. Ends also can be welded together to produce a part that
otherwise might be made at a higher cost on other machines, either out of metal tubing
or as a drawn cup with the bottom blanked out. Welding is also used to secure such
pieces as contacts, screws, or nuts to strip parts as subassemblies before ejection from
the machine.

Since four-slide parts are normally produced from strip stock, the edge of the part,
its thickness (unless coined or drawn), and its surface finish are normally those of the
unprocessed material.

The size range of four-slide parts does not extend to the large sizes routinely pro-
duced on conventional metal-stamping presses. The largest standard four-slide machines
currently available from one manufacturer can produce parts up to 350 mm (14 in) long,
100 mm (4 in) wide, and 2.1 mm (0.084 in) thick. However, most four-slide parts are
made from stock narrower than 25 mm (1 in) and thinner than 1.5 mm (0.060 in).

Other limitations of four-slide parts, in comparison with press-produced stampings,
are a shallower depth of draw and considerably less severe coining. It is also not feasi-
ble to stamp parts on the bias, should this be necessary to ensure favorable stress
development in hardening.

Figure 3.4.2 shows a collection of typical four-slide parts.

ECONOMICS OF FOUR-SLIDE PROJECTION

Parts making on four-slide equipment is a high-production process. This is a result of
three prime factors: (1) production rate, (2) tooling cost, and (3) setup time.

The production rate on vertical four-slide machines generally ranges between 100
and 300 parts per minute, depending on the complexity of the parts and assuming that
the rate is not limited by a secondary operation. Horizontal four-slides are usually
somewhat slower than vertical machines but are less expensive for a given strip-size
capacity. More intricate parts requiring multiple forming are made more rapidly on
either type of four-slide machine than on a punch press. Secondary operations such as
drawing, reaming, tapping, etc. normally require a considerable reduction in machine
speed to keep operations synchronized, but output is still considerably faster than it
would be if operations were performed separately. The life expectancy of high-produc-
tion four-slide tooling is in the millions, with 200,000 to 300,000 parts being made
between tool sharpenings.

The press and forming tools for making less precise parts on four-slides may be of

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



FOUR-SLIDE PARTS

3.60 FORMED-METAL COMPONENTS

e Oq 9(\\;
18 V¥ 0o T~

”_1
S’

FIGURE 3.4.2 Parts that involve relatively complex forming can usually be more economically pro-
duced on four-slides. (Courtesy Torin Corporation.)

the type made in job shops for short runs, in which the appearance and life expectancy
of tools are not as important. The life expectancy of this kind of forming tool may be
no more than 25,000 to 50,000 parts. Rail die construction is sometimes used in the
press area.

In general, tooling cost for a given high-precision component can be expected to be
lower on four-slides than on power presses no matter what the quality and complexity
of the tools.

Initial setup is usually considered part of tooling cost, and on four-slide production
it can be significant. Setup is longer than for conventional punch presses because there
are more individual tools (as well as cams) to mount in the machine and adjust. Rerun
setup tends to be longer for the same reason. Greater skill is also required. However,
the ability to adjust four-slide tools individually provides an advantage of flexibility,
for example, in making small adjustments to compensate for variations in materials
characteristics or tool wear. Setup time for four-slide machines when running parts of
average complexity is from 2 to 6 h.

Four-slide machines, particularly the vertical type, are more likely to be used for
long runs. However, the “minimum” length of run for four-slides tends to vary widely
from company to company. And even with higher setup time, a need for precise
dimensional control and/or elimination of secondary operations may lead to using
four-slides for runs well below the minimum. A rule of thumb used by many manufac-
turing engineers says that a four-slide is likely to be the more economical method
whenever its running time is equal to or greater than its setup time. This occurs usual-
ly for quantities in the range of tens of thousands per run.
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SUITABLE MATERIALS*

Tables 3.4.1 through 3.4.6 give the major forming characteristics of the six families of
strip material most commonly used in four-slide production. Smaller bend radii than
those shown in the tables may be possible if the bend is made in more than one step or
if V bending is used instead of tangential bending.

High-Formability Steels

Low-carbon cold-rolled strip steel (Table 3.4.1) and spheroidize-annealed spring steel
(Table 3.4.2) are the most common high-formability materials used in four-slide pro-
duction. Cold-rolled strip steel (available in five tempers) is the basic ferrous material
for four-slide parts other than springs. AISI 1075 (G10750) spheroidize-annealed
spring steel is the main material for spring parts; AISI 1095 (G10950) is for spring
parts in thinner sections. These latter two materials are hardened and tempered after
forming to attain desired properties.

Silicon-killed steel, which is used mainly in core hardening, carburizing, and other
special applications, is not usually specified for four-slide forming. Aluminum-killed
steel should always be specified when fabrication of the part in the four-slide is to
include drawing.

The austenitic (or fracture) grain size, which is established during the hardening
process, very much affects the formability of steel. The larger the grains, the less
formable is the material and so the more likely that it will develop cracks in forming.
The process of cold rolling stretches the grains along the length of the strip. As a
result, the material is more formable across the strip than along the strip.

Tempered Spring Steels

Behavior of the tempered spring steels (Table 3.4.3) is difficult to predict in forming.
To control the mechanical properties, the strip mill should be required to fulfill two of
three critical specifications: hardness, tensile strength, and minimum inside-bend
radius without fracture. In addition, allowable limits on reproducibility of mechanical
properties should be established with the mill.

Stainless Steels

Type 302 (S30200) is the most common stainless steel specified for four-slide parts
(Table 3.4.4). Other stainless steels that may be used (austenitic types, such as the 200
and 300 Series) have similar mechanical properties, and the data in the table are also
applicable to them. Stainless steel does not have nearly the degree of springback of

*Much of the remaining parts of Chap. 3.4, including Tables 3.4.1 through 3.4.6, was prepared by James. J.
Skelsky, Jr., and has been updated for this edition.
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3.70 FORMED-METAL COMPONENTS

tempered steels. Series 400 stainless steels have properties similar to AISI 1075 spher-
oidize-annealed, cold-rolled spring steel.

Nonferrous Strip Materials

The nonferrous alloys (Tables 3.4.5 and 3.4.6) offer a wide selection of mechanical
properties. However, there may be large differences in hardness and tensile strength
among various alloys that have roughly equivalent formability. As in the preceding
tables, the radius-to-thickness ratios given are based on production experience; smaller
ratios may be attained in particular part configurations. Work-hardened copper alloys
normally have seven or eight degreees of hardness. Beryllium copper alloys are avail-
able in four heat-treatable conditions or in up to five mill-hardened conditions; parts
produced on four-slides are almost always made from annealed beryllium copper.

DESIGN RECOMMENDATIONS

Design freedoms and limitations for producing metal-strip parts in four-slides are sim-
ilar to those for power presses in that they are determined by material characteristics
or part shape. But there are also special differences. Design recommendations for
external contours of strip parts are given in Fig. 3.4.3. Recommendations for internal
contours, tabs and slots and lugs, bridges, and curls are given in Fig. 3.4.4. These rec-
ommendations will help in producing four-slide parts of optimal quality at maximum
speed and lowest cost.
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External contours
(W = part width, T = stock thickness, R=radius)

Bend line perpendicular
fo rolling is acceptable.

Intermediate
shear strength

Bend line 45° or greater
from rolling direction
is acceptable.

Max. shear
strength
o

1. Lugs or ears should be
formed with their bend lines at
an angle equal 1o, or greater

than, 459 to the rolling
direction.
Bend line parallel to  Min. shear — Max. shear
rolting direction may strength strength
crack in forming.
<—— Direction of rolling ——»
Stock edge

E e Oy

Good  pcceptable Poor

2. Components requiring 3. A rounded end with a radius practice practice
rounded ends should have a equal to %W may be used if a re-
radius equal to or greater lief angle 102 or greater at the
than %W except as noted point of tangency with the part 4. Corners along the stock &
. 3 dge
later. edge is also used. should be as nearly square s
practical.
0.5 mm
This side free (0.02Q in) min.
from burrs Stock edge v Stock edge
T

—1
—CI'/ZT

=T

5. The side that is to be free from 6. All notches should extend inside 7. Tapers should be recessed
burrs should be specified. the stock edge at Iu-t 14T but atleast 17 from the edge
not less than 0.020 of the part.
o
Blank
O
|ﬁ| Edge straight,
= not developed
Finished part
1% TorR+ BT 2TorR+T

8. Parts should have straight edges on
the flat blanks wherever possible.

9. To form a square corner, the minimum bend allowance
should be 1%T or R + %T if the corner is on a tapered
endand 2 T or R + T if on a square end.

10. Relief slots for tabs
and shor1 flanges which
have their edges flush
with the external blank
outline should have a

11, When flanges extend
over a portion of the part,
anotch or circular hole
should be used to eliminate
tearing. Notch depth should

depth of at least T plus
the bend radius. be T plus bend radius. A
hole should have a diameter
of 37T,

j
R+ T min.

FIGURE 3.4.3 Design recommendations for external contours in strip parts. (Machine

Design.)
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Internal contours
(T = stock thickness)

Stock edge 1. A radius of at least
% T should be used

at the intersection of
alt edges which da not

lie along the stock
edge.
Rz,
min,

2. Punched {pierced) holes
should be a minimum of

O 1T in diameter, but not 8. Holes sh;mld be'sn-ued 2
less than 0.8 mm {0.030 in). minimum ol 1% T from bend

] tangent lines,
T
min,

3. The minimum distance

from the edge of round,
I _O O punched holes to the 7. Threaded screw o
blank edge should be at = P bolt holes should be
:;a;: ; 'Br but a’n&s \ 'I \ lI \J at least 1% times the
.8 mm (0. inh 1 screw diameter from
. T \ /’ \ ’ 1Y D the centerline of the
T min. min. hE 34 At 2 hole to the edge of
MIN.  the part.
4. Edges of adjacent » 1
punched holes should be l 1 /2 D
O O a minimum of 2 T apart, min.
but not less than 1.6 mm
(0.060 in}.
'3“1- 8. Siots which are paraliel
. to the bend should be a
a7 — < minimum of 4 T from bend
N lines.
in. 5. Extruded holes aT tangent
030D A should have a minimum min

max. / spacing of & T between

their edges, and should

- Lanae? e a minimum of 4 T
from the blank edge. 9. Boads should be 3

Depth of the extrusion A__l_ maximum of 2 T high,
shauld be a maximum and their inner radii
6T —» /L a7 of 30% of its outer shauld be a minimum
f1T.
R=T 21l °

. diameter.
min. min i

i

FIGURE 3.4.4 Design recommendations for internal contours, tabs and slots, and lugs, bridges, and
curls in strip parts. (Machine Design.)
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Tabs and slots
(T = stock thickness)

= = 1! f
"er-\o?‘w* W=1% Tmin.
w1 T \

N =1l
min. )_ w=1 /2 T 1. Widths of tabs and slots should be a minimum

‘ min.  of 1% T or 0.5 mm (0.020 in). Their length shouid
l | ]
R Iy
L=5W L:=5W
max. mox.
/i 2. Trianguiar tabs or siots

shouid have minimum end
radii of t T and should
60° 1T
min. formincluded angles of

Rt \i 609 or mare.

min.

be a maximum of 5 times their width

l 3. Adjacent tabs or slots
shoutd be spaced a mini

mum of 2T or 0.8 mm

T {0.030 in) apart,
a1 —" I‘_ 2 T min.

min.
— 1% T min.
4. laternai siots should

be at least 1% T or 0.8 mm
0.030 in} trom the edge
of the stock.

Stock edge

Lugs, bridges, and curls
(T = stock thichness)

1. Lanced hugs should
have tapered sides ex:
cept as noted later. 3 Bn.cm should have
Taper /_\ T 2 maximum ratio of
H

Stock edge

lanced length to
bridge height of 4:1

4. Curls should have
inner diameters of 2%
08T,

2. A taper is not required when
the lug margin is pierced with
a clearance prior 1o forming

D=2"108T—

FIGURE 3.4.4 (Continued) Design recommendations for internal contours, tabs and slots, and lugs,
bridges, and curls in strip parts. (Machine Design.)
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Source: DESIGN FOR MANUFACTURABILITY HANDBOOK

CHAPTER 3.5
SPRINGS AND WIRE FORMS*

Technology Committee

Spring Manufacturers Institute
Wheeling, Illinois

Springs and wire forms are made in an almost limitless variety of shapes, sizes, and
materials. A large proportion of springs are not formed out of round wire, do not have
the familiar helical-coil shape, and even appear not to obey Hooke’s law. Wire forms
can function as springs or as rigid structural members, or as both, but all are made of
metal wire, round or otherwise.

These two types of metal components are often made of the same wire materials
and perform the same functions. They are frequently made on the same types of
machines and so are subject to the same forming limitations and economic considera-
tions.

Figure 3.5.1 lists the various types of spring elements, typical configurations, and
the spring action that each exerts.

TYPES OF SPRINGS

Compression Springs

Compression springs are open-coil helical springs that offer resistance to a compres-
sive force applied axially. They are usually coiled as constant-diameter cylinders.
Other common forms of compression springs, such as conical, tapered, concave, or
convex springs or various combinations of these, are used as required by the applica-
tion. While square, rectangular, or special-section wire may have to be required, round
wire is predominant in compression springs because it is readily available and adapt-
able to standard tooling.

*This chapter by the Spring Manufacturers Institute, Inc. (SMI), contains advisory information only. SMI
is not a standards-development organization. It does not develop and publish industry standards. It does not
provide interpretations of any standards with regard to a manufacturer’s specific product. No person has
authority in the name of SMI to issue an interpretation of any standard or an interpretation of the technical
information and comments published in this chapter that relate to any manufacturer’s specific product.

3.75
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Type Configuration Action

Helical compression
Push; wide load and deflection range;

Round and
rectangular constant rate.
wire
Push; wide load and deflection range.
Conical spring can be made with
minimum solid height and with
constant or increasing rate. Barrel,
hourglass, and variable-pitch
Constant-pitch springs used to minimize resonant
surging and vibration.
cmm%% ‘
Barrel
| t
i
Hourglass %E
é?
==
ga
T % Variable-pitch
t
Helical extension Pull; wide load and deflection range;
constant rate.
Torsion % Twist; constant rate.
Flat springs

. P
Cantilever dg Push or pull; wide range of loads;
f T low deflection range.
(bt

FIGURE 3.5.1 Various types of spring elements, typical configurations, and the spring action that
each exerts.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



SPRINGS AND WIRE FORMS*

SPRINGS AND WIRE FORMS 3.77

Type Configuration Action

Simple beam

Other springs

Torsion bar Twist.

Constant force Pull; very long deflection at constant

load or low rate.

Twist; exerts close-to-constant
torque over many turns.

Spiral Twist.

Hairspring

Brush Twist or push.

Motor, Twist; exerts torque over many

power, or turns.

clock

Spring washer Push; high loads, low deflections;
Belleville choice of rates (constant,

increasing, or decreasing).
Wave Push; light loads, low deflection;

limited radial space.

FIGURE 3.5.1 (Continued) Various types of spring elements, typical configurations, and the spring
action that each exerts.
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Type Configuration Action

Push; higher deflections than
Bellevilles.

Slotted

etc.

Curve @ Push; used to absorb axial end piay.

&
® hN Push; for axial loading of bearings,

Volute Push; may have an inherently high

lii'-
(07
n friction damping.

FIGURE 3.5.1 (Continued) Various types of spring elements, typical configurations, and the spring
action that each exerts.

Extension Springs

These springs absorb and store energy by offering resistance to a pulling force.
Various types of ends are used to attach an extension spring to the source of the force.
Simple loops and hooks are the most frequently used ends. These springs may be
wound with little or no initial tension, sometimes are wound with clearance between
coils, but most often are close-wound with initial tension.

Torsion Springs

Torsion springs, whose ends are rotated in angular deflection, offer resistance to exter-
nally applied torque. The wire itself is subjected to bending stresses rather than tor-
sional stresses, as might be expected from the name. Springs of this type are usually
close-wound and reduce in coil diameter and increase in body length as they are
deflected. The designer must consider the effects of friction and arm deflection on the
torque.

Flat Springs

The two most common types of flat spring are cantilever and simple beam springs.
Both are fabricated from flat strip material and store energy on being deflected by an
external load. Only a small portion of a complex stamping actually may be functioning
as a spring. For purposes of design, that portion often may be considered as an inde-
pendent simple spring form, while the rest of the part is temporarily ignored.
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FIGURE 3.5.2 Typical wire forms.

TYPES OF WIRE FORMS

Wire forms (Fig. 3.5.2) are either spring elements, structural elements, or both.
Springs usually are designed in one piece, mainly because it is difficult to join most
spring materials. Structural wire forms, which are not deflected in application, often
consist of two or more parts that have been welded or otherwise joined. They may be
specified for the same types of applications as stampings, and a cost comparison may
be called for.

Wire forms, particularly structural types, often have special characteristics other
than the basic shapes produced on wire coilers or four-slides. For example, a large
variety of wire ends or terminations is available to match application needs. These
include swaged, chamfered, turned, ground, headed, pierced, and grooved ends. Many
of these can be produced automatically, while others require secondary operations.

Various types of wire eyes or loops can be produced on wire-forming machines
automatically, depending on the complexity of the other forming requirements. Flat
and shaped wire cross sections may be specified, too, as needed and with the same
types of tooling.

Various welding methods—projection, T, butt, cross-wire—may be used to fabri-
cate assemblies with structural wire forms. While classified as wire forms, these
assemblies often include stampings and other types of parts. All standard cut, rolled,
or wood-screw threads also may be specified as secondary operations on wire forms.
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MANUFACTURING PROCESSES

Helical compression, extension, and torsion springs are formed from continuous coils
of wire on spring coilers or torsion winders. Flat springs are produced from continu-
ous coils of strip material on either four-slide machines (Chap. 3.4) or power presses
(Chap. 3.2). Wire forms are made on four-slides and sometimes on torsion winders if
one or more helical coils are formed as part of their configuration. Fabricating wire
forms on a four-slide involves the forming tools used in making strip parts but rarely
requires the machine’s press tools.

There are two types of heat treatment of springs: low-temperature heat treatment of
prestrengthened materials and high-temperature heat treatment to strengthen annealed
materials. Low-temperature heat treating, sometimes called stress relieving, is by far
the more common process. Its purposes are to stabilize the spring dimensionally,
relieve excessive residual stresses, and increase the yield strength of cold-drawn mate-
rials. Stress relief is accomplished in certain beryllium copper and nickel-base alloys
with a heat-treatment process called age hardening.

SUITABLE MATERIALS

Wire

There are five major metallurgical classifications of wire spring materials: (1) high-
carbon steel, (2) alloy steel, (3) stainless steel, (4) nickel-base alloys, and (5) copper-
base alloys. In selecting spring materials, the designer must consider such factors as
temperature and corrosion resistance, conductivity, physical properties, formability,
and availability. When there are a large number of stress cycles and a long fatigue life
is therefore required, the quality of the material must be tightly controlled. The wire
material must have a uniform internal structure, and its surface must be free of pits,
seams, scratches, and any other flaws that can impair its fatigue life. The most com-
mon long-service materials are high-carbon steels or alloy steels, since both can be
obtained free of seams and of aircraft quality (such as is specified for valve springs).

The costs of spring wire materials vary widely and are constantly changing. In gen-
eral, the common spring materials, in order of relative cost from lowest to highest, are
hard-drawn steel, oil-tempered steel, alloy steel, music wire, stainless steel (average of
several), phosphor bronze, and beryllium copper.

Flat Stock

The most commonly used flat spring materials are high-carbon spring steels, either
annealed or tempered. Commonly specified grades are 1050 (G10500), 1075
(G10750), and 1095 (G10950). Types 301 (S30100), 302 (S30200), and 1.7-7 PH
(S17700) stainless steel are often specified when corrosion resistance is needed, and
phosphor bronze and beryllium copper alloys are the most common for high electrical
conductivity. The characteristics of flat spring materials are summarized in Chap. 3.4.
The costs of strip materials for flat springs such as spring wire vary widely and are
constantly changing. In general, the following are the common strip materials, in order
of relative cost from lowest to highest: high-carbon steel (annealed), alloy steel, high-
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carbon steel (tempered), stainless steel, copper-base alloys (average of several), and
beryllium copper.

DESIGN RECOMMENDATIONS

General

Dimensional and load requirements must be specified in designing any type of spring
for any application. Depending on the type of application, there may be these addi-
tional considerations: operating environment, spring rate, dynamic load characteris-
tics, space occupied, and operating life.

Specifying dimensional and load tolerances closer than needed may add unneces-
sarily to the cost of a spring. No tolerances should be specified at all unless they are
required by the spring’s function. Dimensional tolerances that do not exceed commer-
cial standards permit the spring to be fabricated by ordinary production methods.

Compression Springs

A form similar to that in Fig. 3.5.3 is recommended as a guide in specifying compres-
sion springs. The functional design characteristics of the spring should be given as
mandatory specifications. Among the most important specifications is spring load,
which is defined as the force that is applied to a spring and causes deflection to a finite
position. Spring rate is linear in only about the central 60 percent of its deflection
range. Secondary characteristics, which may be useful for reference, should be identi-
fied as advisory data. This practice controls the essential requirements while provid-
ing as much design flexibility as possible to the spring manufacturer in meeting these
requirements.

The solid height of a compression spring is defined as the length of the spring
when it is under sufficient load to bring all coils into contact with adjacent coils and
additional load causes no further deflection. Solid height should be specified by the
user as a maximum allowable within the available space. The actual number of coils in
the spring is determined by the spring manufacturer.

There are four basic types of compression-spring ends, as shown in Fig. 3.5.3. The
particular type of end specified affects the pitch, solid height, number of active and
total coils, free length, and seating characteristics of the spring. Since grinding is a
separate operation, compression springs with unground ends are more economical.
Open ends, ground or unground, may involve additional cost in assembly because the
springs are then more susceptible to tangling.

Extension Springs

A form similar to that in Fig. 3.5.4 is recommended as a guide in specifying extension
springs. Most extension springs are specified with initial tension, which is an internal
force that holds the coils tightly together. Unlike a compression spring, which has zero
load at zero deflection, an extension spring can have a preload at zero deflection.

The two most common loops or hooks for extension springs are the twist loop and
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61/2 coils

}4—— Free {ength

k
Mean
. coil surface
diameter
Size of material Space
[ between
Pitch or lead coils
MANDATORY SPECIFICATIONS ADVISORY DATA
1. Wire diameter_____in

Fill in only those required}
¢ Y q 2. Mean coil diameter in
3. No. of active coils

4. Total no. of coils

1. FREE LENGTH
a._____in max.,
b. int____in

in min, or

. 0 1D AMETER
2 OUTSIDEDI SPECIAL INFORMATION

8, in max. or
b.__int_ _in 1. Type of material
2, Finish
3. INSIDE DIAMETER 3. Squareness {free): within ___©
a in min. or 4, Frequency of compression, cycles/s,
b.: in<__ in and workingrange, ____ in to____ in of length.
§. Operatingtemp. ____ OF
4. Load bs___b@___in 6. End use or applicati
load____bt____b@ ____in
Rate ____ib perin £+ b perin
between lengths of in and in 7. Other
6. Maximum solid height in

6. Direction of helix (L, R or optional}

Closed ends, not ground Closed and ground ends
(left-hand helix) (right-hand helix)

7. Type of ends

Open ends, ground Open ends, not ground

FIGURE 3.5.3 Representative form for use in specifying compression springs.
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— Size of material 1.0.

i

Opening

Twist Full
loop cross
or loop
machine to
hook center
Mean Body length
diameter — >
Length inside ends
0.D.
MANDATORY SPECIFICATIONS ADVISORY DATA
{Fill in only those required) 1. Wire diameter in
1. LENGT'." INSIDE ENDS . 2. Mean coil diameter ___in
a. In max., m min, ar
b.____in: in or 3. No. of active coils
c. approx. in
4. Body length in
2. OUTSIDE DIAMETER » .
a in max. or 5. Initial tension tbs.
b. in o« in
3. INSIDE DIAMETER SPECIAL INFORMATION
a.___ in.min.or .
b. in . in 1. Type of material
4 Load___b+___b@___in 2. Finish
Load____Ib + — be___ i"_ 3. Frequency of extension, ____ cycles/s,
Rate b perin + ___ b perin and working range, ____ in to in of length.
between inand __in
4. Operating temp. ____ OF
5. Maximum extended length {inside ends}
without set in 5. End use or application
6. Relative loop position, O max.
separation of loop planes,
6. Other

7. Direction of helix {t, R,or optional)

8. Type of ends

SO O > ©
M~ -

Twist loop Cross loop

FIGURE 3.5.4 Representative form for use in specifying extension springs.
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the cross loop shown in Fig. 3.5.4. These loops are made with standard looping tools
and so should be specified whenever possible to minimize cost. If required by the
application, many special types of extension-spring loops are offered by the spring
industry at additional cost.

Torsion Springs

A form similar to that in Fig. 3.5.5 is recommended as a guide in specifying torsion
springs. It may be necessary also to provide the spring manufacturer with a separate
drawing that details the end or arm configuration.

Torsion springs with coils that are close-wound (touching) are most economical.
Wire-diameter tolerances, which are usually quite close, then govern the dimensional
variations in body length and therefore in the spacing of the spring arms. If the spring
is close-wound (or the intercoil space in open-wound coils is smaller than the wire
diameter), the springs do not tangle when shipped in bulk. Thus the cost of special
packing is avoided. Machine setup time is lower with torsion springs that are close-
wound than with those which have small intercoil separation because tool adjustment
must be more precise with the latter to avoid adjacent coils touching and affecting
spring torque.

The types of ends on torsion springs should be considered carefully. While there is
a good deal of flexibility in specifying special ends, the cost may be increased and a
tool charge incurred. The longer and more extensively formed the ends, the higher is
the cost for tooling and secondary operations. Therefore, short, straight ends should be
specified whenever possible. Minimum end lengths are usually 3 times wire diameter
on one end and at least tangent to the coil outside diameter on the other end.

Flat Springs

Design considerations for flat springs are comparable with those for parts covered by
Chaps. 3.2 and 3.4. The formability of the spring material used is an important factor.

DIMENSIONAL FACTORS

The very nature of spring forms, materials, and standard manufacturing processes
causes inherent variations. Such spring characteristics as load, mean coil diameter,
free length, and the relationship of ends or hooks therefore change to some degree
throughout a production run.

The amount of manufacturing variation in particular spring characteristics depends
in large part on changes in other spring characteristics, primarily spring index but also
wire diameter, number of coils, free length, deflection, and ratio of deflection to free
length. Therefore, normal or average tolerances on performance and dimensional char-
acteristics differ for each spring design. For this reason, block tolerances, which may
be preprinted on drawing forms, cannot realistically be applied to springs.

If the designer specifies spring tolerances that are equal to or wider than normal
manufacturing variations, no special production methods or inspection procedures will
be necessary. If the tolerances are narrower, on the other hand, the cost of the springs
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Size of material

1

Mean |

T Body length

MANDATORY SPECIFICATIONS
{Fill in only those required)

1.
2.

. Torque

. Maximum wound position

. Type of ends

To work over. in dia. shaft.

QUTSIDE DIAMETER
a.____in max. or
b. in+____in

. INSIDE DIAMETER

in min. or
in in

a
b.

in-lbs. + in-ibs,
atgy=___ O
Torque ____in-lbs. £ ____ in-lbs,
atfp=___ O

. Length of space available ____in

8F = ___© from free position.

. Length of moment arm (R) in

. Direction of helix (L, R, or optional)

1,1[

turns or

ADVISCRY DATA

1.

2. Mean coil diameter
3.

4. Rate
5

. 8=

Wire diameter in

in

No. of coils

in-lbs. per turn (3609},

____ O free angle reference.

SPECIAL INFORMATION

1.
2.
3.

. End use or application

. Other

Type of material

Finish

Frequency of rotatian,

. Operating temp. ___ OF

cyctes/s, and
workingrange, 8 = ___ Otog=__

o n o

Short hook ends

iy W

Straight torsion ends

Straight offset ends

Double torsion

Special ends

FIGURE 3.5.5 Representative form for use in specifying torsion springs.
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may be expected to be higher. If spring tolerances are narrow but are based entirely on
application need, of course, the higher spring cost cannot be avoided.

Tables 3.5.1 through 3.5.7 give tolerances on major spring dimensions based on
normal manufacturing variations. It is recommended that these tables be used as
guides in establishing tolerances, particularly in estimating whether or not application
requirements may increase spring cost.

Note: The Spring Manufacturers Institute would like to acknowledge with its thanks
the contribution of illustrations by The Barnes Group, Bristol, Connecticut, and
Industrial Components Division, Forestville, Connecticut.

TABLE 3.5.1 Normal Free-Length Tolerances for Compression Springs, Squared and Ground,
*in/in of Free Length

Spring index, D/d*

Number of active

coils per inch 4 6 8 10 12 14 16
0.5 0.010 0.011 0.012 0.013 0.015 0.016 0.016
1 0.011 0.013 0.015 0.016 0.017 0.018 0.019
2 0.013 0.015 0.017 0.019 0.020 0.022 0.023
4 0.016 0.018 0.021 0.023 0.024 0.026 0.027
8 0.019 0.022 0.024 0.026 0.028 0.030 0.032
12 0.021 0.024 0.027 0.030 0.032 0.034 0.036
16 0.022 0.026 0.029 0.032 0.034 0.036 0.038
20 0.023 0.027 0.031 0.034 0.036 0.038 0.040

Note: For springs less than % in long, use the tolerances for ’ in. For closed ends not ground, multiply
above values by 1.7.

*Mean coil diameter = D; wire diameter = d.
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TABLE 3.5.3 Coil-Diameter Tolerances for Compression and Extension Springs, *in

Spring index, D/d*

Wire diameter, in 4 6 8 10 12 14 16

0.015 0.002 0.002 0.003 0.004 0.005 0.006 0.007
0.023 0.002 0.003 0.004 0.006 0.007 0.008 0.010
0.035 0.002 0.004 0.006 0.007 0.009 0.011 0.013
0.051 0.003 0.005 0.007 0.010 0.012 0.015 0.017
0.076 0.004 0.007 0.010 0.013 0.016 0.019 0.022
0.114 0.006 0.009 0.013 0.018 0.021 0.025 0.029
0.171 0.008 0.012 0.017 0.023 0.028 0.033 0.038
0.250 0.011 0.015 0.021 0.028 0.035 0.042 0.049
0.375 0.016 0.020 0.026 0.037 0.046 0.054 0.064
0.500 0.021 0.030 0.040 0.062 0.080 0.100 0.125

TABLE 3.5.4 Normal Free-Length Tolerances for Extension

Springs

Spring free length (inside ends), in Tolerance, *in
% or less 0.020
Over % to 1 inclusive 0.030
Over 1 to 2 inclusive 0.040
Over 2 to 4 inclusive 0.060
Over 4 to 8 inclusive 0.093
Over 8 to 16 inclusive 0.156
Over 16 to 24 inclusive 0.218
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TABLE 3.5.5 Normal Load Tolerances for Extension Springs, *Percent of Load

Free length, Wire diameter, in
Index deflection
D/d L/F 0.015 0.022 0.032 0.044 0.062 0.092 0.125 0.187 0.250 0.375 0.437
12 20.0 18.5 17.6 16.9 16.2 15.5 15.0 14.3 138 13.0 12.6
8 18.5 17.5 16.7 15.8 15.0 14.5 14.0 13.2 12.5 115 11.0
6 16.8 16.1 15.5 14.7 13.8 13.2 12.7 11.8 11.2 9.9 9.4
4 4.5 15.0 14.7 14.1 13.5 12.6 12.0 11.5 10.3 9.7 8.4 7.9
2.5 13.1 12.4 12.1 11.8 10.6 10.0 9.1 8.5 8.0 6.8 6.2
1.5 10.2 9.9 9.3 8.9 8.0 7.5 7.0 6.5 6.1 53 4.8
0.5 6.2 5.4 4.8 4.6 4.3 4.1 4.0 3.8 3.6 3.3 3.2
12 17.0 15.5 14.6 14.1 13.5 13.1 12.7 12.0 11.5 11.2 10.7
8 16.2 14.7 13.9 13.4 12.6 12.2 11.7 11.0 10.5 10.0 9.5
6 15.2 14.0 12.9 12.3 11.6 10.9 10.7 10.0 9.4 8.8 8.3
6 4.5 13.7 12.4 11.5 11.0 10.5 10.0 9.6 9.0 8.3 7.6 7.1
2.5 11.9 10.8 10.2 9.8 9.4 9.0 8.5 7.9 7.2 6.2 6.0
1.5 9.9 9.0 8.3 7.7 7.3 7.0 6.7 6.4 6.0 4.9 4.7
0.5 6.3 5.5 4.9 4.7 4.5 4.3 4.1 4.0 3.7 3.5 3.4
12 15.8 14.3 13.1 13.0 12.1 12.0 11.5 10.8 10.2 10.0 9.5
8 15.0 13.7 12.5 12.1 11.4 11.0 10.6 10.1 9.4 9.0 8.6
6 14.2 13.0 11.7 11.2 10.6 10.0 9.7 9.3 8.6 8.1 7.6
8 4.5 12.8 11.7 10.7 10.1 9.7 9.0 8.7 8.3 7.8 7.2 6.6
2.5 11.2 10.2 9.5 8.8 8.3 7.9 7.7 7.4 6.9 6.1 5.6
1.5 9.5 8.6 7.8 7.1 6.9 6.7 6.5 6.2 5.8 4.9 4.5
0.5 6.3 5.6 5.0 4.8 4.5 4.4 4.2 4.1 39 3.6 3.5
12 14.8 13.3 12.0 11.9 11.1 10.9 10.5 9.9 9.3 9.2 8.8
8 14.2 12.8 11.6 11.2 10.5 10.2 9.7 9.2 8.6 8.3 8.0
6 13.4 12.1 10.8 10.5 9.8 9.3 8.9 8.6 8.0 7.6 7.2
10 4.5 12.3 10.8 10.0 9.5 9.0 8.5 8.1 7.8 7.3 6.8 6.4
2.5 10.8 9.6 9.0 8.4 8.0 7.7 7.3 7.0 6.5 5.9 5.5
1.5 9.2 8.3 7.5 6.9 6.7 6.5 6.3 6.0 5.6 5.0 4.6
0.5 6.4 5.7 5.1 4.9 4.7 4.5 4.3 4.2 4.0 3.8 3.7
12 14.0 12.3 11.1 10.8 10.1 9.8 9.5 9.0 8.5 8.2 7.9
8 13.2 11.8 10.7 10.2 9.6 9.3 8.9 8.4 7.9 7.5 7.2
6 12.6 11.2 10.2 9.7 9.0 8.5 8.2 7.9 7.4 6.9 6.4
12 4.5 11.7 10.2 9.4 9.0 8.4 8.0 7.6 7.2 6.8 6.3 5.8
2.5 10.5 9.2 8.5 8.0 7.8 7.4 7.0 6.6 6.1 5.6 5.2
1.5 8.9 8.0 7.2 6.8 6.5 6.3 6.1 5.7 54 4.8 4.5
0.5 6.5 5.8 53 5.1 4.9 4.7 4.5 4.3 4.2 4.0 33
12 13.1 11.3 10.2 9.7 9.1 8.8 8.4 8.1 7.6 7.2 7.0
8 12.4 10.9 9.8 9.2 8.7 8.3 8.0 7.6 7.2 6.8 6.4
6 11.8 10.4 9.3 8.8 8.3 7.7 7.5 7.2 6.8 6.3 5.9
14 4.5 11.1 9.7 8.7 8.2 7.8 7.2 7.0 6.7 6.3 5.8 5.4
2.5 10.1 8.8 8.1 7.6 7.1 6.7 6.5 6.2 5.7 5.2 5.0
1.5 8.6 7.7 7.0 6.7 6.3 6.0 5.8 5.5 5.2 4.7 4.5
0.5 6.6 5.9 54 5.2 5.0 4.8 4.6 4.4 4.3 4.2 4.0
12 12.3 10.3 9.2 8.6 8.1 7.7 7.4 7.2 6.8 6.3 6.1
8 11.7 10.0 8.9 8.3 7.8 7.4 7.2 6.8 6.5 6.0 5.7
6 11.0 9.6 8.5 8.0 7.5 7.1 6.9 6.5 6.2 5.7 5.4
16 4.5 10.5 9.1 8.1 7.5 7.2 6.8 6.5 6.2 5.8 53 5.1
2.5 9.7 8.4 7.6 7.0 6.7 6.3 6.1 5.7 5.4 4.9 4.7
1.5 8.3 7.4 6.6 6.2 6.0 5.8 5.6 53 5.1 4.6 4.4
0.5 6.7 5.9 5.5 53 5.1 5.0 4.8 4.6 4.5 4.3 4.1
3.89
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TABLE 3.5.6 Coil-Diameter Tolerances of Torsion Springs, *in

Spring index, D/d*

Wire

diameter, in 4 6 8 10 12 14 16

0.015 0.002 0.002 0.002 0.002 0.003 0.003 0.004
0.023 0.002 0.002 0.002 0.003 0.004 0.005 0.006
0.035 0.002 0.002 0.003 0.004 0.006 0.007 0.009
0.051 0.002 0.003 0.005 0.007 0.008 0.010 0.012
0.076 0.003 0.005 0.007 0.009 0.012 0.015 0.018
0.114 0.004 0.007 0.010 0.013 0.018 0.022 0.028
0.172 0.006 0.010 0.013 0.020 0.027 0.034 0.042
0.250 0.008 0.014 0.022 0.030 0.040 0.050 0.060

*Mean coil diameter = D; wire diameter = d

TABLE 3.5.7 Free-Angle Tolerances of Torsion Springs, *°

Spring index, D/d*

Number

of coils, N 4 6 8 10 12 14 16 18 20
1 2 3 3.5 4 4.5 5 5.5 5.5 6

2 4 5 6 7 8 8.5 9 9.5 10

3 5.5 7 8 9.5 10.5 11 12 13 14

4 7 9 10 12 14 15 16 16.5 17

5 8 10 12 14 16 18 20 20.5 21

6 9.5 12 14.5 16 19 20.5 21 22.5 24

8 12 15 18 20.5 23 25 27 28 29

10 14 19 21 24 27 29 31.5 32.5 34
15 20 25 28 31 34 36 38 40 42
20 25 30 34 37 41 44 47 49 51
25 29 35 40 44 48 52 56 60 63
30 32 38 44 50 55 60 65 68 70
50 45 55 63 70 77 84 90 95 100

*Mean coil diamer = D; wire diameter = d.
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Source: DESIGN FOR MANUFACTURABILITY HANDBOOK

CHAPTER 3.6
SPUN-METAL PARTS

Harry Saperstein

Livingston, New Jersey

THE PROCESS

The process of metal spinning involves the forming of sheet metal to specific circular
shapes on a lathe. The sheet-metal blank rotates and is pressed against a form block of
the desired shape, called a chuck, by means of suitably shaped spinning tools. These
tools are manipulated manually (conventional spinning) or automatically (power spin-
ning). Figure 3.6.1 illustrates conventional spinning schematically.

Although automatic conventional-spinning equipment is available, power spinning
usually differs from conventional manual spinning in that the metal is worked more
severely and is reduced in thickness. Flow turning, flow forming, hydrospinning, and
displacing spinning are terms for this process. With power spinning of this type, the
shapes that can be produced are more limited than with the conventional process,

A
Blank—>}] Bqgckup block
Toilstock spindle
]
Chuck
Live center
Lath 7
athe 7 o
headstock - /,/’ SplnnCI’ng tool .
spindle 257 moved manually
[ o o\ o]
Tool rest—} \}
FIGURE 3.6.1 Schematic illustration of manual

metal spinning.
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FIGURE 3.6.2 Computer-controlled power-spinning machine for heavy-walled parts. (Courtesy
Autospin, Inc.)

which has few shape limitations. The power-spinning process also requires extremely
high constant pressure. A typical power-spinning machine is shown in Fig. 3.6.2.

It is common for the hand spinner to use an additional hand tool, a back stick, in
the left hand to keep the metal from wrinkling as it is pressed against the chuck by the
spinning tool. A lubricant, brown laundry soap, Albany grease or cup grease, beeswax,
petroleum jelly, etc., may be used. The chuck can be machined from hard maple wood,
cast iron, brass, steel, or a fiber-composition block.

For parts with reentrant contours, i.e., shapes that are narrower at the open end than
at the closed end or in the middle (e.g., a light-bulb shape), it is necessary to use a seg-
mented chuck for small-lot production. After the part has been spun, the chuck seg-
ments, called splits, are removed piece by piece. If the chuck were in one piece, it
would be trapped inside the spun part.

For high-production applications, some limited reentrant shapes can be made
through the use of an off-center form roll instead of a segmented chuck. The roll is
withdrawn from the workpiece easily after spinning has been completed.

With some forms, particularly deep forms and cylindrical shapes, and some materi-
als, to avoid excessive stretching or stress of metals, it is necessary to use a succession
of spinning operations and possibly an intermediate annealing operation before the
part receives the final spinning. Intermediate-form chucks are called breakdown
chucks.

Sometimes parts of considerable depth can be produced very economically by per-
forming a preliminary press-draw operation on a standard set of drawing dies and then
making the final shape on a spinning form. This preliminary press operation replaces
the breakdown spinning operation and provides better control over metal thickness.
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FIGURE 3.6.3 Typical parts produced by metal spinning. (Courtesy Autospin,
Inc.)

TYPICAL CHARACTERISTICS AND APPLICATIONS:
SPUN-METAL PARTS

To be adaptable to spinning, an article must be symmetrical about its axis. It may be a
cylinder with one or more diameters, a hemisphere, a cone, or some variation of these
shapes. For practical purposes, spinnings can be as small as 6 mm (', in) and as large
as 4 m (12 ft) in diameter. The thickness of the metal to be spun can vary from about
0.1 mm (0.004 in) to 120 mm (4 or 5 in) on special machines and with hot material.
The most common thicknesses, however, are 0.6 to 1.3 mm (0.024 to 0.050 in).
Maximum thickness and size are limited only by the size of the equipment and the
power available to make the metal flow.

Typical components produced by metal spinning are lamp bases, reflectors, hol-
lowware (pitchers, tankards, vases, candlesticks, etc.), platters, pots, pans, bowls, nose
cones, round trays, housings, surgical instruments, cooking utensils, aircraft parts, and
components for electronic equipment. Figure 3.6.3 shows typical components which
are commonly produced by metal spinning.

ECONOMIC PRODUCTION QUANTITIES

A major advantage of spinning is its extremely low tooling cost compared with the
major competitive process, punch-press drawing. Since spinning tooling is simple,
lead time for tooling is short, and when necessary, production on a new part can start
within hours. Typically, maple chunks for parts without reentrant shapes cost only
one-fiftieth as much as draw and trim dies for the same part.

Even though the unit labor cost for spun parts is much higher than that of compara-
ble parts made on a punch press, the avoidance of a higher tooling investment makes
the process attractive when low quantities are involved. Spinning is also useful in
making experimental parts and preproduction samples at low cost. In an industry in
which periodic styling changes are important, in the long run it may be economical to
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spin the pieces and make frequent changes in chucks rather than make expensive
changes to stamping dies. Steel chucks are good for unlimited amounts of pieces. For
precision work, extrathick metal pieces may be spun and then machined to final
dimensions.

Generally, spinning is always advantageous when quantities are low or uncertain. It
may be preferable for quantities as high as 5000 or more if draw dies for a part are par-
ticularly expensive, if lead time is critical, or if power-spinning equipment is available.

SUITABLE MATERIALS FOR SPINNING

The suitability of metals for spinning parallels their suitability for other cold-forming
operations. Ductility is the prime prerequisite. Another desirable property is a mini-
mum tendency to work-harden. When a material lacks these properties, annealing
between operations is necessary. A popular material for spun parts is 2S aluminum
because it possesses both properties. Soft copper is another preferred choice for the
same reasons.

For convenience of reference, Table 3.6.1 indicates the relative spinnability of vari-
ous commercially available metals. A rating of 100 indicates maximum suitability for
the type of spinning indicated, while lower rating values indicate proportionally less
ease of forming with spinning methods. Note that in some cases (e.g., brass) an aver-
age value for a number of alloys has been indicated. Specific alloys and specific parts
designs and spinning conditions may involve values different from those shown.

DESIGN RECOMMENDATIONS

In spinning, the conical shape is the easiest to form and the most economical. The
metal is not subjected to such severe strain when worked down to its extreme depth
because the angle at which the chuck meets the metal is small and allows better con-
trol of the metal during the spinning operation. The hemispherical shape is more diffi-
cult to spin because the angle grows increasingly sharper as the metal is forced farther
back on the chuck. In spinning a cylinder, the metal is exposed to greater strain
because of the sharp angle. This operation requires more time and skill. (See. Fig.
3.6.4 for an illustration of these basic shapes.)

Manual metal spinning is a versatile process, and spun parts have few shape restric-
tions except for the basic limitations of circular cross section. The following design
recommendations, therefore, are not mandatory rules but rather suggestions for pro-
moting ease of manufacture:

1. Blended radii and fillets are preferable to sharp corners for ease of spinning.
Sharp corners tend to cause thinning of stock and, in the case of external corners,
breakage of wood or masonite chucks. A desirable minimum is 6 mm (' in),
although 3 mm (' in) usually causes no problems. (See Fig. 3.6.5.)

2. If the part has cylindrical sides and a wood chuck is used, allow a taper of 2° or
more, if possible, to facilitate removal of the part from the chuck. With steel
chucks, less taper is required; as little as /,° will be satisfactory.

3. If desired, a stiffening bead can be rolled on the edge of the spun shell. It is
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TABLE 3.6.1 Spinnability of Various Materials

Manual spinning” Power spinning”
Shallow Severe
UNS or flat or deep Shallow, Medium, Severe,
Metal designation shapes® shapes? 40-90°  25-40° 11-25°

Group I: Aluminum and alloys

Non-heat-treatable

1100-0 A91100" 100 100

3003-0 A93003" 100 99

3004-0 A93004" 100 90 100 75 50

5052-0 A95052" 90 65

5086-0 A95086" 88 75
Heat-treatable

2014-0 A92014" 75 60¢

2024-0 A92024" 65 45 100 95 65

6061-0 A96061" 95 85

Group II: Copper and alloys
Copper Various 100 92 100 90 80
Brass Various 95 75 100 80 75
Bronze Various 90 60 90 70 45
Group III: Steels
Low-carbon 1010 G10100 to 100 95 100 95 90
to 1020 G10200
SAE 4130 G41300 80 50¢ 90 75 NA
Galvanized (electro- 100 80 100 90 NA
lytic coatings)

4340 G43400 75 45¢ 85 70 NA
AISI-8630 G86300 70¢ 40¢ NA NA NA
Tricent 4405 G43406 75 45¢ 85 70 NA

(modified 4340)

Group IV: Stainless steels
Unstabilized types

202 $20200 100 78 100 92 85

302 $30200 98 80

304 S30400 98 90 100 95 90

305 S$30500 100 100
Stabilized types

316 (molybdenum)  S31600 90 60

321 (titanium) $32100 85 50 98 90 80

347 (columbium) $34700 90 50

17-7 PH S17700 80 60° 70¢ NA NA
Straight chromium types

405 S40500 90 70 90 80 70

410 S41000 90 70

430 S43000 90 50

446 S44600 50¢ 35¢
Magnetic shielding alloys, 95 70 100 85 65

Mumetal, 1950, etc.
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TABLE 3.6.1 Spinnability of Various Materials (Continued)

Manual spinning* Power spinning”
Shallow Severe
UNS or flat or deep Shallow, Medium, Severe,
Metal designation shapes® shapes? 40-90°  25-40° 11-25°

Group V: Nickel and nickel alloys

Monel Various 100 88 100 92 NA
Inconel 800 N08800 90 70 90 80 NA
Inconel 702 NO07702 85 60 NA NA NA
Incoloy 801 NO08801 80 55 NA NA NA
Inconel X NO07750 90 50 NA NA NA
A-286 566286 70¢ 60¢ NA NA NA
Nickel Various 100 92 NA NA NA
HastelloyB N10001 75 35 90 75 60
HastelloyC N10002 50 10 90 75 60
HastelloyX N06002 NA NA 90 75 60
Group VI: Miscellaneous
Lead 96 90 NA NA NA
Pewter L13912 100 99 NA NA NA
L13911
Zinc 100 100 NA NA NA
Tantalum 86 45 NA NA NA
Magnesium 80° 708 90¢ 80° 70¢
Molybdenum 75¢ 35¢ NA NA NA
Titanium®*$ 60 25 90 85 75

Note: NA, not available. Much experimental and development work is in progress, but definite ratings are
not yet available.
“Manual or conventional spinning using hand or lever tools.

’Power spinning is basically for conical shapes in which the spinning-roll power is applied through
mechanical or hydraulic setups. Angles shown are from sidewall to centerline (one-half the included angle).

“Shallow or flat shapes are relatively shallow contours or simple flanges, dish shapes, etc.

dSevere or deep shapes are parts that have extreme deformation of blank, tending toward cylindrical con-
tour.

“Spinnings are made at elevated temperatures.

/Nature of this alloy necessitates very frequent intermediate annealing.
¢No lubricant is needed when hot-spinning titanium at 1150 to 1250°F.
"0-temper (annealed).

Source: Updated from Frank W. Wilson (ed. in chief), Tool Engineers Handbook, copyright © 1959 by
American Society of Tool Engineers. Used with the permission of the McGraw-Hill Book Company.

preferable, from a production standpoint, to have the bead face outside rather than
inside the part. Otherwise, rechucking in a hollow external chuck will be neces-
sary because both inside and outside beads are formed “in air”” with no chuck sup-
port; bead dimensions should be loosely toleranced. (See Fig. 3.6.6.)

4. Use as shallow a part design as possible; i.e., avoid deep cylindrical designs,
which require repeated operations and annealing. A spinning ratio (depth-to-diam-
eter ratio) of less than 1:4 is preferable. Spinning ratios are classified as follows:

Shallow: less than 1:4 Moderate: 1:4 to 3:4 Deep: 3:4 to 5:4
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Easiest to form

Satisfactory to form

—_

— More difficult to form

T XTI

FIGURE 3.6.4 Comparison of basic spun
shapes arranged in order of ease of spinning.

Sharp

| corners —7

. Internal flanges and other configura-

tions of reentrant shapes, as men-
tioned earlier, are more costly to pro-
duce because they require special,
more complex chucks or spinning
without backup support for the work.
(See Fig. 3.6.7.)

. Dimension parts to surfaces adjacent

to the chuck (usually inside dimen-
sions). This allows the chuck maker
to apply these dimensions directly to
the chuck, and it avoids variations in
diameter or length caused by varia-
tions in material thickness. (See Fig.
3.6.8.)

. Since some thinning of material is

normal in conventional metal spin-
ning, this should be allowed for if
final wall thickness is critical.
Specifying material 25 or 30 percent
thicker than the finished-part thick-
ness is usually sufficient to allow for
such reduction in wall thickness.

. However, material too thick for easy

spinning should not be specified. Both
extra-thick and extra-thin materials
make spinning more difficult. See
Table 3.6.2 for recommended stock
thicknesses for best spinnability.

. Avoid reverse-form designs, if possi-

ble, because they require additional
operations and can cause consider-
able thinning of stock. (See Fig.
3.6.9)

Possible but not
recommended

Recommended

Preferred: R =2 6mm (Y in)
Desirable min. R=3m (Ygin)

FIGURE 3.6.5 Sharp corners in spun parts are possible

but should be avoided.
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Internal External
bead bead

N

2

Z
Z 27

O

W’

External  Internol
chuck chuck

Possible Preferred

FIGURE 3.6.6 Beads placed on the outside of a part are more
economically spun than beads on the inside.

10. The flatness of a flat-bottomed part will not be improved by the spinning opera-
tion. If bottom rigidity is important (freedom from “oil canning”) and flatness is
not required, a cone angle of 5° will provide rigidity and is easy to spin.

TOLERANCES

Table 3.6.3 presents recommended minimum dimensional tolerances for conventional-
ly spun parts. Table 3.6.4 provides similar data for power-spun parts.
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Possible but should Preferable
be avoided

FIGURE 3.6.7 Avoid reentrant shapes, if the design purpose
permits, because they add to the part cost.

Qutside | Inside |
diameter diameter
Not this Prefeyregi
dimensioning dimensioning

FIGURE 3.6.8 Spun shapes should normally be dimensioned
to the surface that touches the chuck.
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TABLE 3.6.2 Recommended Stock Thickness for Easy Spinning

Recommended stock thickness, mm (in)

Aluminum Steel
Blank diameter, mm (in) Minimum Maximum Minimum Maximum
Less than 100 (less than 4) 0.6 (0.025) 1.2 (0.045) 0.5 (0.020) 1.0 (0.040)
Over 100 to 500 (over 4 to 20) 0.8 (0.032) 2.0 (0.080) 0.6 (0.025) 1.5 (0.063)
Over 500 (over 20) 1.0 (0.040) 3.0 (0.125) 0.8 (0.032) 2.0 (0.080)

Reverse

form %}
"
[
[
9

A .Y

Possibte Preferable

FIGURE 3.6.9 Avoid reverse bends, if possible,
because they necessitate multiple spinning opera-
tions with separate chucks.

TABLE 3.6.3 Recommended Tolerances for Conventional Spinning

Nominal dimension Diameters, mm (in) Depths, mm (in) Angles, °
Under 40 mm (under 1.6 in) +0.25 (0.010) *+0.4 (0.016) *1
40-125 mm (1.6-5.0 in) +0.4 (0.016) *0.8 (0.030) +3
125-500 mm (5-20 in) +0.8 (0.030) +0.8 (0.030) *3
500 mm-1 m (20-40 in) +1.5(0.060) *1.1(0.044) +5
1-2 m (40-80 in) +3(0.120) +1.5 (0.060) *5
‘Wall thickness, mm (in) Recommended tolerances, mm (in)
Under 1.3 (0.050) +0.13 (0.005), —0.38 (0.015)

Under 2.5 (0.100) +0.25 (0.010), —0.63 (0.025)

Over 2.5 (0.100) +0.25 (0.010), —1.3 (0.050)
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TABLE 3.6.4 Recommended Tolerances for Power-Spun Parts

Recommended tolerances, mm (in)

Dimension Tight Normal
Diameter, 0-150 mm (06 in) +0.05 (0.002) *0.13 (0.005)
Diameter, over 150 mm (6 in) +0.08 (0.003) +0.20 (0.008)
Length +0.13 (0.005) +0.25 (0.010)
Wall thickness +0.05 (0.002) +0.13 (0.005)
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Source: DESIGN FOR MANUFACTURABILITY HANDBOOK

CHAPTER 3.7
COLD-HEADED PARTS

Charles Wick

Consultant

THE PROCESS

In cold heading or upsetting, force applied by one or more blows of a tool displaces
metal in a portion or all of a slug, wire, or rod blank. This plastic flow produces a sec-
tion or part of different contour, larger in cross section than the original material.
Force is generally applied by a moving punch to form that portion of the blank pro-
truding from a stationary die. As seen in Fig. 3.7.1, some parts are upset in the punch,

Kickout pin Die  Blank Punch
[l

]

\[ 7 |\ § |
Head formed
in punch
Head formed
in die
Head formed
in punch and die
Head formed
between punch
and die

FIGURE 3.7.1 Upsetting can be done in the moving
punch, in the stationary die, in both punch and die, or
between the punch and the die. (National Machinery Co.)
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some in the die, some in both punch and die, and others between the punch and the
die.

Related Processes

Upsetting is often combined with forward or backward extrusion, particularly in cold-
forming large-headed, small-shanked parts. Warm heading is applied for processing
difficult-to-head metals such as medium-to high-carbon steels, austenitic stainless
steels, and other materials that work-harden rapidly. In this compromise between cold
and hot heading, the metal is preheated to between 150 and 540°C (300 and 1000°F)
or more (depending on the particular metal, but below its recrystallization tempera-
ture) to increase its plasticity and reduce the force required for heading.

Rotary forging is a related process in which deformation is induced progressively
rather than by a single direct squeeze. The workpiece is subjected to a combined
rolling and squeezing action to produce progressive upsetting. This method is particu-
larly suitable for thin, intricate flange sections.

Secondary Operations

Many secondary operations are performed on cold-upset parts, depending on the
design and application of the part. These include grooving, shaving, pointing, flatten-
ing, bending, piercing, drilling, tapping, threading (often done with a thread-rolling
machine made an integral part of the header), heat treating, and plating.

Cold-Heading Machines

Most cold-heading machines used in high production are fed coil stock. A machine
may include a straightener, draw die, feed rolls, and shear. Sheared slugs are automati-
cally transferred to a stationary die, and the projecting end of each slug is struck axial-
ly by the upsetting tool (punch). In some cases, as in nail making, the stock can be
upset first and then sheared to length. Multistation and progressive headers, as well as
bolt-making machines, are equipped with automatic-transfer mechanisms to move
parts to successive stations and may have trimming, pointing, and thread-rolling sta-
tions.

Headers and forming machines are available in a wide variety of sizes and types.
They are frequently rated by maximum-diameter-cutoff capacity and feed lengths
(generally up to 14 times rated diameter, but this capacity can vary).

TYPICAL CHARACTERISTICS OF COLD-UPSET
PARTS

Cold upsetting and heading are best suited to the high-volume production of relatively
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small parts. Producing heads on a wide variety of fasteners is still the greatest single
use of the process. However, when combined with other metal-forming operations
such as extruding, piercing, trimming, and threading, the process is being increasingly
applied to the production of many different parts. Raw materials range up to 50 mm (2
in) or more in diameter. The size of upset parts varies from balls 4 mm (0.020 in) in
diameter to large shafts, stem pinions, and other parts weighing 3.2 kg (7 Ib) or more.
The longest pieces headed on commonly used equipment are about 230 mm (9 in)
long, but special machines will handle longer parts. Materials used range from alu-
minum alloys to medium-carbon steels. Stainless steels as well as copper and nickel
alloys are also cold-formed.

Cold-headed parts have improved physical properties, with metal-grain flow lines
following the contours of the parts. They have smooth surfaces and an absence of
stress-inducing tool marks. On the other hand, there are limitations on the intricacy of
the parts that can be produced. Undercuts, reentrant shapes, and thin walls normally
are not feasible. Shank ends of parts are usually irregular, and secondary operations
are necessary if the ends must be fully square. Screw machines are often preferred for
shorter production runs and for parts requiring intricate forms, sharp angles, and clos-
er tolerances.

Typical applications of cold-upset parts include, in addition to conventional fasten-
ers, the following: valves, knobs, shelving spacers, electrical contacts, cams, terminal
posts, rollers, shafts, balls, bearing races, electrical terminals, transistor bases, wrist
pins, cable connections, spark-plug bodies, ball-joint housings or sockets, spindles and
shafts, gear blanks, pistons, hose fittings, switch housings, pipe plugs and fittings,
wheel hubs, and stub axles. Figures 3.7.2 and 3.7.3 illustrate typical examples.

ECONOMIC PRODUCTION QUANTITIES

Cold-upsetting or -heading processes are most suitable for producing large quantities
of relatively small metal parts. Long production runs are desirable because the rela-
tively high cost of tools and the substantial setup time can be distributed over a large
number of workpieces, thus reducing the unit cost. Also, initial investment in capital
equipment (large progressive headers and part formers) is expensive, but write-offs
can be rapid with sufficient production requirements.

Minimum-quantity levels for economic production generally range from 25,000 to
50,000 parts, but quantities as low as 1000 have been produced. The exact minimum
run for economic production depends on many factors, including the size and shape of
the workpiece, the material from which it is made, tooling cost, setup time, and the
costs of competitive processes.

Cost of the raw material can be a significant factor affecting the competitiveness of
the process. As the material cost increases, the quantity of parts required to justify the
process decreases because of material savings (little or no waste). However, parts
made of high-carbon and alloy steels as well as other less ductile materials are gener-
ally uneconomical to produce in this way because of the higher pressures required
(necessitating more costly equipment) and the possible need for several operations
with intermediate annealing treatments.

Many parts previously made on screw and automatic bar machines are now being
produced on headers and formers. One rule of thumb is that cold heading will be more
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FIGURE 3.7.2 One die and two punches form these double-blow cold-head-
ed parts. (National Machinery Co.)

FIGURE 3.7.3 Combination cold-heading and thread-rolling machines form
these completed fasteners. (National Machinery Co.)
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economical than machining if shank length is more than 3 times the shank diameter of
the part and production requirements are sufficiently high.

GENERAL DESIGN CONSIDERATIONS

All parts to be upset should be designed for the smallest stock diameter possible, mini-
mum amount of upset, smallest-diameter head (or other upset portion), and fewest
strokes necessary to satisfy requirements. Thin, large-diameter heads (in comparison
with the original wire diameter) are more difficult to upset than thicker ones.
Symmetrical parts are the easiest to cold-form, but unsymmetrical parts can be pro-
duced. No draft allowance is required, but parts must be designed so that they can be
removed from the tooling.

Designers should try to visualize optimal metal flow in the design of parts to be
upset. For example, generous fillets and rounded corners facilitate metal flow.

Close cooperation between designer and manufacturing engineer often can improve
a part and reduce its cost. Parts originally designed to be made by some other process
may require modifications to permit upsetting at low cost. Sometimes two or more
functional components can be combined into a single upset part, thereby eliminating
assembly costs.

SUITABLE MATERIALS

Any material that is malleable when cold can be cold-formed. Materials having the
lowest yield strength and the greatest range between yield and ultimate strengths are
the most malleable. Since strain or work hardening during cold working decreases
formability, the rate of strain hardening of the material is an important consideration.
Hardness of the material is also critical, since too hard a material is impracticable to
cold-work.

Prior operations, sometimes required to prepare material for upsetting, can include
heat treating, drawing, descaling, and lubricating. The upsetting properties of most
steels are improved by annealing or spheroidizing.

Whenever possible, the designer should avoid specifying exact material analyses,
since this limits the upsetter’s flexibility and may increase production costs. Several
different analyses of a basic material often can satisfy service requirements, but they
may vary in upsettability, availability, and cost.

Steels

Low-carbon steels such as 1006 (G10060), 1008 (G10080), 1010 (G10100), 1012
(G10120), 1015 (G10150), and 1018 (G10180) are the easiest to upset. Such steels
have a carbon content too low to permit a marked response to heat treatment, but they
have a minimum tensile strength of 380 MPa (55,000 1bf/in?), and physical properties
can be substantially improved by cold working. If wear-resistant surfaces are required,
they can be case-hardened. When subsequent through-hardening is required, medium
low-carbon steels such as 1019 (G10190), 1022 (G10220), and 1025 (G10250) are
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used.

Medium high-carbon steels such as 1038 (G10380) are also fairly easy to cold-
work but more difficult than low-carbon steels, and their headability decreases as their
carbon content increases. Such steels are used for parts requiring a minimum tensile
strength of 830 MPa (120,000 1bf/in?).

High-carbon steels containing up to about 0.62 percent carbon are cold-upset, but
they have limited workability, and maximum carbon contents of about 0.50 percent are
generally recommended. Rapid work hardening of higher-carbon steels restricts the
amount of cold working possible without annealing.

The chemical composition of carbon steels also can affect their headability. A sili-
con content of more than 0.35 percent can increase the rate of work hardening and
resistance to plastic flow. A manganese content above 1.00 percent also may increase
pressure requirements. Sulfur content should be limited to about 0.05 percent.
Resulfurized steels generally are not recommended but may be necessary when subse-
quent machining is required. Phosphorus contents greater than 0.04 percent also can
cause higher pressure requirements.

Alloy steels are more difficult to cold upset, but parts are produced from such
materials. Alloy steels such as 4037-H (H40370), 4118 (G41180), 8620 (G86200), and
8640 (G86400) are suitable for cold upsetting and have strengths suitable for many
fasteners and other cold-headed parts. The nickel content of alloy steels should be lim-
ited to about 1.00 percent, chromium to about 0.90 percent, and molybdenum to about
0.40 percent for best results. Limitations on manganese content depend on the carbon
content of the alloy steel, from as much as 1.35 percent manganese in steels contain-
ing up to about 0.12 percent carbon to 0.90 percent manganese in steels containing up
to 0.30 percent carbon. In some cases, small amounts of boron in the steels can
achieve hardness requirements while allowing the use of more easily formed lower-
carbon materials.

Rimmed steels are ideal for heading operations when large surface expansions are
required, but such steels generally are not satisfactory for cold extrusion. As a result,
killed steels are usually preferred for cold-forming operations combining upsetting
and extruding. Vacuum degassing of steel at the mills is recommended by some upset-
ters. Heat treatment, preferably spheroidize-annealing, to establish the microstructure
of the material is an important consideration. The hardness of the steel that is best
suited for upsetting generally varies from about R, 72 for low-carbon steels to about
R, 85 for higher-carbon and alloy steels.

Cold heading or upsetting is carried out with either hot-rolled or cold-drawn steel.
The surface quality of the raw material is also important. The material should be free
of surface imperfections such as scratches, seams, folds, and blisters, which can cause
cracking during deformation and mar the appearance of the finished part. Cold-head-
ing-quality steel, which has sufficient surface stock removed to eliminate deep seams,
is available from mills.

Internal material defects such as porosity and nonmetallic inclusions also can cause
failures in upsetting, but they are even more critical in extruding. When parts are to be
cold-formed by upsetting and extruding, cold-extrusion-quality steels (having better
surface quality and uniform internal structure) are often specified.

Stainless Steels

High initial strength and rapid work-hardening characteristics make stainless steels
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more difficult to cold-upset, but some grades work-harden less rapidly and are more
formable than others. Stainless steels most widely cold-headed include the austenitic
types 305 (S30500) and 316 (S31600) and the ferritic and martensitic types 410
(S41000) and 430 (S43000). Type 410 is one of the most widely used hardenable cor-
rosion-resistant steels for upsetting, but type 430 (a ductile, nonhardenable type) is
more corrosion resistant. Type 384 (S38400), which was developed for cold heading,
provides a good combination of headability and corrosion resistance.

Stainless steels that have higher work-hardening rates and less headability include
types 302 (S30200), 304 (S30400), 309 (S30900), 310 (S31000), 316 (S31600), 431
(S43100), and 440C (S44004). Most of these require less severe cold heading, and
some cannot be considered for producing recessed-head-type fasteners.

Nickel Alloys

Cold-heading properties of nickel-alloy materials range from good to poor. Monel
metal has fairly good cold workability, and Nichrome is also readily cold-worked.
Inconel also is cold-headed, but this is more difficult.

Aluminum Alloys

Aluminum alloys are among the most easily headed materials. The most widely used
alloy is 2024 (A92024), which is generally upset in the H13 temper and then heat-
treated to the T4 condition. The most easily headed aluminum alloys are 1100-0
(A9110-0), 1100-H14 (A91100-H14), 6053-H13 (A96053-H13), 3003-0 (A93003-0),
3003-H14 (A93003-H14), 6061-0 (A96061-0), and 6061-H13 (A96061-H13). The
next most easily formable are 2117-0 (A92117-0), 2117-H13 (A92117-H13), 2117-
H15 (A92117-H15), 2017-O (A92017-0), 2017-H13 (A92017-H13), 2024-0 (A92024-
0), 2024-H13 (A92024-H13), 5005-0 (A95005-0), 5005-H32 (A95005-H32), 5052-
H32 (A95052-H32), 5056-0 (A95056-0), and 5056-H32 (A95056-H32). Somewhat
less headable are 7575-0 (A97075-0), 7075-H13 (A97075-H13), and 7178-H13
(A97178-H13). Aluminum alloy 6061-T913 (A96061-T913), used only for nail wire,
is more difficult to head.

Copper and Copper Alloys

Copper and alloys such as brass and bronze also possess excellent heading properties,
and their hardness and strength can be improved considerably by cold working. Brass
containing 65 to 70 percent copper and 30 to 35 percent zinc is widely used and easily
formed into intricate shapes. Commercial bronze (90 percent copper, 10 percent zinc)
has better cold-working properties than the brass just described. The electrolytic-
tough-pitch (ETP) type is the copper most widely cold-headed, but oxygen-free and
tellurium coppers can be formed just as easily. Care is required in upsetting leaded
copper alloys because of the possible danger of splitting the material.
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Other Materials

Titanium, beryllium, and refractory metals are less formable at room temperatures, and
they are likely to crack when cold-headed. As a result, they are often processed warm.

DETAILED DESIGN RECOMMENDATIONS

Maximum Upset Diameters

When low-carbon steel is upset, there are limitations on the ability of the material to
deform without cracking or splitting. Figure 3.7.4 shows generally accepted maximum

fH |

d d
Free upset Carriage or step bolt
D=2t02%d or other shape when

material is confined
by punch surfaces

D= 3d

FIGURE 3.7.4 Generally accepted maximum upsetting
diameters.

upset diameter limits. Free upsets between die and punch do not contain the metal at
the sides of the upset, and under these conditions, the maximum upset diameter is
about 2' times the blank diameter. If the metal is contained in or controlled by punch
surfaces, the maximum upset diameter is about 3 times the blank diameter. The exact
maximum diameter depends on the material quality, and there are examples of upset-
ting carried out at 4 times the blank diameter.

Lengths

The length of a headed part is considered to be the distance from the extreme end of a
given piece to the nearest point at which the diameter of the upset portion is at maxi-
mum. As a general rule, the length for cold heading should be between one diameter
of the stock and 150 mm (6 in) for the most economical operation. If the length is
shorter than one diameter, handling becomes difficult and usually requires special
tooling. For parts longer than 225 mm (9 in), special equipment such as rod headers
may be required.
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Amount of Upset

The maximum length that can be upset without unwanted bending is expressed in mul-
tiples of the blank diameter. A general rule is that up to 2 to 2'4 diameters in length
can be upset in one blow. If this volume is not enough to form the required upset, two
blows must be used. Up to about 4' diameters generally can be upset in two blows
and 6 to 8 diameters with a triple blow. For economy, parts should be designed to
require the smallest number of blows.

Part Symmetry

Parts symmetrical about their axes are the easiest to form because they permit even
metal flow and balanced forces against the tool. Although asymmetrical parts can be
produced, they may exhibit interrupted grain flow and entail more complex tooling
and shorter tool life.

Head Shape

Unless flats are required on heads for wrenches or some other contour is necessary,
circular heads should be specified for maximum economy. Square, rectangular, hexag-
onal, and other shapes of heads are commonly produced, but if sharp edges are
required, trimming is generally necessary, thus adding to the cost. Tighter tolerances
can be maintained when an indentation on the head of a part is placed as closely as
possible to the body or shank axis.

Recesses and Slots

<

Not feasible except Feasible by
with secondary cold heading
operation

FIGURE 3.7.5 Cold-formed screwdriver slots.

Hollow upsets should be avoided when possible because they require more die mainte-
nance and there is a possibility of cracks forming around the edges of the recesses.
However, many fasteners with hexagonal-socket heads and other special recesses are
being produced successfully on cold headers. Recesses in such heads should not
extend into the bodies of the formed parts.

Screwdriver slots can be cold-formed in the heads. In flat-headed parts, the slot
must have a curved (instead of a flat) bottom to eliminate contact between the slotting
punch and the dies. In round-headed parts, the slots can be straight. (See Fig. 3.7.5.)
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Min. spacmg D Collars or Double Heads
l' : When a second upset is produced some
z3 distance from the end of the part, it must
] D be small enough to drop from the dies as
¥ they are released and cannot generally be
)\ . , more than one-third to one-half larger
Second upset /3 to 1 D max than the diameter of the wire being used.

FIGURE 3.7.6 Design rules for second upsets. Upset sections also should be at least one
wire diameter apart. (See Fig. 3.7.6.)

Double heads or collars that exceed these

limits

Smalier diamet uste

ot;no?/eeéollgn el ally

must

b e
made
by a

Thin large -diometer collar sec-

Sharp corners

Not this

Larger diameter
above collar

F—Thick collar

Fillets and radii of
0.13 mm (0.005 in)
or more

<o+
1% 10123 D je—
This

FIGURE 3.7.7 Collars are easier and more eco-
nomical to form if the diameter above the collar
exceeds that below. Thin, large-diameter collars
are harder to produce than thick ones. Collar diam-
eters should be in the range of 1 /2 to 1 /3 times the
wire diameter for maximum economy in upsetting.
Normal flow of material produces slightly rounded
edges on collars. Radii and/or fillets make cold-
upset parts more economical and easier to produce.

ondary upsetting or machining operation.

Round, square, and hexagonal collars are most common. Such collars are easier
and more economical to form if the diameter above the collar exceeds the diameter
below the collar. Thin, large-diameter collars, as in the case of heads, are harder to
produce than thick ones. For maximum economy, they should be in the range of 1% to
1% times the wire diameter. (See Fig. 3.7.7.)
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Collars often require sharp corners, but economical cold heading requires forming
with slightly rounded edges. A typical collar rounding with normal flow of material
during heading is also shown in Fig. 3.7.7. If straight sides and sharp corners are
required, a trimming or secondary shaving operation is necessary.

Corners

As in all cases of plastic flow, sharp corners should be avoided because they interfere
with smooth metal flow, make it difficult to fill, reduce tooling strength, and can cause
stress concentrations. Parts with radii and fillets are more economical and easier to
produce. A minimum radius of about 0.13 mm (0.005 in) and even more for stainless
steels and nickel alloys, depending on part size and location of the radii, is recom-
mended. Axial undercuts, such as the ones shown on the part in Fig. 3.7.8, can be
formed in cold heading, and they are almost always less expensive than producing
square corners.

Shanks

e— Axial undercut

FIGURE 3.7.8 Undercut beneath the head of
this stainless-steel plunger is formed during
upsetting and eliminates the need for producing FIGURE 3.7.9 Tooling is simplified if two or
square corners. four lugs are used instead of a square shank.

Possible Preferred

When a shank must have some portion that is noncircular in section, the length of that
portion should be kept to a minimum. Also, when a shank requires multidiameters, a
generous radius or taper should be provided between diameters.

Locking devices to prevent fasteners from rotating (such as square shanks below
the heads) can be cold-formed, but tooling is simplified and costs reduced if two or
four lugs are specified instead of a square shank (Fig. 3.7.9).

Serrations, Ribs, and Knurls
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Only straight knurls can be produced in heading, and they normally require a draft or
taper of about 2° to facilitate removing the part from the punch and die. Sharp dia-
mond-pattern knurls or straight knurls without taper must be rolled after upsetting and
are therefore less economical.

Headed knurls are not usually as sharply defined as those produced by trimming or
rolling and are therefore not recommended for press fits, close tolerances, or cases in
which maximum holding power is recommended.

Lugs, Fins, Projections, and Dimples

Lugs form best on cold-headed parts when they are designed with a radius on their
bottom and do not extend to the edge of a head, as shown in Fig. 3.7.9. When lugs are
extended to the edge of a head, they will not usually fill out sharply, and a somewhat
irregular configuration can be expected. If a projection or dimple (as for welding) is
needed near the edge of a head and it is not joined to the body or shank of the part, it
should be placed at least one projection diameter from the body and at least 0.8 mm
(4, in) from the perimeter of the head.

Points or Chamfers

Forming of points or chamfers on cold-headed parts is generally limited to parts hav-
ing a length 10 to 12 times the smallest diameter at the pointed end when an unsup-
ported knockout pin is used and up to 20 diameters with a supported pin (Fig. 3.7.10).
For parts beyond these limitations, the point usually must be machined in a subsequent
operation.

Embossing

Forming of numbers, letters, or other identification marks on parts in a header may
add slightly to the cost, but it is generally cheaper than processing the parts through a
secondary operation. Depressed characters in the part are usually cleaner and more
legible. However, tooling tends to wash off in service, and it therefore may be expen-

Normal mox.: 10 to 12 B
L {20 D with added tooling) |
1 Ly
“_‘_‘_'_‘_B_D Allow 2'% partial
- threads if threading
Point or chomfer—) must be close to head

FIGURE 3.7.10 Length of parts having formed FIGURE 3.7.11 Recommended maximum dis-
points or chamfers is generally limited to 10 to  tance from the underside of the head or shoulder
12D with unsupported knockout pins and up to  to the first complete thread is 2/ threads for
20D with supported pins. sizes up to 1 in in diameter.
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sive in the long run. Depression in the punch, producing raised lettering in the part,
allow longer tool life, but character legibility is not as good.

Threading

On parts for which thread length must be as close to the head as practicable, maximum
allowable distance from the underside of the head to the first complete thread should
be specified. As shown in Fig. 3.7.11, this should be 2" threads for sizes up to 25 mm
(1 in) in diameter and 3" threads for larger sizes.

Combining Parts

Designers should give major consideration to the possibilities of combining two or
more components into a single cold-formed part. Advantages of such designs include
reduced costs and increased part strength. Examples include fasteners combined with
spacers, washers, or special heads

DIMENSIONAL FACTORS AND TOLERANCES

Tolerances that can be maintained in cold upsetting vary with the style (shape and vol-
ume) of the upset, length-to-diameter ratios, material being formed, part size, quality
of the machine and tooling, and other factors. Also, after prolonged use, tooling wears

TABLE 3.7.1 Tolerance Ranges for Upset-Head Heights and

Diameters
Tolerance ranges™
Nominal shank For upset For upset
diameter, in height, in diameter, in
e 0.008 0.014
% 0.010 0.018
Yo 0.012 0.021
A 0.014 0.025
76 0.015 0.029
% 0.017 0.032
Tis 0.019 0.036
% 0.021 0.040
% 0.02 5 0.048
% 0.028 0.055
% 0.032 0.062
1 0.036 0.070

*Tolerance range generally applied bilaterally. For example, a range of
0.014 would be =+ 0.007 in.

Source: Industrial Fasteners Institute.
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TABLE 3.7.2 Tolerance Range on Shoulder Diameters (Round,
Square, and Hexagonal), in

Body size Economical Normal Expensive
0.029-0.099 +0.0025 +0.0015
0.100-0.179 +0.003 +0.0015 +0.001
0.180-0.312 +0.003 +0.002 +0.0015
0.313-0.500 +0.0035 +0.0025 +0.0015

Tolerance range on shoulder lengths, in

0.0029-0.500 *0.0075 +0.0055 +0.0025

Source: Elco Industries, Inc.

TABLE 3.7.3 Tolerance Range on Hexagonal-, Round-, and Square-
Collar Diameters, in

Body size Economical Normal Expensive
0.070-0.125 +0.004 +0.0025 *0.0015
0.126-0.250 +0.005 +0.003 +0.002
0.251-0.375 +0.006 +0.004 +0.0025
0.376-0.625 +0.007 +0.005 +0.003
0.626-1'% +0.008 +0.006 +0.0035

Source: Elco Industries, Inc.

TABLE 3.7.4 Tolerance Range for Unthreaded-Body Diameter
(below Shoulder or above and below Collars), in

Body size Economical Normal Expensive
0.029-0.099 +0.002 +0.001 +0.0005
0.100-0.179 +0.002 +0.001 +0.00075
0.180-0.312 +0.002 +0.0015 +0.001
0.313-0.500 +0.0025 +0.002 *0.0015
0.501-0.562 +0.0025 +0.002 +0.0015

Note: The shape and volume of the material in the head determine the
allowable tolerances to be held on an unthreaded-body section.

Source: Elco Industries, Inc.

and parts lose size. Tolerances are primarily a function of tool-manufacturing practices
and wear, and smaller parts generally can be held to closer tolerances.

As with any manufacturing process, part costs increase when closer tolerances are
specified. Care should be exercised not to specify tolerances closer than those actually
required for the specific application of the part. Tolerances should be as liberal as pos-
sible for increased economy, longer production runs (due to prolonged tool life), and
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reduced scrap.

Diameters

TABLE 3.7.5 Tolerance Range for Collar Thickness, in

Body size Economical Normal Expensive
0.030-0.062 +0.004 +0.0025 +0.0015
0.063-0.125 +0.005 +0.003 +0.002
0.126-0.250 +0.006 +0.0035 +0.0025
0.251-0.312 +0.007 +0.004 +0.003
0.313-0.500 +0.008 *0.0045 +0.0035

Source: Elco Industries, Inc.

TABLE 3.7.6 Length Tolerances for Headed Parts

For lengths, in Tolerance range, in

For diameters up to and including % in

Uptol 2
Over 1 to 2 N6
Over 2 to 6 Y
Over 6 Ve

. 3, .
For diameters over 7, in

Uptol e
Over 1to2 %
Over 2 Y6

Source: Industrial Fasteners Institute.

Diameter tolerances can easily be maintained within those specified for standard fas-
teners. Tolerance ranges for the diameters of upset heads are given in Table 3.7.1,
shoulders in Table 3.7.2, collars in Table 3.7.3, and bodies or shanks in Table 3.7.4.
These tolerances are not necessarily limitations but can be used as a guide. The toler-
ance ranges listed as economical are the most easily held. Although those listed as
normal are more costly, they do not generally require secondary operations, but spe-
cial tooling may be needed. Tolerance ranges listed as expensive may require sec-
ondary operations.

Lengths

Tolerance ranges for the heights or lengths of upset heads are given in Table 3.7.1,
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shoulder lengths in Table 3.7.2, collar thickness in Table 3.7.5, and overall lengths in
Table 3.7.6.

Other Dimensions

As wide a tolerance as possible should be allowed on lugs, fins, tapers and projections
because metal-flow behavior is sometimes unpredictable in forming these shapes.
Radii generally can be formed to tolerances of =0.13 mm (0.005 in).

Geometry

Concentricity variations of 0.025 to 0.08 mm (0.001 to 0.003 in) TIR are not uncom-
mon in blank sizes up to 6 mm (' in) in diameter if the difference between the two
referenced diameters is not too great. Greater concentricity tolerance is generally
needed for larger-size parts and larger differences in diameters. If closer tolerances are
needed, secondary operations such as machining, shaving, or grinding are generally
required.

Straightness of cold-upset parts can generally be held to about 0.4 percent of
length.

Surface Finishes

A finish of 0.4 to 0.8 pwm (16 to 32 win) usually can be obtained economically.
Upsetting of heads, however, sometimes can decrease the quality of surface finish
unless high pressures are exerted on the sidewalls of the containing die. High-quality
finishes generally also require the use of high-quality clean wire.

Surface finish also can vary among different parts or different areas of the same
part, depending on the surface of the wire or bar being headed, the amount of cold
working performed in various areas, the lubricant used, and the condition of the tools.
The best finish on any part is usually achieved when direct contact has been made with
the tools.
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CHAPTER 3.8

IMPACT- OR COLD-EXTRUDED
PARTS

John L. Everhart, PE.

Metallurgical Engineer
Westfield, New Jersey

THE PROCESS

The process is generally called impact extrusion by the producers of nonferrous parts
and cold extrusion by those producing ferrous parts, but no distinction will be made
between these terms in this text. Impact extrusion is a chipless method that involves
forcing a metal to flow through an orifice by compressive stressing and thereby form-
ing a part of the desired shape. The operation is shown schematically in Figs. 3.8.1
and 3.8.2. Figure 3.8.1 represents backward extrusion; Fig. 3.8.2, forward extrusion.
For the production of certain parts, combined backward and forward extrusion is used.

[—Punch

Stripper
plate
A <z r~-%

J Blank

AP U
% ) V)

FIGURE 3.8.1 Backward extrusion. Blank in die chamber (left); extru-
sion of shell (center); stripping shell (right).
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FIGURE 3.8.2 Forward extrusion. Blank (lower left); blank
in die chamber (upper left); extrusion of shell (right).

Backward Extrusion

In backward extrusion, a blank of metal to be extruded is placed in the cavity of a die
and compressed by a punch. The metal is forced to flow through the annular opening
between punch and die, and it rises along the punch. The thickness of the base is
determined by the press stroke and is independent of the wall thickness.

Forward Extrusion

In forward extrusion, a blank is placed in the cavity of a die having a restriction. The
punch fits so closely that metal cannot flow between it and the die walls. As the punch
descends, it compresses the blank and causes it to extrude through the orifice formed
by the projection on the die and the nose of the punch.

Blanks for forward extrusion are generally preformed to the contour necessary to
obtain the desired configuration of the extruded part. Forward extrusion requires less
power than backward extrusion for the production of parts of equivalent size, and
smaller presses can be used. Because part length is practically independent of punch
length, a short, stocky punch can be used. However, secondary tooling may be
required to permit removal of the extruded part from the die, and this requirement will
increase the cost of tooling over that required for a simple backward extrusion.

With forward extrusion, the shape of the blank plays a role in shaping the part. In
some cases, several different parts can be produced with the same set of tools merely
by changing the shape of the blank.
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Combined Extrusion

Backward and forward extrusion can be used simultaneously to form parts. This pro-
cedure is followed frequently.

TYPICAL CHARACTERISTICS OF IMPACT-
EXTRUDED PARTS

Parts produced by impact extrusion often require only trimming to length after form-
ing. In other cases, operations of a secondary nature are reduced from those required
with several competing processes. In addition, certain components that cannot be
made by other methods can be formed.

The process can be applied to produce parts from a wide variety of metallic materi-
als. In commercial production are parts made from aluminum, copper, lead, magne-
sium, tin, zinc, and their alloys and from various steels.

The use of impact extrusion should be considered when

. The part length is greater than 2 or 3 times the diameter.

. The part is hollow, with one end closed or partially closed.

. The part would require considerable machining if produced by another method.
. The base must be thicker than the sidewalls.

. Zero draft is desired in the sidewalls.

. Redesign will permit use of a one-piece part instead of an assembly.

NN N AW

. Large-quantity production is planned.
Impact extrusion should probably not be considered if

. The part can be readily made on a screw machine.
. Only a few parts are required.

. The part is asymmetrical, with a length greater than 3 to 4 times the diameter.

AW N =

. The bottom must be flat from edge to edge.

Backward extrusion can be used to produce a wide variety of shells with circular,
oval, square, rectangular, and other polygonal cross sections. In general, the sidewalls
must be perpendicular to the base to permit flow during extrusion, but vertical ribs can
be formed on the internal and external walls. Multiwall shells also can be formed.

Advantages of backward extrusion include simplicity of tooling and ease of
removal of the shell after forming. However, the process has limitations. The punch
must be long enough to accommodate the entire length of the shell, plus an allowance
for trimming, and a long-stroke press is frequently required. There is therefore a limit
to the length of part that can be formed by this procedure. Further, in the extrusion of
long shells the punch has a tendency to float, and this tendency is increased by play in
the moving head of the press. As a result, there is some difficulty in maintaining uni-
form wall thicknesses in long extrusions.
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Forward extrusion can be used to produce open- or closed-end tubes. The bottom
of a closed-end tube can be of the same thickness as the sidewalls or heavier.
Sidewalls can be parallel or tapered, and parts can be produced with fillets. (Note:
Forward extrusion in this chapter applies to the production of discrete pairs that nor-
mally have one end closed. Chapter 3.1, “Metal Extrusions,” covers the production of
long pieces of constant cross section made with a closely related process.)

Since a true alignment of punch and die is ensured, tolerances can be held more
closely with forward extrusion than is possible with backward extrusion of long shells.
However, the shapes that can be produced by forward extrusion are more limited than
those which can be formed by backward extrusion. In particular, the base of the for-
ward-extruded part must be plain because there is no forging action against the die
bottom. In general, the forward-extruded parts produced are solid rods or tubular
forms. The tubes can be open or closed and have parallel or tapered walls, and the wall
thickness of the tapered end can be varied.

Figure 3.8.3 illustrates typical impact-extruded parts.

FIGURE 3.8.3 A variety of typical impact-extruded parts.

Combined Extrusions

Most of the shapes produced by backward extrusion can have forward-extruded rods
or tubes formed at the same time. (See Fig. 3.8.4.) The two sections of such parts can
have the same or different cross-sectional areas and different wall thicknesses that can
have the same or different shapes. A cup having a square cross section can be back-
ward-extruded at the same time as a tube having a circular cross section is being for-
ward-extruded. Tubes can be extruded in both directions from a flanged portion. (See
Fig. 3.8.5.) Combined extrusion often can be used to produce a part that can replace
an assembly.
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FIGURE 3.8.5 Combined extrusions from a
FIGURE 3.8.4 Combined extrusions. flange.

ECONOMIC PRODUCTION QUANTITIES

Generally, impact extrusion is a mass-production operation. For parts of small size,
1000 pieces per month might be uneconomical, while 10,000 or more pieces would be
desirable. With larger parts, 1000 pieces per month might be sufficient for economical
operations. Going to the other extreme, a producer of aluminum parts states that
50,000 is an economical lot size for automatic production. The same producer, howev-
er, notes that if tooling is available, any lot size is practical. For steel, suggested mini-
mum economic production quantities are

10,000 for parts weighing 1 to 2 g (0.035 to 0.07 oz)
5000 for parts weighing 2 to 500 g (0.07 oz to 1.1 1b)
3000 for parts weighing over 500 g (1.1 1b)

SUITABLE MATERIALS

Components are produced commercially from aluminum, copper, lead, magnesium,
tin, zinc, and their alloys and from various steels. Certain less common materials (e.g.,
zirconium alloys for nuclear applications) are employed for specialty products.

In the nonferrous-alloy systems, the pure metal requires a lower extrusion pressure
than the alloys, and therefore, greater reductions of area can be made with the pure
metals than with the alloys. For example, the practical minimum wall thickness for
backward extrusion of a 1-in-diameter shell is 0.010 in using commercial aluminum
and 0.040 in for the high-strength 7075 (A97075) alloy. In the steels, the carbon steels
permit lower extrusion pressures than the alloy steels, but structure also plays a signif-
icant role.
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Aluminum

The selection of a particular alloy depends on the properties required. Alloys such as
1100 (A91100) and 3003 (A93003), which are strain-hardenable and cannot be heat-
treated for property improvement, are used to meet moderate-strength requirements.
The heat-treatable alloys 6061 (A96061), 6066 (A96066), and 6070 (A96070) are used
when greater strength or improved machinability is required. The heat-treatable alloys
2014 (A92014), 7001 (A97001), and 7075 (A97075) are used when the highest possi-
ble strengths obtainable in aluminum alloys are required.

Copper

Because of its excellent ductility and high electrical conductivity, oxygen-free copper
is the most widely used of the copper-base materials, but ETP copper and zirconium
copper are also used for components requiring high electrical or thermal conductivity.
Brasses, nickel silvers, and copper-nickel alloys are also used for impact-extruded
parts, their selection being based usually on strength requirements and corrosion resis-
tance. These materials are all strain-hardenable, with the exception of zirconium cop-
per, and cannot be improved by heat treatment.

Lead and Tin

These materials are considered together because their major field of application is spe-
cialized. They are used mainly for collapsible tubes. Lead and tin are the most readily
impact-extruded metals. Unalloyed lead and tin, lead-antimony to 2 percent antimony,
and tin-copper to 1 percent copper are used.

Magnesium

The impact extrusion of magnesium differs from that of aluminum in one respect.
Because the structure of magnesium is such that it cannot be worked readily in the
cold, the blanks must be warmed. Generally, temperatures in the range of 230 to
370°C (450 to 700°F) are used. As a result, the parts are not strain-hardened. Typical
alloys used for impact-extruded parts are AZ31B (M11311), AZ61A (M11611),
AZ80A (M11800), and ZK60A (M16600).

Zinc

Pure and commercial zincs have been impact-extruded for quite a few years, and a few
alloys such as zinc-cadmium (0.6 percent Cd) and zinc-copper (up to 1 percent Cu) are
also employed. Generally, the blanks are warmed, and there is no strain hardening as
the result of extrusion.
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Steels

Low-carbon steels can be extruded more readily than steels of higher carbon content,
and the alloying elements generally must be held to relatively low values, although
some high-alloy steels have been extruded successfully. Low-carbon and some low-
alloy steels can be processed in the stress-relieved normalized condition for some
shapes. The higher-carbon and steel-alloy steels require complete spheroidization for
successful cold extrusion, particularly for backward extrusion. Recently, boron-con-
taining steels have been developed for cold-forming operations. They do not increase
the extrusion pressure, and they permit the use of relatively low-carbon steels to
achieve properties that can be met with non-boron-containing steels only at higher car-
bon contents.
Steels being used commercially for cold extrusion include

Carbon steels 1006—-1050 (GI0060-G10500)

Manganese steels 1330-1345 (GI3300-G13450)

Molybdenum steels 4012-4047 (G40120-G40470)
Chromium-molybdenum steels 4118-4140 (G41180-G41400)
Manganese-molybdenum steels 4615-4626 (G46150-G46260)
Chromium steels 5115-5140 (G51150-G51400)
Nickel-chromium-molybdenum steels 8615-8630 (G86150-G86300)

DESIGN RECOMMENDATIONS FOR BACKWARD
EXTRUSION

Symmetry

To minimize tooling deflection, it is desirable to aim for symmetry in the design of
parts unless they are quite short in relation to their diameter. Figure 3.8.6 shows exam-
ples of good and poor design. Parts on the right can be produced with close tolerances
and with a minimum of lateral movement of the punch. In producing parts such as
those shown on the left, the forces tend to be off center and lateral movement can
occur. One way to minimize floating of the punch is to include a small recess in the
part design (see Fig. 3.8.7); the point on the punch required to produce this recess aids
in maintaining alignment.

Flow

In backward extrusion, the metal is forced to flow through an orifice to form the side-
walls. Parts must therefore be designed to prevent restrictions to flow:
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FIGURE 3.8.6 Impact-extruded parts should be ~ FIGURE 3.8.7 A small recess in the bottom of
symmetrical to avoid lateral movement of tooling  the part minimizes floating of the punch and
punches and unequal wall thickness. thereby helps ensure uniform wall thickness.

1. Assist flow by incorporating suitable inclined bottom surfaces near the sidewalls
and by rounding the outside corners of the part as shown in Figs. 3.8.8b and 3.8.9.
Note that the inside bottom radius should be as small as possible.

2. To ensure minimum restriction to flow, whenever possible, use a design that
includes a bottom angle approaching 120°. (See Figs. 3.8.8d and e.)

Bottom Design

The bottom of a backward-extruded part can be thicker than the walls or of equal
thickness. However, a thicker bottom can aid in metal flow, and some authorities rec-
ommend that the bottom-wall thickness should be at least 15 percent greater than that
of the sidewalls. (See Fig, 3.8.9.) The thickest area should be at the base of the side-
walls, but it can be tapered to be thinner at the center.

The inside bottom surface of a part should not be completely flat but can be flat for
approximately 80 percent of the inside diameter. (See Fig. 3.8.9.) Spherical bottoms
should be avoided, especially in long shapes; use an angular bottom instead, as shown
in Fig. 3.8.8d. Bottom cross sections can be circular, oval, square, rectangular, or of
any other regular polygonal shape. They also can be irregular provided they are sym-
metrical. However, circular cross sections are preferable. When a nozzlelike projection
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is required on the bottom, ample taper
4 should be allowed on both inside and
outside. This strengthens the punch
extension that forms the hole inside the
nozzle and helps strip the extruded part
/

y /4 from the punch.

(a)

— Sharp outside corner

(c)

] Length-Diameter Ratio

The length of parts that can be formed
by backward extrusion is limited by the
column strength of the punch and also
depends on the material being extruded.
For commercial operations in general,
the length of an aluminum part should
not be greater than 6 to 10 times the
diameter; for steel parts, the length
should be more limited, probably 3 to 4
times the diameter. (See Table 3.8.1.)
The greater the length, the greater is the

ﬁl‘;‘i‘é‘:ed tendency of the punch to float and con-
corner sequently the greater the variation in
More difficult Easier: rounded wall thickness to be expected.

outside corners, relatively
sharp inside corners

FIGURE 3.8.8 Inclined bottom surfaces and

rounded outside corners
ward extrusion.

Draft

No draft is required
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FIGURE 3.8.9 Details of the recommended bottom
design for backward extrusion.

on the walls of backward extrusions.
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TABLE 3.8.1 Practical Length-Diameter Ratios for Backward

Extrusion

Aluminum and softer aluminum alloys 8:1to 10:1
Harder aluminum alloys 5:1to07:1
Copper and copper alloys 3:1to 5:1
Magnesium and magnesium alloys 6:1t09:1
Zinc and zinc alloys 4:1to 6:1
Carbon steels 3:1to 4:1
Low-alloy steels 2:1to 3:1

Ribs

Longitudinal ribs can be produced on either the outside or the inside of the sidewalls.
External ribs need not be spaced equally but should be arranged in a symmetrical
design.

External ribs can have heights up to 2 times the wall thickness, but 1 times wall
thickness is preferable. (See Fig. 3.8.10.) Internal ribs can run the full length of the
shell or be designed to terminate at a desired distance from the closed end. The maxi-
mum recommended height of internal ribs is 3 times wall thickness. (See Fig. 3.8.11.)

Max. H=2T
Preferred H=T Max. H=3T

AL

FIGURE 3.8.10 The maximum recommended
height of external ribs is 2 times wall thickness, ~FIGURE 3.8.11 The maximum recommended
but 1 times wall thickness is preferred. height of internal ribs is 3 times wall thickness.

— H

Bosses

External and internal bosses in the axial direction can be produced as integral parts of
the design. They can be produced on the same shell, and they can be of the same or of
different diameters and lengths and of different cross sections. External bosses can be
produced in any size up to the diameter of the shell and can be solid or hollow. Solid
bosses can be of almost any symmetrical shape. Internal bosses can be longer than the
sidewalls. Cross sections can be round, oval, square, or of other regular configura-
tions.

The diameter of an inside boss should be not more than one-fourth the diameter of
the shell. The preferred location for bosses is on the axis of a part. If not coaxial, boss-
es should be in a symmetrical arrangement; otherwise, metal will tend to flow uneven-
ly. Avoid sharp edges and corners on bosses, for they make it difficult for the metal to
flow properly.
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TABLE 3.8.2 Practical Minimum Wall Thicknesses for Backward-Extruded Aluminum Parts

Outside diameter Alloy and wall thickness, mm (in)

mm (in) 1100 (A91100) 6061 (A96061) 2014 (A92014) 7075 (A97075)
25 (1) 0.25 (0.010) 0.38 (0.015) 0.90 (0.035) 1.0 (0.040)
50 (2) 0.50 (0.020) 0.76(0.030) 1.8 (0.070) 2.0 (0.080)
75 (3) 0.76 (0.030) 1.1 (0.045) 2.7 (0.105) 3.0 (0.120)
100 (4) 1.0 (0.040) 1.5 (0.060) 3.6 (0.140) 4.0 (0.160)
125 (5) 1.3 (0.050) 1.9 (0.075) 4.4 (0.175) 5.0 (0.200)
150 (6) 1.5 (0.060) 2.3 (0.090) 5.3 (0.210) 6.0 (0.240)
175 (7) 1.9 (0.075) 2.8 (0.110) 6.2 (0.245) 7.0 (0.280)
200 (8) 2.5 (0.100) 3.3 (0.130) 7.0 (0.280) 8.0 (0.320)
225 (9) 2.8 (0.110) 3.7 (0.145) 8.0 (0.320) 9.0 (0.360)
250 (10) 3.2(0.125) 4.2 (0.165) 8.9 (0.350) 10.0 (0.400)

Source: From Impacts Design Manual, Aluminum Association, Inc., New York.

Wall Thickness

The minimum wall thickness that can be produced commercially varies with the diam-
eter of the part and the material being extruded. Table 3.8.2 gives the minimum wall
thickness for aluminum-based materials.

Threads and Undercuts

Threads and undercuts must be produced in secondary operations.

Double-Wall Shells

Double-wall shells can be produced without difficulty by incorporating a wide-diame-
ter center tube. This center tube can be longer than the sidewalls and be open or closed
at the top or bottom. Multiwall extruded parts also can be produced.

Asymmetrical Parts

Although it is preferable to design symmetrical parts, especially for the production of
parts having large ratios of length to diameter, asymmetrical parts can be produced if
the height is not too great. To produce such parts, however, it is necessary to secure a
uniform flow of metal to all edges of the die by adjusting the tool angles. This process
is strictly empirical and may be quite time-consuming.

Secondary Operations

Many parts produced by backward extrusion require only trimming to length.
However, certain operations that may be required to finish a part cannot be performed
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during extrusion. These include heading, flanging, flaring the open end, ironing,
drilling, threading, and forming undercuts. If possible, designs requiring these opera-
tions should be avoided.

DESIGN RECOMMENDATIONS FOR FORWARD
EXTRUSION

Symmetry

Symmetrical shapes are preferred for forward extrusion.

Length-Diameter Ratio

The length of a part produced by forward extrusion is limited only by the size of the
blank that can be handled and the ease of removal of the part from the die. Forward
extrusions can be made with length-diameter ratios of 100:1 or greater.

Draft

It is possible to design for zero draft on the sidewalls.

Flanges

Flanges can be formed during forward extrusion. They can be heavy, stepped, or
formed in a variety of shapes. The following suggestions will aid in attaining the easi-
est flow of the metal during extrusion:

1. The bottom corners of the part can be square and do not require a fillet where bot-
tom and sidewall join. There should be a fillet, however, where the extrusion and
the flange join. (See Fig. 3.8.12.)

TN

Sharp
corner
Fillet
Can be _}
sharp 2 V]
L >, Q g
Not this This

FIGURE 3.8.12 Forward extrusions should have
a radius at the junction of a flange and the sidewall.
Bottom corners, however, can be sharp.

Downloaded from Digital Engineering Library @ McGraw-Hill (www.digitalengineeringlibrary.com)
Copyright © 2004 The McGraw-Hill Companies. All rights reserved.
Any use is subject to the Terms of Use as given at the website.



IMPACT- OR COLD-EXTRUDED PARTS

IMPACT- OR COLD-EXTRUDED PARTS 3.131
_L 2. Flanges should be symmetrical.
3. They should have thicknesses equal to
T or greater than the sidewall. (See Fig.
Equal or 3.8.13a.)
greater
than T 4. They should be placed at the end of
< the part or close to the end. (See Fig.
kT 3.8.13b)
Not this (@) his e .

5. Diameters of flanges should be as

small as possible.
2
# Threads and Undercuts
Not this This
(b)

As with backward extrusion, threads and
undercuts must be produced by sec-
FIGURE 3.8.13 Flanges should be at least as  ondary operations.

thick as the sidewall (a) and be located at or near

the ends of the forward extrusion (b).

DIMENSIONAL FACTORS AND TOLERANCES

Tolerances attainable in backward extrusion depend on such factors as tool wear, regu-
larity of metal flow, size and shape of the part, wall thickness, and material being
extruded. When thin-walled tubes are extruded, for example, tool wear will cause
increases in the wall thickness of the shell and a corresponding reduction in its length.
The thickness on the base is influenced by the lengthening of the punch by thermal
expansion, and allowance must be made for this effect in setting tolerance limits.
Tolerances attainable commercially also vary with the alloy.

Aluminum

Aluminum has been backward-extruded for many years, and tolerances that can be
attained have been quite well established. Representative tolerances for round, square,
and rectangular shells are indicated in Table 3.8.3.

Copper

Tolerances that can be maintained on small parts are

Wall thickness: 0.08 mm (0.003 in)
Diameter: =0.08 mm (0.003 in)
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TABLE 3.8.4 Typical Tolerances for Backward-Extruded Magnesium

Parts
Dimension Tolerances, *

Diameter 0.2% of diameter
Bottom thickness 0.13 mm (0.005 in) for all sizes
‘Wall thickness, mm (in)

0.50-0.75 (0.020-0.029) 0.05 mm (0.002 in)

0.76-1.12 (0.030-0.044) 0.08 mm (0.003 in)

1.13-1.50 (0.045-0.059) 0.1 mm (0.004 in)

1.51-2.50 (0.060-0.100) 0.13 mm (0.005 in)

Magnesium

Typical tolerances attainable in commercial production are given in Table 3.8.4.

Zinc
Tolerances that can be held on small parts are

Inside diameter: +0.00, —0.15 mm (+0.000, —0.006 in)
Outside diameter: =0.08 to =£0.13 mm (#+0.003 to =0.005 in)

Wall thickness, 0.25 to 0.5 mm thick: =0.08 mm (0.010 to 0.020 in thick: *=0.003
in)

Steels

Tolerances that can be met in commercial production are

Backward Extrusion

Outside diameter, Inside diameter, Length,

mm (in) mm (in) mm (in)
Small parts +0.025 (0.001) +0.1 (0.004) +3(0.12)
Large parts * 0.4 (0.016) +0.35 (0.014) *6(0.24)

Deviation of outside diameter from inside diameter: 0.5-1.2% of nominal OD
Out-of-roundness: 0.2 to 0.6% of nominal OD

Forward-Extruded Solid Parts

Diameter, mm (in)

Small parts +0.05 (0.002)
Large parts * 0.13 (0.005)
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Surface Finish

The surface finish that can be attained on a backward-extruded part depends on the
condition of the tools and the alloy being extruded. If tools are properly maintained,
finishes as low as 0.8 pm (32 w in) rms can be achieved. Finishes that are attained
commercially on several materials are:

Aluminum
1100 0.8-1.6 pm (32-63 pin)
6001 1.6 pm (63-250 pin)
7075 3.1-6.3 pm (125-250 pin)

Copper 1.6 pm (63 pin)

Steels 1.5-5.0 pm (60-200 pin)

As in backward extrusion, the surface finish attainable in forward extrusion
depends on the condition of the tools. Surface finishes of 1 to 5 wm (40 to 200 pin)
have been attained on aluminum in commercial operations; 1.5 to 5 um (60 to 200
win), on steel.
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Source: DESIGN FOR MANUFACTURABILITY HANDBOOK

CHAPTER 3.9
ROTARY-SWAGED PARTS

THE PROCESS

Rotary swaging is a process primarily applicable to cylindrical parts made from rods,
tubes, and wires. It alters the diameter or shape of such components by means of a
large number of controlled-impact blows applied radially by one or more pairs of
opposed dies. The dies are shaped to give the part the required form.

In the common rotary-swaging machine, as shown schematically in Fig. 3.9.1, the
spindle rotates, throwing dies and hammers outward away from the work and against a
roller cage that surrounds the spindle. Each time that the hammer blocks pass directly
against opposing rollers, they are driven inward. This forces the die sections to close
and strike the workpiece. As the hammer blocks pass out from in between opposing
rollers, the dies are thrown open and are ready for the next forming stroke. For most
machines, there will be upwards of 1000 such die strokes per minute.

FIGURE 3.9.1 Die motions in a conventional
rotary-swaging machine. (Courtesy Fenn Mfg.
Co.)

3.135
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N
Backer —= \ M
N
——»
—
\
Open position Swaging position Ejecting position

FIGURE 3.9.2 Key elements of a die-closing swaging machine. (From Metals Handbook, American
Society for Metals.)

A variation of the rotary-swaging process is stationary-die swaging. In this process
the spindle remains stationary, but the roller cage rotates. The advantage of the station-
ary-die process is that it permits nonround cross sections to be produced.

Some swagers are equipped with wedged-shaped members between the hammer
and the die blocks. When these wedges are retracted, there is a larger opening to
retract the workpiece. Hence reductions in diameter are possible at locations other
than the end of the workpiece, which then can still be withdrawn from the machine.
Figure 3.9.2 illustrates the operation of this machine, which is called a die-closing
swager.

Owing to the resistance to the entry of work into the die (because of the taper of
the die opening), for some work it is necessary to have a mechanical feed or a
mechanically assisted feed for the workpiece. This may consist of a rack-and-pinion,
roll-feed, or hydraulic system.

Mandrels are often used to support tubing during swaging, particularly if the tubing
has thin walls.

Flat swaging is a punch-press or header operation related only in name to rotary swag-
ing. It involves a reduction in thickness of all or a portion of a sheet-metal workpiece.

TYPICAL PARTS AND APPLICATIONS

Swaging invariably involves a workpiece of rodlike or tubular shape. Most swaged
parts have a round cross section. The swaging operation reduces the outside diameter of
the work and may change the outside shape (or the inside shape in the case of tubing).

The size range of parts processible by rotary swaging extends from a minimum
practicable finished diameter of about 0.5 mm (0.020 in) to a normal maximum start-
ing diameter for tubing of 150 mm (6 in). The maximum diameter processible, howev-
er, is a function of the size of the swaging machine and theoretically has no limit if a
large enough machine were constructed. Machines have been built to handle tubing
with a 350-mm (14-in) diameter, but tonnage requirements limit the maximum diame-
ter of solid parts swaged to much smaller sizes.

For fine tubing swaged over a mandrel, flexible wire is used as a mandrel, and
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music wire as fine as 0.08 mm (0.003 in) in diameter has been used.

Through-feed tooling permits the processing of indefinitely long workpieces. Long
lengths of straight or coiled tubing or wire are reduced in diameter by rotary swaging.

The following parts have been produced at least in part by rotary swaging: (1)
Pointed tubing and bar ends prepared for cold drawing. (2) Tapered tubing and solid
bars for such items as furniture legs, golf clubs, and fishing rods. (3) A reduction in
diameter of a tube, bar, or wire for its entire length. (4) Pins, punches, needles (includ-
ing crochet and sewing machine needles), buttonhooks, bicycle spokes, dental-tool
handles, and other parts having tapers or changes in diameter. (5) Automotive parts
such as torque tubes, steering posts, forged axle housings, drag links, drive shafts, and
exhaust pipes. (6) Phillips and conventional screwdriver blades, soldering-iron tips,
square ends of round bars, and other irregular shapes producible on stationary-die
machines. (7) Tubular parts of irregular cross section made by swaging tubing over a
shaped mandrel. Examples are wrench sockets, rifle barrels, internal rachets, and
splines. (8) The assembly of fittings to cable, wire, and hose. (9) Parts that have diam-
eter reductions between shoulders. Convoluted flexible tubing is one example.

An additional application is the diameter or wall reduction of items too fragile for
the application of other processes such as cold drawing. An example is the size reduc-
tion of soft solder wire. Another is the final sizing of thin-walled lipstick cases.

Figure 3.9.3 shows a selection of parts and assemblies produced by rotary swaging.

FIGURE 3.9.3 Examples of parts that are rotary-swaged. Note, in addition to
the tapered pieces produced on conventional two- or four-die rotary swagers, the
convoluted part and cable assemblies made on die-closing machines and parts
with rectangular cross sections made on stationary die machines. (Courtesy
Fenn Mfg. Co.)
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ECONOMIC PRODUCTION QUANTITIES

Rotary swaging is a process suitable for moderate to high levels of production. Its
advantages are low tooling and only moderate equipment cost, fairly high output rates,
and little or no materials loss.

Simple two-piece dies for smaller parts are low in cost. Four-piece dies and dies for
long tapers, large diameters, or more complex forms can run much higher. Mandrels
are similarly reasonably priced except when splines, flutes, or other intricate shapes
are involved.

The low tooling cost and fast setup (usually less than an hour) make swaging eco-
nomical for production runs as small as the low hundreds of pieces. The high output
rates (400 pieces per hour is an easily attained rate for a simple operation) and materi-
als savings often make it also suitable for the highest production applications.

Competitive processes for lower production levels are spinning and machining, and
for high production levels, punch-press drawing, cold heading, and impact extrusion.

SUITABLE MATERIALS

Most metals, provided there is a sufficient difference between their yield and ultimate
strengths, can be rotary-swaged. In general, the metals that are most suitable for other
metal-forming processes are also the most readily swageable. Best results are obtained
with low-carbon steels and ductible nonferrous metals.

For ferrous materials, swageability decreases as the carbon content or the percent-
age of alloying metals increases. Chromium, nickel, tungsten, and manganese all
increase the strength of steel and decrease its ability to be cold-worked by swaging.
Additives such as lead, sulfur, phosphorus, and beryllium, which increase the machin-
ability of steel, tend to cause fractures during swaging and make the resulting alloy
unsuitable for this process.

Table 3.9.1 provides an index of swageability of various metals. The index is the
maximum percentage reduction that can be made in one operation. All materials
included, however, can be swaged by a greater amount than indicated simply by stress
relieving between successive swaging operations. In cases of severe reduction of
cross-sectional area, stress relieving may not be sufficient, and full annealing may be
required.

In general, metals harder than Rockwell B 100 cannot be cold-swaged; those
between R, 90 and R, 100 are swageable but are not normally recommended for this
operation.

Welded tubing usually does not swage as well as seamless tubing because the metal
at the welded seam tends to flow less smoothly than the other material.

DESIGN RECOMMENDATIONS

There are limits to the steepness of taper angle attainable with swaging. With conven-
tional hand-feed workpieces, the maximum included taper angle is 6 to 8°. Larger
angles result in severe feeding difficulties. With power feeds, steeper taper angles, up
to 14° (included angle), are attainable. Smaller tubular components of softer metals
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TABLE 3.9.1 Maximum Reduction in Cross-Sectional Area Obtainable by Swaging

Work metal
Common designation UNS designation Reduction in area, %

Plain carbon steels

Up to 1020 Up to G10200 60

1020-1050 G10200-G10500 50

1050-10955 G10500-G10950 40
Alloy steels

0.20% C 50

0.40% C 40

0.60% C 20
High-speed tool steels”

All grades 20
Stainless steels

300 Series 50

400 Series

Low-carbon 40
High-carbon 10

Aluminum alloys

1100-0 A911007 70

2024-0 A920247 20

3003-0 A930037 70

5050-0 A950507 70

5052-0 A95052F 70

6061-0 A960617 70

7075-0 A97075F 15
Other alloys

Copper alloys* Various 60-70

A-286 566286 60

Inconel X-750 NO07750 60

Kovar K94610 80

*Spheroidize-annealed.
F0-temper (annealed).
fAnnealed.

Source: Adapted from Metals Handbook, vol. 4: Forming, 8th ed., American Society for Metals,
Metals Park, Ohio, 1969.

such as copper can be swaged, in some cases with included angles as high as 30°. For
ease of fabrication, however, the taper angle should be specified to be as shallow as
possible. (See Fig. 3.9.4.)

It is not possible with conventional swaging machines to have a shoulder steeper
than the maximum taper angle permitted by the workpiece and the setup. This is true
because any portion of the part of reduced diameter is produced only by feeding the
part axially into tapered dies. With die-closing machines, however, the die can feed
radially against the work and thereby produce shoulders much closer to the perpendic-
ular. To allow for metal flow and die withdrawal, a perfectly perpendicular wall is not
feasible, and the shoulder should have a 15° slope compared with the perpendicular.
(See Fig. 3.9.5.)
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Included
angle A

)\}4* 15° or more

FIGURE 3.9.4 Taper angles of swaged parts
should be as shallow as possible. For hand-feed
applications (small parts), A should not exceed 6

to 8°. For most power-feed applications, A should

not exceed 14°. For small diameters of copper or ~ FIGURE 3.9.5 The maximum steepness of
aluminum tubing with power feed, A can be as  shoulders from a die-closing machine is 15° from
high as 30°. the perpendicular.

Extreme reductions in cross-sectional area should be avoided because they increase
cycle time and die wear, and should the specified reduction exceed that attainable in
one pass, stress relieving and an additional swaging operation will be required. See
Table 3.9.1 for the normal maximum reduction per pass.

When tubing is swaged without a mandrel, the wall will thicken in proportion to
the amount of diameter reduction, and design specifications should allow for this. For
example, tubing of 50-mm (2-in) diameter and 1.3-mm (0.050-in) wall thickness,
when swaged to 25-mm (1-in) diameter, will show a wall thickness increase to 2.5 mm
(0.100 in). There is also some lengthening of the stock, although this is less propor-
tionally unless a mandrel is used.

It is generally preferable, for minimum tool and unit costs, to swage tubing without
a mandrel. However, this practice is generally limited to heavier tubing whose diame-
ter is no more than 25 times wall thickness. This limit is generally necessary to avoid
wrinkling of stock, although with very low feed rates and 6° taper angles, tubing
diameters up to 70 times wall thickness have been swaged without a mandrel.

It is best to limit the length of tapered sections to the maximum that can be swaged
in one pass by the available machine. It is possible by successive operations to swage
a continuous taper of any length. However, the areas where successive passes overlap
are subject to some demarcation no matter how carefully the swaging dies are made.
Commercially available long-taper machines will handle 375-mm (15-in) tapers in
tubing up to 56 mm (2, in) in diameter.

Where a part with a shoulder is intended to be swaged, 6 mm (' in) should be
allowed between the shoulder and the start of the tapered section for die clearance.
(See Fig. 3.9.6.)

Internal splines or other irregular

— internal shapes require a very slight

draft to facilitate removal of the man-

e drel from the swaged part. Inside-diam-

eter tolerances must allow for this. A

common amount of draft is 0.004 in/ft
of length.

With die-closing swaging machines,

: because of die and wedge configura-

tions, the maximum reduction in area

per pass is 25 percent. With center

FIGURE 3.9.6 Minimum clearance between reductions, this is the maximum reduc-

shoulders and swaged areas. tion that can be made regardless of the

& mm (1/4 in) —a
or more
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FIGURE 3.9.7 Die-closing swagers are limited
by machine and die configurations to a maximum
reduction of 25 percent in the cross-sectional area
in parts swaged. A = original cross-sectional area;
A’ = swaged cross-sectional area.

number of passes. Otherwise, the part could not be removed from the die. (See Fig.
3.9.7.)

When swaging with shaped mandrels, the maximum special angle of flutes or
grooves from the longitudinal axis is 30°.

DIMENSIONAL FACTORS AND TOLERANCES

The closeness of dimensional control of swaged parts is a function of a number of fac-
tors, the most important of which are the accuracy and condition of the dies and the
machine and the size of the workpiece. Dimensions vary more at the ends of a swaged
area than in the center portion because of the effect of axial flow of material. As in all
metal-forming operations, springback is a factor that affects the finished dimensions;
more ductile materials are easier to control dimensionally. Dimensions and surface
finish are better at low feed rates and lesser area reductions per pass.

In swaging tubular parts, the use of a mandrel is valuable if dimensions must be
accurately controlled. This applies also when fine surface finishes are required. If the
inside diameter of a swaged tubular part is critical, a mandrel must be used.

Recommended tolerances for diametral dimensions are shown in Table 3.9.2.
Surface-finish tolerances are shown in Table 3.9.3.

TABLE 3.9.2 Tolerances for Diameters of Rotary-Swaged Parts*

Tolerance, mm (in)

Finished diameter, mm (in) Normal Tightest
0to 3 (0to %) +0.05 (0.002) +0.03 (0.001)
Over 3to 6 (% to /) +0.08 (0.003) +0.04 (0.0015)
Over 6 to 12 (% to %) *0.10 (0.004) +0.05 (0.002)
Over 12to 25 (bto 1) +0.13 (0.005) +0.08 (0.003)
Over 25 to 50 (1 to 2) +0.18 (0.007) +0.10 (0.004)
Over 50 to 100 (2 to 4) +0.25 (0.010) +0.13 (0.005)
Over 100 (4) +0.38 (0.015) +0.18 (0.007)

*They also apply to outside diameters and cross-sectional dimensions of shapes swaged with stationary-die
machines. They apply to inside diameters of tubular parts if swaged over a mandrel after reaming.
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TABLE 3.9.3 Surface Finish of Parts after Rotary
Swaging, um AA (pin)

After swaging

Before swaging Normal Finest
6.3 (250) 1.6 (63) 0.8 (32)
3.2 (125) 0.8 (32) 0.4 (16)
1.6 (63) 0.4 (16) 0.21 (10)
0.8 (32) 0.2 (10) 0.05 (5)

Note: For aluminum workpieces, apply values in the next
higher line.
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CHAPTER 3.10
TUBE AND SECTION BENDS

THE PROCESSES AND THEIR APPLICATIONS

Tubing and piping are bent for many reasons. A frequent reason is the need to convey
fluids around or to provide clearance from machine or structural elements. Another is
to provide for expansion and contraction of tubing systems. Heat-transfer coils and
tubular boiler members require bending. Tubular parts are often used as structural
components in vehicles and machines and in furniture, railings, handles, etc. Bends in
such members (while preserving the walls from collapse) are frequent requirements.

Nontubular parts such as channels, angles, I beams, etc., require the same techniques
and have similar structural applications.

The common bending methods are as follows:

Compression Bending

The workpiece is clamped and bent around a stationary form with the aid of a follower
block or roller. There is somewhat more compressive force than elongation on the

Stationary
bending
form

workpiece (although there is still elonga-
tion on the outer portion of the bend),
and the method’s name is derived from
this fact. See Fig. 3.10.1 for an illustra-
tion of the process.

Compression bending is a common
method, often performed by hand, on
tubing or other sections of heavier wall
thickness and larger bending radius.
Thin-walled tubing usually is not bent by
this method.

The normal minimum centerline
radius for compression bends is 4 times
the tubing diameter. With thinner-walled

Movable tubing with good support, bend radii as
wiper —~—, small as 2 times diameter can be used.
shoe Bend angles range up to 170° per bend.

FIGURE 3.10.1

ary bending form.

Compression bending. The fol-
lower block wipes the tubing around the station-

Since there is little stretching of the
outer surface, plated and painted tubing
can be bent with this method.

3.143
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Draw Bending

In this method, the workpiece is clamped against a bending form as in compression
bending, but the bending form rotates, drawing the workpiece through a pressure die
and, in many cases, over a mandrel. This method is suitable for thin-walled tubing,
especially when bent to a small radius. It provides closer control over the workpiece
than other bending methods.

Draw bends are made when dimensional requirements are stringent (e.g., in the air-
craft industry) or when tight bends of thin-walled tubing are required. Tubing 12 to
250 mm (' to 10 in) in diameter can be processed by draw bending. While bend radii
as close as one diameter can be achieved, they require considerable extra care, a close-
fitting internal mandrel, and external dies and shoes. Draw bending is more common
than compression bending when powered equipment is employed. Bends up to 180°
can be made. Ultrasonic vibration, sometimes applied to the tools or workpiece, great-
ly diminishes the friction between the tooling and workpiece. This enables tubing of
difficult-to-bend materials to be processed more easily and bent to a tighter radii.

Ram-and-Press Bending

With this method, a workpiece is placed between two supports, and a rounded-form
die (ram or punch) is pressed against it. The two supports pivot as the ram moves for-
ward, maintaining support of the workpiece.

This method, though it provides less control over metal flow, is nonetheless rapid.
It is used in production applications on heavy tubing or pipe and rolled or extruded
sections whenever some distortion of the workpiece section is permissible and rapid
production is important. Figure 3.10.2 illustrates the process. With currently available
machines, ram-and-press bending is applied to pipe and tubing from 10 to 350 mm (%
to 14 in) in diameter. The method is suitable for bends of up to 165°. Extremely heavy
sections can be bent.

The minimum centerline bending radius for ram bending is 3 times diameter unless
deformation or collapsing of the bent section is permissible (as in some structural
applications); 4 to 6 times diameter is a preferred radius.

Bending form | Workpiece

- -

Pivoted wiping shoes

FIGURE 3.10.2 Ram-and-press bending.
(Courtesy Teledyne Pines.)
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Roll Bending

This method employs three or more grooved rollers arranged so that the workpiece
passing between them is bent to a curved shape. The process can be used to form rings
or continuous coils but is limited to heavy-walled workpieces.

With currently available equipment, roll bending is applicable to pipe up to 200
mm (8 in) in diameter. The minimum-bend radius is normally about 4 times tubing
diameter. Greater values (6 times or more) are preferred. Full circles and coils are eas-
ily made with this approach, but straight sections must be allowed for on both ends of
the bend.

Stretch or Tension Bending

With this method, the workpiece is
stretched longitudinally to the yield point
and is then wrapped around a form or
die. (See Fig. 3.10.3.) The method is not
rapid but has less springback than other
methods and can produce bends of
nonuniform radius. A mandrel is not
required, and the method is useful for
nontubular cross sections.

Stationary
form or die

Clamp Irregular
curve

Wrinkle Bending
FIGURE 3.10.3  Stretch bending.

In this method, a series of wrinkles is

deliberately made on one side of the tub-
ing. The wrinkles cause a shortening of this side, which then becomes the inside of the
bend. Wrinkling is induced by heating a localized area by gas torch while applying an
axial compressive force to the tube.

This type of bend can be applied to heavy-wall and large pipe. It is particularly
adapted to field conditions in which bending equipment is not available. Pipe of 50 to
650 mm (2 to 26 in) except wrought- and cast-iron pipe can be bent by this method.
The minimum centerline bend radius is about 2 times diameter.

Roll-Extrusion Bending

This process creates a large-radius bend in large, heavy-walled pipe by internally
swaging the pipe wall on one side. This causes the wall to elongate and the pipe to
bend. Bends are distortion-free. The minimum centerline bend radius is 3 times diam-
eter. A straight section of 50 mm (2 in) or more for a 125-mm- (5-in-) diameter pipe
must be allowed between bends. Successive bends in different planes are feasible.
Only pipe and tubing can be processed with this method. Current commercial equip-
ment has diameter capacities of from 125 to 300 mm (5 to 12 in).
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