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Preface to the Second Edition

This second edition of Product Design for Manufacture and Assembly includes
three new chapters, describing the processes of sand casting, investment casting,
and hot forging. These chapters, combined with the chapters describing design
for machining, injection molding, sheet metalworking, die casting, and powder
metals, cover a wide range of the most basic forming processes used in industry.

In addition, substantial material has been added to the introductory chapter
illustrating the effects that the application of design for manufacture and assembly
(DFMA) has had on U.S. industry as a whole. Chapter 2, dealing with the
selection of materials and processes for manufacture, now includes further
material describing material selection specifically and the economic ranking of
processes using a new software tool.

Chapter 3, dealing with product design for manual assembly, includes an
updated special section dealing with the effect of design on product quality.
Finally, additional material has been added to Chapter 15 discussing links
between computer-aided design (CAD) solid models and design analysis tools.

As with the previous edition, we thank the various companies who have
supported research on DFMA at the University of Rhode Island and the graduate
students who have contributed to the research. We particularly acknowledge the
help of Allyn Mackay, on whose work the new chapter on investment casting is
largely based.

Finally, thanks are due to Shirley Boothroyd for typing much of the new
material and to Kenneth Fournier for preparing some of the additional artwork.

Geoffrey Boothroyd
Peter Dewhurst
Winston Knight

\\\



Preface to the First Edition

We have been working in the area of product design for manufacture and
assembly (DFMA) for over twenty years. The methods that have been developed
have found wide application in industry—particularly U.S. industry. In fact, it can
be said that the availability of these methods has created a revolution in the
product design business and has helped to break down the barriers between
design and manufacture; it has also allowed the development of concurrent or
simultaneous engineering.

This book not only summarizes much of our work on DFMA, but also
provides the details of DFMA methods for practicing and student engineers.

Much of the methodology involves analytical tools that allow designers and
manufacturing engineers to estimate the manufacturing and assembly costs of a
proposed product before detailed design has taken place. Unlike other texts on the
subject, which are generally descriptive, this text provides the basic equations and
data that allow manufacturing and assembly cost estimates to be made. Thus, for
a limited range of materials and processes the engineer or student can make cost
estimates for real parts and assemblies and, therefore, become familiar with the
details of the methods employed and the assumptions made.

For practicing manufacturing engineers and designers, this book is not meant
as a replacement for the DFMA software developed by Boothroyd Dewhurst,
Inc., which contains more elaborate databases and algorithms, but rather provides
a useful companion, allowing an understanding of the methods involved.

For engineering students, this book is suitable as a text on product design for
manufacture and assembly and, in fact, is partially based on notes for a two-
course sequence developed by the authors at the University of Rhode Island.



vi Preface to the First Edition

The original work on design for assembly was funded at the University of
Massachusetts by the National Science Foundation. Professor K. G. Swift and Dr.
A. H. Redford of the Universities of Hull and Salford, respectively, collaborated
with G. Boothroyd in this early work and were supported by the British Science
Research Council.

The research continued at the University of Rhode Island and was supported
mainly by U.S. industry. We thank the following companies for their past and, in
some cases, continuing support of the work: Allied, AMP, Digital Equipment,
DuPont, EDS, Ford, General Electric, General Motors, Gillette, IBM, Instron,
Loctite, Motorola, Navistar, Westinghouse, and Xerox.

We also thank all the graduate assistants and research scholars who over the
years have contributed to the research, including: N. Abbatiello, A. Abbot,
A. Anderson, J. Anderson, T. Andes, D. Archer, G. Bakker, T. Becker, C. Blum,
T. Bassinger, K. P. Brindamour, R. C. Burlingame, T. Bushman, J. P. Cafone, A.
Carnevale, M. Caulfield, H. Connelly, T. J. Consunji, C. Donovan, J. R. Donovan,
W A. Dvorak, C. Elko, B. Ellison, M. C. Fairfield, J. Farris, T. J. Feenstra,
M. B. Fein, R. P. Field, T. Fujita, A. Fumo, A. Girard, T. S. Hammer, P. Hardro,
Y. S. Ho, L. Ho, L. S. Hu, G. D. Jackson, J. John II, B. Johnson, G. Johnson,
K. Ketelsleger, G. Kobrak, D. Kuppurajan, A. Lee, C. C. Lennartz, H. C. Ma,
D. Marlowe, S. Naviroj, N. S. Ong, C. A. Porter, P. Radovanovic, S. C.
Ramamurthy, B. Rapoza, B. Raucent, M. Roe, L. Rosario, M. Schladenhauffen,
B. Seth, C. Shea, T. Shinohara, J. Singh, R. Stanton, M. Stanziano, G. Stevens,
A. Subramani, B. Sullivan, J. H. Timmins, E. Trolio, R. Turner, S. C. Yang,
Z. Yoosufani, J. Young, J. C. Woschenko, D. Zenger, and Y. Zhang.

We would also like to thank our colleagues, the late Professor C. Reynolds,
who collaborated in the area of early cost estimating for manufactured parts, and
Professor G. A. Russell, who collaborated in the area of printed circuit board
assembly.

Finally, thanks are due to Kenneth Fournier for preparing much of the artwork.

Geoffrey Boothroyd
Peter Dewhurst
Winston Knight
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1
Introduction

1.1 WHAT IS DESIGN FOR MANUFACTURE AND
ASSEMBLY?

In this text we shall assume that "to manufacture" refers to the manufacturing of
the individual component parts of a product or assembly and that "to assemble"
refers to the addition or joining of parts to form the completed product. This
means that for the purposes of this text, assembly will not be considered a
manufacturing process in the same sense that machining, molding, etc., are
manufacturing processes. Hence, the term "design for manufacture" (or DFM)
means the design for ease of manufacture of the collection of parts that will form
the product after assembly and "design for assembly" (or DFA) means the design
of the product for ease of assembly. Thus, "design for manufacture and
assembly" (DFMA) is a combination of DFA and DFM.

DFMA is used for three main activities:

1. As the basis for concurrent engineering studies to provide guidance to the
design team in simplifying the product structure, to reduce manufacturing
and assembly costs, and to quantify the improvements.

2. As a benchmarking tool to study competitors' products and quantify
manufacturing and assembly difficulties.

3. As a should-cost tool to help negotiate suppliers contracts.

The development of the original DFA method stemmed from earlier work in
the 1960s on automatic handling [1]. A group technology classification system
was developed to catalogue automatic handling solutions for small parts [2]. It
became apparent that the classification system could also help designers to design
parts that would be easy to handle automatically.

1



In the mid-1970s the U.S. National Science Foundation (NSF) awarded a
substantial grant to extend this approach to the general areas of DFM and DFA.
Essentially, this meant classifying product design features that significantly effect
assembly times and manufacturing costs and quantifying these effects. At the
same time, the University of Salford in England was awarded a government grant
to study product design for automatic assembly. As part of the study, various
designs of domestic gas flow meters were compared. These meters all worked on
the same principal and had the same basic components. However, it was found
that their manufacturability varied widely and that the least manufacturable
design had six times the labor content of the best design.

Figure 1.1 shows five different solutions for the same attachment problem
taken from the gas flow meters studied. It can be seen that, on the left, the
simplest method for securing the housing consisted of a simple snap fit. In the
examples on the right, not only does the assembly time increase, but both the
number and cost of parts increases. This illustrates the two basic principles of
design for ease of assembly of a product: reduce the number of assembly
operations by reducing the number of parts and make the assembly operations
easier to perform.

The DFA time standards for small mechanical products resulting from the
NSF-supported research were first published in handbook form in the late 1970s,
and the first successes resulting from the application of DFA in industry were
reported in an article in Assembly Engineering [3] .In the article, Sidney Liebson,
corporate director of manufacturing for Xerox and a long-time supporter of our
research, suggested that "DFA would save his company hundreds of millions of
dollars over the next ten years." The article generated intense interest in U.S.
industry.

At that time, microcomputers were coming onto the market. Aversion of DFA,
running on an Apple II plus computer proved attractive to those wishing to obtain
the reported benefits of DFA applications. It appeared that, unlike their European
or Japanese counterparts, U.S. designers preferred to use the new computers
rather than perform hand calculations to analyze their designs for ease of

FIG. 1.1 Examples of design features affecting assembly.



assembly. As a result, engineers at IBM and Digital funded the development of
versions of the DFA software to run on their own company products.

A major breakthrough in DFA implementation was made in 1988 when Ford
Motor Company reported that our DFA software had helped them save billions of
dollars on their Taurus line of automobiles. Later, it was reported [4] that General
Motors (GM) made comparisons between its assembly plant at Fairfax, Kansas,
which made the Pontiac Grand Prix, and Ford's assembly plant for its Taurus and
Mercury Sable models near Atlanta. GM found a large productivity gap and
concluded that 41% of the gap could be traced to the manufacturability of the two
designs. For example, the Ford car had fewer parts—10 in its front bumper
compared with 100 in the GM Pontiac—and the Ford parts fit together more
easily.

Not surprisingly, GM has now become one of the leading users of DFMA. In
fact, a GM executive has stated that:

DFM/DEA is a primary driver of quality and cost improvement.
It impacts every system of the vehicle.
It is an integral part of engineering and manufacturing employee training.
It provides knowledge and capabilities for individuals and organizations.
It provides technical improvements to both product and process.
It's not an option—it's a requirement.

In the 1960s there was much talk about designing products so they could be
manufactured more easily. Recommendations commonly known as producibility
guidelines were developed. Figure 1.2 shows a typical design guideline published
in 1971 that emphasized simplifying the individual parts [5]. The authors of this
guideline mistakenly assumed that several simple-shaped parts are inherently less
expensive to manufacture than a single complex part and that any assembly costs
are more than offset by the savings in part costs. They were wrong on both
counts, as the results in Tabl e 1.1 show. Even ignoring assembly costs, the two

FIG. 1.2 Misleading producibility guideline for the design of sheet metal parts.



TABLE 1.1 Estimated Costs in Dollars for
the Two Examples in Fig. 1.2 if 100,000 Are
Made

Wrong Right

Setup
Process
Material
Piece part
Tooling
Total manufacture
Assembly
Total

0.015
0.535
0.036
0.586
0.092
0.678
0.000
0.678

0.023
0.683
0.025
0.731
0.119
0.850
0.200
1.050

parts in the "right" design are significantly more expensive than the single part in
the "wrong" design—even the piece part costs (neglecting tooling costs) are more
expensive. Taking assembly costs into account and ignoring storage, handling,
quality, and paperwork costs, the "right" design is 50% more costly than the
"wrong" design!

Once methods for analyzing assembly difficulties were developed in the 1970s
it became recognized that there was a conflict between producibility and
assembly. It was found that the simplification of products by reducing the
number of separate parts through DFA—on the order of 50% on average—
could easily achieve substantial reductions in assembly costs. Much more
important, however, was the fact that even greater savings could be achieved in
the cost of the parts. The ability to estimate both assembly and part manufacturing
costs at the earliest stages of product design is the essence of DFMA. The authors
of this text have carried out numerous research programs over the past two
decades on the subject of DFMA. A primary objective of this work has been to
develop economic models of manufacturing processes, based on product design
information, and which require a minimum of manufacturing knowledge [6,7,8].

The simple example in Fig. 1.2 and Table 1.1 illustrates this. If the "right"
design were subject to a DFA analysis, the designer would be challenged as to
why the subassembly could not be manufactured as a single part thereby
eliminating an assembly cost of $0.20. Further analysis would show an additional
saving of $0.17 in part costs.

That designers should give more attention to possible manufacturing problems
has been advocated for many years. Traditionally, it was expected that engineer-
ing students should take "shop" courses in addition to courses in machine design.
The idea was that a competent designer should be familiar with manufacturing
processes to avoid adding unnecessarily to manufacturing costs during design.



Unfortunately, in the 1960s shop courses disappeared from university curricula in
the United States; they were not considered suitable for academic credit by the
new breed of engineering theoreticians. In fact, a career in design was not
generally considered appropriate for one with an engineering degree. Of course,
the word "design" has many different meanings. To some it means the aesthetic
design of a product such as the external shape of a car or the color, texture, and
shape of the casing of a can opener. In fact, in some university curricula this is
what would be meant by a course in "product design."

On the other hand, design can mean establishing the basic parameters of a
system. For example, before considering any details, the design of a power plant
might mean establishing the characteristics of the various units such as genera-
tors, pumps, boilers, connecting pipes, etc.

Yet another interpretation of the word "design" would be the detailing of the
materials, shapes, and tolerance of the individual parts of a product. This is the
aspect of product design mainly considered in this text. It is an activity that starts
with sketches of parts and assemblies; it then progresses to the CAD workstation,
where assembly drawings and detailed part drawings are produced. These
drawings are then passed to the manufacturing and assembly engineers whose
job it is to optimize the processes used to produce the final product. Frequently, it
is at this stage that manufacturing and assembly problems are encountered and
requests are made for design changes. Sometimes these design changes are large
in number and result in considerable delays in the final product release. In
addition, the later in the product design and development cycle the changes occur,
the more expensive they become. Therefore, not only is it important to take
manufacture and assembly into account during product design, but also these
considerations must occur as early as possible in the design cycle.

This is illustrated qualitatively by the chart in Fig. 1.3 showing that extra time
spent early in the design process is more than compensated for by savings in time
when prototyping takes place. Thus, in addition to reducing product costs, the
application of design for manufacture and assembly (DFMA) shortens the time to
bring the product to market. As an example, Ingersoll-Rand Company reported
[9] that the use of DFMA software from Boothroyd Dewhurst, Inc., slashed
product development time from two years to one. In addition, the simultaneous
engineering team reduced the number of parts in a portable compressor radiator
and oil-cooler assembly from 80 to 29, decreased the number of fasteners from 38
to 20, trimmed the number of assembly operations from 159 to 40 and reduced
assembly time from 18.5 to 6.5min. Developed in June 1989, the new design
went into full production in February, 1990.

Another reason why careful consideration of manufacture and assembly
should be considered early in the design cycle is because it is now widely
accepted that over 70% of final product costs are determined during design [10].
This is illustrated in Fig. 1.4.



FIG. 1.3 DFMA shortens the design process. (From Plastics Design Forum, October
1993.)

FIG. 1.4 Who casts the biggest shadow? (From Ref. 10.)



FIG. 1.5 "Over the wall" design, historically the way of doing business. (From Ref. 10.)

Traditionally, the attitude of designers has been "we design it, you build it."
This has now been termed the "over-the-wall approach" where the designer is
sitting on one side of the wall and throwing designs over the wall (Fig. 1.5) to the
manufacturing engineers, who then have to deal with the various manufacturing
problems arising because they were not involved in the design effort. One means
of overcoming this problem is to consult the manufacturing engineers at the
design stage. The resulting teamwork avoids many problems. However, these
teams, now called simultaneous engineering or concurrent engineering teams,
require analysis tools to help them study proposed designs and evaluate them
from the point of view of manufacturing difficulty and cost.

By way of illustration we see that DFMA efforts at Hewlett Packard Loveland
[11] started in the mid-1980s with redesign of existing products and continued
with application to new product design. During these studies, which proved
increasingly successful, product development involved one to three manufactur-
ing engineers interacting frequently with the R&D team members. Eventually, by
1992, HP Loveland had incorporated DFMA into a formal concurrent engineer-
ing approach. The gradual improvements in their product manufacturing and
assembly costs are shown in Fig. 1.6.



FIG. 1.6 Effects of DFMA and CE on product cost at Hewlett Packard. (Adapted from
Ref. 11.)

1.2 HOW DOES DFMA WORK?

Let's follow an example from the conceptual design stage. Figure 1.7 represents a
motor drive assembly that is required to sense and control its position on two steel
guide rails. The motor must be fully enclosed for aesthetic reasons and have a
removable cover to provide access to adjustment of the position sensor. The
principal requirements are a rigid base designed to slide up and down with guide
rails that will both support the motor and locate the sensor. The motor and sensor
have wires connecting to a power supply and control unit, respectively.

A proposed solution is shown in Fig. 1.8, where the base is provided with two
bushings to provide suitable friction and wear characteristics. The motor is
secured to the base with two screws and a hole accepts the cylindrical sensor,
which is held in place with a set screw. The motor base and sensor are the only
items necessary for operation of the device. To provide the required covers, an
end plate is screwed to two standoffs, which are screwed into the base. This end
plate is fitted with a plastic bushing through which the connecting wires pass.
Finally, a box-shaped cover slides over the whole assembly from below the base
and is held in place by four screws, two passing into the base and two into the end
cover.

There are two subassemblies, the motor and the sensor, which are required
items, and, in this initial design, there are eight additional main parts and nine
screws making a total of nineteen items to be assembled.
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FIG. 1.7 Configuration of required motor drive assembly.

When DFA began to be taken seriously in the early 1980s and the consequent
benefits were appreciated, it became apparent that the greatest improvements
arose from simplification of the product by reducing the number of separate parts.
In order to give guidance to the designer in reducing the part count, the DFA
methodology [12] provides three criteria against which each part must be
examined as it is added to the product during assembly.

1. During operation of the product, does the part move relative to all other parts
already assembled. Only gross motion should be considered—small motions
that can be accommodated by integral elastic elements, for example, are not
sufficient for a positive answer.

2. Must the part be of a different material than or be isolated from all other parts
already assembled? Only fundamental reasons concerned with material
properties are acceptable.

3. Must the part be separate from all other parts already assembled because
otherwise necessary assembly or disassembly of other separate parts would
be impossible.

Application of these criteria to the proposed design (Fig. 1.8) during assembly
would proceed as follows:

1. Base: Since this is the first part to be assembled, there are no other parts
with which it can be combined, so it is a theoretically necessary part.
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2. Bushings (2): These do not satisfy the criteria because, theoretically, the
base and bushings could be of the same material.

3. Motor: The motor is a standard subassembly of parts that, in this case, is
purchased from a supplier. Thus, the criteria cannot be applied and the
motor is a necessary separate item.

4. Motor screws (2): Invariably, separate fasteners do not meet the criteria
because an integral fastening arrangement is always theoretically possible.

5. Sensor: This is another standard subassembly and will be considered a
necessary separate item.

6. Set screw: Theoretically not necessary.
7. Standoffs (2): These do not meet the criteria; they could be incorporated

into the base.
8. End plate: Must be separate for reasons of assembly of necessary items.
9. End plate screws (2): Theoretically not necessary.

10. Plastic bushing: Could be of the same material as, and therefore combined
with, the end plate.

11. Cover: Could be combined with the end plate.
12. Cover screws (4): Theoretically not necessary.

From this analysis it can be seen that if the motor and sensor subassemblies could
be arranged to snap or screw into the base and a plastic cover designed to snap on,
only four separate items would be needed instead of 19. These four items
represent the theoretical minimum number needed to satisfy the requirements of
the product design without considering practical limitations.

It is now necessary for the designer or design team to justify the existence of
those parts that did not satisfy the criteria. Justification may arise from practical or
technical considerations or from economic considerations. In this example, it
could be argued that two screws are needed to secure the motor and one set screw
is needed to hold the sensor because any alternatives would be impractical for a
low-volume product such as this. However, the design of these screws could be
improved by providing them with pilot points to facilitate assembly.

It could be argued that the two powder metal bushings are unnecessary
because the part could be machined from an alternative material, such as nylon,
having the necessary frictional characteristics. Finally, it is difficult to justify the
separate standoffs, end plate, cover, plastic bushing, and six screws.

Now, before an alternative design can be considered, it is necessary to have
estimates of the assembly times and costs so that any possible savings can be
taken into account when considering design alternatives. Using the techniques
described in this text, it is possible to make estimates of assembly costs, and later
estimate the cost of the parts and associated tooling, without having final detail
drawings of the part available.

Table 1.2 presents the results of an assembly analysis for the original motor
drive assembly where it can be seen that an assembly design index of 7.5% is



TABLE 1.2 Results of Design for Assembly (DFA) Analysis for the Motor Drive
Assembly Proposed Design (Fig. 1.8)

Base
Bushing
Motor subassembly
Motor screw
Sensor subassembly
Set screw
Standoff
End plate
End plate screw
Plastic bushing
Thread leads
Reorient
Cover
Cover screw

No.

1
2
1
2
1
1
2
1
2
1

—
—

1
4

Theoretical
part count

1
0
1
0
1
0
0
1
0
0

—
—
0
0

Assembly
time (s)

3.5
12.3
9.5

21.0
8.5

10.6
16.0
8.4

16.6
3.5
5.0
4.5
9.4

31.2

Assembly
cost (0)"

2.9
10.2
7.9

17.5
7.1
8.8

13.3
7.0

13.8
2.9
4.2
3.8
7.9

26.0
Totals 19 4 160.0

4 x 3
Design efficiency — ——— — 7.5%

160

133

'For a labor rate of $30/h.

given. This figure is obtained by comparing the estimated assembly time of 160 s
with a theoretical minimum time obtained by multiplying the theoretical mini-
mum part count of four by a minimum time of assembly for each part of 3 s. It
should be noted that for this analysis standard subassemblies are counted as parts.

Considering first the parts with zeros in the theoretical part count column, it
can be seen that those parts that did not meet the criteria for minimum part count
involved a total assembly time of 120.6 s. This figure should be compared with
the total assembly time for all 19 parts of 160s. It can also be seen that parts
involving screw-fastening operations resulted in the largest assembly times. It has
already been suggested that the elimination of the motor screws and the set screw
would probably be impractical. However, elimination of the remaining parts not
meeting the criteria would result in the design concept shown in Fig. 1.9 where
the bushings are combined with the base and the standoffs, end plate, cover,
plastic bushing, and six screws are replaced by one snap-on plastic cover. The
eliminated items involved an assembly time of 97.4 s. The new cover would take
only 4 s to assemble and would avoid the need for a reorientation. In addition,



FIG. 1.9 Redesign of motor drive assembly following design for assembly (DFA)
analysis.

screws with pilot points would be used and the base redesigned so that the motor
was self-aligning.

Table 1.3 presents the results of an assembly analysis of the new design where
it can be seen that the new assembly time is only 46 s—less than one-third of the
original assembly time. The assembly index is now 26%, a figure that approaches

TABLE 1.3 Results of Design for Assembly (DFA) Analysis for the Motor Drive
Assembly Redesign (Fig. 1.9)

Base
Motor subassembly
Motor screw
Sensor subassembly
Set screw
Thread leads
Plastic cover

No.

1
1
2
1
1

—
1

Theoretical
part count

1
1
0
1
0

—
1

Assembly
time (s)

3.5
4.5

12.0
8.5
8.5
5.0
4.0

Assembly
cost (iff

2.9
3.8

10.0
7.1
7.1
4.2
3.3

Totals 46.0
4 x 3

Design efficiency — ——— — 26°/
46.0

38.4

'For a labor rate of $30/h.



the range found from experience to be representative of good designs of small
electromechanical devices produced in relatively low volume.

Table 1.4 compares the cost of the parts for the two designs showing a savings
of $ 15 in parts cost. However, the tooling for the new cover is estimated to be
$6307—an investment that would have to be made at the outset. The parts cost
and tooling cost estimates were made using the techniques described in this text.

Thus, the outcome of this study is a second design concept representing a total
savings of $15.95, of which only 95 cents represents the savings in assembly
time. In addition, the design index has been improved by about 250%.

It is interesting to note that the redesign suggestions arose through the
application of the minimum part count criteria during the DFA analysis—the
final cost comparison being made after assembly cost and parts cost estimates
were considered.

The second step in an analysis is Design for Manufacture (DFM). This means
estimating the cost of the manufactured parts in order to quantify the effects of
any design improvements suggested by the initial Design for Assembly (DFA)
analysis. In the present example the DFM analysis of the base revealed the cost of
providing each set of features by machining. Interestingly, it was found that

TABLE 1.4 Comparison of Parts Cost for the Motor Drive Assembly Proposed Design
and Redesign (purchased motor and sensor subassemblies not included)

(a) Proposed design

Item

Base (aluminum)
Bushing (2)
Motor screw (2)
Set screw
Standoff (2)
End plate
End plate screw (2)
Plastic bushing
Cover

Cover screw (4)

Total

Cost ($)

12.91
2.40a

0.20a

0.10a

5.19
5.89
0.20a

0.10a

8.05

0.40a

35.44

(b) Redesign

Item

Base (nylon)
Motor screw (2)
Set screw
Plastic cover

(includes tooling)

Total

Tooling cost for
plastic cover,
$6307

Cost ($)

13.43
0.20a

0.1 Oa

6.71

20.44

a Purchased in quantity.



elimination of the two drilled and tapped screw holes in the side of the base and
the two drilled and tapped holes provided for the standoffs would reduce the total
machining cost by $1.14. Thus, these changes would save more than the total
possible savings in assembly cost of 95 cents. This is an indication that it is
important not only to know the total estimated manufacturing cost of an item but,
more importantly, to know the cost of providing the various features. This case
study is typical in the sense that although DFA means design for assembly, the
results of improving assemblability usually manifest themselves in significant
reductions in part manufacturing costs.

Figure 1.10 summarizes the steps taken when using DFMA during design. The
DFA analysis is first conducted leading to a simplification of the product
structure. Then, using DFM, early cost estimates for the parts are obtained for
both the original design and the new design in order to make trade-off decisions.
During this process the best materials and processes to be used for the various
parts are considered. In the example, would it be better to manufacture the cover
in the new design from sheet metal? Once final selection of materials and
processes has occurred, a more thorough analysis for DFM can be carried out for
the detail design of parts. All of these steps are considered in the following
chapters.

Design Concept
*

Design for Assembly
(DFA)
*

Selection of materials
and processes and early
DFM cost estimates

4-
Best design concept

4-
Design for Manufacture

(DFM)
*

< ——————————————————————

— *•

— »

Suggestions for
simplification of product

structure

Suggestions for more
economic

materials and processes

Detail design for minimum
manufacturing costs

—

Production

FIG. 1.10 Typical steps taken in a DFMA study using DFMA software.



1.3 REASONS FOR NOT IMPLEMENTING DFMA

No Time
In making presentations and conducting workshops on DFMA, the authors have
found that the most common complaint among designers is that they are not
allowed sufficient time to carry out their work. Designers are usually constrained
by the urgent need to minimize the design-to-manufacture time for a new product.
Unfortunately, as was illustrated earlier (Fig. 1.3), more time spent in the initial
stages of design will reap benefits later in terms of reduced engineering changes
after the design has been released to manufacturing. Company executives and
managers must be made to realize that the early stages of design are critical in
determining not only manufacturing costs, but also the overall design-to-manu-
facturing cycle time.

Not Invented Here
Enormous resistance can be encountered when new techniques are proposed to
designers. Ideally, any proposal to implement DFMA should come from the
designers themselves. However, more frequently it is the managers or executives
who have heard of the successes resulting from DFMA and who wish their own
designers to implement the philosophy. Under these circumstances, great care
must be taken to involve the designers in the decision to implement these new
techniques. Only then will the designers support the idea of applying DFMA. If
they don't support DFMA, it won't be successfully applied.

The Ugly Baby Syndrome
Even greater difficulties can exist when an outside group or a separate group
within the company undertakes to analyze current designs for ease of manufac-
ture and assembly. Commonly, it will be found that significant improvements
could be made to the current design, and when these improvements are brought to
the attention of those who produced the design this can result in extreme
resistance. Telling a designer that their designs could be improved is much like
telling a mother that her baby is ugly! (Fig. 1.11). It is important, therefore, to
involve the designers in the analysis and provide them with the incentive to
produce better designs. If they perform the analysis, they are less likely to take as
criticism any problems that may be highlighted.

Low Assembly Costs
The earlier description of the application of DFMA showed that the first step is a
DFA analysis of the product or subassembly. Quite frequently it will be suggested
that since assembly costs for a particular product form only a small proportion of
the total manufacturing costs, there is no point in performing a DFA analysis.
Figure 1.12 shows the results of an analysis where the assembly costs were



FIG. 1.11 Would you tell this mother that her baby is ugly? (From Ref. 10.)

extremely small compared with material and manufacturing costs. However, DFA
analysis would suggest replacement of the complete assembly with, say, a
machined casting. This would reduce total manufacturing costs by at least 50%.

Low Volume
The view is often expressed that DFMA is worthwhile only when the product is
manufactured in large quantities. It could be argued, though, that use of the
DFMA philosophy is even more important when the production quantities are
small. This is because, commonly, reconsideration of an initial design is usually
not carried out for low-volume production. Figure 1.12 is an example of this
where the assembly was designed to be built from items machined from stock as
if the product were one-of-a-kind. The prototype then became the production
model. Applying the philosophy "do it right the first time" becomes even more
important, therefore, when production quantities are small. In fact, the opportu-
nities for parts consolidation are usually greater under these circumstances
because it is not usually a consideration during design.



FIG. 1.12 DFA analysis can reduce total costs significantly even though assembly costs
are small.



The Database Doesn't Apply to Our Products
Everyone seems to think that their own company is unique and, therefore, in need
of unique databases. However, when one design is rated better than another using
the DFA database it would almost certainly be rated in the same way using a
customized database. Because DFMA should be applied at the early design stage
before detailed design has taken place, there is a need for a generalized database
for this purpose. Later, when more accurate estimates are desired, then the user
can employ a customized database if necessary.

We've Been Doing It for Years
When this claim is made, it usually means that some procedure for "design for
producibility" has been in use in the company. However, design for producibility
usually means detailed design of individual parts for ease of manufacture. It was
made clear earlier that such a process should occur only at the end of the design
cycle; it can be regarded as a "fine tuning" of the design. The important decisions
affecting total manufacturing costs will already have been made. In fact, there is a
great danger in implementing design for producibility in this way. It has been
found that the design of individual parts for ease of manufacture can mean, for
example, limiting the number of bends in a sheet metal part. Again, experience
has shown that it is important to combine as many features in one part as possible.
In this way, full use is made of the abilities of the various manufacturing
processes.

It's Only Value Analysis
It is true that the objectives of DFMA and value analysis are the same. However,
it should be realized that DFMA is meant to be applied early in the design cycle
and that value analysis does not give proper attention to the structure of the
product and its possible simplification. DFMA has the advantage that it is a
systematic step-by-step procedure that can be applied at all stages of design and
that challenges the designer or design team to justify the existence of all the parts
and to consider alternative designs. Experience has shown that DFMA still makes
significant improvements of existing products even after value analysis has been
carried out.

DFMA Is Only One Among Many Techniques
Since the introduction of DFMA, many other techniques have been proposed, for
example, design for quality (DFQ), design for competitiveness (DFC), design for
reliability, and many more. Many have even suggested that design for perfor-
mance is just as important as DFMA. One cannot argue with this. However,
DFMA is the subject that has been neglected over the years, while adequate
consideration has always been given to the design of products for performance,
appearance, etc.
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FIG. 1.13 Improved assembly design efficiency results in increased reliability. (Courtesy
of Motorola Inc.)

The other factors, such as quality, reliability, etc., will follow when proper
consideration is given to the manufacture and assembly of the product. In fact,
Fig. 1.13 shows a relationship between the quality of a design measured by the
design efficiency obtained during DFA and the resulting product quality
measured in defects per million parts assembled. Each data point on this graph
represents a different product designed and manufactured by Motorola. It clearly
shows that if design for assembly is carried out leading to improved design
efficiencies, then improved quality will follow.

DFMA Leads to Products That Are More Difficult to Service
This is absolute nonsense. Experience shows that a product that is easy to
assemble is usually easier to disassemble and reassemble. In fact, products that
need continual service involving the removal of inspection covers and the
replacement of various items should have DFMA applied even more rigorously
during the design stage. How many times have we seen an inspection cover fitted
with numerous screws, only to find that after the first inspection only two are
replaced?

I Prefer Design Rules
There is a danger in using design rules because they can guide the designer in the
wrong direction. Generally, rules attempt to force the designer to think of simpler-
shaped parts that are easier to manufacture. In an earlier example, it was pointed
out that this can lead to more complicated product structures and a resulting
increase in total product costs. In addition, in considering novel designs of parts
that perform several functions, the designer needs to know what penalties are



associated when the rules are not followed. For these reasons the systematic
procedures used in DFMA that guide the designer to simpler product structures
and provide quantitative data on the effect of any design changes or suggestions
are found to be the best approach.

I Refuse to Use DFMA
Although a designer will not say this, if the individual does not have the incentive
to adopt this philosophy and use the tools available, then no matter how useful the
tools or how simple they are to apply, the individual will see to it that they do not
work. Therefore, it is imperative that the designer or the design team be given the
incentive and the necessary facilities to incorporate considerations of assembly
and manufacture during design.

1.4 WHAT ARE THE ADVANTAGES OF APPLYING DFMA
DURING PRODUCT DESIGN?

Surveys taken at engineering design shows reveal, somewhat surprisingly, that
reduction in product manufacturing cost is not necessarily considered to be the
most desired outcome of redesign efforts. The example in Fig. 1.14 shows that
reduced time to market and improved quality were thought to be more important
than cost reduction.

Another advantage is that DFMA provides a systematic procedure for
analyzing a proposed design from the point of view of assembly and manufacture.

FIG. 1.14 Survey on importance of reductions produced by DFMA. (From Reader poll,
Computer-Aided Engineering, June 1993.)



This procedure results in simpler and more reliable products that are less
expensive to assemble and manufacture. In addition, any reduction in the
number of parts in an assembly produces a snowball effect on cost reduction
because of the drawings and specifications that are no longer needed, the vendors
that are no longer needed, and the inventory that is eliminated. All of these factors
have an important effect on overheads, which, in many cases, form the largest
proportion of the total cost of the product.

DFMA tools also encourage dialogue between designers and the manufactur-
ing engineers and any other individuals who play a part in determining final
product costs during the early stages of design. This means that teamwork is
encouraged and the benefits of simultaneous or concurrent engineering can be
achieved.

The savings in manufacturing costs obtained by many companies who have
implemented DFMA are astounding. As mentioned earlier, Ford Motor Company
has reported savings in the billions of dollars as a result of applying DFMA to the
original Ford Taurus line of automobiles. NCR anticipated savings in the millions
of dollars as a result of applying DFMA to their new point-of-sales terminals.
These are high-volume products. At the other end of the spectrum, where
production quantities are low, Brown & Sharpe were able, through DFMA, to
introduce their revolutionary coordinate-measuring machine, the MicroVal, at
half the cost of their competitors, resulting in a multimillion dollar business for
the company. These are but a few of the examples that show that DFMA really
works.

1.5 TYPICAL DFMA CASE STUDIES

1.5.1 Defense Industry
Defense contractors have special difficulties in applying design for manufacture
and assembly. Often, the designers do not know who will be manufacturing the
product they are designing because the design will eventually go out for bid after
it is fully detailed. Under these circumstances, communications between design
and manufacturing are not possible. In addition, until recently, defense contrac-
tors have not had the normal incentives with regard to minimizing the final
product cost. We have all heard horror stories regarding the ridiculously high cost
of seemingly simple items such as toilet seats and door latches used by the
military. This means that the defense industry in general is a very fertile area for
the successful application of DFMA.

Figure 1.15 shows the original design of a reticle assembly for a thermal
gunsight used in a ground-based armored vehicle [13]. The thermal gunsight is
manufactured by the Defense Systems and Electronics Group of Texas Instru-
ments (now Raytheon Systems). It is used to track and sight targets at night,
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FIG. 1.15 Reticle assembly—original design. (Courtesy Texas Instruments, Inc.)



under adverse battlefield conditions, and to align the video portion of the system
with the trajectory path of the vehicle's weapon to ensure accurate remote-
controlled aiming. It makes steady, precise adjustments of a critical optical
element, while handling ballistic shock from the vehicle's weapon systems and
mechanical vibrations generated by the vehicle's engine and rough terrain. It must
also be lightweight, as this is a major consideration for all such systems.

The results of a DFA analysis showed that fasteners and reorientations of the
assembly were the two main contributors to the assembly time. Special operations
for drilling and pinning couplers and applying adhesive to screws were also major
contributors. The main objective during the redesign was to reduce hardware,
eliminate unnecessary parts, standardize the remainder, and reduce or eliminate
reorientations. Once the analysis had begun, several design alternatives were
proposed within a matter of hours. Eventually, the best features of the alternative
proposals were combined to produce a new design (Fig. 1.16).

The new design was analyzed using the design for assembly procedure, and
Table 1.5 presents the results for the original design and for the redesign. It can be
seen that impressive results were obtained in all aspects of the manufacture of this
assembly. In the original design there were 24 different parts and in the new
design only eight. This means that the documentation, acquisition, and inventory
of 16 part types has been eliminated.

The U.S. Army's long-range advanced scout surveillance system is used to
pinpoint far target locations, explains Paul Zimmermann [14], Principal Mechan-
ical Engineer at Raytheon Systems Company, which was commissioned to build
the unit. It uses an I-safe laser range finder, a global positioning system, forward-
looking infrared sensors, a video camera, and a classified computer system to
gather and display information on far-away targets during the day or night.
According to Zimmermann, DFMA analysis simplified the final design through
parts reduction and also quantified assembly times and costs. Raytheon also used
an in-house six-sigma process to improve quality by avoiding defects.

"The major benefit of using DFMA with Six Sigma for this project was
reducing the time and cost associated with repair and re-work" Zimmermann
says. He estimates the method saved more than $2 million during the design
phase.

1.5.2 Aerospace
David Eakin, DFMA specialist, has explained [15] that one of the most successful
projects conducted by Bombardier Aerospace was the redesign of part of the
engine nacelle on their Canadair Regional Jet series 200. A multidisciplinary
DFMA team implemented a new design for one of the subassemblies on the
torque box. They reduced the number of major parts from 110 to 86, the number
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FIG. 1.16 Reticle assembly—new design. (Courtesy Texas Instruments, Inc.)

TABLE 1.5 Comparison of Original and New Designs of the Retical Assembly

Assembly time (h)
Number of different parts
Total number of parts
Total number of operations
Metal fabrication time (h)
Weight (Ib)

Original
design

2.15
24
47
58
12.63
0.48

Redesign

0.33
8

12
13
3.65
0.26

Improvement
(%)

84.7
66.7
74.5
77.6
71.1
45.8

Source: Texas Instruments, Inc. (Raytheon Systems).



of fasteners from 1090 to 916, and the assembly time from 126 to 96 h. The result
will be recurring cost savings in excess of $450,000.

In the last few years military aircraft manufacturers have reported amazing
successes with the application of DFMA. For example, McDonnell Douglas used
DFMA software to help in the redesign of the F/A Hornet jet fighter [16]. The
new aircraft is 25% larger than its predecessor, contains 42% fewer parts, and is
lOOOlb below specification.

More recently, we have had reports of substantial improvements with the
Apache Longbow helicopter [17]. In one of the several individual studies made
during the redesign of the helicopter, high-speed machined parts were used to
replace sheet metal angles and extruded stiffeners attached with rivets. In the new
design the number of parts and fasteners was down from 74 to 9, the weight from
3 to 2.74kg, fabrication time from 305 to 20 h, and manufacture/assembly time
from 697 to 18 Ih. The cost savings were $43,000 per item and additional
advantages of the new design were greater rigidity, greater stability, easier
alignment, and reduced installation and inspection time.

1.5.3 Manufacturing Equipment
The need for a low-cost, high-accuracy coordinate measuring machine (CMM)
was the impetus behind the development of the MicroVal personal CMM by
Brown & Sharpe [18]. The primary design consideration was to produce a CMM
that would sell for one-half the price of the existing product. The CMM was to
compete with low-priced imports that had penetrated the CMM market to an even
greater extent than imports had in the automotive industry. Since the CMM
customer is not driven by price alone, the new CMM would have to be more
accurate than the current design, while also being easier to install, use, maintain,
and repair.

Brown & Sharpe started with a clean sheet of paper. Instead of designing the
basic elements of the machine and then adding on parts that would perform
specific functions required for the operation of the machine, it was decided to
build as many functions into the required elements as feasible. This concept was
called integrated construction. However, until the DFA methodology was applied,
the cost objectives could not be met with the original design proposal. After DFA,
for example, the shape of the Z-rail was changed to an elongated hexagonal, thus
providing the necessary antirotation function. As a result, the number of parts
required to provide the antirotation function was reduced from 57 to 4. In
addition, the time required to assemble and align the antirotation rail was
eliminated. Similar savings were made in other areas such as the linear displace-
ment measuring system and the Z-rail counterbalance system. Upon introduction
at the Quality Show in Chicago in 1988 the machine became an instant success,
setting new industry standards for price and ease of operation.



1.5.4 Computers
Engineers from Dell Computer Corporation have described how they used several
tools, including DFMA, to help with the design and manufacture of a new
desktop computer chassis [19]. They achieved a 32% reduction in assembly time,
a 44% reduction in service time, a part count reduction of 50%, and a direct labor
cost reduction of 80%. All this translates into estimated savings close to $15
million.

Following a year-long competition for the nation's "outstanding example of
applied assembly technology and thinking," Assembly Engineering magazine
selected Bill Sprague of NCR Corporation, Cambridge, Ohio, as the PAT
(productivity through technology) recipient [20]. Sprague, a senior advanced
manufacturing engineer, was recognized for his contribution in designing a new
point-of-sales terminal called the 2760. The DFA methodology, used in conjunc-
tion with solid modeling, assisted NCR engineers in making significant changes
over the previous design. Those changes translated into dramatic reductions and
savings as follows:

65% fewer suppliers
75% less assembly time
100% reduction in assembly tools
85% fewer parts

A total lifetime manufacturing cost reduction of 44% translated into millions of
dollars. Indeed, Sprague estimated that the removal of one single screw from the
original design would reduce lifetime product costs by as much as $12,500.

A multifunctional design team at Digital Equipments Corporation redesigned
the company's computer mouse [21]. They began with the competitive bench-
marking of Digital's products and mice made by other companies. They used
DFMA software to compare such figures as assembly times, part counts,
assembly operations, labor costs, and total costs of the products. They also
consulted with hourly people who actually assembled the mice. Gordon Lewis,
the DFMA coordinator and team leader, stated that DFMA gives the design team
a "focal point so that they can pinpoint the problems from a manufacturing
perspective and a design perspective." "It's the 80/20 rule," says Mr. Lewis. "You
spend 80% of your time on 20% of your problems. DFMA is one of the tools that
helps design teams identify the right 20% of the problems to work on," he says.

Figure 1.17 show the old and new mice. In the new DFMA design, 130 s of
assembly time for a ball cage device has been reduced to 15 s for the device that
replaced it. Other changes to the product structure also brought cost savings. For
instance, the average of seven screws in the original mouse was reduced to zero
by the use of snap fits. The new mouse also required no assembly adjustments,
whereas the average number for previous designs was eight. The total number of
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FIG. 1.17 Digital's mouse.

assembly operations went from 83 in the old product down to 54 in the new
mouse. All these improvements added up to a mouse that could be assembled in
277 s, rather than 592 s for the conventional one. Cycle time, too, was reduced by
DFMA. A second development project that adhered to the new methodology was
finished in 18 weeks, including the hard-tooling cycle. "That's unbelievable,"
admits Mr. Lewis, "normally it takes 18 weeks to do hard tooling alone."



1.5.5 Telecommunications
Design for assembly methods have been used at Motorola to simplify products
and reduce assembly costs [22]. As part of the commitment to total customer
satisfaction, Motorola has embraced the six-sigma philosophy for product design
and manufacturing. It seemed obvious that simpler assembly should result in
improved assembly quality. With these precepts in mind, they set about designing
the new generation of vehicular adaptors.

The portable products division of Motorola designs and manufactures portable
two-way Handi-Talkie radios for the landmobile radio market. This includes such
users as police, firemen, and other public safety services, in addition to
construction and utility fields. These radios are battery operated and carried
about by the user.

The design team embraced the idea that designing a product with a high
assembly efficiency would result in lower manufacturing costs and provide the
high assembly quality desired. They also considered that an important part of any
design process is to benchmark competitors' products as well as their own. At the
time, Motorola produced two types of vehicular adaptors called Convert-a-Com
(CVC) for different radio products. Several of their competitors also offered
similar units for their radio products. The results of the redesign efforts are
summarized in Table 1.6. Encouraged by this result, Motorola surveyed several
products that had been designed using the DFA methodology to see if there might
be a general correlation of assembly efficiency to manufacturing quality. Figure
1.13, introduced earlier, shows what they found. The defect levels are reported as
defects per million parts assembled, which allows a quality evaluation indepen-
dent of the number of parts in the assembly. Motorola's six-sigma quality goal is
3.4 defects per million parts assembled. Each result in Fig. 1.13 represents a
product having an analyzed assembly efficiency and a reported quality level. The
results represent assembly efficiency improvements for a sequence of products
over a period of several years. The vehicular adaptor represented by the symbol in
the lower right of Fig. 1.13 was the first product to meet Motorola's six-sigma
quality goal.

TABLE 1.6 Motorola's Redesign of Vehicular Adaptor

DFA assembly efficiency (%)
Assembly time (s)
Assembly count
Fasteners

Old product

4
2742

217
72

New product

36
354

47
0

Improvement

800
87
78

100



Nortel product engineers in Electronic Systems Packaging utilized DFMA to
redesign two products in the company's broadband portfolio, the S/DMS
TransportNode OC-3 Express and the S/DMS TransportNode OC-192 ("OC"
is "optical carrier"). The function of the TransportNode family of products is to
carry voice, video, and data transmissions along an interconnected synchronous
optical network (SONET) [23].

The original OC-3 Express was a successful design, but it did not reach the
market soon enough. It offered more features and flexibility than the competitor's
version and promised broader marker penetration, but the competitor soon
lowered the price on its more mature product. In response, Nortel's product
designers began to look for ways to reduce costs to match the competitor's tactic.

Dean Flockton, mechanical systems design engineer, explained that a DFA
analysis of the original design showed that the hinged aluminum front cover of
the box alone consisted of 53 parts and cost $78 to make. A majority of the parts
were fasteners. The redesigned plastic cover with snaps consisted of only 17 parts
and took only 95 s to assemble, versus 378 s for the original cover. The total parts
cost for the new cover was $26, a savings of $52 per unit.

DFMA-guided redesign of the OC-3 Express shelf system resulted in a total
cost of $136, a considerable reduction as compared to the original cost of $276.
The expected savings to Nortel in assembly and manufacturing costs are
estimated at $700,800 annually.

The TransportNode OC-192 consists of several shelves of components that
provide device control, manage the fiber optics, and contain fans for cooling the
unit. Installed on the transport shelf are a variety of circuit packs. Each transport
shelf has enough space for ten circuit packs, which fit, like books into a
bookshelf, into vertical slots about 2 in. wide, 12 in. tall, and 10 in. deep.
Depending on the customer's requirements, fewer than ten active circuit packs
may be installed. Filler packs are inserted into the vertical slots unoccupied by
active circuit packs.

A filler pack contains a printed circuit board that plugs into the backplane of
the unit, signaling to the operating system that a pack is in place and blocking
electromagnetic interference that would otherwise radiate out the opening. Using
the DFMA method, the design team was able to reduce the cost of a filler pack
from $410 to $65 (U.S. dollar amounts). The total number of parts was reduced
from 59 to 32, and the time to assemble each filler pack was cut by two-thirds,
from 15min to 5min. The entire redesign process, from defining the functional
requirements to producing the part, took only 10 months. The annual expected
cost savings to Nortel was estimated to be $3.45 million.

1.5.6 Medical Equipment
When Ciba Corning Diagnostics Corp. set out to upgrade its line of blood-gas
analyzers, it established aggressive cost and high-quality targets [24]. The new



family of analyzers had to share a single base platform that could be upgraded at
the customer's site to change with clinical demands. The analyzers also had to be
durable, easy to assemble, and simple to use. Says David Yeo, new product
manufacturing engineer at Ciba Corning, "Each design engineer was teamed with
a manufacturing engineer throughout the project to focus on manufacturing and
assembly methods. We set up an area where those who had input on the design
could work together."

All assemblies were run through a DFMA analysis that prompted discussions
about material selection and part fit. Some of the most significant changes made
to the new model were in the hydraulic system in the upper caseworks. For
example, the reagent manifold was made from a solid block of acrylic, eliminat-
ing the need for numerous tubes. The redesign reduced hydraulics parts content
by 80%.

The upper caseworks presented a particular challenge. From the solid-model
geometry, stereolithography was used to develop the first model, followed by
rubber and cast urethane, and finally structural foam. "DFMA reduced total parts
count, but the product still had to be highly functional with numerous features.
Packing more functions into a single component presented a challenge to
conventional prototyping methods. Three-dimensional solid modeling and stereo-
lithography for rapid prototyping were able to meet that challenge," said Yeo.

DFMA analysis helped reduce the overall number of parts by 48%, fluidic
connections by 60% and the cost by 22%. The designers also found trade-offs in
molding snap fits and holes for screws or fasteners that helped reduce cost. The
difference between the old 200 series and the new 800 series is dramatic. The new
model contains fewer components, most of which are self-aligning. "We paid
special attention to self-locating features. We didn't want to reorient any part
more than we needed. Now, when assembling the 800 series, the pins match up to
specific holes and parts fit mating parts," says Yeo.

1.5.7 Transportation
In the automotive industry the pressure to reduce prices is present at all levels,
from the vehicle manufacturer through to the lowest level of the supply base.
Most first- and second-tier suppliers are faced with contractual performance or
productivity clauses that require annual downward price adjustments of 3-5% on
the products they provide to the manufacturer.

Faced with these pricing constraints and continuing cost pressures, the
suppliers and manufacturers alike have resorted to a multitude of formalized
techniques designed to meet the challenge. These include GFD, Total Quality
Management (TQM), Value Engineering (VE), Value Analysis (VA), DFM, and
DFA. Some of these techniques have met with success while others have been
tried briefly and dropped. Richard Johnson, Manufacturing Engineer, explains
[25]:



at the Magna Interior Systems Seating Group, we have found the most
powerful combination has been the melding of the disciplines of DFA and
Value Engineering/Value Analysis.

At Magna Seating, we have used the DFA technique to strongly enhance
our cost reduction efforts, not only in the area of metal parts, but also in the
analysis of cut & sew products such as seat and armrest covers. We believe this
second application of DFA is an industry first. We have developed our own
formulas for each sewing operation and have verified the accuracy of the
outcomes by comparing them with actual observations during visits to the
various facilities.

An example that demonstrated the power of DFA to reduce parts and
operations costs was a project to tool and build a jump seat for use in a major
automotive manufacturer's pickup. A DFA analysis on the jump seat pointed out
assembly problems and opportunities for change. The results were rather
startling; the assembly consisted of 105 separate parts made of four basic
materials types, formed using several different manufacturing techniques and
assembled by welding, riveting, screwing, snapping, and swaging. Many of the
parts were hidden from view until the assembly was actually cut apart revealing
multiple layers of material (i.e., tubes inserted within tubes, multipiece plastic
subassemblies, etc.). The resultant changes reduced part count from 105 to
19; major subassemblies were reduced to 5 and assembly time from 1445s
to 258 s.

Ford trained nearly 10,000 engineers in the DFA methodology and has
contributed heavily to new research programs and to expanding existing
DFMA tools. James Cnossen, Ford manager of manufacturing systems and
operations research, has concluded that [26] "now it's part of the very fabric of
Ford Motor Co." This is not surprising when Ford reports savings of over $1
billion as a result of applying DFA to the Taurus line of cars.

The Transmission and Chassis Division (T&C) is responsible for the design
and manufacture of automatic transmissions of Ford vehicles. The transmission is
a complex product, with approximately 500 parts and 15 model variations. The
following describes the introduction and implementation of DFA.

1. Provide DFA overview for senior management.
2. Choose DFA champion/coordinator.
3. Define objectives.
4. Choose pilot program.
5. Choose test case.
6. Identify team structure.
7. Identify team members.
8. Coordinate training.
9. Have first workshop.



During the workshop:
1. Review the parts list and processes.
2. Break up into teams.
3. Analyze the existing design for manual assembly.
4. Analyze the teams' redesigns for manual assembly.
5. Teams present results of original design analysis versus redesign analysis.
6. Prioritize ideas, A, B, C , . . . , etc.
7. Incorporate all "A" and "B" ideas into one analysis.
8. Assign responsibilities and timing.

Results: The combined results of all of the workshops indicated a potential
total transmission assembly savings as follows:

Labor minutes—29%
Number of parts—20%
Number of operations—23%

The cost benefits that have been gained since introduction of the DFA
methodology in the T&C division are nothing less than staggering. Even more
importantly, the changes resulting from DFA have brought substantial quality
improvements. Moreover, the design lead time was reduced by one-half and
would soon be halved again.

1.5.8 Consumer Products
Stefan Wohnhas, a DFA champion at Whirlpool notes [27] "It was important for
us to develop a DFMA implementation strategy that would train people in using
DFMA as a standard tool in the product development process." His objective was
to focus the design teams on existing products and ongoing design projects so
that participants would see measurable benefits from learning and applying the
DFA methodology and the DFMA software.

Fortunately, an ideal in-house project presented both a new design and a
benchmark. Whirlpool Sweden was planning the introduction of a new oven.
Since the new oven would replace the then current model, the VIP 20, Whirlpool
decided to benchmark the VIP 20 and use DFA analysis to create the new design
for the new oven.

The VIP 20 is a 900-W microwave oven with the cavity-sealing quartz grill
option for grilling meat. Controls are mechanical, a style preferred in Europe over
touchpads on digital displays. Controls include seven presets, a 24-hour clock,
and a 90-minute timer.

"The early involvement of the production engineers was new to us and very
valuable" says Johan Dahm, a mechanical engineer in the Development Depart-
ment. "Before their involvement, we discovered that we risked designing



assembly problems into the oven in the concept phase. Now, the production
engineers help to eliminate assembly problems before the design is finalized."

The design for the new oven is leaner than that of the VIP 20 despite adding
forced convection. The model's original design encompassed 150 parts while the
new oven is down to 106. This parts reduction coupled with an open assembly
strategy and elimination of reorientations lowered assembly time by an estimated
26%.

Improved assembly methods and parts reduction have produced savings
greatly exceeding expectations. Payback time for the entire DFA training project
at Whirlpool was six months.

1.6 OVERALL IMPACT OF DFMA ON U.S. INDUSTRY

The preceding case studies describe but a few of the successes resulting from the
application of DFMA software. A summary of results of case studies from
various companies is presented in Fig. 1.18, which shows that the average part
reduction is around 50% with some studies resulting in reductions in the range of
81 to 90%! Table 1.7 shows other improvements due to DFMA applications
mentioned in the case studies. For example, 12 studies reported an average 37%
reduction in product cost.

According to our records, over 800 different U.S. companies have implemen-
ted DFMA software since 1990. Of course, this figure does not indicate the

FIG. 1.18 Part count reductions from 43 published case studies where DFMA methods
were used.
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TABLE 1.7 DFMA Software Results from 117 Published Case
Studies3

Category

Part count
Assembly time
Product cost
Assembly cost
Assembly operations
Separate fasteners
Labor costs
Manufacturing cycle
Weight
Assembly tools
Part cost
Unique parts
Material cost
Manufacturing process steps
Number of suppliers
Assembly defects
Annual cost savings

No. of
cases

100
65
31
20
23
20

8
7

11
6
8
8
4
3
4
3

11

Average
reduction (%)

54
60
50
45
53
60
42
63
22
73
52
45
32
45
51
68

$1,417,091

'From 56 companies as of April 1999.

number of individual users. The largest company, GM, reportedly has 1500 users,
whereas others have only one. No other similar design methodology has had a
significant impact on U.S. industry as a whole. In the early 1980s, the Hitachi
Assembly Evaluation Method (AEM) was licensed by a few major manufac-
turers; almost all now use DFMA instead.

Of the Fortune 500 companies (those with annual revenues greater than about
$3 billion) that are manufacturers, 60% have divisions or own companies that
have licensed DFMA software. These represent about 38% of licensed manu-
facturers (Fig. 1.19).

The incentive to implement DFMA or concurrent engineering often arises
because a company is under pressure to reduce manufacturing costs, improve
time to market, etc., because of competitive pressures. This was certainly true of
the U.S. computer equipment and transportation industries 20 years ago. More
recently, the U.S. aerospace and defense industries have been under pressure to
become more competitive. It is not surprising that these developments are
reflected in the industries using DFMA software (Fig. 1.20).

Figure 1.21 shows the distribution of the case studies according to the type of
product. These results give an indication of the level of activity in DFMA use



FIG. 1.19 Percent distribution of DFMA software users by company annual revenue.

during the past 15 years or so. Of course, not all of the successful applications of
DFMA are publicized. Companies are often reluctant to reveal their develop-
ments—certainly not before the product in question appears on the market. Thus,
the published case studies will form only a small proportion of the successes
resulting from DFMA applications.

According to a recent survey conducted by the Society of Manufacturing
Engineers [28], 92% of employers in mid-size manufacturing companies

FIG. 1.20 Percent distribution of DFMA software users by industry.



FIG. 1.21 Breakdown of published case studies where DFMA software was used.

($20-200 million annual sales) thought employees' skills were not adequate in
design and concurrent engineering, whereas only 62% of employees thought
there was a need for improvement. Incidentally, both groups agreed there was a
significant need for improvement in employees' knowledge of computers and
information technology. The same study investigated the make-up of design
teams. Figure 1.22 shows that manufacturing is nearly always represented.

We have made attempts to investigate how the benefits of DFMA can be
realized by small manufacturers. According to estimates there are more than
380,000 manufacturing companies with fewer than 500 workers. These compa-
nies employ more than 12 million people, over 65% of the U.S. manufacturing
workforce, and account for more than $185 billion in payroll. Small manufac-
turers produce over half of all U.S.-manufactured goods. Many of these need
assistance in upgrading their capabilities to meet the needs of global competition.

In 1992, U.S. Undersecretary of Commerce, Robert White, announced a
Department of Commerce initiative—called The Analysis and Educational Tool
Project—which would rely on our DFMA software tools to benchmark the way
small companies make existing products. If analysis showed that a company's
manufacturing process needed upgrading, the program would help the firm locate
needed equipment and necessary education/training resources.

Accordingly, we conducted the pilot study with the objective of testing
whether DFMA tools could be applied in small businesses through regional
technology centers. We first provided training for representatives of eight centers,
who were then to carry out the following:



FIG. 1.22 Who's on the design team?

1. Test the utility of the DFMA tools in providing a "should cost analysis" for
specimen components produced by the company and thereby measuring the
efficiency of the company's manufacturing process.

2. Test the use of the DFMA tools as diagnostics to indicate whether the
company has a problem.

3. Test whether DFMA can guide the company in acquiring the equipment that
will improve their competitiveness.

4. Increase awareness of the importance of the design of a product in
determining its final cost.

The general conclusion from these studies was that the DFMA programs were
very applicable to the needs of small manufacturers. With appropriate tailoring of
the machine databases the programs can provide good estimates of time and cost
for a manufacturing job. The greatest benefit resulting from application of these
programs appeared to be the introduction of a systematic approach for analysis of
the design and manufacturing process. Unfortunately, after the change in
administration at the White House, the program was discontinued.

Also in 1992 another pilot study was carried out by the Diecasting Develop-
ment Council, who used DFMA to provide a free "costing service" that gave
designers and companies an estimate of the cost of using diecasting to make parts
that are currently being made of sheet metal or molded plastic. To help this study



the Diecasting Development Council offered to provide free in-booth diecast
conversion computer cost analysis at the National Design Engineering Show in
Chicago. This initiative also failed, and the problem of how to help small
manufacturers reap the benefits of DFMA still remains.

It was mentioned earlier that there was initially great interest in software
versions of DFMA. It was also stated that U.S. engineers preferred to use
computers for DFMA analyses. Experience now shows that use of software
was the right approach. DFMA is not only a procedure, it is knowledge—so much
knowledge that it cannot be satisfactorily presented in handbook form. Those
who decided that they could manage with a handbook and thought they did not
need the more sophisticated assistance offered by computer software have
generally not succeeded. It is worth pointing out that the numerous impressive
published case studies have arisen from those who have implemented the software
version of DFMA. Again, the objective is to put manufacturing knowledge in the
hands of the concurrent engineering design team, and the most efficient way to do
this is with software.

1.7 CONCLUSIONS
It is clear that the use of DFMA software has a tremendous impact where properly
applied in a concurrent engineering environment. Our experience in running
DFMA design workshops has shown that significant ideas for design improve-
ments can invariably be made in the space of only a few hours. Unfortunately,
small manufacturers have not been able to take advantage of the huge potential of
DFMA; they do not have the manpower or the necessary experience. Even with
large companies, proven successes in one division do not necessarily spread to
other divisions without management support and commitment. However, we
remain encouraged by the continuing reports of substantial product improvements
and often staggering cost savings obtained by both high- and low-volume
manufacturers in the United States.

It should be noted that in all of the case studies mentioned, a systematic step-
by-step DFMA analysis and quantification procedure was used. However, as
pointed out earlier, it is still claimed by some that design rules or guidelines
(sometimes called producibility rules) by themselves can give similar results.
This is not so. In fact, guidelines or qualitative procedures can lead to increased
product complexity because they are usually aimed at simplifying the individual
component parts, resulting in a design that has a large number of parts and poor
quality and involves greater overheads due to larger inventory, more suppliers,
and more record keeping. Rather, the objective should be to utilize the
capabilities of the individual manufacturing processes to the fullest extent in
order to keep the product structure as simple as possible.



In spite of all the success stories, the major barrier to DFMA implementation
continues to be human nature. People resist new ideas and unfamiliar tools, or
claim that they have always taken manufacturing into consideration during
design. The DFMA methodology challenges the conventional product design
hierarchy. It reorders the implementation sequence of other valuable manufactur-
ing tools, such as SPC and Taguchi methods. Designers are traditionally under
great pressure to produce results as quickly as possible and often perceive DFMA
as yet another time delay.

In fact, as the preceding case studies have shown, the overall design devel-
opment cycle is shortened through use of early manufacturing analysis tools,
because designers can receive rapid feedback on the consequences of their design
decisions where it counts—at the conceptual stage.

One hears a lot these days about concurrent or simultaneous engineering. In
some people's minds, simultaneous engineering means gathering together
designers, manufacturing engineers, process monitors, marketing personnel,
and the outside "X factor" person. Working with teams at the predesign stage
is a laudable practice and should be undertaken in every company. But unless one
can provide a basis for discussion grounded in quantified cost data and systematic
design evaluation, directions will often be dictated by the most forceful individual
in the group, rather than being guided by a knowledge of the downstream results.
The Portable Compressor Division of Ingersoll-Rand has used various aspects of
simultaneous engineering for the past 10 years. However, the introduction of
DFMA in 1989 as a simultaneous engineering tool served as a catalyst that
provided dramatic increases in productivity and reduced new development time
from 2 years to 12 months.

In conclusion, it appears that in order to remain competitive in the future,
almost every manufacturing organization will have to adopt the DFMA philoso-
phy and apply cost quantification tools at the early stages of product design.
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2
Selection of Materials and Processes

2.1 INTRODUCTION

An integral part of design for manufacture is the systematic early selection of
material and process combinations for the manufacture of parts, which can then
be ranked according to various criteria. Unfortunately, designers tend to conceive
parts in terms of the processes and materials with which they are most familiar,
and they may, as a consequence, exclude from consideration processes and
process/material combinations that might have proved to be more economic.
Opportunities for major manufacturing improvements may be lost through such
limited selections of manufacturing processes and the associated materials in the
early stages of product design. This can be well illustrated by the results of a
survey of designers' knowledge of manufacturing processes and materials carried
out in Britain [1]. This survey covered a wide range of design offices in various
sectors of industry. For manufacturing processes (Fig. 2.1), more than half of
those surveyed professed little or no knowledge of metal extrusion, two-thirds
knew little about glass-reinforced molding, and over three-quarters were unin-
formed about plastic extrusion, technical blow molding, and sintering. For less
common processes, such as hot isostatic pressing, outsert molding, and super-
plastic forming, the percentage of designers claiming some process knowledge
was only 6, 7, and 8, respectively. Similar results were found for materials, and
Fig. 2.2 illustrates designers' knowledge about a range of polymeric materials.
This again shows a surprising lack of familiarity with some commonly used
materials. The overall implication of these findings is that because material and
process combinations are likely to be chosen from those with which designers are



FIG. 2.1 Survey of designers' knowledge of manufacturing processes. (Adapted from
Ref. 1.)

FIG. 2.2 Survey of designers' knowledge of polymer materials. (Adapted from Ref. 1.)



most comfortable, the possibilities of using other processes that may be much
more cost effective may be missed.

2.2 GENERAL REQUIREMENTS FOR EARLY MATERIALS
AND PROCESS SELECTION

In order to be of real design value, the information on which the initial selection
of material/process combinations and their ranking is to be based should be
available at the early concept design stage of a new product. Such information
might include, for example:

Product life volume
Permissible tooling expenditure levels
Possible part shape categories and complexity levels
Service or environment requirements
Appearance factors
Accuracy factors

It is important to realize that for many processes the product and process are so
intimately related that the product design must use an anticipated process as a
starting point. In other words, many design details of a part cannot be defined
without a consideration of processing. For this reason, it is crucial that an
economic evaluation of competing processes be performed while the product is
still at the conceptual stage. Such an early evaluation will ensure that every
economically feasible process is investigated further before the product design
evolves to a level where it becomes process specific.

As a design progresses from the conceptual stage to production, different
methods can be used to perform cost modeling of the product. At the conceptual
stage, rough comparisons of the costs of products of similar size and complexity
may be sufficient. While this procedure contains a certain degree of uncertainty, it
only requires conceptual design information and is useful for the purpose of early
economic comparison. As the design progresses and specific materials and
processes are selected, more advanced cost modeling methods may be employed.
These may be particularly useful in establishing the relationship between design
features and manufacturing costs for the chosen process. The basis of several cost
estimation procedures for different processes is outlined in later chapters.

2.2.1 Relationship to Process and Operations Planning
There is an obvious relationship between the initial selection of process/material
combinations and process planning. During process planning the detailed
elements of the sequence of manufacturing operations and machines are deter-
mined. It is at this stage that the final detailed cost estimates for the manufacture



of the part are determined. Considerable work has been done in the area of
computer-aided process planning (CAPP) systems [2-4], although closer exam-
ination shows that the majority of this work has been devoted to machining
processes only. These systems are utilized after detailed design of the part has
been carried out, with an implied manufacture process. The initial decision on the
material and process combination to be used for the part is most important, as this
will determine the majority of subsequent manufacturing costs. The goal of
systematic early material and process selection is to influence this initial decision
on which combination to use, before detailed design of the part has been carried
out and before detailed process planning is attempted.

2.3 SELECTION OF MANUFACTURING PROCESSES
The selection of appropriate processes for the manufacture of a particular part is
based upon a matching of the required attributes of the part and the various
process capabilities. Once the overall function of a part is determined, a list can be
formulated giving the essential geometrical features, material properties, and
other attributes that are required. This represents a "shopping list" that must be
filled by the material properties and process capabilities. The attributes on the
"shopping list" are related to the final function of the part and are determined by
geometric and service conditions.

Most component parts are not produced by a single process, but require a
sequence of different processes to achieve all the required attributes of the final
part. This is particularly the case when forming or shaping processes are used as
the initial process, and then material removal and finishing processes are required
to produce some or all of the final part features. Combinations of many processes
are used, and this is necessary because a single process cannot in general provide
all of the attributes of the finished part. However, one of the goals of DFMA
analysis is product structure simplification and parts consolidation. Experience
shows that it is generally most economical to make the best use of the capabilities
of the initial manufacturing process in order to provide as many of the required
attributes of a part as possible.

There are hundreds of processes and thousands of individual materials.
Moreover, new processes and materials are being developed continually. Fortu-
nately, the following observations help to simplify the overall selection problem:

1. Many combinations of processes and materials are not possible. Figure 2.3
shows a compatibility matrix for a selected range of processes and material
types.

2. Many combinations of processes are not possible and, therefore, do not
appear in any processing sequences.



FIG. 2.3 Compatibility between processes and materials.



3. Some processes affect only one attribute of the part, particularly surface
treatment and heat treatment processes.

4. Sequences of processes have a natural order of shape generation, followed by
feature addition or refinement by material removal and then material property
enhancement.

Processes can be categorized as:

Primary processes
Primary/secondary processes
Tertiary processes

Some texts refer to primary processes as those used for producing the raw
materials for manufacturing such as flat rolling, tube sinking, and wire drawing.
In the context of producing component parts in this text, the term primary process
will refer to the main shape-generating process. Such processes should be
selected to produce as many of the required attributes of the part as possible
and usually appear first in a sequence of operations. Casting, forging, and
injection molding are examples of primary shape-generating processes.

Primary/secondary processes, on the other hand, can generate the main shape
of the part, form features on the part, or refine features on the part. These
processes appear at the start or later in a sequence of processes. This category
includes material removal and other processes such as machining, grinding, and
broaching.

Tertiary processes do not affect the geometry of the part and always appear
after primary and primary/secondary processes. This category consists of
finishing processes such as surface treatments and heat treatments. Selection of
tertiary processes is simplified, because many tertiary processes only affect a
single attribute of the part. For instance, lapping is employed to achieve a very
good surface finish, and plating is often used to improve appearance or corrosion
resistance.

2.4 PROCESS CAPABILITIES

A great deal of general information is available on manufacturing processes in a
wide range of textbooks, handbooks, and so on. Each process can be analyzed to
determine the range of its capabilities in terms of attributes of the parts that can
be produced. Included in these capabilities are shape features that can be
produced, natural tolerance ranges, surface roughness capabilities, and so on.
These capabilities determine whether a process can be used to produce the
corresponding part attributes. Table 2.1 shows some of the general capabilities of
a range of commonly used processes that can be used as a guide to selection.



The shape-generating capabilities of the range of the processes characterized
in Table 2.1 are shown in Table 2.2, with the various terms used in this table
defined as follows.

General Shape Attributes
Depressions (Depress): The ability to form recesses or grooves in the surfaces of

the part. The first column entry refers to the possibility of forming depressions
in a single direction, while the second entry refers to the possibility of forming
depressions in more than one direction. These two entries refer to depressions
in the direction of tooling motion and those in other directions. The following
are some examples of tooling motion directions. Processes with split molds—
the direction of mold opening.
Processes that generate continuous profiles—normal to the direction of
extrusion or normal to the axis of the cutting medium.
Forging (impact) processes—the direction of impact of the tooling onto the
part.

Uniform wall (UniWall): Uniform wall thickness. Any nonuniformity arising
from the natural tendency of the process, such as material stretching or build-
up behind projections in centrifugal processes is ignored, and the wall is still
considered uniform.

Uniform cross section (UniSect): Parts where any cross sections normal to a part
axis are identical, excluding draft.

Axis of rotation (AxisRot): Parts whose shape can be generated by rotation about a
single axis: a solid of revolution.

Regular cross section (RegXSec): Cross sections normal to the part's axis contain
a regular pattern (e.g., a hexagonal or splined shaft). Changes in shape that
maintain a regular pattern are permissible (e.g., splined shaft with a hexagonal
head).

Captured cavities (CaptCav): The ability to form cavities with reentrant surfaces
(e.g., a bottle).

Enclosed (Enclosed): Parts that are hollow and completely enclosed.
Draft-free surfaces (NoDraft): The capability of producing constant cross sections

in the direction of tooling motion. Many processes can approach this
capability when less than ideal draft allowances are specified, but this
designation is reserved for processes where this capability is a basic char-
acteristic and no draft can be obtained without cost penalty.

DFA Compatibility Attributes
Manufacturing processes have varying levels of compatibility with the basic goals
of DFA of simplified product structure and ease of assembly. This relative
compatibility in Table 2.2 is measured in the following key areas.



TABLE 2.1

Process

Sand casting

Investment
casting

Die casting

Injection
molding
(thermoplastics)

Structural foam
molding

Blow molding
(extrusion
and injection)

Rotational
molding

Impact
extrusion
(forward and
backward)

Cold heading

Hot forging
(closed die)

Capabilities of a

Part size

Weight: 0.21b-450ton
Min. wall: 0.125 in.

Weight: loz-HOlb
Major dimension: to 50 in.
Min. wall: 0.025 (ferrous),

0.060 (nonferrous)

Min. wall (in.): 0.025 (Zn),
0.05

(Al, Mg)
Min. hole dia. (in.): 0.04 (Zn).

0.08 (Mg), 0.1 (Al)
Max. weight (Ib): 35 (Zn), 20

(Al), 10 (Mg)

Envelope: 0.01 in.3-80ft3

Wall: 0.03-0.250 in.

Weight: 25-50 Ib
Wall: 0.09-2.0 in.

Envelope: Up to 800 gal
containers (105ft3)

Wall: 0.015-0.125 in.

Envelope: Up to 5000 gal
containers (670 ft3)

Wall: 0.06-0.40 in.

Dia: 0.075-2.5 in.
Length: 3-24 in.

Shank dia.: 0.03-2.0 in.
Length: 0.6-9.0 in.

Weight: 0. 1-500 Ib

Range of Manufacturing Processes

Tolerances3 Surface finish

General: ±0.02 (lin.), ±0.1 500-1000 pin.
(24 in.)

For dimensions across parting
line add ±0.03 (50 in2),
±0.04 (200 in2)

General: ±0.002 (lin.) 63-25 pin.
±0.004 (6 in.)

General: ±0.002 (lin.) 32-85 pin.
±0.005 (6 in.) (Zinc)
±0.003 (lin.), ±0.006
(6 in.) (Alum, Mg) Add
±0.004 across parting line
or moving core

General: ±0.003 (lin.), 8-25 pin.
±0.008 (6 in.)

Hole dia.: ±0.001 (1),
±0.002(1 dia.)

Flatness: ± 0.002 in./in.
Increase tol. 5% for each additional

mold cavity
Increase tolerance: ±0.004 for

dimensions across parting
line

Approximately that of injection Poor; paint
molding generally

required
properties

General: ±0.02 (lin.), ±0.04 250-500 pin.
(6 in.)

Wall: ±50% of nominal wall
Neck: ±0.004 (injection only)

General: ±0.025 (1 in.) Poor; parts
±0.05 (6 in.), ±0.01 (24) generally

Wall: ±0.015 textured

O.D: ±0.002 (0.5 in.) 20-63 pin.
ID: ±0.003 (Sin.)
Bottom dia: ±0.005 (Sin.)
Tolerances approximately 50%

greater for rectangular parts

Head height: ±0.006(0.025 32-85 pin.
shank dia.), ±0.008 (0.50
shank dia.)

Head dia. ±0.01 (0.25 shank
dia., ±0.018 (0.50 shank
dia.)

Length: ±0.03 (lin.)

Perpendicular to die motion: 125-250 pin.
±0.7% of dimension

Parallel to die motion: ±0.03
(10in.2area), ±0.12
(100 in.2 area)

Shapes produced
competitivelyb

Large parts with walls and
internal passages of
complex geometry requiring
good vibration damping
characteristics

Small intricate parts requiring
good finish, good
dimensional control, and
high strength

Similar to injection molding

Small-to-medium sized parts
with intricate detail and
good surface finish

Large, somewhat intricate
parts, requiring high
stiffness and/ or thermal or
acoustical insulating
properties

Hollow, well-rounded thin-
walled parts with low
degree of asymmetry

Large containers with minimal
detail

Approx. 1-2 in. dia. part with
a closed end thicker than
side walls (backward
extrusion)

Headed parts with large L/D
ratio and zero draft (forward
extrusion)

Comb, of forward/backward

Small symmetrical, or near
symmetrical, headed
cylindrical parts, with shank
length greater than shank
dia.

Parts of moderate complexity,
in a wide range of sizes,
whose failure in service
would be catastrophic
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Process limitations

Secondary machining usually required
Production rates often lower than that for other

casting processes
Tolerances, surface finish coarser than other

casting processes
Requires generous draft (approx. 3 deg) and

radii (approx. equal to thickness)
Most investment castings are less than 12 in.

long and less than lOlb
L/D ratio of through or blind holes less than 4 : 1

and 1:1, respectively
Tooling cost and lead time generally greater

than for other casting processes except die
casting

Trimming operations required for flash and
overflow removal

Porosity can be present
Die life limited to approximately 200k shots in

Al or Mg or 1 million in Zn

Tooling is costly and requires greater lead time
than most alternative processes

Poor design can result in high levels of molded-
in stress, resulting in warpage or failure

Details as sharp as those of injection molding
not possible

Cycle time is long (2-3 min)

With extrusion blow molding, somne geometries
produce a high level of material scrap

Integral handles possible with extrusion blow
molding only

Poor control of wall thickness

Abrupt wall changes, long, thin projections, and
small separations between opposing part
surfaces not possible

Flat inner bottom requires additional operation
Tooling costs are high
Maximum L/D ratio for backward extrusion is

10 (in some aluminum alloys)
L/D ratio almost unlimited in forward extrusion
Tolerances not as good as machining

Seldom used for diameters greater than 1 .25 in.
Must allow much more generous radii than with

machining
Significant asymmetry difficult

Holes may not be produced directly
Flash must be removed and secondary

machining is often required
Die wear and die mismatch can be significant
Generous draft angles and radii are suggested

Typical application

Engine blocks
Engine manifolds
Machine bases
Gears Pulleys

Turbine blades
Burner nozzles
Armament components
Lock components
Sewing machine

components
Industrial handtools

bodies
Similar to injection

molding in part
geometry, but
particularly suited
where higher
mechanical properties
or the absence of creep
are required

Numerous applications,
often replacing die
casting or sheet metal
assemblies

Pallets, housing,
drawers, TV cabinets,
fan shrouds

Most polymer containers
to 5 gal

Toys
Auto heater ducting

Toys
Containers

Fasteners
Sockets for socket

wrench
Gear blanks with shank

Nails
Fasteners
Spark plug pot
Ball joint
Shafts

Crankshafts
Airframe components
Tools
Nuclear components
Agricultural components

Mat'lsc Comments

1, 2, 3 Very flexible manufacturing process in terms
4, 5, 6 of possible geometries, part size, and
7d, 8, 12 possible materials

Pattern in reusable and mold expendable

2, 3, 4d Expendable pattern and mold
5, 6, 8 Greater flexibility in material choices or part
12 geometry than die casting, but much higher

production costs
Less susceptible to porosity than most casting

process
Multiple parts may be cast simultaneously

around central sprue
5, 6d, 7 Produces thinnest walls of all casting
8 processes

Production rate approximately lOOparts/h in
alum and approximately 200parts/h in
zinc

Tooling cost and lead time similar to that for
injection molding but trimming and surface
treatment can make process less economic

10, 11 Typical cycle time 20-40 s
Details such as living hinges, insert molding

and snap features allow significant
opportunity for part consolidation

Injection molding of thermoset materials also
possible: longer cycle time, no
reprocessing of waste, generally harder,
more brittle, but more stable material
which can be used at higher service
temperatures

10 Tooling approximately 20% less than for
injection molding

Solid skin approximately 0.03-0.8 in. thick;
entire wall cross section has densities
between 50% and 90% of solid weight

Process generates a low level of internal
stress

RIM is a similar foaming process utilizing
thermosets (generally polyurethane)

10 Injection blow molding: smaller parts, more
accurate necks

Extrusion blow molding: more asymmetrical
parts, less costly tooling

High production rates, particular for injection
blow molding (as low as 10s per cycle)

10 Cycle time 8-20 min
Inserts for securing or stiffening are possible
Less detail possible than with blow molding

2, 3d, 5 Generally chosen over screw machined part if
6, 7, 8 material savings are significant

(approximately 25% or more)
Significant improvement in mechanical

properties due to cold working, allowing
further material reduction

Limited asymmetry possible

2, 3, 4d Minimization of shank diameter and upset
5, 6, 12d volume important

Production rates 35-120 parts/min
Process can also be carried out warm

(800-1200°F)

2, 3, 4 By controlling material flow, grain structure
5, 6, 8 may be applied with the direction of
9, 12d principal stress

Closed die forgings nearly always pass
through series of impressions before
completion

In decreasing order of forgability: Al, Mg,
steel, St steel, titanium, high-temperature
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Process

Pressing and
sintering
(power metal
parts)

Part size

Min. wall: 0.06 in.
Min. hole dia. 0.06 in.
Max. length (in direction of

press): 4.0 in.
Max. projected area: 40 in.2

Tolerances3

Perpendicular to press
direction: ±0.15% of
dimension (±0.05% if
repressed)

Parallel to press direction:

Shaped produced
Surface finish competitively11

8-50 |iin. Small parts of uniform height
with parallel, but fairly
intricate walls

aging Dia.: 0.01-5.0 in. (bar), 14 in.
(tubing)

Dia.: ±0.003 (1 in.) Tapered cylindrical r
tubing

General: ±0.01 (1 in.) ±0.03
(6 in.) (±0.005 if cold
drawn after extrusion)

Angles ±2 deg.
Twist: 1 deg. per foot for

width less than 2 in.
Flatness: 0.004 in./in.

63 |iin.
(Alum), 125
micro-
includes (LC
steel)

Straight part with constant
cross section that is fairly
complex, but balanced,
without extreme change in
wall thickness

stock)

Electrochemical
machining
(ECM)

Electrical
discharge
machining
(EDM)

Min. hole diam.: 0.01 in.
Max. hole depth: 50 x dia

Min. hole dia.: 0.002
Min. slot width: 0.002 in.

Turning ±0.001, boring
±0.0005, Milling ±0.002,
Drilling ±0.008-0.002,
Broaching ±0.005,
Grinding ± 0.002 (dia.);
±0.008 (surface), Reaming,
±0.001 (all for dimensions
of 1 in.)

General: ±0.001

Turning 63-125
Boring 32-125
Milling 63-125
Drilling 63-250
Grinding 8-32
Reaming 63

8-63 uin.

Rotational: Axi symmetrical
part with L/D ratio of 3 or
less and major dia. of 2 in.
or less

Nonrotational: Rectangular
part with all feature parallel
and open in the same
direction

Highly accurate complex, or
finely detailed shapes in
hardened materials or those
susceptible to damage due to
heat build-up

Production of high aspect or
burr-free holes and
processing of flimsy materials

General: ±0.001 8-250tiin.
(dependent on
removal rate)

Sheet metal
stamping/
bending

Material thickness 0.001-0.75 i
(normally 0.050-0.375 in.)

Area: 80 fr with turret press
and press brake, 10 fr with
die sets

Punching or stamping: ± 10% For cold rolled
of mat'l. thickness (2.0 in.) sheet or coil:

Press brake: ±2 deg. on bend, 32-125 pin.
±0.015 in. hole-to-bend

Moderate complexity parts of
constant material thickness
with flanges in a single

Thermoforming Area: 1 in. -300 fr General: ±0.05% of
dimension

Wall: ±20% of nomin

Large, shallow, thin wall parts
with generous radii

Metal spinning Dia.:25in.-26ft
Mat'l. thickness:

(Alum), 0.004-1.5 (LC
steel), (0.025-0.05 in. most

Dia.: ±0.01 (1 in.), ±0.03
(24 in.)

Angle: ±3 deg

Thin-walled conical shape
with diameter greater thai
twice depth

a Limits shown repre
effectively in compar

ait fine tol :ease cost. b Part types that can be produced <
i; 2, carbon steel; 3, alloy steel; 4, stainless stee
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s limitations

Generally lower mechanical properties than
wrought metals

Undercuts, off-axis holes, and threads cannot be
produced directly

Thin sections and feature edges should be
avoided

Max. L/D ratio approximately 3

Taper should be 6 degrees or less included angle
for manual feeding and up to 14 degrees for
power feed

Shoulders perpendicular to part axis not possible

Dimensional accuracy and part-to-part
consistency generally not an high as
competing processes. Warp and twist can be
troublesome

Use of materials other than aluminum and
copper alloys can cause some shape
restrictions

Avoid knife edges and long, unsupported
projections

Little opportunity for part consolidation
Most parts produced by a sequence of several

operations and machines
Need for multiple operations can impact part

quality
Tool wear is signifcant

Some taper of walls
Minimum radius of 0.002 all around
Material most be electrically conductive

Electrode wear impacts accuracy and requires
periodic replacement

Material removal rate is extremely slow
(0.01-0.5 in. Vh)

Additional limitations identical to ECM

Holes with diameter lest than stock thickness
need to be drilled

Since 1/2-2/3 of material thickness is fractured,
rather than sheared, secondary operations or
fineblanking is needed for good edge finish or
parallel sides

Finishing and material scrap costs are often
substantial

Low degree of part complexity
Low dimensional accuracy
Minimal opportunity for integral fasteners or

attachment points

Stiffening beads should be formed externally
rather than internally

Cylindrical sections and reentrant angles are
possible but more costly

Minimal radius 1 .5 x thickness
Maximum thickness for hand spinning: 0.25 in.

(Al), 0.187 (LC steel), 0.125 (S steel)

Typical application

Small gears
Lock mechanisms

components
Small arms parts
Filters
Bearings

Tube: Gold club shafts,
table legs, exhaust
pipes

Bar: Punches,
screwdriver blades

Heatsinks
Structural corner and

edge members
Decorative trim

Widely varied
applications

Various jet engine parts

Due to low production
rates, EDM is
generally used in
toolmaking rather than
part production, or for
deburring, where other
methods aren't
satisfactory

Numerous consumer and
industrial applications

Various consumer
packaging

Bus, aircraft interior
panels

Refrigerator linings
Signs
Boat hulls

Cooking utensils
Lamp bases
Nose cones
Reflectors

c Comments

1, 2, 3 Production rates approximately 700parts/h
4, 5, 6 Impregnation with lubricants gives self-
9d, 12d lubrication properties

Density range 75%-95% (compared to raw
material)

Maximum compression ratio (powder volume
before and after pressing and sintering)
approximately 2.5 : 1

2, 3, 4 Tooling costs are generally less than those for
5, 6, 7d cold extrusion or cold heading
8d, 12 Noncylindrical part can be swaged in

stationaly die machines
Production rates can range from 100-3000

parts/h
Shapes like splines can be produced by

swaging tubing over an internal former
called a mandrel

2, 3d, 4d Plastic working produces favorable grain
5, 6, 7 structure
8, 9d Maximum extrusion ratios are 40 : 1 (Alum),

5 : 1 (LC steel)
Shorter setup time than rolling, but a lower

production rate (1-8 ips) crossover point at
approximately 50,000 ft

Low tooling costs, therefore short runs can
often be justified if part consolidation and
integral fastening is considered.

1, 2, 3 Closer to true CAD/CAM link than most
4, 5, 6 other processes
7d, 8, 9d Most flexible of manufacturing processes
10d, lld

12d

ld, 3, 6d Material removal rates much greater than
9, 12 EDM (approximately 5 in.3/min.) although

tooling, equipment and energy costs are
much higher

Surface finish not nearly as closely tied to
removal rates as with EDM

Generally more cost-effective than precision
machining and grinding for all but the most
easily machined materials

2d, 3d A very different variation of conventional
5d, 6, 9d EDM, wire EDM is used to cut highly
12 accurate, and sometimes complex profiles

in hardened materials up to 6 in. thick
These components are often used in drawing,

extruding, or stamping dies

2, 3, 4 Mechanical reciprocating presses operate at
5, 6, 7d 35-500 strokes/min.
8d, 12d CNC Turret presses achive 55-265 hits/min.

at 1 in. centers
Often when the cost of dies exceeds the total

costs of parts, die sets are no longer cost
effective (approximately 20,000 pcs for
common geometries)

Progressive dies can often be justified if they
can save two or more secondary operations
on individual die sets

10 Tooling less expensive than other plastic
processing, methods

High production rates possible (drinking
cups: 2000-3000 pcs.min.)

Material properties can be improved due to
molecular orientation

Reinforcing fibers may also be added to
improve strength

Of several processes available (vacuum,
pressure, drape), vacuum is most popular

2, 3d, 4 Conventional spinning and displacement
5, 6, 7d spinning differ in that displacement
8d, 12d spinning moves material back along

forming member refining grain structure in
direction of flow

Tooling costs are much less than for stamping
or deep-drawing, very small quantities
may be economically produced

Tube spinning reduced ID., O.D. or
lengthens tubes or preforms

5, aluminum and alloys; 6, copper and alloys; 7, zinc and alloys; 8, magnesiu
and alloys. Source: Boothroyd Dewhurst, Inc., Wakefleld, RI.

s; 9, titanium; 10, thermoplastics; 11, thermosets; 12, r



TABLE 2.2 Shape Generation Capabilities of Processes

Depress UniWall UniSect AxisRot

Sand casting Y Y
Investment casting Y Y
Die casting Y Y"
Injection molding Y Y"
Structural foam Y Y"
Blow molding (extr) Y Y"
Blow molding (inj) Y Y"
Rotational molding Y Y1

Impact extrusion Y N
Cold heading Y N
Closed die forging Y Y"
Power metal parts Y N
Hot extrusion Y1 N
Rotary swaging Nc N
Machining (from stock) Y Y
ECM Y Y°
EDM Y Y°

Wire-EDM Yd N

Sheetmetal stamp/bend Y Y
Thermoforming Y Y"
Metal spinning N N

a Possible at higher cost.
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N
N
N
N
N
N
N
N
Y
Y
N
Y
Y
N
Y
N
N

Y

N
N
N

PConsol

4
5
4
5
4
3
3
2

3
3
3
3
2
1
2
3
3

2

4
3i

Alignmt

3
5
5
5
4
4
4
2

3
3
2
3
2
1
3
4
4

2

3
3i

IntFast

1
2
3
5
3
3
3
1
1
1
1
1
3
1
2
1
1

3

4
3i

b Shallow undercuts are possible without significant cost penalty.
c Possible with more specialized machine and tooling.

Solidification
processes

Bulk
deformation
processes

Material
removal
processes

Profile
generating
processes

Sheet
forming
processes

dOnly continuous, open-ended possible.
Y, Process is capable of producing parts with this characteristic, N, Process is not capable of producing parts with this characteristic. M, Parts produced with this process must have this
characteristic. An underlined entry indicates that parts using this process are easier to form with this characteristic.
The last three columns refer to DFA guidelines and are rates on a scale of 1 to 5, with 5 assigned to processes most capable of incorporating the respective guideline.



Part consolidation (PConsol): The ability to incorporate several functional
requirements into a single piece, eliminating the need for multipart assemblies.

Alignment features (Alignmt): The ease of incorporating in the part positive
alignment or location features that will aid in the assembly of mating parts.

Integral fasteners (IntFast): The cost-effectiveness and scope of fastening
elements that can be designed into the part. The ability to incorporate features
such as threads, which generally involve separate fasteners, is not given as
much consideration as elements such as snap features.

2.5 SELECTION OF MATERIALS

The systematic selection of specific materials to meet required properties has
been given considerable attention. Numerous textbooks and handbooks have been
devoted to this topic [5-7]. Comprehensive procedures have been developed for
material selection, such as, for example, the detailed handbook system of the
Fulmer Research Institute in the United Kingdom [8]. Similarly, software systems
based upon comprehensive databases of material properties are available, such as
the Mat.DB system from the American Society of Metals [9] and more recently
the Cambridge Material Selector [10]. While these procedures are a valuable
contribution to the systematic selection of materials, their usefulness at the very
early stages of product design, when initial decisions on materials and processes
are made, is restricted for several reasons, including:

1. These procedures are aimed at the selection of specific materials based on
detailed material property specifications that may not be available early in the
design process. At this stage only general ranges of properties may have been
decided upon.

2. The material selection is considered independently from the manufacturing
processes that may be used, whereas compatibility between processes and
materials is important. Several approaches can be adopted to rationalize the
search for suitable materials for application during early product design.

2.5.1 Grouping of Materials into Process Compatible Classes
Rather than using a single comprehensive materials database, it is preferable to
divide the material databases into classes related to the principal shape-generating
processes used in discrete parts manufacture. This is necessary because of
incompatibility between some processes and materials and because, generally,
the selection of processes and materials must be considered together. The
processes used for producing material forms for other shape-generating processes
need not be included, since discrete parts manufacture starts with materials that
have already undergone this primary processing. Thus, the separate material



databases should include, for example, standard metal stockforms (wire, rod,
etc.), sand and permanent mold-casting alloys, die-casting alloys, metal powders,
thermoplastics granules, thermoplastic sheet and extruded stockforms, and so on.

During an initial search phase when a rapid response to changes in input is
essential, it is perhaps inappropriate to search extensive material databases in
order to identify precise metal alloys, polymer specifications, powder mixes, etc.
This leads to unacceptably slow search procedures and provides information
largely irrelevant to early process/material decision making. For example, listing
all the thermoplastic resins that would satisfy the specified performance require-
ments would clearly be premature in early discussions of the relative merits of
alternative processes, their required tooling investments, the likely size and shape
capabilities, etc. A more efficient procedure is to have, for each process, an
associated supermaterial specification that comprises the best attainable proper-
ties of all the materials in the corresponding category. If a new alloy is added, say,
to the die-casting material database, its properties are compared with the die-
casting supermaterial specification, which is then updated as necessary.

The approach to preliminary process selection through supermaterial specifi-
cation is compatible with the tradeoff and compromise decisions that are part of
early design work. A typical scenario might involve the specification of possible
shape attributes, size, and one or more production and performance parameters.
The next step would be to change the input specifications or add to the
specification list, or to investigate a process further for acceptable associated
materials.

2.5.2 Material Selection by Membership Function
Modification

One challenge of designing a system so that appropriate materials are chosen at
the early stages of design lies in modeling ambiguous or vague material
constraints. For instance, a designer may want to use a material with a yield
stress of "about" 2000 psi and a service temperature "in the neighborhood of"
90°C. A conventional database search for materials with properties greater than
those specified would unnecessarily exclude materials with properties close to the
desired values, but not in the range specified.

Some material selection systems have attempted to model vague designer
specifications by breaking material property values into discrete ranges. However,
an alternative approach is to model such vague qualifiers as "about" and "in the
neighborhood of" using aspects of fuzzy logic. Fuzzy logic relies on the concept
of a membership function to determine how well an object fits into a defined set.

Ambiguity in the material constraints specified by the designer is modeled by
providing the designer with different levels of accuracy to further describe the
material constraints specified. These levels could correspond, for example, to the



qualifiers "approximately," "close to," and "more or less." These levels of
precision are illustrated in Fig. 2.4. The ability to assign different levels of
accuracy or precision to each constraint is an advantage of fuzzy logic.

A simple example may help to illustrate the advantages and flexibility of this
approach (Fig. 2.5). For instance, if pressing and sintering has been selected as a
candidate primary process and the user has restricted the material to one with an
ultimate tensile strength between 25 and 30 kpsi, then a conventional search of a
small database that contains 102 entries would yield 15 candidate materials [11].
A fuzzy search with the qualifier "close to" would yield 29 candidate materials
with ultimate tensile strengths between 21 to 29 kpsi. The qualifier "approxi-
mately" produces 38 materials with ultimate tensile strengths from 19 to
3 6 kpsi. Seventeen additional materials with tensile strengths between 16 and
39kpsi are chosen when the qualifier "more or less" is used. The additional
materials selected by the modified membership function may become increas-
ingly important as other material constraints eliminate many materials from
consideration.

.n
Eo

'close to"

"approximately"

'more or less"

Variable X

FIG. 2.4 Membership functions for material and process selection.
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FIG. 2.5 Selection of sintered powder materials by membership function modification.
(From Ref. 19.)

2.5.3 Material Selection by Dimensionless Ranking
An aspect of material selection, which is a great source of difficulty, is the
distinction between the fundamental material properties, which are given in
material databases, and the actual design requirements, which are usually based
on a combination of different property values. For the present purposes, material
cost per unit weight will be included as a property of the material, so that
economic constraints on design can be considered in just the same manner as
weight constraints, strength constraints, and so on. Thus, for a structural member
in an aerospace product the designers may be interested in maximum stiffness per
unit weight, while for a high-volume consumer product, maximum stiffness per
unit cost may be more important. In the first case, the materials would be
compared on the basis of a function of Young's modulus divided by density, and
in the second case a combination of Young's modulus, density, and cost per unit
weight would be used for comparison purposes. Some derived parameters, which
are commonly used in mechanical design, have been established in the literature
[12,13]. In this section we are concerned with establishing a simple procedure for
comparing materials based on either single fundamental properties, or the general
form of derived parameters. Such material comparisons may typically be required



on the basis of total performance, best performance per unit weight, or best
performance per unit cost. A procedure will be established in this section for
making these comparisons on a dimensionless scale from 0 to 100.

The authors, in their work on computer-aided material and process selection,
have observed that material properties tend to be distributed approximately
uniformly when presented on logarithmic scales. This fact can be seen clearly
in the work by Ashby [13], in which material properties are plotted on a variety of
combinations of logarithmic scales, such as yield strength plotted against density,
coefficient of expansion against thermal conductivity, and so on. In all cases the
properties of groups of material represented as bubbles are seen to spread out in
an approximately uniform manner across the logarithmic scales. For example,
Fig. 2.6 shows the spread of the property of elastic modulus for the different
classes of materials when presented on a linear scale. It can be seen that there is a
crowding of materials at the beginning of the scale with poor discrimination
between material properties in that region because of the coarse scale. Figure 2.7
shows the same data represented on a logarithmic scale, which spreads out the

Elastomers
Foams
Wood, Perp.grain
Wood, parallel grain
Wood products
Engineering polymers
Porous ceramics
Metal polymer composites -
Engineering alloys
Engineering ceramics

0 100 200 300
Young's Modulus, GPa

400 500 600

FIG. 2.6 Elastic modulus for classes of materials plotted on linear scales. (After Ref.
13.)
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Engineering ceramics
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FIG. 2.7 Elastic modulus for classes of materials plotted on logarithmic scales. (After
Ref. 13.)



material classes across the wide range of property values. Similar approximately
uniform spread of materials across logarithmic property scales is found to apply
also to derived material properties. This can be seen by viewing the spread of
materials along the inclined lines in the Ashby plots [13], which represent a wide
variety of derived parameters.

Property distributions of the form shown in Fig. 2.6 can be changed to a log-
linear scale through a transformation of the form

P = ixlO^N (2.1)

where
P = the actual property value
N = the log-linear scale value

a, /? = constants for a particular material property.

We are interested in using Eq. (2.1) to develop look-up tables or spreadsheets
in which fixed upper and lower values provide benchmarks for comparison of
material properties. These fixed values, for the material properties, will be set at
zero for the least value in the material database and 100 for the highest value. The
database will then be updated automatically if a new material is introduced with a
higher or lower property value than any of the existing materials. However, these
extreme materials are in most cases unlikely to be exceeded.

Consider property P and let Pmax, Pm^ be the highest and least values in the
database. Thus from Eq. (2.1)

a=Pmin (2.2)
/? = log(Pmax/Pmin)/100 (2.3)

Substituting Eqs. (2.2) and (2.3) into (2.1) gives

N = 100 log(P/Pmin)/log(Pmax/Pmin) (2.4)

For example, for Young's modulus, E, the largest value in the database is likely to
be the value for diamond, which gives

EmK = 1.03 x 106MN/m2

while the least value may be the value for natural rubber which gives

£min = 4.59 MN/m2

With these values, the "100-scale" for Young's modulus is given from Eq. (2.4)
as

AT = 18.68 log(0.218£) (2.5)

where E has units of MN/m2.



TABLE 2.3 "100 Scale" Values for
Young's Modulus

Material name N

Diamond 100
Tungsten carbide 95
Steel 87
Magnesium 75
Polycarbonate (33% glass) 64
Pine (parallel to grain) 61
Particle board 51
High-density polyethylene 42
Urethane foam 26
Cork 12
Natural rubber 0

Table 2.3 gives N values for 'Young's modulus for a small range of commonly
used materials. It can be seen that the values appear to represent an engineer's
perception of material stiffness. In particular values greater than 50 apply to
materials that are found in structural applications.

Largest and least values for a range of principal fundamental material
properties are given in Table 2.4. A small material database is given in Table
2.5 that includes representative materials from metal alloys, polymers, rubbers,
foams, ceramics, and natural materials. The last column in the table gives "100-
scale" values for the derived property in the adjacent column. These will be
discussed below.

TABLE 2.4 Largest and Least Material Property Values

Property

Tensile
yield
strength

Compressive
strength

Young's
modulus

Density

Cost

Material name

Alloy steel
Cork

Tungsten carbide
Cork
Diamond
Rubber
Tungsten carbide
Cork
Industrial diamond
Concrete

Largest value

1375
—

4950
—

1.0 x 106

—
13,300

—
725
—

Least value

—
1.0

—
1.0
—
4.6
—

140
—
0.13

Units

MN/m2

MN/m2

MN/m2

MN/m3

$/kg



TABLE 2.5 Material Database and Derived Parameter Ranking

Generic material

Gray cast iron
Ductile iron
Malleable iron
Mild steel (c.q. annealed)
Alloy steel (high-strength)
Stainless steel
Aluminum alloy (high-strength)
Beryllium copper
Copper, hard
Magnesium
Titanium
Lead
Epoxy (glass-reinforced)
Polyethylene (high-density)
Polycarbonate (glass-reinforced)
Rubber (isoprene)
Polyurethane foam
Particle board (med. density)
Pine
Diamond
Silicon carbide (sintered)
Tungsten carbide
Glass (soda lime, gen. purpose)
Pottery
Concrete
Cork
Index values

Cost,
$/kg

2.86E-01
3.52E-01
4.18E-01
9.90E-01
6.16E+00
2.75E+00
5.28E+00
3.85E+01
2.86E+00
7.70E+00
2.68E+01
2.86E+00
5.28E+00
7.48E-01
3.52E+00
3.48E+00
1.76E+00
3.52E-01
2.05E+00
7.26E+02
6.60E+01
2.64E+02
3.30E-01
6.60E-01
1.32E-01
1.50E+00

0.000

Tensile
yield str.
MN/m2

2.93E+02
4.48E+02
3.45E+02
2.62E+02
1.38E+03
2.48E+02
1.93E+02
1.10E+03
3.10E+02
2.34E+02
9.45E+02
2.00E+01
6.55E+01
2.48E+01
1.59E+02
2.76E+01
1.52E+01
1.55E+01
7.93 E+01
2.69E+02
6.90E+01
8.96E+02
9.17E+01
3.31E+01
1.65E+00
l.OOE+00

0.000

Elastic
modulus,
MN/m2

1.34E+05
1.65E+05
1.60E+05
2.07E+05
2.07E+05
1.93E+05
7.10E+04
1.28E+05
1.17E+05
4.48E+04
1.13E+05
1.52E+04
3.10E+03
8.27E+02
1.16E+04
4.59E+00
1.08E+02
2.93E+03
8.27E+03
1.03E+06
3.31E+05
5.39E+05
7.31E+04
7.03E+04
3.00E+04
2.00E+01

0.333

Compressive
yield str.
MN/m2

2.93E+02
3.10E+02
3.45E+02
2.62E+02
1.38E+03
2.48E+02
1.93E+02
1.10E+03
3.10E+02
2.34E+02
9.45E+02
2.00E+01
2.48E+02
2.48E+01
1.45E+02
2.76E+01
1.72E+01
1.45E+01
3.31E+01
4.00E+03
1.03E+03
4.95E+03
1.38E+03
5.00E+02
2.48E+01
l.OOE+00

0.000

Density,
kg/m3

7.21E+03
7.13E+03
7.38E+03
7.77E+03
7.85E+03
8.04E+03
2.75E+03
8.27E+03
8.96E+03
1.80E+03
4.74E+03
1.14E+04
1.91E+03
9.71E+02
1.53E+03
9.71E+02
4.99E+02
6.10E+02
3.61E+02
3.52E+03
2.97E+03
1.33E+04
2.47E+03
2.22E+03
2.50E+03
1.39E+02
- 1.000

Derived
parameter

7.08E-03
7.67E-03
7.33E-03
7.58E-03
7.50E-03
7.16E-03
1.50E-02
6.07E-03
5.44E-03
1.96E-02
1.02E-02
2.17E-03
7.60E-03
9.65E-03
1.48E-02
1.71E-03
9.51E-03
2.34E-02
5.59E-02
2.86E-02
2.32E-02
6.09E-03
1.69E-02
1.85E-02
1.24E-02
1.96E-02

N

41
43
42
43
42
41
62
36
33
70
51
7

43
50
62
0

49
75

100
81
75
36
66
68
57
70



TABLE 2.6 Derived Parameter D for Best Performance

To obtain:

Strongest tension
member

Strongest compression
member

Strongest beam or plate
Stiffest structural beam
Best coil or tension spring
Best diaphragm spring

Maximum
performance

-y

-y

Yt
E

Y^/E

Minimum Minimum
weight cost

Yt/p YJpCm

YJp YJpCm

El/3/p Elf3/pC^
Y?/(Ep) Y?/(EpCm)

Yl-5/(Ep) Yl-5/(EpC )

Yt = tensile yield stress, 7C = compressive yield stress, E = Young's modulus, p = density,
Cm = material cost/weight.

A number of derived parameters of importance in mechanical design [6,11]
are given in Table 2.6. It can be seen that they are represented by the general form

D = P^'P^P™3 • • • (2.6)

For example, if Pl = Yt, P2 = E, P3 = p, ml = 2, m2 = — 1 and m3 = — 1, then
D is the derived parameter for best spring performance per weight as given in
Table 2.6.

Let the log-linear relationships for Pl, P2, P3, . . ., be

Pl = 1 10lAf>
P2 = 2 102A/2 (2.7)
P3 = 3 W^

The general form of a derived parameter then becomes

D = (o^'o!™2^3 • • .)\Q(mtf!^+mA^+m^^+-> (2.8)

and we require that D be represented by

D = a 10^ where 0 < N < 100 (2.9)

Thus, from Eq. (2.4), the " 100-scale" value for the derived parameter is given by

TV = 100 logp/AnJ/logtAWAnin) (2.10)
Equation (2.10) can be simplified further by recognizing that the factor

(a™1 a™2, . . .) will cancel in the argument of both logarithmic expressions. Thus,
define parameter W as

2N2 + - - - (2.11)



Substituting W into Eq. (2.10) gives

N = 1001og(10^r»°)/log(10r»»"r»°) (2.12)

= 100(W - Wmin)/(Wmax - Wmin) (2.13)

This transformation from "100-scale" values for individual parameters to the
"100-scale" value for any derived parameter is easily accomplished on a
spreadsheet using Eqs. (2.11) and (2.13). Table 2.5 is the printout of such a
spreadsheet written with Microsoft Excel. The bottom row of the spreadsheet
contains values for m, the index values of the derived parameter. The last two
columns contain the values for W and the "100-scale" N values for the derived
parameter, respectively.

Note that the index values entered into the last row are those for beam stiffness
for minimum weight. It can be seen that for this application (and no other design
constraints), pine is the best choice (N = 100) and rubber is the worst choice
(N = 0). The 100 score for pine indicates why straight grain wood is still a
material of choice for small aerobatic aircraft structures. Note that manufacturing
feasibility is not a part of this selection process. Thus while diamond scores a
credible 81, its use would obviously be restricted to very small and very
expensive devices. If we change the index for cost from 0 to —1, then the
derived parameter changes to represent beam stiffness for minimum cost. The
best choice then changes to concrete. Particle board is a close second with a score
of 96, diamond becomes 6, and tungsten carbide is zero because of its
combination of high cost and high density. The high scores for concrete and
particleboard explains their use for low-cost beams and floor structures, respec-
tively. The main purpose of the "100-scale" method is for such easy visualization
of the relative merits of materials for different applications. The method can be
extended to include combinations of two or more derived parameters. For
example, the primary requirement for an automobile panel may be bending
stiffness for least cost. However, diaphragm spring quality is a valuable additional
material property since this makes the material more dent resistant. The 100-scale
method can be expanded to cover such situations by using a weighted geometric
mean of the two derived parameters [14].

Sometimes the choice of a material is based on the inverse of one of the
fundamental properties. Examples would include specific volume representing
lightness instead of density representing heaviness, flexibility instead of stiffness,
softness instead of compressive strength, and so on. Assume we are interested in
inverse property (1/P), where P is represented by Eq. (2.1). Let

(1/P) = a 10 (2.14)



From Eqs. (2.2) and (2.3), the values of a and /? for the inverse property are given
by

a = l/Pmax (2.15)
0 = log[(l/Pmin)/(l/Pmax)]/100 (2.16)

= log(Pmax/Pmin)/100 (2.17)

and so the value for M becomes [refer to Eq. (2.4)],
M = 1001og[(l/P)/(l/Pmax)]/log(Pmax/Pmin)

= 100{[log(Pmax/Pmin) - log(P/Pmin)]}/log(Pmax/Pmin) (2.18)
= 100-AT

This result simply stems from the "100-scale" span from minimum to maximum
values, which exchange places when the inverse property is considered. However,
the fact that not just "100" and "0" change places, but that "95" becomes "5",
"90" becomes "10," and so on, is intuitively satisfying.

Problem: Construct the Excel spreadsheet illustrated in Table 2.5. Use this to
explore the best material choices for each of the 18 criteria given in Table 2.6.

2.6 PRIMARY PROCESS/MATERIAL SELECTION

Systematic procedures can be developed for the selection of primary
process/material combinations. Such procedures operate by eliminating
processes and materials as more detailed specification of the required part's
attributes occurs. The elements of such a selection procedure can be illustrated by
considering, as an example, the part shown in Fig. 2.8, which is to be used as an
oven bracket. The example has been used previously by Wilson et al. [15,16] and
is used again here as an illustrative example. In terms of the shape-producing
capabilities listed in Table 2.2, this part is specified as follows.

Shape Attributes
1. Depressions Yes
2. Uniform wall Yes
3. Uniform cross section Yes
4. Axis of rotation No
5. Regular cross section No
6. Captured cavity No
7. Enclosed cavity No
8. No draft Yes

Material Requirements
A. Maximum temperature of 500°C
B. Excellent corrosion resistance to weak acids and alkalis
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Dimensions in mm

FIG. 2.8 Oven bracket part.

In this list, the shape attributes with a "Yes" will eliminate those processes that
are not capable of producing these features. Those features with a "No" will
eliminate those processes that are only capable to producing parts with these
features present. Applying these requirements progressively to the basic
process/material compatibility matrix shown in Fig. 2.3 produces the results
shown in Figs. 2.9 to 2.11. Figure 2.9 shows the processes eliminated by the first
four shape attributes listed above and Fig. 2.10 shows the processes eliminated by
the other four shape attributes. Combining these together results in four selected
processes (Fig. 2.11): powder metal parts, hot extrusion, machining from stock,
and wire EDM. Finally, imposing the material requirements results in the final
selection of processes and materials shown in Fig. 2.12. These selected combina-
tions can then be ranked by other criteria, such as estimates of manufacturing
costs.



FIG. 2.9 Process elimination based on four geometric attributes of the part in Fig. 2.8.



FIG. 2.10 Process elimination based on a further four attributes of the part in Fig. 2.8.



FIG. 2.11 Final process selection based on geometric attributes of the part in Fig. 2.8.



FIG. 2.12 Final selection based on process/material combinations of the part shown in
Fig. 2.8.



2.7 SYSTEMATIC SELECTION OF PROCESSES AND
MATERIALS

The development of computer-based procedures for process/material selection
from general part attributes can have a significant impact on early product design,
and several approaches to this problem have been made.

2.7.1 Computer-Based Primary Process/Material Selection
An initial research program has been carried out in the area of combined
material/process selection [15,16]. This work by Wilson and co-workers resulted
in the development of a Fortran-based computer program given the acronym
MAPS. A more recently developed primary material/process selector uses a
commercially available relational database system. This selector has the acronym
CAMPS, for computer-aided material and process selection [17]. In the selector,
inputs made under the headings of part shape, size, and production parameters are
used to search a comprehensive process database to identify processing possibi-
lities. However, process selection completely independent of material perfor-
mance requirements would not be satisfactory, and for this reason, required
performance parameters can also be specified by making selections under the
general categories of mechanical properties, thermal properties, electrical proper-
ties, and physical properties. As many selections as required can be made, and at
each stage the candidate processes are presented to the system user. Processes
may be eliminated directly because of shape or size, or when performance
selections eliminate all of the materials associated with a particular process, in a
similar manner to the charts shown in Figs. 2.9 to 2.12. For the materials in the
CAMPS system for each process, the type of supermaterial specification
described above is utilized. The supermaterial specifications are maintained
automatically by the program.

The CAMPS system also classifies all possible selections into ranges labeled
A through F. This is intended to ensure ease of use in the early stages of design
when precise numerical values for many of the parameters would not be known.
For example, for a structural part, yield strength will clearly be an important
requirement. However, the minimum allowable yield stress value will depend on
the part wall thickness, which will in turn depend on the process/material
combination to be used.

A simplified version of this approach to process and material selection has
been incorporated into a cost-estimating tool used at the early stages of product
design [18]. This program contains definable process limits, such as maximum
dimensions, minimum wall thickness, and so on. The selection procedure
indicates any combinations of process and material that are not suitable or for
which the part geometry may be outside normal processing limits. Figure 2.13



FIG. 2.13 General description of proposed part.

shows an initial part description where the general part type and overall
dimensions, including wall thickness, are defined. Following this a process
must be selected as indicated in Fig. 2.14, and then the compatible materials
are indicated (red for incompatible, green for compatible, and yellow for
compatible materials, but exceeding a normal processing limit). In the case of
Fig. 2.14 cold chamber die casting has been selected and the indicated compatible
processes are copper, magnesium, aluminum, and zinc alloys.

2.7.2 Expert Processing Sequence Selector
An approach to the preliminary selection of materials and processes has been
described above. While this approach may generally result in selection of
appropriate combinations of materials and primary processes, in some cases
matching of the material and primary process alone to the finished part attributes,
without considering viable sequences of operations, may lead to the omission of
some appropriate combinations of primary processes and materials. An expert



FIG. 2.14 Material classes compatible with cold-chamber die casting.

processing sequence generator has been investigated to enhance this aspect of
material and process selection [19,20].

With this procedure the user classifies the geometry and specifies the material
constraints for the part. The result is a list of viable sequences of processes and
compatible materials. The procedure is divided into four steps: geometry input,
process selection, material selection, and system update. The geometry of the part
is first classified according to its size, shape, cross section, and features. Using
pattern-matching rules, processes are then selected that would form the geometry
of the part. Material selection uses fuzzy set theory materials, as described earlier.

The geometrical classification of a part is concerned with the following
characteristics:

1. The overall size
2. The basic shape
3. The accuracy and surface finish
4. The cross section
5. Functional features—projections, depressions, etc.



As described earlier, processes are classified as either primary,
primary/secondary, or tertiary to take advantage of the natural order of processes
in a sequence. Rules, formulated from knowledge about processes and materials,
are used to select sequences of processes and materials for part manufacture.
Processes are selected using a pattern-matching expert system and rules of the
form. I f . . .

(condition 1)
(condition 2)
(condition 3)

Then...

(action 1)

For primary process selection, the conditions are restrictions on the size of the
enclosing envelope, the size and shape of the fundamental envelope, and the
cross-sectional description of the part. The action is the selection of a candidate
primary process. If a part satisfies the restrictions, then the process is chosen as a
candidate primary process. Other rules of the same form then assess which
features of the part can be formed by the primary process. The conditions for
these rules are restrictions on the descriptors of the features and the action is to
conclude that the primary process can form the feature.

The boundaries of a processes' capabilities, for inclusion in the selection rules,
are not well defined. Parts with requirements that are near the boundaries of the
capabilities of a process are more difficult to produce than parts that fall well
within these boundaries. Therefore, the process selection rules are better
formulated with fuzzy logic membership functions to model the progressive
transition from "easy" to "difficult or impossible" to manufacture by the selected
process. For example, Fig. 2.15 shows a typical membership function for primary
process selection for the attribute part size for, say, die casting. Similar fuzzy
selection rules can be applied to other part attributes. This process also enables a
preliminary ranking of selections to be made based on the values of the
membership functions obtained.

Next, the material database is searched for the primary process selected and
uses the fuzzy logic approach described earlier to choose candidate materials.
Since the properties of a material are related to how the material is processed,
each process has its own material database. Materials are selected by mapping the
user's input onto the material properties. Material properties that can be affected
by tertiary manufacturing processes are not used to exclude materials from
consideration, at this stage. For example, corrosion resistance could be achieved
by plating an otherwise unacceptable material.

Primary/secondary processes are selected in a similar manner to form any
features of the part that cannot be formed by the primary process. Similarly,
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FIG. 2.15 Example of membership function for process selection rules.

tertiary processes are selected to fulfill material requirements that the candidate
material could not fulfill. A viable sequence of processes is found when all of the
geometrical and material goals specified by the user are satisfied. Figure 2.16
shows this process graphically. Here circles represent the goals and processes.
Satisfied goals are indicated by filled-in circles with arrows pointing to the
material or process that satisfied the goal.

If a suitable process or material cannot be found to form required features or
satisfy material requirements, then the procedure backtracks to solve the impasse.
For instance, if a suitable material cannot be found, then the procedure backtracks
to choose another primary process. Similarly, if a tertiary process cannot be found
to satisfy a material requirement, then the procedure backtracks to choose an
alternative material.

A characteristic of this approach to material and process selection is that as
the list of part attributes to be fulfilled grows, the number of possible sequences
may also increase. This differs from the procedure for selecting primary
process/material combinations in which the list of possible combinations
generally decreases, as the specification of the part becomes more precise. For
example, the addition of a surface finish tolerance to the attribute list will
introduce secondary processes into sequences that could produce this require-
ment. For this reason it is important that consideration be given to the economic
ranking of the processing sequences generated.
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FIG. 2.16 Procedure for processing sequence selection.
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2.7.3 Economic Ranking of Processes
The viable material/process combinations determined by the selection procedures
described above require evaluation as to which is the most suitable, usually by
estimating which will be the most economic. This requires the availability of
procedures for realistically evaluating manufacturing costs early in the design
process. Several of the later chapters deal with simplified cost-estimating
procedures for various processes. However, at the very early design stages even
simpler methods for cost assessment can be used for the ranking of alternative
material/process combinations.

As an example of how early cost estimates can be made for a particular
process, machining will be considered. Further details on cost estimating for
design for machining are contained in Chapter 7. From a detailed analysis of cost
estimating for machined parts [21,22] it can be concluded that, in general, the
time to remove a given volume of material in rough machining is determined
mainly by the specific cutting energy (or unit power) of the material and the
power available for machining. For finish-machining a given surface area, the
recommended speeds and feeds for minimum machining cost could be used.
Also, it is possible to make appropriate allowances for tool replacement costs.



Further research [23] has shown that a large amount of statistical data is
available on the shapes and sizes of machined components and the amount of
machining carried out on them. Statistical data is also available on the sizes of the
machine tools relative to the sizes of the workpieces machined. Combining this
data with information gathered on machine costs and power availability, it can be
shown that estimates of machined component costs can be made based on the
minimum of design information, such as might be readily available early in the
design process [24,25].

The information required can be divided into three areas:

1. Workpiece and production data
2. Factors affecting nonproductive costs
3. Factors affecting machining times and costs

The first item under the heading of workpiece and production data describes the
shape category of the workpiece. It was found in previous studies [26] that
common workpieces can be classified into seven basic categories, as illustrated in
Fig. 2.17. Other items under this first heading include: the material, the form of
the material (standard stock or near-net shape), dimensions of the workpiece, cost
per unit weight, average machine and operator rate, and batch size per setup. A

primary rotational primary rotational
with secondary

primary planar with secondary

7

primary planar
and primary rotational

primary planar

primary planar and primary
rotational with secondary

secondary

FIG. 2.17 Seven basic categories of machines component parts. (From Ref. 26.)



knowledge of the workpiece and production data not only allows the cost of the
workpiece to be estimated, but also allows predictions to be made of the probable
magnitudes of the remaining items necessary for estimates of nonproductive costs
and machining costs.

For example, for the workpiece shown in Fig. 2.18, the total cost of the
finished component was estimated to be $24.32—a figure obtained from knowl-
edge of the work material, its general shape category and size, and its cost per
unit volume. A cost estimate for this component based on its actual machined
features and using the approximate equations developed in [23] gives a total cost
of $22.83, which is within 6%. A more detailed estimate obtained using more
traditional cost-estimating methods gives a total cost of $22.95.

Comparison of these three estimates together with comparisons for several
other workpieces are presented in Fig. 2.19, where it can be seen that the
approximate method using actual data gives figures surprisingly close to the
accurate estimate. Also, the initial crude estimate based on typical workpieces is
quite accurate and probably sufficient for the purposes of early cost estimating

aluminum shaft

Machine Feature Operations

Horizontal band saw
CNC lathe

Vertical miller

—
1
2
3
4
—
5
6
1
8

Cut off workpiece
Finish face
Center drill .drill, tap
Finish turn
Groove
Reclamp
Rough and finish turn
Finish face
Finish face
End mill keyway

FIG. 2.18 Category 2 part—rotational with secondary features.



60

'i 
.1•o  Jrt

'

a 
>>

a s

• S ^
I

 S

Ito ud £
•NIso £
u. .22



when various material and process combinations are being considered and before
the component has been designed. However, these considerations should prefer-
ably occur after the proposed product has been simplified as much as possible,
through design for assembly analysis, as will be described in more detail in the
next chapter.

This example for machining illustrates that it is possible to obtain reliable cost
estimates based on some initial general design information and that such cost
estimates can be refined as more detailed design information becomes available.
The cost models for the common primary shape-generating processes detailed in
the later chapters have been combined into a software tool [18] that enables a cost
comparison to be obtained for a proposed part using different manufacturing
processes and materials. The estimation procedures are structured in such a way
that an initial cost estimate is determined from the general shape, size, and
material selected for the part, using appropriate default values for various
parameters. These initial cost estimates are then refined as more details of the
part geometry and other factors are entered. The geometric features such as part
volume, perimeter, and projected area can be ontained from an in-built geometry
calculator or from a computer-aided design (CAD) model of the part.

As an illustration of the use of such a tool to compare material and process
selections consider the following example. Figure 2.20 shows a small connecting-
rod shape that is being considered for manufacture. This is a symmetrical part
with a flat parting plane that divides the shape into two mirror images. It will be
assumed that this part is to be made from brass. The type of process selection
procedures described earlier, as illustrated in Figs. 2.13 and 2.14, show that the
following compatible processes are suitable for manufacture of the part:

Die casting
Hot forging
Investment casting
Automatic sand casting
Powder metal processing

Some of the features, in particular the horizontal holes, will need to be
produced by secondary machining for some of the processes, as illustrated in the
figure.

Figure 2.21 compares the estimated cost for the selected processes for different
production volumes. These cost estimates include the costs of tooling and any
secondary operations required. These curves show that powder metallurgy would
be the least expensive process for life volumes greater than about 20,000 and that
hot forging would be more economical for smaller life volumes. However, it
should be realized that for very small quantities machining from the solid would
undoubtedly be the most economical procedure, but this has not been considered
here.



FIG. 2.20 Connecting rod.

Figure 2.22 shows a more detailed breakdown of the cost contributions for a
production volume of 100,000 parts for each process. The material costs for
investment casting and hot forging are higher than the costs for other processes.
In investment casting the pattern costs and ceramic molding costs are added to the
metal costs and in hot forging where four forgings per cycle were assumed there
is a large amount of scrap generated in the form of flash. The high cost of setup
for automatic sand casting would be expected. The lowest process cost is for die
casting, which again would be expected, since this is a highly efficient operation
once the tooling has been manufactured. However, the high cost of tooling for
this process is evident in the bar chart and is partly due to the short cavity life
with the selected material. Powder metal processing is clearly the preferred
process for this life volume of 100,000 (Fig. 2.23).



FIG. 2.21 Connecting rod costs for different processes and production volumes.

FIG. 2.22 Cost breakdown for production volume of 100,000.



FIG. 2.23 Cost comparisons for production volume of 100,000.
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3
Product Design for Manual Assembly

3.1 INTRODUCTION
Design for assembly (DFA) should be considered at all stages of the design
process, but especially the early stages. As the design team conceptualizes
alternative solutions, it should give serious consideration to the ease of assembly
of the product or subassembly. The team needs a DFA tool to effectively analyze
the ease of assembly of the products or subassemblies it designs. The design tool
should provide quick results and be simple and easy to use. It should ensure
consistency and completeness in its evaluation of product assemblability. It
should also eliminate subjective judgment from design assessment, allow free
association of ideas, enable easy comparison of alternative designs, ensure that
solutions are evaluated logically, identify assembly problem areas, and suggest
alternative approaches for simplifying the product structure—thereby reducing
manufacturing and assembly costs.

By applying a DFA tool, communication between manufacturing and design
engineering is improved, and ideas, reasoning, and decisions made during the
design process become well documented for future reference.

The Product Design for Assembly handbook [1] originally developed as a
result of extensive university research, and, more recently, expanded versions in
software form provide systematic procedures for evaluating and improving
product design for ease of assembly. This goal is achieved by providing assembly
information at the conceptualization stage of the design process in a logical and
organized fashion. This approach also offers a clearly defined procedure for
evaluating a design with respect to its ease of assembly. In this manner a feedback
loop is provided to aid designers in measuring improvements resulting from



specific design changes. This procedure also functions as a tool for motivating
designers; through this approach they can evaluate their own designs and, if
possible, improve them. In both cases, the design can be studied and improved at
the conceptual stage when it can be simply and inexpensively changed. The DFA
method accomplishes these objectives by:

1. Providing a tool for the designer or design team which assures that
considerations of product complexity and assembly take place at the earliest
design stage. This eliminates the danger of focusing exclusively during early
design on product function with inadequate regard for product cost and
competitiveness.

2. Guiding the designer or design team to simplify the product so that savings in
both assembly costs and piece parts can be realized.

3. Gathering information normally possessed by the experienced design engi-
neer and arranging it conveniently for use by less-experienced designers.

4. Establishing a database that consists of assembly times and cost factors for
various design situations and production conditions.

The analysis of a product design for ease of assembly depends to a large extent on
whether the product is to be assembled manually, with special-purpose automa-
tion, with general-purpose automation (robots), or a combination of these. For
example, the criteria for ease of automatic feeding and orienting are much more
stringent than those for manual handling of parts. In this chapter we shall
introduce design for manual assembly, since it is always necessary to use manual
assembly costs as a basis for comparison. In addition, even when automation is
being seriously considered, some operations may have to be carried out manually,
and it is necessary to include the cost of these in the analysis.

3.2 GENERAL DESIGN GUIDELINES FOR MANUAL
ASSEMBLY

As a result of experience in applying DFA it has been possible to develop general
design guidelines that attempt to consolidate manufacturing knowledge and
present them to the designer in the form of simple rules to be followed when
creating a design. The process of manual assembly can be divided naturally into
two separate areas, handling (acquiring, orienting and moving the parts) and
insertion and fastening (mating a part to another part or group of parts). The
following design for manual assembly guidelines specifically address each of
these areas.

3.2.1 Design Guidelines for Part Handling
In general, for ease of part handling, a designer should attempt to:
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FIG. 3.1 Geometrical features affecting part handling.

1 . Design parts that have end-to-end symmetry and rotational symmetry about
the axis of insertion. If this cannot be achieved, try to design parts having the
maximum possible symmetry (see Fig. 3. la).

2. Design parts that, in those instances where the part cannot be made
symmetric, are obviously asymmetric (see Fig. 3.1b).

3. Provide features that will prevent jamming of parts that tend to nest or stack
when stored in bulk (see Fig. 3.1c).

4. Avoid features that will allow tangling of parts when stored in bulk (see Fig.
3. Id).

5. Avoid parts that stick together or are slippery, delicate, flexible, very small, or
very large or that are hazardous to the handler (i.e., parts that are sharp,
splinter easily, etc.) (see Fig. 3.2).

3.2.2 Design Guidelines for Insertion and Fastening
For ease of insertion a designer should attempt to:

1. Design so that there is little or no resistance to insertion and provide
chamfers to guide insertion of two mating parts. Generous clearance
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FIG. 3.2 Some other features affecting part handling.

should be provided, but care must be taken to avoid clearances that will result
in a tendency for parts to jam or hang-up during insertion (see Figs. 3.3 to
3.6).

2. Standardize by using common parts, processes, and methods across all
models and even across product lines to permit the use of higher volume
processes that normally result in lower product cost (see Fig. 3.7).

3. Use pyramid assembly—provide for progressive assembly about one axis of
reference. In general, it is best to assemble from above (see Fig. 3.8).

4. Avoid, where possible, the necessity for holding parts down to maintain their
orientation during manipulation of the subassembly or during the placement
of another part (see Fig. 3.9). If holding down is required, then try to design
so that the part is secured as soon as possible after it has been inserted.

5. Design so that a part is located before it is released. A potential source of
problems arises from a part being placed where, due to design constraints, it

part jams across corners part cannot jam

FIG. 3.3 Incorrect geometry can allow part to jam during insertion.
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FIG. 3.4 Provision of air-relief passages to improve insertion into blind holes.

6.

must be released before it is positively located in the assembly. Under these
circumstances, reliance is placed on the trajectory of the part being
sufficiently repeatable to locate it consistently (see Fig. 3.10).
When common mechanical fasteners are used the following sequence
indicates the relative cost of different fastening processes, listed in order of
increasing manual assembly cost (Fig. 3.11).

difficult to insert

easy to insert

FIG. 3.5 Design for ease of insertion—assembly of long stepped bushing into counter-
bored hole.



part can hang-up part falls into place

FIG. 3.6 Provision of chamfers to allow easy insertion.

old design

new design

FIG. 3.7 Standardize parts.

a. Snap fitting
b. Plastic bending
c. Riveting
d. Screw fastening

7. Avoid the need to reposition the partially completed assembly in the fixture
(see Fig. 3.12).

Although functioning well as general rules to follow when design for assembly
is carried out, guidelines are insufficient in themselves for a number of reasons.



FIG. 3.8 Single-axis pyramid assembly.

holding down and alignment
required for subsequent operation

FIG. 3.9 Provision of self-locating features to avoid holding down and alignment.

part must be released
before it is located

FIG. 3.10 Design to aid insertion.

part located before release



FIG. 3.11 Common fastening methods.

First, guidelines provide no means by which to evaluate a design quantitatively
for its ease of assembly. Second, there is no relative ranking of all the guidelines
that can be used by the designer to indicate which guidelines result in the greatest
improvements in handling, insertion, and fastening; there is no way to estimate
the improvement due to the elimination of a part, or due to the redesign of a part
for handling, etc. It is, then, impossible for the designer to know which guidelines
to emphasize during the design of a product.

Finally, these guidelines are simply a set of rules that, when viewed as a whole,
provide the designer with suitable background information to be used to develop
a design that will be more easily assembled than a design developed without such
a background. An approach must be used that provides the designer with an
organized method that encourages the design of a product that is easy to
assemble. The method must also provide an estimate of how much easier it is
to assemble one design, with certain features, than to assemble another design
with different features. The following discussion describes the DFA methodology,
which provides the means of quantifying assembly difficulty.

FIG. 3.12 Insertion from opposite direction requires repositioning of assembly.



3.3 DEVELOPMENT OF THE SYSTEMATIC DFA
METHODOLOGY

Starting in 1977, analytical methods were developed [2] for determining the most
economical assembly process for a product and for analyzing ease of manual,
automatic, and robot assembly. Experimental studies were performed [3-5] to
measure the effects of symmetry, size, weight, thickness, and flexibility on
manual handling time. Additional experiments were conducted [6] to quantify
the effect of part thickness on the grasping and manipulation of a part using
tweezers, the effect of spring geometry on the handling time of helical compres-
sion springs, and the effect of weight on handling time for parts requiring two
hands for grasping and manipulation.

Regarding the design of parts for ease of manual insertion and fastening,
experimental and theoretical analyses were performed [7-11] on the effect of
chamfer design on manual insertion time, the design of parts to avoid jamming
during assembly, the effect of part geometry on insertion time, and the effects of
obstructed access and restricted vision on assembly operations.

A classification and coding system for manual handling, insertion, and
fastening processes, based on the results of these studies, was presented in the
form of a time standard system for designers to use in estimating manual
assembly times [12,13]. To evaluate the effectiveness of this DFA method the
ease of assembly of a two-speed reciprocating power saw and an impact wrench
were analyzed and the products were then redesigned for easier assembly [14].
The initial design of the power saw (Fig. 3.13) had 41 parts and an estimated
assembly time of 6.37min. The redesign (Fig. 3.14) had 29 parts for a 29%
reduction in part count, and an estimated assembly time of 2.58min for a 59%
reduction in assembly time. The outcome of further analyses [14] was a more than
50% savings in assembly time, a significant reduction in parts count and an
anticipated improvement in product performance.

3.4 ASSEMBLY EFFICIENCY

An essential ingredient of the DFA method is the use of a measure of the DFA
index or "assembly efficiency" of a proposed design. In general, the two main
factors that influence the assembly cost of a product or subassembly are

The number of parts in a product.
The ease of handling, insertion, and fastening of the parts.

The DFA index is a figure obtained by dividing the theoretical minimum
assembly time by the actual assembly time. The equation for calculating the DFA
index Em3 is
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FIG. 3.13 Power saw (initial design—41 parts, 6.37min assembly time). (After Ref. 14.)

where N^ is the theoretical minimum number of parts, ta is the basic assembly
time for one part, and fma is the estimated time to complete the assembly of the
product. The basic assembly time is the average time for a part that presents no
handling, insertion, or fastening difficulties (about 3 s).

The figure for the theoretical minimum number of parts represents an ideal
situation where separate parts are combined into a single part unless, as each part
is added to the assembly, one of the following criteria is met:

1. During the normal operating mode of the product, the part moves relative to
all other parts already assembled. (Small motions do not qualify if they can
be obtained through the use of elastic hinges.)
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FIG. 3.14 Power saw (new design—29 parts, 2.58 min assembly time). (After Ref. 14.)

2. The part must be of a different material than, or must be isolated from, all
other parts assembled (for insulation, electrical isolation, vibration damping,
etc.).

3. The part must be separate from all other assembled parts; otherwise the
assembly of parts meeting one of the preceding criteria would be prevented.

It should be pointed out that these criteria are to be applied without taking into
account general design or service requirements. For example, separate fasteners
will not generally meet any of the preceding criteria and should always be
considered for elimination. To be more specific, the designer considering the



design of an automobile engine may feel that the bolts holding the cylinder head
onto the engine block are necessary separate parts. However, they could be
eliminated by combining the cylinder head with the block—an approach that has
proved practical in certain circumstances.

If applied properly, these criteria require the designer to consider means
whereby the product can be simplified, and it is through this process that
enormous improvements in assemblability and manufacturing costs are often
achieved. However, it is also necessary to be able to quantify the effects of
changes in design schemes. For this purpose the DFA method incorporates a
system for estimating assembly cost which, together with estimates of parts cost,
will give the designer the information needed to make appropriate trade-off
decisions.

3.5 CLASSIFICATION SYSTEMS
The classification system for assembly processes is a systematic arrangement of
part features that affect acquisition, movement, orientation, insertion, and fasten-
ing of the part together with some operations that are not associated with specific
parts such as turning the assembly over.

Selected portions of the complete classification system, its associated defini-
tions, and the corresponding time standards are presented in tables in Figs. 3.15 to
3.17. It can be seen that the classification numbers consist of two digits; the first
digit identifies the row and the second digit identifies the column in the table.

The portion of the classification system for manual insertion and fastening
processes is concerned with the interaction between mating parts as they are
assembled. Manual insertion and fastening consists of a finite variety of basic
assembly tasks (peg-in-hole, screw, weld, rivet, press-fit, etc.) that are common to
most manufactured products.

It can be seen that for each two-digit code number, an average time is given.
Thus, we have a set of time standards that can be used to estimate manual
assembly times. These time standards were obtained from numerous experiments,
some of which will now be described.

3.6 EFFECT OF PART SYMMETRY ON HANDLING TIME

One of the principal geometrical design features that affects the times required to
grasp and orient a part is its symmetry. Assembly operations always involve at
least two component parts: the part to be inserted and the part or assembly
(receptacle) into which the part is inserted [15]. Orientation involves the proper
alignment of the part to be inserted relative to the corresponding receptacle and
can always be divided into two distinct operations: (1) alignment of the axis of the
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FIG. 3.15 Selected manual handling time standards, seconds (parts are within easy
reach, are no smaller than 6mm, do not stick together, and are not fragile or sharp).
(Copyright 1999 Boothroyd Dewhurst, Inc.)

part that corresponds to the axis of insertion, and (2) rotation of the part about
this axis.

It is therefore convenient to define two kinds of symmetry for a part:

1. Alpha symmetry: depends on the angle through which a part must be rotated
about an axis perpendicular to the axis of insertion to repeat its orientation.
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FIG. 3.16 Selected manual insertion time standards, seconds (parts are small and there is
no resistance to insertion). (Copyright 1999 Boothroyd Dewhurst, Inc.)

2. Beta symmetry: depends on the angle through which a part must be rotated
about the axis of insertion to repeat its orientation.

For example, a plain square prism that is to be inserted into a square hole would
first have to be rotated about an axis perpendicular to the insertion axis. Since,
with such a rotation, the prism will repeat its orientation every 180°, it can be



6

screw tighten
with power

tool
0

5.2

manipulation,
reorientation or

adjustment
1

4.5

addition
of

non solids
2

7

FIG. 3.17 Selected separate operation times, seconds (solid parts already in place).
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Definitions:

For Fig. 3.15
Alpha is the rotational symmetry of a part about an axis perpendicular to its axis of
insertion. For parts with one axis of insertion, end-to-end orientation is necessary when
alpha equals 360 degrees, otherwise alpha equals 180 degrees.

Beta is the rotational symmetry of a part about its axis of insertion. The magnitude of
rotational symmetry is the smallest angle through which the part can be rotated and
repeat its orientation. For a cylinder inserted into a circular hole, beta equals zero.

Thickness is the length of the shortest side of the smallest rectangular prism that
encloses the part. However, if the part is cylindrical, or has a regular polygonal cross-
section with five or more sides, and the diameter is less than the length, then thickness
is defined as the radius of the smallest cylinder which can enclose the part.

Size is the length of the longest side of the smallest rectangular prism that can enclose
the part.

For Fig. 3.16
Holding down required means that the part will require gripping, realignment, or holding
down before it is finally secured.

Easy to align and position means that insertion is facilitated by well designed chamfers
or similar features.

Obstructed access means that the space available for the assembly operation causes a
significant increase in the assembly time.

Restricted vision means that the operator has to rely mainiy on tactile sensing during the
assembly process.

termed 180° alpha symmetry. The square prism would then have to be rotated
about the axis of insertion, and since the orientation of the prism about this axis
would repeat every 90°, this implies a 90° beta symmetry. However, if the square
prism were to be inserted in a circular hole, it would have 180° alpha symmetry
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FIG. 3.18 Alpha and beta rotational symmetries for various parts.

and 0° beta symmetry. Figure 3.18 gives examples of the symmetry of simple-
shaped parts.

A variety of predetermined time standard systems are presently used to
establish assembly times in industry. In the development of these systems, several
different approaches have been employed to determine relationships between the
amount of rotation required to orient a part and the time required to perform that
rotation. Two of the most commonly used systems are the methods time
measurement (MTM) and work factor (WF) systems.

In the MTM system, the "maximum possible orientation" is employed, which
is one-half the beta rotational symmetry of a part defined above [16]. The effect of
alpha symmetry is not considered in this system. For practical purposes, the
MTM system classifies the maximum possible orientation into three groups,
namely, (1) symmetric, (2) semisymmetric, and (3) nonsymmetric [3], Again,
these terms refer only to the beta symmetry of a part.

In the WF system, the symmetry of a part is classified by the ratio of the
number of ways the part can be inserted to the number of ways the part can be
grasped preparatory to insertion [17]. In the example of a square prism to be
inserted into a square hole, one particular end first, it can be inserted in four ways
out of the eight ways it could be suitably grasped. Hence, on the average, one-half
of the parts grasped would require orientation, and this is defined in the WF
system as a situation requiring 50% orientation [17]. Thus, in this system,
account is taken of alpha symmetry, and some account is taken of beta symmetry.
Unfortunately, these effects are combined in such a way that the classification can
only be applied to a limited range of part shapes.

Numerous attempts were made to find a single parameter that would give a
satisfactory relation between the symmetry of a part and the time required for
orientation. It was found that the simplest and most useful parameter was the sum
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of the alpha and beta symmetries [5]. This parameter, which will be termed the
total angle of symmetry, is therefore given by

Total angle of symmetry = alpha + beta (3.2)

The effect of the total angle of symmetry on the time required to handle (grasp,
move, orient, and place) a part is shown in Fig. 3.19. In addition, the shaded areas
indicate the values of the total angle of symmetry that cannot exist. It is evident
from these results that the symmetry of a part can be conveniently classified into
five groups. However, the first group, which represents a sphere, is not generally
of practical interest; therefore, four groups are suggested that are employed in the
coding system for part handling (Fig. 3.15). Comparison of these experimental
results with the MTM and WF orientation parameters showed that these param-
eters do not account properly for the symmetry of a part [5].

3.7 EFFECT OF PART THICKNESS AND SIZE ON
HANDLING TIME

Two other major factors that affect the time required for handling during manual
assembly are the thickness and the size of the part. The thickness and size of a
part are defined in a convenient way in the WF system, and these definitions have
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been adopted for the DFA method. The thickness of a "cylindrical" part is
defined as its radius, whereas for noncylindrical parts the thickness is defined as
the maximum height of the part with its smallest dimension extending from a flat
surface (Fig. 3.20). Cylindrical parts are defined as parts having cylindrical or
other regular cross sections with five or more sides. When the diameter of such a
part is greater than or equal to its length, the part is treated as noncylindrical. The
reason for this distinction between cylindrical and noncylindrical parts when
defining thickness is illustrated by the experimental curves shown in Fig. 3.20. It
can be seen that parts with a "thickness" greater than 2mm present no grasping
or handling problems. However, for long cylindrical parts this critical value would
have occurred at a value of 4mm if the diameter had been used for the
"thickness". Intuitively, we see that grasping a long cylinder 4mm in diameter
is equivalent to grasping a rectangular part 2 mm thick if each is placed on a flat
surface.

The size (also called the major dimension) of a part is defined as the largest
nondiagonal dimension of the part's outline when projected on a flat surface. It is
normally the length of the part. The effects of part size on handling time are
shown in Fig. 3.21. Parts can be divided into four size categories as illustrated.
Large parts involve little or no variation in handling time with changes in their
size; the handling time for medium and small parts displays progressively greater
sensitivity with respect to part size. Since the time penalty involved in handling
very small parts is large and very sensitive to decreasing part size, tweezers will
usually be required to manipulate such parts. In general, tweezers can be assumed
to be necessary when size is less than 2 mm.
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3.8 EFFECT OF WEIGHT ON HANDLING TIME
Work has been carried out [18] on the effects of weight on the grasping,
controlling, and moving of parts. The effect of increasing weight on grasping
and controlling is found to be an additive time penalty and the effect on moving is
found to be a proportional increase of the basic time. For the effect of weight on a
part handled using one hand, the total adjustment tpw to handling time can be
represented by the following equation [3]:

fpw = 0.0125 FF + O.OllWth (3.3)

where W (Ib) is the weight of the part and th (s) is the basic time for handling a
"light" part when no orientation is needed and when it is to be moved a short
distance. An average value for th is 1.13, and therefore the total time penalty due
to weight would be approximately 0.025 W.

If we assume that the maximum weight of a part to be handled using one hand
is around 10-20 Ib, the maximum penalty for weight is 0.25-0.5 s and is a fairly
small correction. It should be noted, however, that Eq. (3.3) does not take into
account the fact that larger parts will usually be moved greater distances, resulting
in more significant time penalties. These factors will be discussed later.



3.9 PARTS REQUIRING TWO HANDS FOR MANIPULATION
A part may require two hands for manipulation when:

The part is heavy.
Very precise or careful handling is required.
The part is large or flexible.
The part does not possess holding features, thus making one-hand grasp difficult.

Under these circumstances, a penalty is applied because the second hand could
be engaged in another operation—perhaps grasping another part. Experience
shows that a penalty factor of 1.5 should be applied in these cases.

3.10 EFFECTS OF COMBINATIONS OF FACTORS
In the previous sections, various factors that affect manual handling times have
been considered. However, it is important to realize that the penalties associated
with each individual factor are not necessarily additive. For example, if a part
requires additional time to move it from A to B, it can probably be oriented during
the move. Therefore, it may be wrong to add the extra time for part size and an
extra time for orientation to the basic handling time. The following gives some
examples of results obtained when multiple factors are present.

3.11 EFFECT OF SYMMETRY FOR PARTS THAT SEVERELY
NEST OR TANGLE AND MAY REQUIRE TWEEZERS FOR
GRASPING AND MANIPULATION

A part may require tweezers when (Fig. 3.22):

Its thickness is so small that finger-grasp is difficult.
Vision is obscured and prepositioning is difficult because of its small size.
Touching it is undesirable, because of high temperature, for example.
Fingers cannot access the desired location.

A part is considered to nest or tangle severely when an additional handling time
of 1.5 s or greater is required due to these factors. In general, two hands will be
required to separate severely nested or tangled parts. Helical springs with open
ends and widely spaced coils are examples of parts that severely nest or tangle.
Figure 3.23 shows how the time required for orientation is affected by the alpha
and beta angles of symmetry for parts that nest or tangle severely and may require
tweezers for handling.

In general, orientation using hands results in a smaller time penalty than
orientation using tweezers, therefore factors necessitating the use of tweezers
should be avoided if possible.
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3.12 EFFECT OF CHAMFER DESIGN ON INSERTION
OPERATIONS

Two common assembly operations are the insertion of a peg (or shaft) into a hole
and the placement of a part with a hole onto a peg. The geometries of traditional
conical chamfer designs are shown in Fig. 3.24. In Fig. 3.24a, which shows the
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FIG. 3.24 Geometries of peg and hole.

design of a chamfered peg, d is the diameter of the peg, wl is the width of the
chamfer, and 0j is the semiconical angle of the chamfer. In Fig. 3.24b, which
shows the design of a chamfered hole, D is the diameter of the hole, w2 is the
width of the chamfer, and 62 is the semiconical angle of the chamfer. The
dimensionless diametral clearance c between the peg and the hole is defined by

(D - d)/D (3.4)

A typical set of results [9] showing the effects of various chamfer designs on
the time taken to insert a peg in a hole are presented in Fig. 3.25. From these and
other results, the following conclusions have been drawn:

1. For a given clearance, the difference in the insertion time for two different
chamfer designs is always a constant.

2. A chamfer on the peg is more effective in reducing insertion time than the
same chamfer on the hole.

3. The maximum width of the chamfer that is effective in reducing the insertion
time for both the peg and the hole is approximately 0.1-D.

4. For conical chamfers, the most effective design provides chamfers on both
the peg and the hole, with wj = w2 = 0.1-D and 9l = 62 < 45.

5. The manual insertion time is not sensitive to variations in the angle of the
chamfer for the range 10 < 6 < 50.



6. A radiused or curved chamfer can have advantages over a conical chamfer for
small clearances.

It was learned from the peg insertion experiments [9] that the long manual
insertion time for the peg and hole with a small clearance is probably due to the
type of engagement occurring between the peg and the hole during the initial
stages of insertion. Figure 3.26 shows two possible situations that will cause
difficulties. In Fig. 3.26a, the two points of contact arising on the same circular
cross section of the peg give rise to forces resisting the insertion. In Fig. 3.26b,
the peg has become jammed at the entrance of the hole. An analysis was carried
out to find a geometry that would avoid these unwanted situations. It showed that
a chamfer conforming to a body of constant width (Fig. 3.27) is one of the
designs having the desired properties. It was found that for such a chamfer, the
insertion time is independent of the dimensionless clearance c in the range
c > 0.001. Therefore, the curved chamfer is the optimum design for peg-in-hole
insertion operations (Fig. 3.25). However, since the manufacturing costs for
curved chamfers would normally be greater than for conical chamfers, the
modified chamfer would only be worthy of consideration for very small values
of clearance when the significant reductions in insertion time might compensate
for the higher cost. An interesting example of a curved chamfer is the geometry of
a bullet. Its design not only has aerodynamic advantages but is also ideal for ease
of insertion.

no chamfers
chamfer on hole

chamfer on peg
chamfer on peg

and hole
curved chamfer

o.ooi 0.01 0,1
dimensionless clearance, c

FIG. 3.25 Effect of clearance on insertion time. (After Ref. 9.) (For clarity, experimental
results are shown for only one case.)
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3.13 ESTIMATION OF INSERTION TIME

Empirical equations have been derived [9] to estimate the manual insertion time t{
for both conical chamfers and curved chamfers. For conical chamfers (Fig. 3.24),
where the width of 45° chamfers is 0 . Id , the manual insertion time for a plain
cylindrical peg £; is given by

t{ = -70 Inc +/(chamfers) + 3.7L + Q.lSd ms

or

t{ = 1.4L+ 15 ms

whichever is larger, and where

/(chamfers) = —100 (no chamfer)
— 220 (chamfer on hole)
— 250 (chamfer on peg)
— 370 (chamfer on peg and hole)

(3.5)

(3.6)

(3.7)
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FIG. 3.27 Chamfer of constant width.

For modified curved chamfers (Fig. 3.27) the insertion time is given by

ti=\AL+\5 (3.8)

Example: D = 20mm, d = 19.5mm, and L = 75mm. There are chamfers on
both peg and hole. From Eq. (3.4):

c = (20 -19.5)/20 = 0.025

From Eq. (3.5):

ti = -701n(0.025) - 370 + 3.7(75) + 0.75(19.5)
= 181 ms

From Eq. (3.6):

tt = 120 ms

3.14 AVOIDING JAMS DURING ASSEMBLY
Parts with holes that must be assembled onto a peg can easily jam if they are not
dimensioned carefully. This problem is typical of assembling a washer on a bolt.
In analyzing a part assembled on a peg [7] the hole diameter can be taken to be
one unit; all other length dimensions are then measured relative to this unit and
are dimensionless (Fig. 3.28). The peg diameter is 1 — c, where c is the
dimensionless diametral clearance between the two mating parts. The resultant
force applied to the part during the assembly operation is denoted by P. The line
of action of P intercepts the x axis at e, 0. If the following equation is satisfied, the
part will slide freely down the peg:

(3.9)

(3.10)

Pcos6

By resolving forces horizontally

-Nl =0
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FIG. 3.28 Geometry of part and peg.

and by taking moments about (0, 0)

{[1+L2 -(1 -c)2]1/2 + Xl -c)}N2-ePcos6 = Q

From Eqs. (3.9), (3.10), and (3.11):

(2fj£/q- 1) cos # + /,( sinS < 0

where

(3.11)

(3.12)

Thus, when e = 0 and cos 9 > 0, the condition

tan9 < \/[t (3.13)

ensures free sliding. If e = 0 and cos 6 is less than 0, then the condition becomes

t a n O > l / / j . (3.14)

In the case when 6 = 0 (the assembly force is applied vertically), Eq. (3.12) yield

2/ie<q (3.15)

or

e = m(l-c)/2 (3.16)

where m is a positive number. Substituting Eq. (3.16) into Eq. (3.15) gives

1+L2 > (1 - c)V(m - I)2 + 1] (3.17)



When m = 1, the force is applied along the axis of the peg. Because (1 +L2)
must always be larger than (1 — c)2, the parts will never jam under these
circumstances.

Even if the part jams, a change in the line of action of the force applied will
free the part. However, it is also necessary to consider whether the part can be
rotated and wedged on the peg. If the net moment of the reaction forces at the
contact points is in the direction that rotates the part from the wedged position,
then the part will free itself. Thus, for the part to free itself when released:

1+L2 > (1 - c)2(/,i2 + 1) (3.18)

Comparing Eq. (3.17) with Eq. (3.18), shows that the condition for the part to
wedge without freeing itself occurs when m = 2 in Eq. (3.17).

3.15 REDUCING DISC-ASSEMBLY PROBLEMS

When an assembly operation calls for the insertion of a disc-shaped part into a
hole, jamming or hang-up is a common problem. Special handling equipment can
prevent jams but a simpler, less-costly solution is to analyze all part dimensions
carefully before production begins.

Again, the diameter of the hole is one unit; all other dimensions are measured
relative to this unit and are dimensionless (Fig. 3.29). The disc diameter is 1 — c,
where c is the dimensionless diametral clearance between the mating parts, P is
the resultant force in the assembly operation, and /j. is the coefficient of friction.
When a disc with no chamfer is inserted into a hole, the condition for free sliding
can be determined by

L2>n2 + 2c-c2 (3.19)

If c is very small, then Eq. (3.19) can be expressed as

L>n + c/n (3.20)

If the disc is very thin, that is, if

( l - c ) 2 + L 2 < l (3.21)

the disc can be inserted into the hole by keeping its circular cross section parallel
to the wall of the hole and reorienting it when it reaches the bottom of the hole.
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FIG. 3.29 Geometry of disc and hole.

3.16 EFFECTS OF OBSTRUCTED ACCESS AND
RESTRICTED VISION ON INSERTION OF THREADED
FASTENERS OF VARIOUS DESIGNS

Considerable experimental work has been conducted on the time taken to insert
threaded fasteners of different types under a variety of conditions. Considering
first the time taken to insert a machine screw and engage the threads, Fig. 3.30a
shows the effects of the shape of the screw point and hole entrance, when the
assembly worker cannot see the operation and when various levels of obstruction
are present. When the distance from the obstructing surface to the hole center was
greater than 16mm, the surface had no effect on the manipulations and the
restriction of vision was the only factor. Under these circumstances, the standard
screw inserted into a recessed hole gave the shortest time. For a standard screw
with a standard hole an additional 2.5 s was required. When the hole was closer to
the wall, thereby inhibiting the manipulations, a further time of 2 or 3 s was
necessary.

Figure 3.30b shows the results obtained under similar conditions but when
vision was not restricted. Comparison with the previous results indicates that
restriction of vision had little effect when access was obstructed. This was
because the proximity of the obstructing surface allowed tactile sensing to take
the place of sight. However, when the obstruction was removed, restricted vision
could account for up to 1.5s additional time.

Once the screw threads are engaged, the assembly worker must grasp the
necessary tool, engage it with the screw, and perform sufficient rotations to
tighten the screw. Figure 3.31 shows the total time for these operations for a
variety of screw head designs and for both hand-operated and power tools. There
was no restriction on tool operation for any of these situations. Finally, Fig. 3.32
shows the time to turn down a nut using a variety of hand-operated tools and
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where the operation of the tools was obstructed to various degrees. It can be seen
that the penalties for a box-end wrench are as high as 4 s per revolution when
obstructions are present. However, when considering the design of a new product,
the designer will not normally consider the type of tool used and can reasonably
expect that the best tool for the job will be selected. In the present case this would
be either the nut driver or the socket ratchet wrench.
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3.17 EFFECTS OF OBSTRUCTED ACCESS AND
RESTRICTED VISION ON POP-RIVETING OPERATIONS

Figure 3.33 summarizes the results of experiments [10] on the time taken to
perform pop-riveting operations. In the experiments, the average time taken to
pick up the tool, change the rivet, move the tool to the correct location, insert the
rivet and return the tool to its original location was 7.3 s. In Fig. 3.33a the
combined effects of obstructed access and restricted vision are summarized, and
Fig. 3.33b shows the effects of obstructed access alone. In the latter case, time
penalties of up to I s can be incurred although, unless the clearances are quite
small, the penalties are negligible. With restricted vision present, much higher
penalties, on the order of 2 to 3 s, were obtained.

3.18 EFFECTS OF HOLDING DOWN
Holding down is required when parts are unstable after insertion or during
subsequent operations. It is defined as a process that, if necessary, it maintains the
position and orientation of parts already in place prior to or during subsequent
operations. The time taken to insert a peg vertically through holes in two or more
stacked parts can be expressed as the sum of a basic time tb and a time penalty tp.
The basic time is the time to insert the peg when the parts are prealigned and self-
locating, as shown in Fig. 3.34a and can be expressed [11] as:

tb = -0.071nc-0.1 + 3.7L + 0.75rfg (3.22)

where
c = (D — d)/D and is the dimensionless clearance (0.1 > c > 0.0001)
L = the insertion depth in meters

rfg = the grip size in meters (0.1 m > rfg > 0.01 m).

Example: D = 20mm, d = 19.6mm, c = (D - d)/D = (20 - 19.6)/20 = 0.02,
L = 100 mm = 0.10m, dg = 40 mm = 0.04m then

tb = -0.07 In c - 0.1 + 3.7L + Q.15dg

= -0.07In0.02-0.1+3.7 x 0.10+ 0.75 x 0.04
= 0.27-0.1+0.37 + 0.03
= 0.57 s

The graphs presented in Figs. 3.34 and 3.35 will allow the time penalty tp to be
determined for three conditions:

When easy-to-align parts have been aligned and require holding down (Fig.
3.34b)
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When difficult-to-align parts have been aligned and require holding down (Fig.
3.34c)
When difficult-to-align parts require alignment and holding down (Fig. 3.35).

For the example given above where tb =0.57 s, the time penalty tp = 0.1 s for
the conditions of Fig. 3.34b, the time penalty tp = 0.15 s for the conditions of
Fig. 3.34c, and tp = 3 s for the conditions of Fig. 3.35.

3.19 MANUAL ASSEMBLY DATABASE AND DESIGN
DATA SHEETS

The preceding sections have presented a selection of the results of some of the
analyses and experiments conducted during the development of the DFA method.
For the development of the classification schemes and time standards presented
earlier it was necessary to obtain an estimate of the average time, in seconds, to
complete the operation for all the parts falling within each classification or
category. For example, the uppermost left-hand box in Fig. 3.15 (code 00) gives
1.13 for the average time to grasp, orient, and move a part

That can be grasped and manipulated with one hand
Has a total symmetry angle of less than 360° (a plain cylinder, for example)
Is larger than 15mm
Has a thickness greater than 2 mm
Has no handling difficulties, such as flexibility, tendency to tangle or nest, etc.



Clearly, a wide range of parts will fall within this category and their handling
times will vary somewhat. The figure presented is only an average time for the
range of parts.

To illustrate the type of problem that can arise through the use of the group
technology coding or classification scheme employed in the DFA method, we can
consider the assembly of a part having a thickness of 1.9 mm. We shall assume
that, except for its thickness of less than 2 mm, the part would be classified as
code 00 (Fig. 3.15). However, because of the part's thickness, the appropriate
code would be 02 and the estimated handling time would be 1.69 instead of
1.13s, representing a time penalty of 0.56s. Turning now to the results of
experiments for the effect of thickness (Fig. 3.20), it can be seen that for a
cylindrical part the actual time penalty is on the order of only 0.01 to 0.02 s. We
would therefore expect an error in our results of about 50%. Under normal
circumstances, experience has shown that these errors tend to cancel—with some
parts the error results in an overestimate of time and with some an underestimate.
However, if an assembly contains a large number of identical parts, care must be
taken to check whether the part characteristics fall close to the limits of the
classification; if they do, then the detailed results presented above should be
consulted.

3.20 APPLICATION OF THE DFA METHODOLOGY

To illustrate how DFA is applied in practice, we shall consider the controller
assembly shown in Fig. 3.36. The assembly of this product first involves securing
a series of assemblies to the metal frame using screws, connecting these
assemblies together in various ways and then securing the resulting assembly
into the plastic cover, again using screws. An undesirable feature of the design of
the plastic cover is that the small subassemblies must be fastened to the metal
frame before the metal frame can be secured to the plastic cover.

Figure 3.37 shows a completed worksheet analysis for the controller in the
form of a tabulated list of operations and the corresponding assembly times and
costs. Each assembly operation is divided into handling and insertion, and the
corresponding times and two-digit code numbers for each process are given.
Assembly starts by placing the pressure regulator (a purchased item) upside-
down into a fixture. The metal frame is placed onto the projecting spindle of the
pressure regulator and secured with the nut. The resulting assembly is then turned
over in the fixture to allow for the addition of other items to the metal frame.

Next the sensor and the strap are placed and held in position while two screws
are installed. Clearly, the holding of these two parts and the difficulty of the screw
insertions will impose time penalties on the assembly process.

After tape is applied to the thread on the sensor, the adaptor nut can be
screwed into place. Then one end of the tube assembly is screwed to the threaded
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FIG. 3.36 Controller assembly.
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extension on the pressure regulator and the other end to the adaptor nut. Clearly,
both of these are difficult and time-consuming operations.

The printed circuit board (PCB) assembly is now positioned and held in place
while two screws are installed, after which its connector is snapped into the sensor
and the earth lead is snapped into place.

The whole assembly must be turned over once again to allow for the
positioning and holding of the knob assembly while the screw-fastening operation
can be carried out. Finally, the plastic cover is placed in position and the entire



1 . Pressure regulator
2. Metal frame
3. Nut
4. Reorientation
5, Sensor
6. Strap
7. Screw
8, Apply tape
9. Adapter nut
10. Tube assembly
11 Screw fastening
12. PCB assembly
13. Screw
14. Connector
15. Earth lead
16. Reorientation
17. Knob assembly
18. Screw fastening
19 Plastic cover
20. Reorientation
21. Screw
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FIG. 3.37 Completed worksheet analysis for the controller assembly.

assembly is turned over for the third time to allow the three screws to be inserted.
It should be noted that access for the insertion of these screws is very restricted.

It is clear from this description of the assembly sequence that many aspects of
the design could be improved. However, a step-by-step analysis of each operation
is necessary before changes to simplify the product structure and reduce assembly
difficulties can be identified and quantified. First we shall look at how the
handling and insertion times are established. The addition of the strap will be
considered by way of example. This operation is the sixth item on the worksheet
and the line of information is completed as follows:

NUMBER OF ITEMS, RP

There is one strap.

HANDLING CODE

The insertion axis for the strap is horizontal in Fig. 3.36 and the strap can only
be inserted one way along this axis, so the alpha angle of symmetry is 360°. If the
strap is rotated about the axis of insertion, it will repeat its orientation every 180°,
which is, therefore, the beta angle of symmetry. Thus, the total angle of symmetry
is 540°. Referring to the database for handling time (Fig. 3.15), since the strap
can be grasped and manipulated using one hand without the aid of tools and alpha
plus beta is 540°, the first digit of the handling code is 2. The strap presents no
handling difficulties (can be grasped and separated from bulk easily), its thickness



is greater than 2mm, and its size is greater than 15mm; therefore, the second
digit is 0 giving a handling code of 20.

HANDLING TIME PER ITEM, TH

A handling time of 1.8 s corresponds to a handling code of 20 (Fig. 3.15).

INSERTION CODE

The strap is not secured as part of the insertion process and since there is no
restriction to access or vision, the first digit of the insertion code is 0 (Fig. 3.16).
Holding down is necessary while subsequent operations are carried out, and the
strap is not easy to align because no features are provided to facilitate alignment
of the screw holes. Therefore, the second digit will be 3, giving an insertion code
of 03.

INSERTION TIME PER ITEM, TI

An insertion time of 5.2s corresponds to an insertion code of 03 (Fig. 3.16).

TOTAL OPERATION TIME

This is the sum of the handling and insertion times multiplied by the number
of items plus tool acquisition time if necessary i.e., TA + RP(TH + TI). For the
strap the total operation time is therefore 7.0 s.

FIGURES FOR MINIMUM PARTS

As explained earlier, the establishment of a theoretical minimum part count is
a powerful way to identify possible simplifications in the product structure. For
the strap the three criteria for separate parts are applied after the pressure
regulator, the metal frame, the nut, and the sensor have been assembled.

1. The strap does not move relative to these parts and so it could theoretically be
combined with any of them.

2. The strap does not have to be of a different material—in fact it could be of
the same plastic material as the body of the sensor and therefore take the
form of two lugs with holes projecting from the body. At this point in the
analysis the designer would probably determine that since the sensor is a
purchased stock item, its design could not be changed. However, it is
important to ignore these economic considerations at this stage and consider
only theoretical possibilities.

3. The strap clearly does not have to be separate from the sensor in order to
allow assembly of the sensor, and therefore none of the three criteria are met
and the strap becomes a candidate for elimination. For the strap a zero is
placed in the column for minimum parts.



3.20.1 Results of the Analysis
Once the analysis is complete for all operations the appropriate columns can be
summed. Thus, for the controller, the total number of parts and subassemblies is
19 and there are six additional operations. The total assembly time is 206.43 s,
and, for an assembly worker's rate of $30/hr, the corresponding assembly cost is
$1.72. The theoretical minimum number of parts is five.

A DFA index is now obtained using Eq. (3.1). In this equation fa is the basic
assembly (handling and insertion) time for one part and can be taken as 3 s on
average. Thus, the DFA index is

5 x 3/206.43 = 0.07 or 7%

The high-cost processes should now be identified—especially those associated
with the installation of parts that do not meet any of the criteria for separate parts.
From the worksheet results (Fig. 3.37) it can be seen that attention should clearly
be paid to combining the plastic cover with the metal frame. This would eliminate
the assembly operation for the cover, the three screws, and the reorientation
operation—representing a total time saving of 52.05 s—a figure that forms 25%
of the total assembly time. Of course, the designer must check that the cost of the
combined plastic cover and frame is less than the total cost of the individual
items.

A summary of the items that can be identified for elimination or combination
and the appropriate assembly time savings are presented in Table 3.1.

TABLE 3.1 Design Changes and Associated Savings

1.

2.

3.

4.
5.

6.
7.

Design change

Combine plastic cover with frame, eliminate three
screws and a reorientation

Eliminate strap and two screws (provide snaps in
plastic frame to hold sensor if necessary)

Eliminate screws holding PCS assembly (provide
snaps in plastic frame)

Eliminate two reorientations
Eliminate tube assembly and two screw fastening

operations (screw adaptor nut and sensor direct to
the pressure regulator)

Eliminate earth lead (not required with plastic frame)
Eliminate connector (plug sensor into PCS)

Items

19, 20, 21

6, 7

13

4, 16
10, 11

15
14

Time saving (s)

52.05

24.1

17.1

9.0
17.4

8.7
5.25



We have now identified design changes that could result in savings of 133.8 s
of assembly time, which forms 65% of the total. In addition, several items of
hardware would be eliminated, resulting in reduced part costs. Figure 3.38 shows
a conceptual redesign of the controller in which all the proposed design changes
have been made, and Fig. 3.39 presents the corresponding revised worksheet. The
total assembly time is now 77.93 s and the assembly efficiency is increased to
19%—a fairly respectable figure for this type of assembly. Of course, the designer
or design team must now consider the technical and economic consequences of
the proposed designs.

First there is the effect on the cost of the parts. However, experience shows,
and this example would be no exception, that the savings from parts cost
reduction would be greater than the savings in assembly costs, which in this
case is $1.07. It should be realized that the documented savings in materials,
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FIG. 3.38 Conceptual redesign of the controller assembly.
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1. Pressure regulator
2. Plastic cover
3, Nut
4 Knob assembly
5. Screw fastening
6, Reorientation
7 Apply tape
a Adapter nut
9 Sensor
10. PCB assembly
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FIG. 3.39 Completed analysis for the controller assembly redesign.

manufacturing, and assembly represent direct costs. To obtain a true picture,
overheads must be added and these can often amount to 200% or more. In
addition, there are other savings more difficult to quantify. For example, when a
part such as the metal frame is eliminated, all associated documentation—
including part drawings—is also eliminated. Also, the part cannot be misas-
sembled or fail in service—factors that lead to improved reliability, maintain-
ability and quality of the product. It is not surprising, therefore, that many U.S.
companies have been able to report annual savings measured in millions of
dollars as a result of the application of the DFA analysis method described here.

3.21 FURTHER DESIGN GUIDELINES

Some guidelines or design rules for the manual handling and insertion of parts
were listed earlier. However, it is possible to identify a few more general
guidelines that arise particularly from the application of the minimum parts
criteria, many of which found application in the analysis of the controller.

1. Avoid connections'. If the only purpose of a part or assembly is to connect A
to B, then try to locate A and B at the same point. Figure 3.40 illustrates this
guideline. Here the two connected assemblies are rearranged to provide increas-
ing assembly and manufacturing efficiency. Also, two practical examples
occurred during the analysis of the controller, when it was found that the entire
tube assembly could be eliminated and that the wires from the PCB assembly to
the connector were not necessary (Fig. 3.36).

2. Design so that access for assembly operations is not restricted: Figure 3.41
shows two alternative design concepts for a small assembly. In the first concept
the installation of the screws would be very difficult because of the restricted
access within the box-shaped base part. In the second concept access is relatively
unrestricted because the assembly is built up on the flat base part. An example of



Increased Efficiency

FIG. 3.40 Rearrangement of connected items to improve assembly efficiency and reduce
costs.

this type of problem occurred in the controller analysis when the screws securing
the metal frame to the plastic cover were installed (item 21—Fig. 3.37).

3. Avoid adjustments: Figure 3.42 shows two parts of different materials
secured by two screws in such a way that adjustment of the overall length of the
assembly is necessary. If the assembly were replaced by one part manufactured

Restricted access for assembly of screws

FIG. 3.41 Design concept to provide easier access during assembly.
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FIG. 3.42 Design to avoid adjustment during assembly.

from the more expensive material, difficult and costly operations would be
avoided. These savings would probably more than offset the increase in material
costs.

4. Use kinematic design principles'. There are many ways in which the
application of kinematic design principles can reduce manufacturing and assem-
bly cost. Invariably, when located parts are overconstrained, it is necessary either
to provide a means of adjustment of the constraining items or to employ more
accurate machining operations. Figure 3.43 shows an example where to locate the
square block in the plane of the page, six point constraints are used, each one
requiring adjustment. According to kinematic design principles only three point
constraints are needed together with closing forces. Clearly, the redesign shown in
Fig. 3.43 is simpler, requiring fewer parts, fewer assembly operations, and less
adjustment. In many circumstances designs where overconstraint is involved
result in redundant parts. In the design involving overconstraint in Fig. 3.44 one

E

0 0

-T
Overconstrained Design Sound Kinematic Design

FIG. 3.43 Showing how overconstraint leads to unnecessary complexity in product
design.
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FIG. 3.44 Showing how overconstraint leads to redundancy of parts.

of the pins is redundant. However, application of the minimum parts criteria to the
design with a single pin would suggest combining the pin with one of the major
parts and combining the washer with the nut.

3.22 LARGE ASSEMBLIES

In the original DFA (design for assembly) method estimates of assembly time
were based on a group technology approach in which design features of parts and
products were classified into broad categories and, for each category, average
handling and insertion times were established. Clearly, for any particular opera-
tion, these average times can be considerably higher or lower than the actual
times. However, for assemblies containing a significant number of parts, the
differences tend to cancel so that the total time will be reasonably accurate. In
fact, application of the DFA method in practice has shown that assembly time
estimates are reasonably accurate for small assemblies in low-volume production
where all the parts are within easy arm reach of the assembly worker.



Clearly, with large assemblies, the acquisition of the individual parts from their
storage locations in the assembly area will involve significant additional time.
Also, in mass production transfer-line situations, the data for low-volume
production will overestimate these times. Obviously, one database of assembly
times cannot be accurate for all situations.

Let us take one example. From the DFA databases in Figs. 3.15 to 3.17, the
time for acquiring and inserting a standard screw, which is not easy to align, is
8.2s. This time includes acquisition of the screw, placing it in the assembly
manually with a couple of turns, acquiring the power tool, operating the tool, and
then replacing it. However, in high-volume production situations, the screws are
often automatically fed, and so the time is reduced to about 3.6 s per screw or, for
well-designed screws, the time per screw can be less than 2 s.

The DFA method was extended to allow for these possibilities, and more
accurate estimates of assembly times are obtained. However, this can reduce the
effectiveness of the method. In the preceding example, an analysis using the
shorter time for screw insertion would indicate that eliminating screws would not
be so advantageous in reducing the assembly time. However, it is known that
simplifying the product by combining parts and eliminating separate fasteners has
the greatest benefit through reductions in parts cost rather than through reductions
in assembly cost; yet the suggestions for these improvements arise from analyses
of the assembly of the product. Hence, separate fasteners should, perhaps, be
severely penalized even if they take little time to install. In fact, it can be argued
that in the preceding example, where screws could be inserted quickly, special
equipment was being used to solve problems arising from poor design. This is a
good argument for suggesting that early DFA analyses should be carried out
assuming that only standard equipment is available. Perhaps later, at the detailed-
design stage, attempts can be made to improve the assembly time estimates.
Clearly, accurate estimates cannot be made unless detailed descriptions of
manufacturing and assembly procedures are available—a situation not present
during the early stages of design when the possibilities for cost savings through
improved product design are at their greatest. On the other hand, a database of
assembly times suitable for small assemblies measuring only a few inches cannot
be expected to give even approximate estimates for assemblies containing large
parts measuring several feet. It is desirable, therefore, to have databases appro-
priate to those situations where the size of the product and the production
conditions differ significantly. Again, it should be realized that great detail
regarding the assembly work area will not generally be available to the designer
during the conceptual stages of design.

With these points in mind, the following sections describe an approach to the
development of databases that are used to estimate acquisition and insertion times
for parts assembled into large products.



3.23 TYPES OF MANUAL ASSEMBLY METHODS

Part acquisition time is highly dependent on the nature of the layout of the
assembly area and the method of assembly. For small parts placed within easy
reach of the assembly worker, the handling times given in Fig. 3.15 are adequate
if bench assembly (Fig. 3.45) or multistation assembly (Fig. 3.46) is employed. It
is assumed in both cases that major body motions by the assembly worker are not
required.

For volumes that do not justify transfer systems and if the assembly contains
several parts that weigh more than about 5 Ib or that are over 12 in. in size, it will
not be possible to place an adequate supply of parts within easy arm's reach of the
assembly worker. In this case, provided the largest part is less than 35 in. in size
and no part weighs more than 30 Ib, the modular assembly center might be used.
This is an arrangement of workbench and storage shelves where the parts are
situated as conveniently for the assembly worker as possible (Fig. 3.47).
However, because turning, bending, or walking may be necessary for acquisition
of some of the parts, the handling times will be increased. It is convenient to
identify three modular work centers to accommodate assemblies falling within
three size categories where the largest part in the assembly is less than 15 in.,
from 15 to 25 in., and from 25 to 35 in., respectively.

workbench

\
storage bins

FIG. 3.45 Bench assembly.

storage bins conveyor

FIG. 3.46 Multistation assembly.
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FIG. 3.47 Modular assembly center.

For products with even larger parts, the custom assembly layout can be used.
Here the product is assembled on a worktable or on the floor and the various
storage shelves and auxiliary equipment are arranged around the periphery of the
assembly area (Fig. 3.48). The total working area is larger than that for the
modular assembly center and depends on the size category of the largest parts in
the assembly. Three subcategories of the custom assembly layout are employed:
for assemblies whose largest parts are from 35 to 50 in., from 50 to 65 in., and
larger than 65 in.

Also, for large products a more flexible arrangement can be used; this is called
the flexible assembly layout. The layout (Fig. 3.49) would be similar in size to the
custom assembly layout and the same three subcategories would be employed
according to the size of the largest part. However, the use of mobile storage carts
and tool carts can make assembly more efficient.

In both the custom assembly layout and the flexible assembly layout, the
possibility arises that mechanical assistance in the form of cranes or hand trucks
may be needed. In these cases, the working areas may need to be increased in
order to accommodate the additional equipment.

For high-volume assembly of products containing large parts (such as in the
automobile industry) transfer lines moving past manual assembly stations would
be employed (Fig. 3.50).

Two other manual assembly situations exist. The first is assembly of small
products with very low volumes—perhaps in a clean room. This would include
the assembly of intricate and sensitive devices such as the fuel control valves for
an aircraft where instructions must be read for each step and where the worker is
near the beginning of the learning curve. The second is where assembly of large
products is mainly carried out on site. This type of assembly is usually termed
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FIG. 3.48 Custom assembly layout

drumo
installation, and an example would be the assembly and installation of a
passenger elevator in a multistory building.

In any assembly situation, special equipment may be needed. For example, a
positioning device is sometimes needed for positioning and aligning the part—
especially prior to welding operations. In these cases, the device must be brought
from storage within the assembly area, and then returned after the part has been
positioned and perhaps secured. Thus, the total handling time for the device will
be roughly twice the handling time for the part and must be taken into account if
the volume to be produced is small.

Figure 3.51 summarizes the basic types of manual assembly methods
described above. It can be seen that the first three methods assume only small
parts are being assembled. In these cases it can be assumed that the parts are all
placed close to hand and will be acquired one-at-a-time. Therefore if, say, six
screws are to be inserted, there is no advantage in collecting the six screws
simultaneously. However, with the assembly of products containing large parts,
where small items such as fasteners may not be located within easy reach or
where the assembly worker must move to various locations for the small items,
there may be considerable advantage in acquiring multiple parts when needed.
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FIG. 3.49 Flexible assembly layout.

3.24 EFFECT OF ASSEMBLY LAYOUT ON ACQUISITION
TIMES

For assembly method categories, 4, 5, and 6, Fig. 3.52 presents a summary of the
results obtained from a thorough study of typical assembly layouts of various
sizes. For each of the nine subcategories described above, a typical layout was
designed using standard items such as worktables and storage racks. Then the
various sizes and weights of parts were assumed to be stored at the most suitable
locations. An example for the custom assembly layout is shown in Fig. 3.53.
Using MTM time standards [19], the times for the retrieval of parts within the
various size and weight categories were then estimated [20]. Finally, the results
were averaged to give the data in Fig. 3.52. In addition, since it was found that the
times for the custom assembly and flexible assembly layout were similar, these
were combined and averaged. Thus, for example, the basic part retrieval or
acquisition time for the mid-sized custom assembly layout or the mid-sized
flexible assembly layout (largest part 50 to 65 in.) was determined to be 11.61 s.

For the effect of part weight, a correction factor can be applied, as described in
an earlier section. However, the resulting correction is quite small and, therefore,
it would seem feasible to divide parts into broad weight categories of, say, 0 to
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FIG. 3.50 Multistation assembly of large products.

30 lb and over 30 Ib. The reason for the last category is that such parts would
normally require two persons or lifting equipment for handling. Corrected values
of handling time for the first weight category (0-30 lb) were obtained by
assuming an average weight of 15 lb.

For the second weight category, the part requires two persons to handle. The
figures for this category were obtained by estimating the time for two persons to
acquire a part weighing 45 lb, doubling this time, and multiplying the result by a
factor of 1.5. This factor allows for the fact that two persons working together will
typically only manage to work in coordination for 67% of their time.

For the third weight category, where lifting equipment is needed, allowance
must be provided for the time taken for the worker to acquire the equipment, use
it to acquire the part, move the part to the assembly, release the part, and finally
return the lifting equipment to its original location. Figure 3.52 gives the
estimated times for these operations, assuming that no increase in the size of
the assembly area was required in order to accommodate the lifting equipment.
These estimates were obtained using the MOST time standard system [21] and
included the times required to acquire the equipment, move it to the parts'
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location, hook the part, transport it to the assembly, unhook the part, and, finally,
return the equipment to its original location.

For small parts, where several are required and can be grasped in one hand, it
will usually be advantageous to acquire all the needed parts in one trip to the
storage location. Figure 3.54 presents the results of an experiment where the
effect of the distance traveled by the assembly worker on the acquisition and
handling time per part was studied. It can be seen that when the parts are stored
out of easy arm reach, it is preferable to acquire all the parts needed in the one trip
to the storage location. From results such as these it is possible to estimate
acquisition times for the multiple acquisition of parts stored away from the
assembly fixture. Figure 3.52 presents these times for each of the product size
categories.

In the work [20] leading to the development of Fig. 3.52, the size of the largest
part in the product was assumed to determine the size and nature of the assembly
area layout. However, to provide an alternative method of identifying the layout
size, for each layout an average distance from the assembly to the storage location
of the major parts was determined. These averages are listed in the second
column in Fig. 3.52 and provide an alternative method for the determination of
the appropriate layout.
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FIG. 3.53 Assumed distribution of parts in custom assembly layout: Q, low turnover; O,
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3.25 ASSEMBLY QUALITY

The design for assembly procedures described in this chapter have been used by
Motorola, Inc., since the mid-1980s. In 1991 Motorola reported the results of a
DFA redesign of the motor vehicle adapter for their family of two-way profes-
sional hand-held radios [22]. Their benchmarking of competitors' electronic
products indicated a best-in-class manual assembly efficiency (DFA index), as
given by Eq. (3.1), of 50%, and they evaluated many different concepts to reach
that goal. The final design had 78% fewer parts than their previous vehicle
adapter and an 87% reduction in assembly time. They also measured the
assembly defect rates of the new design in production and compared the results
to defect rates for the old design. The result was a 95.6% reduction in assembly
defects per product. Encouraged by this result, the Motorola engineers surveyed a
number of products that had been analyzed using DFA and produced a relation-
ship between assembly defects per part and the DFA assembly efficiency values.
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This relationship was discussed in Chapter 1, and as illustrated in Fig. 1.10 shows
a strong relationship between assembly quality and the assembly efficiency value
of a product.

These Motorola data were subsequently analyzed independently by other
researchers [23] to produce an even more powerful relationship for use in early
design evaluation. These researchers postulated that since DFA assembly time
values are related to the difficulty of assembly operations, then the probability of
an assembly error may also be a function of predicted assembly operation times.
In the study it was reported that 50 combinations of defect rates versus assembly
characteristics were tested for meaningful correlation. Of these, the variation of
average assembly defect rate per operation with average DFA time estimate per
operation showed the strongest linear correlation, with correlation coefficient
r = 0.94. The actual data are shown in Fig. 3.55. The equation of the regression
line is given by

A = O.OOOK/i - 3.3) (3.23)

where £>; = average probability of assembly defect per operation
ti = average assembly time per operation

As discussed earlier, the average assembly time predicted by the DFA time
standard database, for parts which present no assembly difficulties, is approxi-
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FIG. 3.55 Relation between assembly defect rate and average DFA assembly time.
(After Ref. 23.)

mately 3 s. Thus Eq. (3.23) can be interpreted as an estimated assembly defect
rate of 0.0001, or 1 in 10,000, for every second of extra time associated with
difficulties of assembly. In fact, if the regression line in Fig. 3.55 is constrained to
pass through f; = 3, then the correlation coefficient is still 0.94 to two decimal
places. For this reason we will use 3.0 instead of 3.3 in the expressions and
calculations below.

For a product requiring n assembly operations, the probability of a defective
product, containing one or more assembly errors, is therefore approximately

£>a= 1-[1-0.0001ft-3.0)]" (3.24)
Alternatively, the expected number of assembly errors in one of these products is
given by

Nd = 0.0001ft - 3.0)n (3.25)

These relationships can be applied very easily in the early stages of design to
compare the likely assembly error rates of alternative design concepts for small
products assembled in large quantities. This can provide powerful directional
guidance for product quality improvements, since it is becoming widely accepted
that faulty assembly steps, rather than defective components, are more often the
reason for production quality problems [24].

For the controller assembly example discussed earlier, the existing design
requires 25 operations for final assembly and has a total estimated assembly time,



obtained from the DFA analysis, of 206.43 s; see Fig. 3.37. The average time per
operation is thus 206.43/25, equal to 8.26 s. Applying Eq. (3.24) then gives

Da = 1 - [1 - 0.0001(8.26 - 3.0)]25 = 0.0131 (3.26)

Thus, the estimated probability of a defective assembly is 0.0131, or 1.31%.
For the redesigned controller assembly, the number of final assembly opera-

tions has been reduced to 10, and the estimated assembly time is 77.93 s; see Fig.
3.39. The average time per operation is now 7.8s, and the likely number of
defective assemblies is given by

Da = 1 - [1 - 0.0001(7.8 - 3.0)]10 = 0.0048 (3.27)

Thus the predicted assembly defect rate is about one-third of that for the original
design. This defect rate could be reduced further, by considering detail design
improvements to further decrease the average operation time of 7.8 s.

The expression (ti — 3.Q)n in Eq. (3.25) can be interpreted as the total time
penalty associated with the assembly of a product. For example, for the original
design of the controller assembly, the 25 assembly operations would take only
75.0 s if there were no assembly difficulties. The total assembly time penalty is
(8.25 - 3.0) 25, equal to 131.4 s. Equation (3.25) thus predicts that the assembly
defects per unit will be proportional to the total assembly time penalty. This
interpretation is supported by another set of industrial quality data illustrated in
Fig. 3.56. These data were obtained from a disk drive manufacturer [25], and it

100 200 300 400 500 600 700 800
Total assembly time penalty, s

FIG. 3.56 Relation between total DFA assembly time penalty and assembly defect rates
per unit. (After Ref. 26.)



should be noted that one outlier with a defect rate of approximately 65% has been
omitted from the figure. It should also be noted that the slope of the regression
line in Fig. 3.56 is approximately 0.0004. This suggests that the assembly workers
are making mistakes at four times the rate of those involved in building the
Motorola products. This may be the result of the delicate nature of disk drive
assemblies and the need to maintain very small clearances in these devices.

3.26 APPLYING LEARNING CURVES TO THE DFA TIMES

Learning-curve theory applied to industrial production has its roots in early
aerospace manufacturing. A now-famous paper by T. P. Wright [26] resulted from
the study of small aircraft construction in the 1920s and 1930s. Wright noted that
as repetitive tasks are performed, improvement occurs at a diminishing rate. In
particular, he noted that twice as many repetitions are required to achieve each
successive constant incremental improvement. This constant improvement with
doubling is embodied in a simple power law, referred to as the Wright model,
which is expressed as

ru = T,xb (3.28)

where
Tl x = average time of production for x units

Tl = time of production for the first unit
x = number of identical units
b = the reduction exponent

The reduction exponent can, in turn, take the general form

A = logr/log/ (3.29)

where
r = the average time for a factor increase in output divided by the time for the

first output expressed as a percentage
/ = the factor increase in output

Normally a doubling of output is the basis for learning curve analyses, and the
improvement is given as r percent. For this case Eq. (3.29) becomes

b = Iog(r/100)/log2 (3.30)

For example, the often-quoted 90% learning curve represents the situation where
the average time to produce 2x units will be 90% of the average time taken to
produce the first x of those units. From Eq. (3.30) this gives

A = log0.9/log2 = -0.152



Note that if b is known, then the learning curve percent value is given by the
inverse of Eq. (3.30)

r = 2*100% (3.31)

Other forms of learning curve have been proposed and used since the work of
Wright; see Refs. [27] and [28]. In particular, in cases where the times for
producing successive individual units are of primary interest a more appropriate
model may be represented by

Tx = 7X (3.32)

where
T"x = time to produce the xth unit
x = number of identical units
c= "individual" reduction exponent

This alternative model is attributed to Crawford [29], whose work was carried out
for Lockheed Aircraft Corporation. For batch assembly work the Wright model is
more appropriate and will be used below to calculate learning-curve adjustments
to predicted assembly times.

The reduction exponent represents the improvements that would be expected
as the worker "learns" to operate more efficiently through repetitive identical
tasks. However, Eq. (3.28) can be viewed in a much broader sense as a progress
function that models progress accomplished through improved process tech-
niques, tools, and training methods, as well as the learning associated with
repetitions of the same task [30]. For these situations a learning-curve percentage
value of 85 is more appropriate than the 90% value typically used to model
worker performance improvement only [27].

The learning-curve equations described above can be used to adjust DFA times
for situations in which only a few assemblies are to be produced. To carry out this
adjustment, the number of task repetitions, for which the DFA times apply, must
first be established. Since the handling and insertion experiments used to obtain
the DFA times were mainly based on 100 task repetitions, this number will be
used as the basis for the example calculations below. In other words, it will be
assumed that DFA times are equivalent to rljloo times on the appropriate learning
curve. We can thus make learning-curve transformations, using the Wright
model, as follows:

ruoo = r1ioo6 (3.33)
or

(3.34)



Thus for the first assembly of a small batch B of products, the average time will be
given by the Wright model as

r13 = T,Bb (3.35)

Finally, substituting from Eq.(3.34) for Tl gives

V = Tuoo(B/WO)b (3.36)

where
b = reduction exponent

rljB = adjusted DFA time for batch size B
B = total batch to be assembled

Tl 100 = assumed basic DFA time value

Example: A set of only five measuring instruments is to be produced. A DFA
analysis shows an estimated assembly time given by TA. Using a 90% learning
curve, provide an estimate for the average time to build the first two units. Use
this value to determine the average time to assemble the next three units. Assume
that the DFA time estimate would apply well for the average assembly time of 100
units.

(a) Substituting TA for Tl 100 in Eq. (3.36) and using b = —0.152 for a 90%
learning curve gives

ru = (2/ioo)~°-152rA = i.sirA (3.37)
(b) The predicted assembly time for all five units is given by

5 x Jlj2 = 5(5/100r°'152:rA = 7.88rA (3.38)

Similarly the total time for the first two units is

2 x Jlj2 = 2(2/100r(U527A = 3.62rA (3.39)

Thus, the average time for units 3, 4, and 5 can be given by
T3j5 = (7.88 - 3.62)74/3 = 1.42JA (3.40)
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4
Electrical Connections and Wire
Harness Assembly

4.1 INTRODUCTION

The design for manual assembly procedures described in Chapter 3 have been
successfully applied to mechanical products. However, when products contain a
significant number of electrical connections, the labor involved in their assembly
often far outweighs the labor involved in the assembly of the mechanical parts
and associated fasteners.

For example, Fig. 4.1 shows the potential reduction in assembly time through
the redesign of a control unit [1]. It can be seen that in the original design, where
the total assembly time was 260 min (4.3 h), about half was devoted to the hand
soldering of wires and a further 31% was devoted to the mechanical fastening of
wires. A proposed redesign using no hand soldering and eliminating many of the
connections would reduce the total assembly time to only 33 min (0.55h).

A further example is that of a descrambler for satellite TV reception. This
product, about the size of a VCR, contained ten printed circuit boards and, as can
be seen in Table 4.1, 51 connecting wires or cables and 31 circuit board jumper
wires, making a total of 164 connections. Table 4.1 shows that these items
involved an assembly time of 7236s (2.01h) which formed 68% of the total
assembly time for the product of 10,613 s (2.95 h). Table 4.2 presents a summary
of the opportunities for savings through redesign. For example, if the 10 circuit
boards could be combined into one board thereby eliminating the interconnec-
tions and if the jumper wires could be avoided, we might be able to reduce
assembly costs by 61%.



FIG. 4.1 Possible assembly time savings due to the redesign of a commercial control
unit.

TABLE 4.1 Labor Content of a Descrambler

Number

51
31

138
80

112
20
33

Item

Connecting wires or cables
Circuit board jumper wires
Mechanical fasteners
Electronic components manually inserted
Mechanical operations
Hand solder of components
Other parts identified as candidates for elimination
Totals

Assembly
time (s)

5,768
1,468
1,143

796
753
403
282

10,613

TABLE 4.2 Possible Savings Through Descrambler Redesign

Design change

Eliminate cabling
Combine boards
Eliminate jumper wires
Eliminate mechanical fasteners
Total

Saving ($)

48.06
15.00
12.23

9.53
84.82

Percent

40
11
10
8

69



The Personal System/2 Model 50 is the first computer to come with a
built-in party game.
The object of this game is to disassemble and reassemble the machine
as quickly as possible. Screwdrivers are prohibited. Sounds impossi-
ble? With a little practice, you might be able to clock in at under a
minute.

FIG. 4.2 Advertisement in PC Magazine, May 26, 1987.

Figure 4.2 shows one of the first advertisements for the IBM PS2 computer.
This amazing achievement in ease of assembly was mainly brought about by the
elimination of all internal cabling.

It is interesting to note that if the minimum parts criteria described in Chapter
3 are applied to connections of any kind, these connections can never be
theoretically justified. In fact, if the sole purpose of an item is to connect A to
B, then the item can be eliminated by arranging for A and B to be adjacent to one
another, as was illustrated in Fig. 3.40. Often, unfortunately, other constraints
dictate that A and B must be positioned at different locations and that connections
are necessary. This means that it is desirable in DFMA analysis to be able to
estimate the penalties resulting from such constraints. In other words, we must
quantify the cost of interconnections.

When several electrical interconnections are necessary, the cables or wires can
be installed separately in the product and then tied together and secured as
appropriate. Alternatively, they can be assembled and tied together prior to
installation in the product. This latter assembly of wires or cables is called a wire
or cable harness assembly.

4.2 WIRE OR CABLE HARNESS ASSEMBLY
A completed harness assembly usually consists of a main trunk, where multiple
wires or cables are bundled and tied together, with individual wires or smaller
bundles of wires leaving the main trunk at various points known as breakouts.
Figure 4.3 diagrammatically illustrates possible arrangements and terminology in
wire harness assembly. Figure 4.4 shows the principal operations involved:
starting with wire preparation, followed by harness assembly, and ending with
installation in the product. Harnesses are usually constructed by manually laying
out the individual wires or cables on a board that has a full-size schematic
drawing of the harness mounted on its surface to guide the assembly worker.
Also, pegs or nails are positioned in such a way that the wires are constrained to
run along the required paths. During construction, the ends of the wires must be
held in position. If wires are to be terminated in a connector, then the connector
may previously have been inserted into a receptacle mounted on the board in the
correct position. The ends of the terminated wires are then inserted into the back
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FIG. 4.3 Terminology.

of the connector. Sometimes, if the wires are sufficiently rigid, they are simply
inserted into the connector, which does not need positive location on the board.
Wire ends that are to be connected during installation in the product are retained
temporarily on the board. This is often accomplished by the use of a helical spring
mounted on the board with its axis horizontal and perpendicular to the direction
of the wire. The assembly worker simply presses the wire end between two coils
of the spring.

Once all the wires or cables have been laid (sometimes referred to as laid-in),
they are bundled together using tie wraps, lacing, or split conduit tubing or they
are bound with electrical tape. Usually, one assembly worker completes all of the
operations involved in the construction phase. However, wire preparation usually
requires special tools and is carried out in a separate earlier phase. In high-
volume situations such as in the automobile industry, assembly of cable harnesses
may be carried out in assembly line fashion. Here, the boards will be transferred
from station to station with one or two assembly workers completing a few
operations at each station.

When complex harnesses are assembled, the connector receptacles are wired to
a computer that continually tests whether the wires have been inserted properly.
Such on-line testing is typically carried out in the automobile and defense
industries, for example.
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FIG. 4.4 Principal operations.

Usually, each end of a wire must eventually be connected. This is often
accomplished using an intermediate item such as a connector or wire termination
to which the wire is directly connected. The final connection of the connector or
terminal is made during installation in the product. Alternatively, wires may be
connected directly to an item such as a printed wiring board, a switch, or a
terminal block.



At various stages of manufacture, each wire or cable must be cut to length,
terminated, installed, and finally connected. The stage at which these operations
are carried out is generally determined by the complexity of the wiring installa-
tion or wire harness assembly. Figure 4.5 illustrates the sequence of operations for
low, normal, and high complexities. For low complexity, where only a few wires
are necessary, the wires (or cables) would first be cut to length and terminated.
During final assembly they would be installed separately into the product and
connected.

For normal complexity, typically occurring in the automobile, Ty and
computer industries, the wires would first be cut and terminated, then laid on a
board (laid-in) and tied, laced, or wrapped. After delivery to the product assembly
station, they would be routed, connected, and finally secured.

High complexity refers to the type of harness used in the aerospace or defense
industry. Here, the wire is arranged in position and then cut to length and
terminated on the lay-in board.

The degree of automation used in wire harness assembly depends on the
complexity of the harness and the quantity to be produced. However, automation
is generally restricted to wire or cable preparation. Fully automatic machines are
available that will cut wire to length and then strip and terminate both ends. Such
machines are typically employed in the automobile industry but are finding
increasing applications in lower volume production situations. More common is
the semiautomatic procedure. Here the assembly worker transfers the wire to a
series of special machines where individual operations such as cut, strip, and/or
crimp are performed. All the wire handling is performed manually. Although
some robotic cells have been developed for harness assembly, this operation is
usually performed manually even in high-volume situations such as those in the
automobile industry. Finally, installation is performed manually.

4.3 TYPES OF ELECTRICAL CONNECTIONS

Single conductors and cables are normally connected to terminals or connectors.
The types of connections can be broadly classified into three categories, as shown
in Fig. 4.6.

4.3.1 Solder Connections
Although relatively expensive, soldering is one of the most versatile and reliable
methods of joining wires to pins, terminals, etc., and the main function of
soldered wire connections is to provide a mechanical joint and an electrically
conductive path. Wires may be secured mechanically to terminals prior to
soldering, depending on the criticality of the connections. Mechanically secured
soldered wires involve additional assembly time because the assembly worker
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FIG. 4.5 Classification of electrical interconnections.
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FIG. 4.6 Types of electrical connections.

needs to acquire a hand tool, move the tool to the wire, secure the wire to the
terminal, and put aside the tool in addition to the subsequent soldering operation.
A long-nose plier is often used for temporarily securing wires which are wrapped
180 degrees in electronic wiring. For full mechanical security, a 360-degree wrap
can be used.

When mechanical strength requirements are not important, wires can be
soldered without prior securing, as with solder lugs. For this type of connection,
the diameter of the wire should be slightly less than that of the hole in the lug.

4.3.2 Low-Pressure Connections
Low-pressure connections can be separated without the aid of a tool. Electrical
and electronic connectors fall into this category. Besides providing a good solid
connection, connectors are particularly convenient when frequent disconnection
and reconnection are required; they also tend to minimize errors during servicing
because the wires remain in the correct sequence when disconnected. The general
expectations from low-pressure connections are as follows [2]:

Sufficient contact force for good conduction
Good cleaning action during assembly
Low resistance to mating of parts
Low wear on parts
Long life
Ease in connecting and disconnecting



Some low-pressure connections have difficulty in meeting all the criteria stated
above. For reliability, the higher the contact force, the better the connection. On
the other hand, higher forces make a multicontact connector more difficult to
connect and disconnect. Therefore a compromise has to be maintained among the
preceding criteria.

Low-pressure connections can be grouped by their construction (e.g., rectan-
gular and circular connectors). One-piece card-edge connectors and two-piece
plug and receptacle connectors such as socket and PCB connectors are classified
as rectangular connectors. With a one-piece card-edge connector, the PCB foils
extend to an edge of the board, which is inserted into the connector. Two-piece
connectors come in the form of male and female halves. The male half consist of
pins (male contacts) and the female part consist of sockets (female contacts).
Coaxial, shielded DIN, and other circular plug and receptacle connectors are
classified as circular connectors.

Rectangular and circular connectors have a variety of contact styles and the
frequency of mating will suggest the types of contacts to be used. The contacts
can be machined or stamped, and they come in many shapes and sizes. Figure 4.7
shows pin and socket contacts, a combination commonly used because of its low
cost and its ready availability. The disadvantages of these types of contacts are
high insertion forces and susceptibility to damage. Other types of contacts
include blade and fork contacts and bellows contacts [2]. Some high-priced
systems can provide as many as 100,000 high-compliance contacts without
failure [3]. They are generally found on two-piece connectors. The points to
consider when choosing a connector are the types of conductors to be terminated,

FIG. 4.7 Pin and socket contacts.



the assemblies to be connected, the number of contacts required, the final product
function, and the cost.

There are three methods used to connect wires to the connector contacts. In the
first method the pins or sockets could be crimped onto wires and then poked into
the connector body with a cylindrical-shaped hand tool. The second method
involves soldering the wires to the contacts. Soldering generally requires a skilled
worker and has high labor cost. The third method is the insulation displacement
technique, where the insulation of the wire is pierced and displaced from the
conductor. The conductor is then forced into the U-shaped contact in one
operation, greatly reducing the time needed to connect a wire to the contact.
This method is explained later when we consider multiwire flat cables that are
terminated by insulation displacement

Cable connectors that are used for high-frequency signals must be positively
and firmly coupled. Coupling devices for both male and female connectors have
been designed for use in applications where there is not enough access space to
turn a coupling nut (see Fig. 4.8). Other considerations involve the ability of the
connector to stay coupled during shock and vibration conditions and to resist
deterioration when used in a variety of environments. The commonly used
methods of coupling circular connectors are screw-thread, push-on, or friction
type and bayonet devices. The coupling devices used on rectangular connectors
are latches or snap-on clips, locking clips, spring clips, or screws (Fig. 4.8).

4.3.3 High-Pressure Connections
The high-pressure connection is one that requires a tool to create a metal-to-metal
contact under pressure and/or plastic deformation. The most commonly used
methods under this category are wire-wrap, crimp, and screw connections. Other
methods are ultrasonic welding, riveting, etc.

Wire wrap is the most reliable method for making point-to-point electrical
connections between wires and terminals. It consists of wrapping the bare end of
an insulated solid wire in a helix, tightly around a long terminal post having a
square or rectangular cross section. The resulting high-pressure metal-to-metal
contacts produce a gas-tight connection that has a large contact area with low
resistance. With time, the molecules of the post and wire start to diffuse at the
joint and the bond strength of the joint increases to nearly that of a welded joint.
Stranded wire cannot be used for this joining method. Wire wrap can be
performed manually using a pneumatic- or electric-powered rotary tool. Alter-
natively, semiautomatic or automatic methods are available. Semiautomatic wire
wrap can connect over 300 wires/h with an error rate 10 to 20 times less than that
of the manual method [2]. In the case of automatic wrapping, wrapping rates of
1000 wires/h with a reject rate of 0.05% are achievable. Figure 4.9 shows the
standard wire-wrap connection.
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FIG. 4.8 Coupling devices used on circular and rectangular connectors.

A crimped terminal is a permanent connection and it is used to connect
individual wires to a terminal block with screws or it can be inserted into a
connector block. Crimping can be done with hand tools or by machines. During
crimping, pressure is applied to compress the terminal onto the wire to a critical
depth. This depth is different for every terminal size and wire gauge. Two
common configurations of the crimped terminal are the ring tongue and the fork
tongue styles (see Fig. 4.10). The fork tongue style can be connected and



FIG. 4.9 Wire-wrap termination.

disconnected quickly and is used where mechanical security is not a major
requirement.

The screw connection, probably the oldest type of mechanical connection,
involves screwing down a metal screw or nut and clamping the wire under the
screw head or nut. The wire is usually wrapped one turn around the screw or
screwed post in a clockwise direction (Fig. 4.10). This method is particularly
advantageous where field installation requires fast and simple connections.
However, screw connections may deteriorate under conditions of corrosion or
severe vibration, and they have voltage and electrical frequency limitations.

Terminal blocks, with screws attached to each connecting point and separated
by insulated partitions, are used to connect discrete wires. The wires may be
connected directly onto the terminal block using the bare wire ends, or the wires
may be provided with lugs. The type of lug may influence the assembly time. For
example, the use of ring lugs would require the operator to totally unscrew the
connecting point whereas fork lugs eliminate this requirement (see Fig. 4.10).

FIG. 4.10 Attachment of wire, fork lug, and ring lug.



4.4 TYPES OF WIRES AND CABLES

Wire conductors are used to interconnect electrical and electronic systems to
transmit current or signal and are selected for their current-carrying capacity,
mechanical strength, type of insulation, and cost. Cables generally consist of two
or more conductors within a common covering and are terminated by one or more
connectors. Proper matching of connector and cable is important to ensure
reliable field performance. Electrical conductors that are commonly used include
single solid or stranded wire, twisted pair and trio, multiconductor cables, coaxial
cable, ribbon cable and flexible flat cable. Soft, annealed copper is normally used
for wires because of its high conductivity, ductility, and solderability.

Solid wire does not possess the flexibility characteristics nor the fatigue life of
stranded wire and tends to fracture even under mild flexing. Solid wire may be
used for such applications as jumpers on printed circuit boards where the leads
are fixed securely and not subjected to vibration. The advantages of solid wires
are its rigidity as well as its efficiency at high frequencies. Solid and stranded wire
is commonly designated by American Wire Gauge (AWG) number, diameter of
the wire in mils (thousandths of an inch), or cross section in circular mils (square
of the diameter expressed in mils).

A twisted pair consists of two stranded conductor insulated wires twisted
together. The number of twists per inch follows the engineering specification used
in signal applications. The twist will reduce noise, similar to the hum in a radio. A
twisted trio is the same as a twisted pair except that it consists of three
conductors.

Multiconductor cable consists of two or more color-coded rubber- or PVC-
insulated conductors. Hemp cord may be used as a filler to add strength. The
outer insulation or covering is made of neoprene rubber or PVC. Cable of this
type is used to carry power from a source to required areas within the unit or
system.

Coaxial cable is used in radio-frequency circuits where the distributed capacity
must be constant over the length of the cable. It consists of an insulated length of
conductor enclosed in a conductive envelope of braided wire shield and an outer
insulating jacket isolating the shield from ground.

Ribbon cable, sometimes called flat cable, consists of numerous conductors of
the same gauge held side by side in flexible strips of insulation. The growing
demand for the use of ribbon cables has resulted from the advantages of faster
insulation stripping and mass termination at low cost. Mass termination is the
process of simultaneously connecting a number of conductors to the same
number of U-contacts of the connectors. During termination, using either
manual or automatic equipment, the U-contact displaces the insulation and
each conductor is then forced and wedged within a U-contact. The result is a
high-pressure, gas-tight, solderless connection. It can be placed in narrow



rectangular openings and used where great flexibility in one plane is needed.
Wiring errors are eliminated, and the harness assembly is simplified when point-
to-point wiring is required. Also, the ribbon cable has excellent characteristics for
conveying high-speed digital signals and a more precise and fixed capacitance
between conductors [3]. These characteristics are maintained in service because
the separation between cable conductors remains constant.

Flexible circuitry, which includes flexible cable, can be bent, rolled, or folded
many times, depending on the material used. Flexible circuits are becoming
widely used as a form of interconnection in applications requiring size and weight
reduction, controlled impedance, reduced labor, and ease of assembly [4]. They
can be used as one-to-one connectors or as complex harnesses, allowing break-
outs and special routing [5]. Replacing discrete wiring with flexible circuits can
reduce assembly time considerably. Other benefits are reliability and service-
ability of the circuits. A number of companies have converted from the use of
conventional backplanes, motherboards, and wire harnessing to flexible and
rigid/flexible circuits [4].

4.5 PREPARATION AND ASSEMBLY TIMES

In a study of preparation and assembly times [6] a variety of industrial time
standards and published data were compared with on-site industrial studies and
laboratory studies. The published data were taken from Refs. 7-10. Information
was obtained from two companies, referred to as Company 1 and Company 2 in
the text and as Co. 1 and Co. 2 in the figures.

4.5.1 Preparation
Figure 4.11 presents the times for manually and semiautomatically stripping one
end of a wire. The manual operation involves inserting the wire to the correct
stripping length and into the proper station of a stripping tool. The tool is then
closed thereby severing the insulation, which is removed by the tool. An average
experimental time of 7.0 s was obtained for stripping one end of a wire and this
agreed closely with published times [8,10] and those observed in Company 2 (see
Fig. 4.11). Machine stripping of wires involves grasping the wire and inserting
the end into a stripping machine. This triggers the machine to strip off the
insulation to the correct length. The stripping time obtained from published
figures [10] suggests that an approximate time of 3 s can be assumed.

Figure 4.12 presents the times for tinning one bare end of a wire. In an
experiment, the wire was held by a fixture and the bare end tinned using a
soldering iron held in one hand and solder held in the other hand. An
experimental time of 9 s was obtained and is comparable to that given in [8]
and observed in Company 2. If a solder pot is used for tinning the wire end, an



FIG. 4.11 Results for stripping one wire end. (From Ref. 6.)

FIG. 4.12 Results for tinning one wire end. (From Ref. 6.)



average time of 7.2 s obtained from [8] and observed in Company 2 is
recommended.

Figure 4.13 presents the times for crimping one terminal to the bare end of a
wire. For manual crimping, a terminal is inserted into a color-coded notch of a
crimping tool and the bare end of the wire is placed into the barrel of the terminal.
The tool is then closed to compress the barrel so that it clamps tightly onto the
wire. The experimental time for the manual operation was found to be 13.9s.
This time compared well; with [7,10] and with Company 2 but differed from that
found from [8,9]. Crimp terminals come in various shapes and sizes and this may
explain the wide variation in the times. The average experimental time of 13.9 s
would seem to be a reasonable figure.

In the semiautomatic process of crimping terminals, the operation involves
placing the bare end of the wire into the die set. This action triggers the crimping
machine. After crimping, a new terminal advances automatically into the die set
for the next crimping operation. It can be seen that the values obtained from
various sources for the semiautomatic crimping operation agree closely, with the
exception of the time observed in Company 2. A time of 3 s is suggested for this
operation.

Semiautomatic machines are available that can strip the wire and crimp a
terminal after insertion of unstripped wire into the machine. The insertion of wire
is carried out manually, and from observations of machines that carried out these
operations separately, a total time of 3.6s is suggested for the combined
operations. There are also machines capable of automatically cutting, stripping,

FIG. 4.13 Results for crimping a terminal to one wire end. (From Ref. 6.)



and crimping terminals to wires in one operation. The production rates vary,
depending on the make and model of the machine used. This automatic operation
can be as fast as 1.8 s per wire end for a length of 10 ft (3 m) [11].

For multiconductor cable, the experimental time for stripping the outer
insulation and then the inner insulation of all conductors within the cable is
shown in Fig. 4.14. It can be seen that the stripping times vary linearly with the
number of conductors. A time of 30 s is required for stripping a multiconductor
having two wires, and for each additional wire, a time of 6 s should be added.
Also, the results indicate that the manual stripping of the outer insulation would
take 18s.

Figure 4.15 presents the manual assembly times for soldering the contacts of
circular or rectangular connectors. The operation involves placing the connector
into a fixture and filling all the solder cups. A handful of wires is then grasped
using one hand, with the other hand holding the soldering iron. A solder cup is
then reheated and simultaneously a bare wire is inserted. The wire is held in
position until the solder solidifies. It can be seen that the times for filling solder
cups and soldering wires to contacts vary linearly with the number of contacts
to be soldered. The total experimental time ts for assembling a rectangular or
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FIG. 4.14 Experimental results for stripping a multiconductor cable: Q, experimental.
(From Ref. 6.)
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FIG. 4.15 Manual assembly time for connector with solder contacts: O, (7); k., (9); Q,
experimental (total); A, Co. 1. (From Ref. 6.)

circular connector is the summation of the times for filling solder cups
(6.8 + 3.LAQ and soldering wires (0.2 + 8.3AQ and was found to be:

ts = 7+UANc (4.1)

where Nc is the number of contacts.
The total time given by this equation does not include cutting and stripping the

wires or assembling the connector.
It was noted that the design of connectors varied with different suppliers. The

assembly of small mechanical parts is covered adequately by the methods in
Chapter 3.

The total experimental time given by Eq. (4.1) was found to be quite close to
the time given in [9,10] and the time observed in Company 2.

Figure 4.16 gives the manual assembly times for crimping the contacts of
circular or rectangular connectors. A contact is first inserted into a crimping tool
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FIG. 4.16 Manual assembly time for connector with crimp contacts: D, experimental
(total); O, Co. 1; A, Co. 2. (From Ref 6.)

and the bare end of the wire is then placed into the contact. The tool is squeezed
so that the barrel of the contact grips the bare end of the wire as well as the
insulation on the wire. The operation is repeated for each contact. With the
connector clamped in a fixture, the wire contacts are then inserted one by one,
using an insertion tool. The times for crimping contacts to wires (1.5 + 12.4jVc)
and inserting wire contacts (1.1 +4.9jVc) vary linearly with the number of
contacts. The total experimental time tp for assembling wires to a circular or
rectangular connector is then given by

= 2.6+ 17.3AL (4.2)

where N,. is the number of contacts.



The total time given by this equation does not include the cutting and stripping
of the wires and the assembly of the connector.

For semiautomatic crimping of contacts to wires (3 s per contact) and manually
inserting the crimped contacts into the connector (1.1 + 4.9AQ, a total time of 9 s
for one contact is suggested. For installing more than one contact, an additional
time of 7.9 s per contact should be added to the basic time.

Figure 4.17 presents the manual assembly times for one coaxial connector
termination. The coaxial cable is cut to length, the outer insulation is stripped, and
the polyethylene dielectric and shield braid are cut to the correct dimensions. The
shield braid is then folded back smoothly and a plastic grommet assembled onto
the cable. The contact is crimped to the conductor after it is assembled, flush
against the dielectric. The connector body is then assembled, the braid clamp
crimped, and the grommet pushed flush against the body. The experimental time
for assembling a coaxial connector was 152 s. This time was very much shorter
than the figure of 290 s given by [9] (which included tinning of the center
conductor) and longer than the 115s given by [10] (which does not include
measuring and cutting the cable). The large difference in assembly time could
probably be clue to differences in connector construction.

Figure 4.18 presents the manual assembly time for mass termination of a flat
cable. This operation first involves placing the body of the connector into the
locator plate of a press. The flat cable is then positioned into the body of the
connector and the mating connector cover is placed over the assembly. The U-

FIG. 4.17 Manual assembly time for coaxial connector. (From Ref. 6.)



FIG. 4.18 Manual assembly time for mass termination of a flat cable.

contacts of the connector are forced into the flat cable conductors by operating the
press. Finally, the cable connector is removed from the locator plate. The
experimental time for flat cable connector termination was 30 s. The time
obtained from the observations in Company 1 agreed fairly closely with the
experimental time. However, the times obtained from [7,10] were considerably
lower and higher respectively than the experimental time. For flat cable connector
termination using a press machine, a time of 2 s is suggested.

Insulation displacement connection methods involve placing a connector into
a semiautomatic machine, spreading the wires, and simultaneously inserting one
pair at a time into the connector's contacts [7]. The machine is then triggered and
the pair of wires are pierced and cut. An operation time of 7.3 s for each pair of
wires is given in [7].

4.5.2 Assembly and Installation
Figure 4.19 shows the times for point-to-point wiring (direct wiring) of the items
in a chassis. After one end of the wire is attached, it is dressed neatly to follow the
contour of the equipment chassis before the other end of the wire is attached. The
dressing time does not include cutting and stripping the ends of the wire, adding
the terminations, or attaching the terminated wire. The experimental times are
lower than those observed in Company 2. The differences could be due to the
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FIG. 4.19 Results for point-to-point (direct) wiring: D, experimental; A, Co. 2. (From
Ref 6.)

degree of obstruction encountered while dressing the wire. The experimental time
£d for dressing the wire is given by:

fd = 3.4+1.2Lw

where I/w is the length of wire measured in feet.
or

(4.3)

where I/w is measured in meters.
Thus, for direct wiring, a time of 4.6 s is required for the first foot and an

additional time of 1.2 s per ft (0.3 m) is added for a wire of length greater than 1 ft
(0.3m).
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FIG. 4.20 Results for dressing a wire into a U-channel: A, (9); D, experimental. (From
Ref. 6.)

Figure 4.20 shows the times for dressing a wire in a U-channel. After the wire
is attached at one end, it is inserted (dressed) into the U-channel before the other
end of the wire is attached. The dressing time does not include cutting and
stripping the ends of the wire, adding the terminations, or attaching the
terminated wire. For a wire of length 3 to 4 ft, the experimental time obtained
is comparable to that given in [9]. A dressing time of 4.4 s is recommended for a
wire 1 ft long, and an additional time of 1.7 s per ft should be added for a longer
wire.

Figure 4.21 presents the times for laying a flat cable directly into the
equipment chassis. The operation involves dressing the flat cable after the flat
cable connector is attached onto its mating part. The experimental times obtained
agreed fairly closely with those observed in Company 1. A time of 7.7 s is
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FIG. 4.21 Results for laying a flat cable: Q, experimental; O, Company 1. (From Ref.
6.)

suggested for laying a flat cable 1 ft (0.3 m) long. An additional time of 1.6 s per
ft should be added for a longer cable. The time for laying a flat cable does not
include the time for bending and pressing of the cable so that it stays bent during
laying. This operation is usually done before laying the flat cable, and a time of
15.1 s per bend should be added to the time for laying a flat cable.

Figures 4.22 and 4.23 present the times for laying wires onto a harness jig. A
wire is first grasped and one end is attached to a holding device. The wire is then
laid on the board according to the wiring layout and finished, with the other end
of the wire being attached to another holding device. Multiple wires can be laid
simultaneously if the wires start and end at the same breakout. Figure 4.22 shows
the comparisons of published results with experimental times for laying one wire
or six wires simultaneously onto the harness jig.
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FIG. 4.22 Results for laying a wire or six wires simultaneously onto a harness jig: O,
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1 (Co. 2.)

Figure 4.23 shows further experimental results for laying one to six wires
simultaneously onto a harness jig. From these results a general equation for the
time tn to assemble Nw wires simultaneously is

tn = 6.4 (0.5 (4.4)

Figures 4.24 and 4.25 show the times for laying wires already connected to a
connector onto a harness jig. The operations involve the selection of the wire(s)
after the cable connector is installed on the harness jig, laying the wire(s)
according to the wiring layout, and attaching the ends to a holding device. The
times obtained do not include attaching the cable connector to its mating part on
the harness jig. Figure 4.24 shows the comparison between the times obtained
experimentally and those given by [8]. It was found that the experimental times
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FIG. 4.23 Experimental times for laying wires simultaneously onto a harness jig; O, lay
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were higher. Further experimental results are shown in Fig. 4.25 and a general
equation for the time tm to assembly jVw wires simultaneously from a connector is:

tm = 6.9 + 2NW + (0.5 + 0.3JVW)LW (4.5)

4.5.3 Securing
Figure 4.26 presents the times for acquiring a tie cord, spot tying a bundle of
wires, and cutting the excess cord with a pair of scissors. The experimental time
of 16.6 s is comparable with times obtained from other sources.

Figure 4.27 shows the times for tying a cable tie or strap onto a bundle of
wires. The operation involved acquiring a cable tie, looping the tapered end of the
strap around the harness, and inserting it through the strap eyelet. The strap is
pulled tightly and the excess is cut off with a tool. The experimental time of 14.4 s
agreed closely with the times from all other sources with the exception of [7].
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FIG. 4.24 Results for laying wires simultaneously (from a connector) onto a harness jig;
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Figure 4.28 shows the times for lacing a wire harness. The operations involve
acquiring a lacing cord and making an initial stitch (girth stitch) at one end of the
trunk. To aid in lacing, a lacing bobbin (tool) may be used. The girth stitch is
formed by wrapping one end of the lacing cord into a double loop. The free end
of the cord and the bobbin are then passed through this loop. Tension is applied to
the free ends of the cord to dress the girth stitch firmly. Additional stitches are
formed and spaced uniformly at distances approximately equal to the diameter of
the harness (but never less than 0.5 in. apart). The completion of the lacing
terminates when the end of the cord is secured and trimmed. The experimental
time tst was found to be:

tst=n.5 + 7.6Nst
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FIG. 4.25 Experimental times for laying wires simultaneously (from a connector) onto a
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FIG. 4.26 Results for spot tying a harness trunk/branch. (From Ref. 6.)



FIG. 4.27 Results for tying a cable tie onto a harness trunk/branch. (From Ref. 6.)

where Nst is the number of stitches formed on the harness. Comparing the
experimental results with those obtained from other sources, the variation in the
lacing times arose at the first stitch. The first stitch took 69.6 s [8]. This large time
probably included cutting a sufficient length of lacing cord and winding it onto
the bobbin before the lacing operation.

FIG. 4.28 Results for lacing a harness trunk/branch. (From Ref. 6.)



FIG. 4.29 Results for taping a bundle of wires. (From Ref. 6.)

Figure 4.29 gives the times for taping a bundle of wires. The operation
involves obtaining a roll of tape, taping and wrapping to a specific location, and
cutting the tape. For a tape 1 in. wide, the experimental time for taping 1 in.
(25 mm) was 13.8 s for the first wrap and agreed closely with the data obtained
from all the other sources. The taping of the second inch would involve more than
one wrap of tape due to the overlapping nature of the taping process. The wide
variation in times given for taping an additional inch could be due to the number
of wraps involved. In the experiment, three wraps of tape constituted about 1 in.
(25 mm) and a time of 7 s per additional inch (25 mm) was considered acceptable.

Figure 4.30 presents the times for inserting a precut tube or sleeve over a
bundle of insulated wires. The operation involved acquiring and arranging a
bundle of wires and inserting the bundle into a tube or sleeve which is grasped
with the free hand. The experimental time differed greatly from the times given
by other sources. The ease of inserting the wires into the tube depends very much
on the amount of clearance between the inner wall of the tube and the bundle of
insulated wires, and this probably explains the large differences in insertion times.
The experimental time of 7.4s for inserting the first inch (25mm) of tube is
suggested, and an additional time of 2.4s per inch (25mm) is added for a tube
longer than 1 in. (25 mm).

Figure 4.31 shows two results for securing operations. The first involves heat
shrinking the tube using a heat gun. The experimental time of 5.3 s per inch
(25 mm) lies between those obtained from [9] and observations in Company 2.
The wide variation in the heat-shrinking times could be attributed to the diameter
of the tube to be shrunk. Also, a larger clearance between the inner diameter of



FIG. 4.30 Results for inserting a precut tube or sleeve. (From Ref. 6.)

the tube and the insulated wires will prolong the shrinking time. The experimental
time of 5.3 s per inch (25mm) appears reasonable.

The second operation in Fig. 4.31 involves acquiring an adhesive cable clamp,
peeling off the protective layer, and pressing the clamp onto the equipment
chassis. The experimental time of 9.4 s agreed fairly closely with observations in
Company 2. For cable clamps that must be screwed onto the equipment chassis, a
screwing-down operation into a tapped hole is necessary, and in Company 2, this
operation took 27 s.

Figure 4.32 shows the times for labeling a wire. The operation involves
peeling off a label and wrapping the label onto a wire. With the exception of [7],
the times obtained from the various sources agreed fairly closely with the
experimental time of 11.4s. The time obtained from [7] (14.4 s) also involved
labeling a cable with a marker.

4.5.4 Attachment
Figure 4.33 gives the times for the attachment of a bare wire to its mating part.
The wire is first grasped with two hands (due to its length and flexibility), moved,
positioned, and bent with a plier around its mating part. The mating part can be
mounted in either a terminal block or a separate fastener such as a screw inserted
into a tapped hole or a screw to be held in place with a nut. The wire is then
secured. The attachment times for the various mating parts are shown in the
figure, and the experimental times agreed closely with the times obtained from



FIG. 4.31 Results for (i) shrinking an inserted tube and (ii) installing an adhesive cable
clamp. (From Ref. 6.)

FIG. 4.32 Results for labeling a wire. (From Ref. 6.)



FIG. 4.33 Results for attachment of bare wire to its mating part. (From Ref. 6.)

DFA (Chapter 3) with the exception of the time obtained for attaching a bare wire
to a terminal block. The assembly time of 17.1 s can be assumed for attaching a
bare wire to a terminal block, 23.3 s for a bare wire/screw attachment and 30.6
for a bare wire/screw and nut attachment.

Figure 4.34 presents the times for soldering a bare wire to its mating part. The
bare wire is first grasped, moved, and positioned to its mating part. The wire is
then soldered with a soldering iron. Before soldering, the wire may be bent using
pliers, in which case the bending time must be included. From preliminary
observations, it can be deduced that the time for soldering depends very much on
whether the wire needs to be bent and the area to be soldered. The experimental
times agreed fairly closely with DFA (Chapter 3) in the case where the wire is not
bent before soldering and with observations in Company 2 in the case where the
wire is bent before soldering. An attachment time of 21.1 s can be assumed for
soldering a bare wire without bending and a time of 26.6 s can be assumed if the
wire is first bent.

Figure 4.35 presents the times for wire-wrapping a bare end of an insulated
solid wire around a terminal post. The operation involves acquiring a prestripped
wire and inserting it into the tip of the wire-wrapping tool. The tool is then
positioned over the terminal and the trigger is squeezed. The tip of the tool spins
the wire around the terminal to form the desired attachment. The average time to
wire-wrap a terminal post is 13s.



FIG. 4.34 Results for soldering a bare wire to its mating part. (From Ref. 6.)

FIG. 4.35 Results for wire wrapping around a terminal post. (From Ref. 6.)



Figures 4.36 and 4.37 give the times for attaching a wire terminal to its mating
part. A wire terminal is first grasped, moved, and positioned to its mating part. It
can be a push-on using a quick disconnect terminal or it can be fastened on a
terminal block using a ring or fork terminal. The wire terminal (fork or ring) can
also be fastened using a screw or a screw and nut combination. From the figure, it
can be seen that the times taken from the various sources are fairly close, except
for the difference in the experimental and DFA times for attaching a fork terminal
to a terminal block. Based on the experimental values, the following can be
assumed:

Attach a quick disconnect terminal—5.4 s.
Attach a fork and ring terminals, respectively, to a terminal block—12.5 s and

22.8s.
Attach a terminated wire and secure with a screw—17.1 s.
Attach a terminated wire and secure with a screw and a nut—24.7 s.

Experiments were also performed on the various types of coupling devices
found on connectors. The operation involved grasping a male cable connector
(circular or rectangular) and inserting it into a female connector. Depending on
the types of connector used, additional operations may be required to ensure that
the connectors remain firmly coupled. No comparisons were made since there

FIG. 4.36 Results for attachment of a wire terminal to its mating part. (From Ref. 6.)



FIG. 4.37 Results for attachment of a wire terminal to its mating part. (From Ref 6.)

was no information available from other sources. The average experimental times
for attaching the various types of connectors were

Circular connector
install only 5.2 s
bayonet type 5.2 s
friction type 6.7 s
screw thread type 11.3s

Rectangular type
install only 6.5 s
latch/snap-on type 8.1s
spring clip type 9.8 s
screw (2 x) type 24.0s

4.6 ANALYSIS METHOD

A methodology has been developed [1] designed to allow estimates to be made of
the labor involved in making electrical interconnections and in wire harness
assembly. For a wire harness with normal complexity, there are three distinct
steps:



1. Preparation of the wires and cables: This step includes cutting the wires or
cables to length and terminating them. Connectors are sometimes attached to
multiple wires at this stage. Also, some additional operations may be carried
out such as marking, sealing, molding, sleeving, or labeling of the wires or
connectors.

2. Assembly of the harness on a board or jig: This includes manually laying-in
the wires and cables, inserting the wire ends into connectors if necessary,
tying, taping, or lacing the bundles or wires, and/or sleeving the bundles.
Testing is usually done at this stage and some labeling may also be carried
out.

3. Installation of the interconnections or the cable harness into the chassis or
product: This final step includes routing the wires or cables, insertion of the
connectors into their mating parts, and the dressing and connection of any
wire ends to appropriate terminals. Also included is the securing of the wires
and cables to the chassis.

Sometimes, it is known exactly what steps are involved in the preparation,
assembly, and installation of a particular wire harness assembly, including
whether the preparation of the wires and cables will be carried out manually,
with the aid of semiautomatic equipment, or automatically. For the designer who
wishes to obtain assembly cost estimates at the earliest stages of design, some of
these details will be unknown. To satisfy this need, it can be assumed, for
example, that semiautomatic equipment will always be used for wire and cable
preparation. This results in considerable simplification of the databases needed
for the estimation of assembly time.

Ultimately, there will be a need for two distinct procedures.

1. The procedure introduced here, which is intended for designers who require
approximate estimates of preparation, assembly, and installation costs during
the early stages of product design.

2. A detailed procedure for those wishing to study various methods for the
preparation and assembly of wire harness assemblies.

In the DFA method for manual assembly (Chapter 3), one worksheet is
sufficient to record both the handling and insertion times for each item in a
subassembly. As we have seen, three distinct steps are necessary for electrical
connections and cable harness assembly. In addition, to analyze some operations,
such as preparing wire or cable ends, it is convenient to combine each group of
wire ends with similar terminations. For other operations, such as laying-in the
wire on the board or jig, it is convenient to treat the complete lengths of wires or
cables separately. For yet other operations, such as applying cable ties, it is
convenient to account for these as one group in the later stages of analysis. This
means that the overall analysis procedure is considerably more complicated than
the DFA method for the manual assembly of mechanical parts.



4.6.1 Procedure
The analysis method involves the completion of worksheets using the data
provided in the corresponding tables. Many of the activities to be recorded on
these worksheets may be performed at various stages of wire harness assembly,
depending upon the specific application and complexity of design. For example,
insertion of lugged wire ends into connectors may be performed during prepara-
tion, harness assembly, or even final installation of the wire harness.

Therefore, to simplify the analysis procedure, separate worksheets have been
developed for each activity. This system of analysis has proved to be the most
versatile and efficient method considering the wide range of applications that
exist. It relieves the designer from having to consider the order in which
individual activities may be performed. Additionally, specific activities that do
not apply to a particular application may be omitted from the analysis by simply
skipping the irrelevant worksheets.

The following is a brief description of the activities associated with each of the
worksheets and corresponding data charts. These are presented in a sequence that
represents their most common order of occurrence in wire harness assembly and
installation.

1. Wire /cable preparation: This includes activities such as cutting, stripping,
crimping lugs, and tinting of wire ends. Additional operations such as
insulation displacement and soldering of wire ends into connectors may be
handled here.

2. Assembly—wire/cable handling: This involves the laying of individual wires
or cables on an assembly board or jig.

3. Assembly—insertion: This is the insertion of lugged wire ends into connec-
tors or the temporary securing of wire ends on an assembly board.

4. Wire dressing: This includes the selection, positioning, and individual
dressing of wire or cable ends during either harness assembly or final
installation.

5. Installation—connector fastening: This is the insertion and securing of
previously wired and assembled connectors. These operations usually
occur during final installation into the product.

6. Installation—wire fastening: This is the insertion and securing of individual
exposed wire or cable ends. Specific operations include wire wrapping, screw
fastening, and soldering. These operations usually occur during final installa-
tion into the product.

7. Installation—lug fastening: This is the insertion and securing of lugged wires
(e.g., the screw fastening of a ring lug onto a terminal block). These
operations usually occur during final installation in the product.

8. Installation—routing: This is the positioning of the wire harness or indivi-
dual wires in the chassis (or parent assembly) during final installation. These



activities may include feeding wires or cables through channels, separating
and routing individual legs of the harness, or coiling up excess lengths of
wires or cables.

9. Additional Operations: These are additional operations that may be
performed at any stage of wire harness assembly (e.g. preparation, assembly,
and/or installation). Several of these operations are estimated per number of
occurrences. Examples include labeling, tie wrapping, and taping single
wraps or breakouts. Other operations are estimated for a given length of part
or section to be covered. Examples including lacing, taping, and installing
tubing over a continuous section of the harness.

Figure 4.38 shows, by way of example, worksheet No. 7 for lug fastening and
a portion of the corresponding data chart. It can be seen that the leg of the harness
is identified in the first column of the worksheet followed by the two-digit lug
fastening code in the second column. This two-digit fastening code is obtained
from the data chart and, in the example, the code 20 corresponds to the securing
of one fork lug where the screw has previously been inserted into the terminal
block and where there are no restrictions to the insertion and fastening operations.
This code corresponds to an operation time of 10.4s, which is entered into
column 4 of the worksheet. The number of items to be fastened (eight in the
example) is placed in column 3 and the resulting total time of 83.2 s is entered
into column 5.

It should be noted that the times in chart No. 7 (Fig. 4.38) do not include the
time for routing the wire or for dressing the wire ends prior to fastening.

4.6.2 Case Study
Figure 4.39 shows an installation consisting of 50 wires with 100 connections to
be made. This example comes from a machine control unit manufactured in fairly
small quantities. The various legs of the harness are lettered A through T.

Table 4.3 presents the wire run list showing, for each end of the wire, the
harness leg, termination type, and connecting points. With the aid of such a chart
and the drawing showing the location of wire ties, it is possible to complete the
series of worksheets and obtain an estimate of the total wire preparation, harness
assembly and installation times. Table 4.4 shows the results of such an analysis
where it can be seen that the three principal activities each contribute significantly
to the total time of almost one hour. Figure 4.40 shows a possible redesign
employing ribbon cable and using mass termination techniques for the assembly
of connectors onto the cable. In addition, the terminal block in the current design
(Fig. 4.39) where legs A and B were connected has been eliminated. Finally, the
connections between the two printed circuit boards have been replaced with one
ribbon cable. It was assumed in the redesign that all the standard items (switches,



FIG. 4.38 Worksheet No. 7 and portion of data chart No. 7 for lug fastening. (Data
partially based on Ref. 6.)
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TABLE 4.3 Wire Run List for Current Design of Control Unit

Wire Length
ID (ft)

1-6 1

7 1
8 1
9 1
10-11 1
12 1
13-15 1
16 2
17 2
18 2
19 3
20 1
21 2.5
22-24 2.5
25 1
26-27 2.5
28 1
29 1
30 3
31 3
32 3
33 3
34-36 1.5
37-40 1.5
41-45 2
46-50 3

TABLE 4.4
Current Design

Preparation
Assembly
Installation
Totals

Con.
ID No.

A 1-6

A 4
A 5
A 6
B 7-8
B 3
B 10-12
B 10
B 11
B 12
B 13
B 13
C 15
C 20-22
D 25
E 27-28
E 29
E 30
F 32
G 33
H 34
H 35
J 44-46
K 47-50
K 51-55
0 65-69

From

Termination
type

Fork lug

Fork lug
Fork lug
Fork lug
Fork lug
Fork lug
Fork lug
Fork lug
Fork lug
Fork lug
Fork lug
Fork lug
Tin (solder and sleeve)
Tin (solder and sleeve)
Quick con. lug
Tin (solder and sleeve)
Tin (solder and sleeve)
Tin (solder and sleeve)
Tin (solder)
Tin (solder)
Tin (solder)
Tin (solder)
Lug
Lugs
Lugs
Lugs

Con.
ID

C

D
I
D
J
J
J
S
S
S
T
E
P
P
I
Q
F
G
Q
Q
Q
Q
N
L
M
R

No.

18-23

26
37
24

38-39
40

41^3
88
90
83
91
31
79

80-82
36

73-74
32
33
75
76
73
78

70-72
56-59
60-64
83-87

To

Termination
type

Tin (solder
and sleeve)

Quick con. lug
Tin (solder)
Ring lug
Lug
Lug
Lug
Lug
Lug
Lug
Ring lug
Tin (solder)
Quick con. lug
Quick con. lug
Tin (solder)
Lug
Tin (solder)
Tin (solder)
Lug
Lug
Lug
Lug
Lug
Quick con. lugs
Quick con. lugs
Lugs

Analysis Results for
of Control Unit

Time
(s)

800.1
1236.7
1350
3446.8

Time
(min)

13.3
21.6
22.5
57.4



Io£eb£
'M-§60

'%•
•ouooo^(5E



TABLE 4.5 Analysis Results for
Proposed Design of Control Unit

Preparation
Assembly
Installation
Totals

Time
(s)

576.8
0

875.6
1452.4

Time
(min)

9.6
0

14.6
24.2

transformers, etc.) and their connection methods could not be changed. Also, it
was assumed that the two printed circuit boards could not be combined.

Analysis of this new design gives the results presented in Table 4.5 where it
can be seen that the total assembly time has been reduced to 24.2 mm and that
harness assembly has been eliminated.

Clearly, further significant improvements could be made through a complete
redesign including the elimination of soldered connections and combination of
the printed circuit hoards, but this case study serves to illustrate how the effects of
design changes can be quantified in order to guide the designer to less costly and
more easily manufactured products.
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Design for High-Speed Automatic
Assembly and Robot Assembly

5.1 INTRODUCTION

Although design for assembly is an important consideration for manually
assembled products and can reap enormous benefits, it is vital when a product
is to be assembled automatically. The simple example shown in Fig. 5.1 illustrates
this. The slightly asymmetrical threaded stud would not present significant
problems in manual handling and insertion, whereas for automatic handling an
expensive vision system would be needed to recognize its orientation. If the part
were made symmetrical, automatic handling would be simple. For economic
automatic assembly therefore, careful consideration of product structure and
component part design is essential. In fact, it can be said that one of the
advantages of introducing automation in the assembly of a product is that it
forces a reconsideration of its design—thus offering not only the benefits of
automation but also those of improved product design. Not surprisingly, the
savings resulting from product redesign often outweigh those resulting from
automation.

The example of the part in Fig. 5.1 illustrates a further point. The principal
problems in applying automation usually involve the automatic handling of the
parts rather than their insertion into the assembly. To quote an individual
experienced in the subject of automatic assembly "if a part can be handled
automatically, then it can usually be assembled automatically." This means that,
when we consider design for automation, we will be paying close attention to the
design of the parts for ease of automatic feeding and orienting.

191
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asymmetrical -
difficult to orient

symmetrical -
easy to orient

FIG. 5.1 Design change to simplify automatic feeding and orienting.

In considering manual assembly we were concerned with prediction of the
time taken to accomplish the various tasks such as grasp, orient, insert, and
fasten. From a knowledge of the assembly worker's labor rate we could then
estimate the cost of assembly. In automatic assembly, the time taken to complete
an assembly does not control the assembly cost. Rather it is the rate at which the
assembly machine or system cycles, because, if everything works properly, a
complete assembly is produced at the end of each cycle. Then, if the total rate
(cost per unit time) for the machine or system and all the operators is known, the
assembly cost can be calculated after allowances are made for down-time. Thus,
we shall be mainly concerned with the cost of all the equipment, the number of
operators and technicians, and the assembly rate at which the system is designed
to operate. However, so that we can identify problems associated with particular
parts, we shall need to apportion the cost of product assembly between the
individual parts and, for each part, we shall need to know the cost of feeding and
orienting and the cost of automatic insertion.

In the following discussion we first look at product design for high-speed
automatic assembly using special-purpose equipment and then we consider
product design for robot assembly (i.e., using general-purpose equipment).

5.2 DESIGN OF PARTS FOR HIGH-SPEED FEEDING AND
ORIENTING

The cost of feeding and orienting parts will depend on the cost of the equipment
required and on the time interval between delivery of successive parts. The time
between delivery of parts is the reciprocal of the delivery rate and is nominally
equal to the cycle time of the machine or system. If we denote the required
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delivery or feed rate FT (parts/mm), then the cost of feeding each part Cf is given
by

Cf = (60/FT)R{ cents (5.1)

where R{ is the cost (cents/s) of using the feeding equipment.
Using a simple payback method for estimation of the feeding equipment rate

R{, this is given by

R{ = CfEJ(576QPbSn) cents/s (5.2)

where CF is the feeder cost ($), E0 is the equipment factory overhead ratio, Pb is
the payback period in months and Sn is the number of shifts worked per day. The
constant 5760 is the number of available seconds in one shift working for one
month divided by 100 to convert dollars to cents.

For example, if we assume that a standard vibratory bowl feeder costs $5000
after installation and debugging, that the payback period is 30 months with 2
shifts working, and that the factory equipment overheads are 100% (EQ = 2), we
get

Rf = 5000 x 2/(5760 x 30 x 2)
= 0.03 cent/s

In other words, it would cost 0.03 cents to use the equipment for 1 second.
Supposing that we take this figure as the rate for a "standard" feeder and we
assign a relative cost factor Cr to any feeder under consideration, then Eq. (5.1)
becomes

Cf = 0.03(60/Fr)Cr (5.3)

Thus, we see that the feeding cost per part is inversely proportional to the
required feed rate and proportional to the feeder cost.

To describe these results in simple terms we can say that, for otherwise
identical conditions, it would cost twice as much to feed each part to a machine
with a 6 s cycle compared with the cost for a machine with a 3 s cycle. This
illustrates why it is difficult to justify feeding equipment for assembly systems
with long cycle times.

For the second result we can simply state that, for otherwise constant
conditions, it would cost twice as much to feed a part using a feeder costing
$10,000 compared with a feeder costing $5000.

If the feeding cost for a particular feeder is plotted against the required feed
rate FT on logarithmic scales, a linear relationship results, as shown in Fig. 5.2. It
appears that the faster the parts are required, the lower the feeding cost. This is
true only as long as there is no limit on the speed at which a feeder can operate.
Of course, there is always an upper limit to the feed rate obtainable from a
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feeding
cost, Cf
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cost of using
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10 100
required feed rate, Fr (parts/min.)

FIG. 5.2 Effect of required feed rate on feeding cost.

particular feeder. We shall denote this maximum feed rate by Fm and we will
consider the factors that affect its magnitude. However, before doing so let us
look at its effect through an example.

Suppose the maximum feed rate from our feeder is 10 parts/min. Then if parts
are required at a rate of 5 parts/min, the feeder can simply be operated more
slowly involving an increased feeding cost as given by Eq. (5.3) and illustrated in
Fig. 5.2. Suppose parts are required at a rate of 20 parts/min. In this case two
feeders could be used, each delivering parts at a rate of 10 parts/min. However,
the feeding cost per part using two feeders to give twice the maximum feed rate
will be the same as one feeder delivering parts at its maximum feed rate. In other
words, if the required feed rate is greater than the maximum feed rate obtainable
from one feeder, the feeding cost becomes constant and equal to the cost of
feeding when the feeder is operating at its maximum rate. This is shown in Fig.
5.2 by the horizontal line. If multiple feeders are used for increased feed rates,
then the line will be saw-toothed as shown. However, in practice, the line can be
smoothed by spending more on feeders to improve their performance when
necessary.

From this discussion we can say that Eq. (5.3) holds true only when the
required feed rate FT is less than the maximum feed rate Fm, and when this is not
the case the feeding cost is given by

Cf = 0.03(60/Fm)Cr

Now the maximum feed rate Fm is given by

Fm = 1500 E/l parts/min

(5.4)

(5.5)
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where E is the orienting efficiency for the part and / (mm) is its overall dimension
in the direction of feeding and where it is assumed that the feed speed is 25 mm/s.

To illustrate the meaning of the orienting efficiency E we can consider the
feeding of dies (cubes with faces numbered 1 to 6). Suppose that if no orientation
is needed, the dies can be delivered at a rate of 1 per second from a vibratory bowl
feeder. However, if only those dies with the 6 side uppermost were of interest, a
vision system could be employed to detect all other orientations and a solenoid-
operated pusher could be used to reject them. In this case the delivery rate would
fall to an average of 1 die every 6 seconds or a feed rate of 1/6 per second. The
factor 1/6 is defined as the orienting efficiency E and it can be seen that the
maximum feed rate is proportional to the orienting efficiency (Eq. (5.5)).

Now let us suppose our dies were doubled in size and that the feed speed or
conveying velocity on the feeder track were unaffected. It would then take twice
as long to deliver each die. In other words the maximum feed rate is inversely
proportional to the length of the part in the feeding direction [Eq. (5.5)].

Equation (5.4) shows that when Ft > Fm, the feeding cost per part is inversely
proportional to Fm. It follows that under these circumstances, the cost of feeding
is inversely proportional to the orienting efficiency and proportional to the length
of the part in the feeding direction.

This latter relationship illustrates why automatic feeding and orienting
methods are only applicable to "small" parts. In practice this means that
parts larger than about 8 in. in their major dimension cannot usually be fed
economically.

When considering the design of a part and its feeding cost, the designer will
know the required feed rate and the dimensions of the part. Thus FT and / will be
known. The remaining two parameters that affect feeding cost, namely, the
orienting efficiency E and the relative feeder cost Ct, will depend on the part
symmetry and the types of features that define its orientation. A classification
system for part symmetry and features has been developed [1] and for each part
classification the average magnitudes of E and Cr have been determined [2]. A
portion of this system is presented in Figs. 5.3 to 5.5. Figure 5.3 shows how parts
are categorized into basic types, either rotational or nonrotational. For rotational
parts, their cylindrical envelopes are classified as discs, short cylinders, or long
cylinders. For nonrotational parts, the subcategories are flat, long, or cubic
depending on the dimensions of the sides of the rectangular envelope.

Figure 5.3 give the first digit of a three-digit shape code. Figure 5.4 shows how
the second and third digits are determined for a selection of rotational parts (first
digit 0, 1, or 2) and gives the corresponding values of the orienting efficiency E
and the relative feeder cost Cr. Similarly, Fig. 5.5 shows how the second and third
digits are determined for a selection of nonrotational parts (first digit 6, 7, or 8).
The geometrical classification system was originally devised by Boothroyd and
Ho [1] as a means of cataloging solutions to feeding problems.
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FIG. 5.3 First digit of geometrical classification of parts for automatic handling.

FIG. 5.4 Second and third digits of geometrical classification for some rotational parts.

5.3 EXAMPLE

Suppose the part shown in Fig. 5.6 is to be delivered to an automatic assembly
station working at a 5 s cycle. We now use the classification system and database
to determine the feeding cost and we assume that the cost of delivering simple
parts at 1 per second using our "standard" feeder is 0.03 cents per part.
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FIG. 5.5 Second and third digits of geometrical classification for some nonrotational
parts.

First we must determine the classification code for our part. Figure 5.6 shows
that the rectangular envelope for the part has dimensions A = 30, B = 20, and
C = 15 mm.

Thus A/B = 1.5 andA/C = 2. Referring to Fig. 5.3, since A/B is less than 3
and A/C is less than 4, the part is categorized as cubic nonrotational and is
assigned a first digit of 8. Turning to Fig. 5.5, which provides a selection of data
for nonrotational parts, we first determine that our example part has no rotational
symmetry about any of its axes. Also, we must decide whether the part's
orientation can be determined by one main feature. Looking at the silhouette
of the part in the X direction, we see a step or projection in the basic rectangular
shape and we realize that this feature alone can always be used to determine the
part's orientation. This means that if the silhouette in theX direction is oriented as
shown in Fig. 5.6, the part can be in only one orientation and, therefore, the
second digit of the classification is 4. However, either the groove apparent in the
view in the Y direction and the step seen in the view in the Z direction could also
be used to determine the part's orientation. The procedure now is to select the
feature giving the smallest third classification digit; in this case it is the step seen
in the X direction. Thus the appropriate column number in Fig. 5.5 is 0. The
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FIG. 5.6 Sample part.

Z direction
' step

silhouettes

three-digit code is thus 840 and corresponding values of orienting efficiency
E = 0.15 and relative feeder cost Cr = 1.

Using the fact that the longest part dimension / is 30 mm and that the orienting
efficiency E is 0.15, Eq. (5.5) gives the maximum feed rate obtainable from one
feeder; thus

= 1500x0.15/30
= 7.5 parts/min
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Now, from the cycle time of 5 s the required feed rate FT is 12 parts/min,
which is higher than Fm. Therefore, since Ft > Fm we use Eq. (5.4) and since
Cr = 1 we get a feeding cost of

Cf = 0.03(60/Fm)Cr

= 0.03(60/7.5)1
= 0.24 cents

5.4 ADDITIONAL FEEDING DIFFICULTIES
In addition to the problems of using the part's geometric features to orient it
automatically, other part characteristics can make feeding particularly difficult.
For example, if the edges of the parts are thin, shingling or overlapping can occur
during feeding, which leads to problems with the use of orienting devices on the
feeder track (Fig. 5.7).

Many other features can affect the difficulty of feeding the part automatically
and can lead to considerable increases in the cost of developing the automatic
feeding device. These features can also be classified as shown in Fig. 5.8, where,
for each combination of features, an approximate additional relative feeder cost is
given that should be taken into account in estimating the cost of automatic
feeding.

5.5 HIGH-SPEED AUTOMATIC INSERTION
If a part can be sorted from bulk and delivered to a convenient location correctly
oriented, a special-purpose mechanism or workhead can usually be designed that
will place it in the assembly. Such workheads can generally be built to operate on

difficult to feed - parts overlap

easy to feed

FIG. 5.7 Parts that shingle or overlap on the feeder track.
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FIG. 5.8 Additional relative feeder costs for a selection of feeding difficulties.

a cycle as short as 1 second. Thus, for assembly machines operating on cycles
greater than 1 second, the automatic insertion cost Q will be given by

Q = (60/FrK (5.6)

where Ft is the required assembly rate (or feed rate of parts) and 7?; is the cost
(cents/s) of using the automatic workhead.

Again, using a simple payback method for estimation of the equipment rate 7?;,
this is given by

*i = WcE0/(576QPbSn) cents/s (5.7)

where Wc is the workhead cost ($), E0 is the equipment factory overhead ratio, Pb
is the payback period in months, and Sn is the number of shifts worked per day.

If we assume that a standard workhead costs $10,000 after installation and
debugging, that the payback period is 30 months with two shifts working, and the
factory equipment overheads are 100% (E0 = 2), we get

7?; = 10,000 x 2/(5760 x 30 x 2)
= 0.06 cents/s
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FIG. 5.9 Relative workhead costs WT for a selection of automatic insertion situations.

In other words, it would cost 0.06 cents to use the equipment for 1 second. If we
take this figure as the rate for a "standard" workhead and we assign a relative cost
factor WT to any workhead under consideration, then Eq. (5.6) becomes

Q = 0.06(60/Fr)FFr (5.8)

Thus, the insertion cost is inversely proportional to the required assembly rate and
proportional to the workhead cost.

When considering the design of a part, the designer knows the required
assembly rate Ft. For presentation of relative workhead costs, a classification
system for automatic insertion similar to that for manual insertion was devised
[2]. A portion of this system is shown in Fig. 5.9. It can be seen that this
classification system is similar to that for manual insertion of parts except that the
first digit is determined by the insertion direction rather than whether obstructed
access or restricted vision occurs.

5.6 EXAMPLE

If the part shown in Fig. 5.6 is inserted horizontally into the assembly in the
direction of arrow Y and it is not easy to align and position and not secured on
insertion, then the appropriate classification is row 1, column 2 in Fig. 5.9. The
automatic insertion code is thus 12, giving a relative workhead cost of 1.6.
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For a cycle time of 5 s, the assembly rate FT is 12 parts/mm and Eq. (5.8) gives
an insertion cost of

Q = 0.06(60/Fr) WT

= 0.06(60/12)1.6
= 0.48 cents

Thus the total handling and insertion cost Ct for this part is

= 0.24 + 0.48
= 0.72 cents

5.7 ANALYSIS OF AN ASSEMBLY

To facilitate the analysis of a complete assembly, a worksheet similar to that used
for manual assembly analysis can be employed. Figure 5.10 shows the exploded
view of a simple assembly before and after redesign which is to be assembled at a
rate of 9.6 per minute and Fig. 5.11 presents the completed worksheets for
automatic assembly analysis.

screws 6 dia. x 11

I— cover 40 dia. x 4

— gasket 40 dia. x 0.5

plunger 28 dia.» 14

housing 62 x 42 120

dimensions In mm

(a) original design """sj-'̂  (b) redesign

FIG. 5.10 Simple assembly.

cover 40 dig. x 10

— gasket 40 dia. x 0.5

plunger 28 dia. x 14

housing 62 x 42 x 20
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FIG. 5.11 Completed worksheets for high-speed automatic assembly analysis of the
assemblies in Fig. 5.10.

5.8 GENERAL RULES FOR PRODUCT DESIGN FOR
AUTOMATION

The most obvious way in which the assembly process can be facilitated at the
design stage is by reducing the number of different parts to a minimum. This
subject was covered in the previous chapter dealing with manual assembly, where
it was emphasized that simplification of the product structure can lead to
substantial savings in assembly cost and parts cost. When considering product
design for automation, it is even more important to consider reduction in the
number of separate parts. For example, the elimination of a part would eliminate a
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Old design New design

FIG. 5.12 Redesign of part for ease of assembly. (From Ref 3.)

complete station on an assembly machine-including the parts feeder, the special
workhead, and the associated portion of the transfer device. Hence, the reduction
in necessary investment can be substantial when product structure is simplified.

Apart from product simplification, automation can be facilitated by the
introduction of guides and chamfers that directly facilitate assembly. Examples
of this are given by Baldwin [3] and Tipping [4] in Figs. 5.12 and 5.13. In both
examples, sharp corners are removed so that the part to be assembled can be

Sharp-
corner

Sharp corners

Difficult to assemble

Radii

Radii-

Easy to assemble

FIG. 5.13 Redesign to assist assembly. (From Ref. 4.)
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guided into its correct position during assembly, which requires less control by
the placement device or can even eliminate the need for a placement device.

Further examples in this category can be found in the types of screws used in
automatic assembly. Screws that tend to centralize themselves in the hole give the
best results in automatic assembly; Tipping [4] summarizes and grades the
designs of screw points available as follows (Fig. 5.14):

1. Rolled thread point: very poor location; will not centralize without positive
control on the outside diameter of the screws.

2. Header point: only slightly better than (1) if of correct shape.
3. Chamfer point: reasonable to locate.
4. Dog point: reasonable to locate
5. Cone point: very good to locate.
6. Oval point: very good to locate.

Tipping recommends that only cone and oval point screws be used in automatic
assembly. However, industrial practice now favors dog point screws since these
tend to be self-aligning once inserted.

Another factor to be considered in design is the difficulty of assembly from
directions other than directly above. The designer should aim to allow for
assembly in sandwich or layer fashion, each part being placed on top of the
previous one. The biggest advantage of this method is that gravity can be used to
assist in the feeding and placing of parts. It is also desirable to have workheads
and feeding devices above the assembly station, where they will be accessible in
the event of a fault due to the feeding of a defective part. Assembly from above

Rolled Header Chamfer
thread point point point
(approximate (after thread
form as rolling the

rolled) P°mt approximates
to a chamfer)

Dog
point

Cone
point

T
Oval
point

FIG. 5.14 Various forms of screw points. (From Ref. 4.)
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may also assist in the problem of keeping parts in their correct positions during
the machine index period, when dynamic forces in the horizontal plane might
tend to displace them. In this case, with proper product design using self-locating
parts, the force due to gravity should be sufficient to hold the part until it is
fastened or secured.

If assembly from above is not possible, it is probably wise to divide the
assembly into subassemblies. For example, see the exploded view of a British
power plug shown in Fig. 5.15; in the assembly of this product it would be
relatively difficult to position and drive the two cord grip screws from below. The
remainder of the assembly (apart from the main holding screw) can be con-
veniently built into the base from above. In this example the two screws, the cord
grip, and the plug base could be treated as a subassembly dealt with prior to the
main machine assembly.

It is always necessary in automatic assembly to have a base part on which the
assembly can be built. This base part must have features that make it suitable for
quick and accurate location on the work carrier. Figure 5.16a shows a base part
for which it would be difficult to design a suitable work carrier. In this case, if a
force were applied at A, the part would rotate unless adequate clamping were

fuse

fuse clip

ground pin

- cover

live pin

— neutral pin

cord grip

-base

cord grip
screws

cover screw

FIG. 5.15 Assembly of three-pin power plug.
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A

(a)

207

(b)

'Work carrier

FIG. 5.16 Design of base part for mounting on work carrier.

provided. One method of ensuring that a base part is stable is to arrange that its
center of gravity be contained within flat horizontal surfaces. For example, a
small ledge machined into the part will allow a simple and efficient work carrier
to be designed (Fig. 5.16b).

Location of the base part in the horizontal plane is often achieved by dowel
pins mounted in the work carrier. To simplify the assembly of the base part onto
the work carrier, the dowel pins can be tapered to provide guidance, as in the
example shown in Fig. 5.17.

Base part

'ork carrier

FIG. 5.17 The use of tapered pegs to facilitate assembly.
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5.9 DESIGN OF PARTS FOR FEEDING AND ORIENTING

Many types of parts feeders are used in automatic assembly; but most feeders are
suitable for feeding only a very limited range of part shapes and are not generally
relevant when discussing the design of parts for feeding and orienting. The most
versatile parts feeder is the vibratory bowl feeder, and the following section deals
mainly with the aspects of the design of parts that facilitate feeding and orienting
in these devices. Many of the points made, however, apply equally to other
feeding devices. Three basic design principles can be enumerated:

1. Avoid designing parts that will tangle, nest, or shingle.
2. Make the parts symmetrical.
3. If parts cannot be made symmetrical, avoid slight asymmetry or asymmetry

resulting from small or nongeometrical features.

If parts tend to tangle or nest when stored in bulk, it can be almost impossible
to separate, orient, and feed them automatically. Often a small, nonfunctional
change in design will prevent this occurrence, and some simple examples of this
are illustrated in Fig. 5.18.

While the asymmetrical feature of a part can be exaggerated to facilitate
orientation, an alternative approach is to deliberately add asymmetrical features

F&rts will nest Rib in part will stop nesting

Straight slot wilt tangle Crank slot will not tangle

Open-ended spnng will tangle Closed-ended spr.ng will^^ c- iucu ^ iu a., on|y un(jer pressure

Open spring-lock washer Closed spring-lock washer
will tangle will tangle only under pressure

FIG. 5.18 Examples of redesign to prevent nesting or tangling. (From Ref. 5.)
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Difficult to orient with
respect to small holes

0
0
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0
9

00
No feature sufficiently When correctly oriented
significant for orientation wjn hang from rail

Triangular shape of
part makes automatic
hole orientation
diff icult

Nonfunctional shoulder
permits proper orientation
to be established in a vibrat
feeder and maintained in
transport rails

FIG. 5.19 Provision of asymmetrical features to assist in orientation. (From Ref 5.)

for the purpose of orienting. The latter approach is more common, and some
examples, given by Iredale [5], are reproduced in Fig. 5.19. In each case, the
features that require alignment are difficult to utilize in an orienting device, so
corresponding external features are deliberately added.

In the portion of the coding system shown in Fig. 5.4, those parts with a high
degree of symmetry have codes representing parts easy to handle. There are,
however, a wide range of codes representing parts that will probably be difficult
to handle automatically; these parts create problems for designers unless
assistance is provided.

Figure 5.20a shows a part that would be difficult to handle and Fig. 5.20b
shows the redesigned part, which could be fed and oriented in a vibratory bowl
feeder at a high rate. The subtle change in design would not be obvious to the
designer without the use of the coding system. In fact, it might not have occurred
to the designer that the original part was difficult to handle automatically.
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(a) (b)
Very difficult to orient Possible to orient

FIG. 5.20 Less obvious example of a design change to simplify feeding and orienting.

It should be pointed out that, although the discussion above dealt specifically
with automatic handling, parts that are easy to handle automatically will also be
easy to handle manually. A reduction in the time taken for an assembly worker to
recognize the orientation of a part and then reorient it results in considerable cost
savings.

Clearly, with some parts, it will not be possible to make design changes that
will enable them to be handled automatically: for example, very small parts or
complicated shapes formed from thin strips are difficult to handle in an automatic
environment. In these cases it is sometimes possible to manufacture the parts on
the assembly machine or to separate them from the strip at the moment of
assembly. Operations such as spring winding or blanking out thin sections have
been successfully introduced on assembly machines in the past.

5.10 SUMMARY OF DESIGN RULES FOR HIGH-SPEED
AUTOMATIC ASSEMBLY

The various points made in this discussion of parts and product design for
automatic assembly are summarized below in the form of simple rules for the
designer.

5.10.1 Rules for Product Design
1. Minimize the number of parts.
2. Ensure that the product has a suitable base part on which to build the

assembly.
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3. Ensure that the base part has features that enable it to be readily located in a
stable position in the horizontal plane.

4. If possible, design the product so that it can be built up in layers, each part
being assembled from above and positively located so that there is no
tendency for it to move under the action of horizontal forces during the
machine index period.

5. Try to facilitate assembly by providing chamfers or tapers that help to guide
and position the parts in the correct position.

6. Avoid expensive and time-consuming fastening operations, such as screw
fastening, soldering, and so on.

5.10.2 Rules for the Design of Parts
1. Avoid projections, holes, or slots that cause tangling with identical parts

when placed in bulk in the feeder. This may be achieved by arranging the
holes or slots to be smaller than the projections.

2. Attempt to make the parts symmetrical to avoid the need for extra orienting
devices and the corresponding loss in feeder efficiency.

3. If symmetry cannot be achieved, exaggerate asymmetrical features to facil-
itate orienting or, alternatively, provide corresponding asymmetrical features
that can be used to orient the parts.

5.11 PRODUCT DESIGN FOR ROBOT ASSEMBLY

As with product design for high-speed automatic assembly, one objective with
robot assembly is to provide the designer with a means of estimating the cost of
assembling the product—but in this case using robots. However, several impor-
tant design aspects will be affected by the choice of robot assembly system; a
choice which, in turn, is affected by various production parameters such as
production volume and the number of parts in the assembly. Three representative
types of robot assembly systems can be considered, namely:

1. Single-station with one robot arm
2. Single-station with two robot arms
3. Multistation with robots, special-purpose workheads, and manual assembly

stations as appropriate.

For a single-station system, parts that required manual handling and assembly,
and that must be inserted during the assembly cycle, present special problems.
For reasons of safety it would usually be necessary to transfer the assembly to a
location or fixture outside the working environment of the robot. This can be
accomplished by having the robot place the assembly on a transfer device that



212 Chapters

carries the assembly to the manual station. After the manual operation has been
completed, the assembly can be returned in a similar manner to within reach of
the robot.

The use of special-purpose workheads for insertion or securing operations
presents similar problems to those for manual assembly operations. Two different
situations can be encountered. The first involves the insertion or placement of the
part by the robot without it being secured immediately. This operation is then
followed by transfer of the assembly to an external workstation to carry out the
securing operation; a heavy press fit would be an example. The second situation is
where a special-purpose workhead is engineered to interact directly at the robot
workfixture. This might take the form of equipment activated from the sides of or
underneath the workfixture to carry out soldering, tab bending, or twisting
operations, spin riveting, etc., while the robot has to place and, if necessary,
manipulate the part.

These major problems with single-station systems do not occur with a
multistation system, where manual operations or special-purpose workheads
can be assigned to individual stations as necessary. This illustrates why it is
important to know the type of assembly system likely to be employed when the
product is being designed.

In order to determine assembly costs, it is necessary to obtain estimates of the
following:

1. The total cost of all the general-purpose equipment used in the system,
including the cost of robots and any transfer devices and versatile grippers—
all of which can be employed in the assembly of other products if necessary.

2. The total cost of all the special-purpose equipment and tooling, including
special-purpose workheads, special fixtures, special robot tools or grippers,
special-purpose feeders; and special magazines, pallets, or part trays.

3. The average assembly cycle time—that is the average time to produce a
complete product or assembly.

4. The cost per assembly of the manual labor involved in machine supervision,
loading feeders, magazines, pallets, or part trays and performing any manual
assembly tasks.

Classification systems and databases have been developed for the purpose of
cost estimating [2].

There is one classification and one data chart for each of the three basic robot
assembly systems. In these charts, insertion or other required operations are
classified according to difficulty. For each classification, and depending on the
difficulty of the operation, relative cost and time factors are given that can be used
to estimate equipment costs and assembly times. These cost and time estimate are
obtained by entering data, from the appropriate chart, onto a worksheet for each
part insertion or separate operation.
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Figure 5.21 shows a portion of the classification system and database for a
single-station one-arm robot assembly system. This portion of the system is for
the situation where a part is being added to the assembly, but is not being secured
immediately. The selection of the appropriate row (first digit) depends on the
direction of insertion—an important factor influencing the choice of robot
because the 4 degree-of-freedom Selective Assembly Compliance Robot Arm
(SCARA) robot can only perform insertions along the vertical axis. The selection
of the appropriate column (second digit) depends on whether the part needs a
special gripper, clamping temporarily after insertion, and whether it tends to align
itself during insertion. All of these factors affect either the cost of the tooling
required or the time for the insertion operation or both.

When the row and columns have been selected for a particular operation, the
figures in the box allow estimates to be made of the robot cost, the gripper tool
cost, and the total time for the operation.

Let us suppose that a part is to be inserted along a horizontal axis, does not
require a special gripper, requires temporary clamping, and is easy to align. For
this operation, the code would be 12. In this case, the relative robot cost AR is
1.5. This means that if the basic capital cost of an installed standard 4 degree-of-
freedom robot (including all controls, sensors, etc., and capable of only vertical
insertions) is $60,000, a cost of $90,000 is assumed. This figure allows for a more
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FIG. 5.21 Portion of classification system and database for a single-station one-arm
robot assembly system. (From Ref. 2.)
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sophisticated robot, able to perform operations from directions other than above.
In other words, there is a cost penalty of $30,000 for the basic equipment in the
system because the "standard robot" cannot perform the operation required.

The value of the relative additional gripper or tool cost is 1.0. Since the part
needs temporary clamping, special tooling mounted on the workfixture would be
required. Thus, if the standard tooling or gripper cost $5000, the additional
tooling needed would represent a cost penalty of $5000 in the form of special-
purpose equipment.

The value of the relative basic operation time TP is 1.0. In this analysis method
the basis for time estimates is the average time taken by the robot to move
approximately 0.5 m, grasp the part, return, and insert the part when the motion is
simple and no insertion problems exist. For a typical present-generation robot,
this process might take 3 s. If this figure is used in the present example, then this
is the basic time for the robot to complete the operation.

Finally, since the relative time penalty for gripper or tool change is zero, no
additional time penalty is incurred and the total operation time is 3 s. A further
time penalty must be added when the part to be inserted is not completely
oriented by the part presentation device. In this case the robot arm must perform
final orientation with the aid of a simple vision system and an additional 2 to 3 s
must be added to the operation time.

In addition to the cost of the robot and the special tools or grippers, the costs of
the part presentation must be estimated. Before this can be accomplished, it must
be decided which part presentation method will be used for each part. In practice
there are usually only two choices: the special-purpose feeder or the manually
loaded magazine, pallet, or part tray.

The costs associated with part presentation can be divided into:

1. Labor costs, which include material handling (loading parts feeders or
magazines), system tending (freeing jams in feeders, handling parts trays,
etc.), and system changeover costs (changing of workfixture, feeders, and
magazines and robot reprogramming);

2. Equipment costs, including feeder depreciation and the depreciation of
special fixtures, special tooling, magazines, pallets, or part trays.

It can be assumed that the bulk material handling costs (i.e., dumping parts in
bulk into feeder hoppers) are negligible compared with the cost of manually
loading individual parts one-by-one into magazines, pallets, or part trays.

There are thus only three significant factors needed to estimate the cost of part
presentation:

1. Special-purpose feeders: The cost of a special-purpose feeder, fully tooled
and operating on the robot system, is assumed to be a minimum of $5000.
The actual cost of a feeder, for a particular part, can be obtained from the
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data presented earlier in this chapter where feeding and orienting costs were
considered in detail.

2. Manually loaded magazines: The cost of one set of special magazines,
pallets, or part trays for one part type is assumed to be $ 1000. For large parts
this figure may considerably underestimate the actual cost and extra allow-
ance should be made.

3. Loading of magazines: The time needed to hand-load one part into a
magazine can be estimated to be the part-handling time, obtained from the
data in Chapter 3, plus 1 s. Alternatively, a typical value of 4 s may be used.

It can seen that use of the classification systems and database allows the total cost
of equipment and the cost of any manual assembly work to be estimated together
with the assembly time for each part. These results provide the data necessary to
predict assembly costs using each of the three robot assembly systems.

5.11.1 Summary of Design Rules for Robot Assembly
Many of the rules for product design for manual assembly and high-speed
automatic assembly also apply to product design for robot assembly. However,
when considering the suitability of a proposed design for robot assembly, careful
consideration should be given to the need for any special-purpose equipment such
as special grippers or special feeders. The cost of this equipment must be
amortized over the total life volume of the product and for the mid-range volumes
where robot assembly might be applied, this can add considerably to the cost of
assembly.

The following are some specific rules to follow during product design [2]:

1. Reduce part count—this is a major strategy for reducing assembly,
manufacture, and overhead costs irrespective of the assembly system to
be used.

2. Include features such as leads, lips, chamfers, etc., to make parts self-
aligning in assembly. Because of the relatively poor repeatability of many
robot manipulators—when compared to dedicated workhead mechanisms—
this is a vitally important measure to ensure consistent fault-free part
insertions.

3. Ensure that parts which are not secured immediately on insertion are self-
locating in the assembly. For multistation robot assembly systems, or one-
arm single-station systems, this is an essential design rule. Holding down of
unsecured parts cannot be carried out by a single robot arm, and so special
fixturing is required which must be activated by the robot controller. This
adds significantly to special-purpose tooling and, hence, assembly costs.
With a two-arm single-station system, one arm can, in principle, hold down
an unsecured part while the other continues the assembly and fastening
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processes. In practice, this requires one arm to change end-of-arm tooling to
a hold-down device; the system then proceeds with 50% efficiency while
one arm remains immobile.

4. Design parts so that they can all be gripped and inserted using the same
robot gripper. One major cause of inefficiency in robot assembly systems is
the need for gripper or tool changes. Even with rapid gripper or tool change
systems, each change to a special gripper and then back to the standard
gripper is approximately equal to two assembly operations. Note that the
use of screw fasteners always results in the need for tool changes since robot
wrists can seldom rotate more than one revolution.

5. Design products so that they can be assembled in layer fashion from directly
above (z-axis assembly). This ensures that the simplest, least costly, and
most reliable 4 degree-of-freedom robot arms can accomplish the assembly
tasks. It also simplifies the design of the special-purpose workfixture.

6. Avoid the need for reorienting the partial assembly or for manipulating
previously assembled parts. These operations increase the robot assembly
cycle time without adding value to the assembly. Moreover, if the partial
assembly has to be turned to a different resting aspect during the assembly
process, then this will usually result in increased workfixture cost and the
need to use a more expensive 6 degree-of-freedom robot arm.

7. Design parts that can be easily handled from bulk. To achieve this goal
avoid parts that

Nest or tangle in bulk
Are flexible
Have thin or tapered edges that can overlap or "shingle" as they move

along a conveyor or feed track
Are so delicate or fragile that recirculation in a feeder would cause damage
Are sticky or magnetic so that a force comparable to the weight of the part is

required for separation
Are abrasive and will wear the surfaces of automatic handling systems
Are light so that air resistance will create conveying problems (less than

1.5N/m3 or 0.01 lb/in.3)
8. If parts are to be presented using automatic feeders, then ensure that they

can be oriented using simple tooling. Follow the rules for ease of part
orientation discussed earlier. Note, however, that feeding and orienting at
high speed is seldom necessary in robot assembly, and the main concern is
that the features that define part orientation can be easily detected.

9. If parts are to be presented using automatic feeders, then ensure that they
can be delivered in an orientation from which they can be gripped and
inserted without any manipulation. For example, avoid the situation where a
part can only be fed in one orientation from which it must be turned over for
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insertion. This will require a 6 degree-of-freedom robot and special gripper,
or a special 180° turn delivery track—both solutions leading to unnecessary
cost increases.

10. If parts are to be presented in magazines or part trays, then ensure that they
have a stable resting aspect from which they can be gripped and inserted
without any manipulation by the robot. If the production conditions are
appropriate, the use of robots holds advantages over the use of special-
purpose workheads and some design rules can be relaxed. For example, a
robot can be programmed to acquire parts presented in an array—such as in
a pallet or part fray which has been loaded manually, thus avoiding many of
the problems arising with automatic feeding from bulk. However, when
making economic comparisons, the cost of manual loading of the maga-
zines must be taken into account.
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Printed Circuit Board Design for
Manufacture and Assembly

6.1 INTRODUCTION
There has been a dramatic growth in the output of printed circuit boards (PCBs)
in recent decades. This trend is symptomatic of the increased replacement of
previously mechanical functions in products by electronics. A typical example of
this change is the domestic washing machine, which a few years ago would have
been controlled by an electromechanical cam timer, but which is now controlled
electronically from a PCB. Similarly, the control of the spark timing and fuel
intake of an automobile engine is now carried out through PCBs. It may be
surprising to note that the biggest manufacturer of PCBs is reputed to be General
Motors.

It is equally necessary to consider manufacturability at the early design stages
for PCBs as it is for mechanical products. The use of quantitative tools to assess
manufacturing difficulties and costs early in the design process is of great
importance.

PCB manufacture is a rapidly developing field. New PCB designs, new
component packaging, and new assembly techniques are continually being
introduced. Manufacturers are constantly striving to achieve higher component
densities, which make assembly increasingly difficult. Boards using through-hole
mounted components are being replaced by boards that utilize surface-mounted
devices (SMDs). In addition new techniques such as tape-automated bonding
(TAB) and chip-on-board are increasingly being used. Tools used for assessing
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manufacturability issues for PCBs must be capable of expansion to account for
these new developments. For the time being, discussion in this chapter is
restricted to through-hole and surface-mount components, as these make up the
majority of devices currently used.

6.2 DESIGN SEQUENCE FOR PRINTED CIRCUIT BOARDS
Design procedures for PCBs differ considerably from those used for mechanical
devices. In addition the use of computer-aided design techniques has in general
been much further developed and integrated into the design process than for
mechanical products. The sequence for design of a PCB is as follows:

1. Development of a functional circuit schematic diagram to meet the design
specification and performance of the circuit.

2. Circuit layout design—this leads to the artwork for the circuit, including
component layout, routing of conductors, and component selection.

Layout design is a complex task involving many interrelated considerations,
including

Component area
Number of sides
Number of boards
Volume computing (volumetric space taken up by the board)
Actual layout design, including component placement and conductor routing

A number of computer aids have been developed to assist with these design
tasks, including autoplacement and routing, artwork preparation, and so on.
However, many of these tasks are carried out without any assessment of costs
until much later in the overall design process.

6.3 TYPES OF PRINTED CIRCUIT BOARDS

Printed circuit boards are manufactured in a variety of types and configurations.
The choice of board type depends upon a number of factors, including:

1. The function of the board
2. Space available, related to component density
3. Component availability
4. Cost
5. Working environment
6. Any standards applied to the board.

The following variations of board types can be identified.
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6.3.1 Number of Layers
Printed circuit boards may be single or multilayer. Single-layer boards have the
circuit connections applied to one layer of insulation material only. Multilayer
boards are built up from several layers of insulation materials, with parts of the
circuit laid down between the layers. For two- or three-layer boards, which are
relatively common, the intermediate layers serve only as ground and power
planes. In some extreme cases the number of layers may be as high as 20 or more,
but this is exceptional.

6.3.2 Number of Sides
Printed circuit boards may be referred to as single sided or double sided. In the
first case the circuit is applied to only one side of the board and in the second case
the circuit is laid down on both sides of the board. A further variation is that holes
in the board may be either plated through to connect circuits on both sides or not
plated through.

6.3.3 Board Materials
Various materials are used for the insulating layers of the board. The majority of
boards are made from a reinforcing material and a thermosetting resin, but some
ceramic boards are also used, particularly in military applications. The common
combinations of resin and reinforcing materials are as follows:

Resin Reinforcing material

Phenolics Paper
Cotton fabric
Glass cloth
Nylon

Epoxy Paper
Glass cloth
Aramid cloth

Polymide Glass cloth
Aramid cloth

Alkyds Glass material
Silicones Glass cloth

6.3.4 Device Types
The discrete electronic components may be attached to the board in a variety of
ways. The two main device types used are through-hole mounted and surface
mounted. For through-hole devices attachment is by means of separate leads that
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pass through holes in the boards and are soldered to the circuit on the opposite
side of the board. For surface-mounted devices, attachment is to pads on the same
side of the board as the device is placed. Until recently, the use of through-hole
mounted devices predominated, but more and more surface-mounted devices are
being used, mainly because of the higher component densities that can be
achieved. In general, it is easier from a manufacturing viewpoint if only
through-hole or only surface-mounted devices are used, but many boards are
made with a mixture of both types of device.

6.3.5 Bare Board Costs
The cost of manufacture of the bare boards is strongly influenced by the number
of layers and size of the board, together with the materials of the board. Drilling
and plating of holes for through-hole boards may also be a significant cost. Figure
6.1 [1] gives an approximate cost for different types of board per unit area as a
guide to selection.

6.4 TERMINOLOGY

For those not familiar with the terms used in PCB manufacture, a glossary is
included at the end of this chapter.

Relative cost per unit Area

Double Sided

FIG. 6.1 Approximate cost per unit area of bare boards. (From Ref. 1.)

4 - Layer 6 - Layer 8 - Layer
Board Type - No. of Layers
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The term insertion is used to describe the process of placing a through-hole
electrical component onto a printed circuit board so that its leads pass through the
correct holes in the board or placing a surface-mount component onto the board
in the required position. There are three methods of insertion: (1) dedicated
automatic insertion machines, (2) manual assembly workers and semiautomatic
insertion, and (3) robots.

Automatic insertion of axial (variable center distance, or VCD) components
involves preforming the leads, inserting the component, and cutting and clinching
the leads. Preforming and cut and clinch are done automatically as part of the
insertion cycle and do not add to the cycle time or decrease the rate of insertion.
Automatic insertion of dual in-line package components (DIPs) does not involve
lead forming or cutting.

With manual insertion and semiautomatic insertion, all of the operations are
performed manually in sequence. Thus, preforming before insertion and cut and
clinch after insertion add to the total time for the insertion operation.

Robot insertion involves moving the robot arm to the component, grasping the
component, realigning it if necessary, moving it to the correct board location, and
insertion. If the component feeders or presenters cannot completely orient the
component, then robot insertion will include final realignment and will increase
the cycle time. As with manual assembly, preforming and cut and clinch are
usually done separately.

Robots are generally used only to insert nonstandard components that
otherwise would have been inserted manually, except that multistation robot
assembly lines are now used for surface-mounted component placement.
Nonstandard components or odd-form components are large or small or odd-
shaped components that cannot be inserted by special-purpose machinery.

Before introducing the cost analysis for printed circuit board assembly, the
assembly procedure will be described. The following section explains the various
steps that can be included in a PCB assembly process; these steps are automatic,
manual, and robotic insertion of components.

6.5 ASSEMBLY OF PRINTED CIRCUIT BOARDS

Printed circuit board (PCB) assembly involves mainly the insertion and soldering
of electrical components into printed circuit boards. Component insertion is
carried out manually or by high-speed dedicated machinery. Additionally, some
manufacturers are employing robots to perform insertions—mainly those that
otherwise would have to be performed manually because of the nonstandard
shapes of the components. For high production volumes, most manufacturers use
a combination of both automatic and manual insertion because odd-shaped or
nonstandard components cannot be handled by the automatic insertion machines.
However, it is desirable to use automatic insertion machines wherever possible,
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since they can operate much faster and with greater reliability than manual
workers. For those PCBs manufactured in small batches and where the applica-
tions involve severe working environments, such as military applications,
assembly is often entirely by hand.

Later in this chapter, data and equations are presented that can be used to
estimate the cost of component insertion and soldering by dedicated automatic
insertion machines, manual assembly workers, or robots.

6.5.1 Assembly Process for Through-Hole Printed Circuit
Boards

Figure 6.2 shows all the possible steps in an assembly process for printed circuit
boards [2]. The figure includes that portion of PCB manufacture where compo-
nent insertions are carried out. Component presentation, repair for faulty
insertions, and touch-up for faulty soldering are also included. However, steps
that do not directly involve the addition of components to the board such as board
preparation, where boards are given identification codes; board cut, where a
series, of identical boards is cut from a larger panel; and final test, where
functional testing of the board is done, are not included. Boards move through the
steps as indicated by the horizontal lines on the figure. The vertical lines indicate
the flow of components from inventory to the insertion stations.
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FIG. 6.2 Typical assembly process for printed circuit boards. (From Ref. 2.)
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In order to minimize handling and processing time small boards are sometimes
processed in the form of larger panels, which, after the components are inserted
and soldered, are separated into the individual boards. Alternatively several
separate boards can be mounted in one fixture to be processed together.

The first block in the assembly process shown in Fig. 6.2 indicates DIP. This
refers to the automatic insertion of dual in-line package components (DIPs) and
includes all integrated-circuit chips and chip sockets. The term "dual in-line
package" refers to the two parallel rows of leads projecting from the sides of the
package (Fig. 6.3). Typically, DIPs have between 4 and 40 leads; DIPs with more
than 40 leads are infrequently used. The lead span, which is the distance between
the two rows of leads, is standardized at 0.3, 0.4, or 0.6 in.

Sleeve

PCB

Axial - leaded components (VCD)

can-type 1C transistor

Radial - leaded components

\spacer
with
lead

holes

DIP Connector

SIP
DIP

socket

dual in-line and single in-line packages

FIG. 6.3 Various electronic components (not to scale).
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SOT Pin-grid array

SO 1C PLCC

Chip LCCC
SOT

Flat pack

Surface Mount Devices (SMD's)

FIG. 6.3 Continued

Quad flat pack

At the DIP station, components are inserted with an automatic DIP inserter
(Fig. 6.4). Automatic insertion is carried out at high rates—approximately 2800
to 4500 per h or one component every 0.80 to 1.29 s. The DIP leads are inserted
through predrilled holes in the board and are cut and clinched below the board
(Fig. 6.5). The automatic insertion head moves only in the vertical direction,
while the board is positioned below it on an x-y table that can also rotate. High-
performance DIP insertion machines can insert DIPs having any of the three
standard lead spans with no tooling change, but base models can only handle
0.3 in lead spans and 6 to 20 lead DIPs. To accommodate 2 and 4 lead DIPs a
special insertion head must be employed at additional cost. To check for electrical
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FIG. 6.4 Automatic dual in-line package (DIP) insertion machine.

faults a component verifier may be employed that will stop the machine if certain
preprogrammed electrical characteristics are not met.

Dual in-line package components are purchased from component manufac-
turers in long tubes called channels in which they are preoriented and stacked
end-to-end. The channels are loaded onto the DIP inserting machine. Usually one
channel is used for each DIP type on the board, but if large numbers of one type
are used then more channels can be assigned to the same component. A magazine
refers to a group of channels, usually about 15. If a high component mix is
required, then additional magazines can be added to the machine. The machine's
size and speed restrict the number of magazines. The insertion cycle time is
longer when the channel is farther from the insertion head. Channels can be
changed by an operator as the machine is running, which eliminates down-time
caused by empty channels.

After DIP insertion, the next block in the assembly process shown in Fig. 6.2
indicates inspect and repair. In this inspection of the partially assembled board,
the inspector is looking for faults that can be detected visually such as broken or
bent leads or components inserted into the wrong holes. Components are either
repaired and reinserted or discarded and replaced. Workers have available at each
repair station all of the components inserted at the previous insertion station so
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COMPONENT

BOARD

CUTTER
BAR

COMPONENT IN
POSITION FOR

INSERTION

COMPONENT INSERTED WITH
LEADS EXTENDING INTO CUT

AND CLINCH MECHANISM

CUTTER BAR CUTS AND
CLINCHES LEADS

CUT AND CLINCH MECHANISM
RETURNS TO REST POSITION

FIG. 6.5 Cut and clinch sequence.

that any component can be replaced. Inspect and repair stations can follow each
insertion station. However, workers can never detect all of the faults, and these
will inevitably have to be detected and corrected later in the manufacturing
process.

The second insertion station in the assembly process is VCD insertion. This
refers to the automatic insertion of axial-lead components (Fig. 6.3), also called
VCDs (variable center distance components). These include resistors, capacitors,
and diodes within the size limitations of the insertion head. Axial-lead compo-
nents must usually have their leads bent at right angles prior to insertion, and the
final lead span (called center distance) is variable.

At this second station axial-lead components are inserted with an automatic
axial-lead inserter (Fig. 6.6). Axial-lead components are inserted at rates of
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FIG. 6.6 Automatic axial-lead insertion machine.

approximately 9500 to 32,000 components per hour or one component every 0 11
to 0.38s. Rates of 32,000 per hour can only be achieved W1th a dual-head
insertion machine-* machine that inserts components into two identical boards
^mul aneously. Obviously single-head axial-lead insertion machines work at half
the rate of dual-head machines. The rates are higher than those for automatic DIP
insertion because components are fed on a spool in the correct sequence for
insertion (Fig. 6.7). Movements of the insertion head are much less. Spools can
hold large numbers of components and only have to be changed infrequently.

Automatic axial-lead insertion proceeds as follows: (i) components are stored
on a spool in the correct order for insertion (this is accomplished by the automatic
component sequencer described below); (ii) the spool is loaded manually onto the
axial-lead inserter; (iii) during the automatic insertion cycle the leads are
automatically cut to remove the component from the tape, then they are bent at
ngh angles to the correct center distance and the component is positioned withboard; (1V) *-"*the leads are - «
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FIG. 6.7 Axial-lead components on tape at insertion head.

As indicated in Fig. 6.2, axial-lead components are first mounted on a spool
using a component sequencer. This machine (Fig. 6.8) arranges the components
on a tape spool in the correct sequence for insertion. Axial-lead components are
purchased on spools with one component type on each spool. Spools are loaded
manually onto the sequencer for every type of component on the board and from
these a master spool is created.

A component sequencer can handle components at a rate of approximately
10,000 to 25,000 per hour or one component every 0.14 to 0.36s. Component
leads are automatically cut to remove the components from their individual tapes
in the correct order for insertion. Components are then retaped and rolled onto the
master spool. Master spools are made off-line and in advance of the component
insertion process.

A module for a sequencer is a group of dispensing spools, usually about 20 in
number. If a larger component mix is needed, then additional modules can be
added to the sequencer up to a maximum of about 240 dispensing spools, with
the limit being imposed by the physical size of the machine. To check for faulty
components or a component out of order a component verifier can be added to the
sequencer.
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FIG. 6.8 Automatic axial-lead sequencing machine.

These last two processes, automatic axial-lead component insertion and
sequencing, may be combined and carried out on one machine. Such a machine,
about twice as large as a conventional automatic insertion machine, provides the
advantage of eliminating the need for kitting and reduces setup time by bringing
inventory to the assembly line. Since components are stored at the assembly line,
different batches can be run—both large and small—by simply writing a new
program for each batch.

In addition to these automatic insertion processes, PCB manufacturers may
include stations for the automatic insertion of radial-lead components and single
in-line package (SIP) components (Fig. 6.3). Automatic insertion machines for
radial-lead components are similar to automatic axial-lead component insertion
machine, and automatic SIP inserters are similar to automatic DIP inserters. Some
DIP insertion machines have, as an option, the ability to insert SIP components
using an additional insertion head. Also, the first three stations in Fig. 6.2 may
each include duplicate machines if the number of components per board is high.

The next block in the PCB assembly process shown in Fig. 6.2 indicates
semiauto. This refers to semiautomatic component insertion, i.e., machine-
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assisted manual insertion. Inserted at this station are all DIP and axial-lead
components that cannot be machine inserted because of either their size or their
location on the board. Also inserted are radial-lead components, SIPs, and some
connectors. Wherever possible in high-volume assembly, semiautomatic insertion
is used instead of manual insertion, since it can reduce insertion times by 80%.

A semiautomatic insertion machine (Fig. 6.9) automatically presents the correct
component to the operator and indicates, by use of a light beam, the correct
location and orientation for the component on the board. The component is then
inserted by hand, with the lead sometimes being automatically cut and clinched.
Components are inserted in this way at rates of approximately one component
every 5 s. All components must have their leads preformed to the correct
dimensions for insertion prior to presentation to the operator. Typically, compo-
nents are stored in a rotating tray. After receiving a signal from the operator, the
tray rotates so that only the section containing correct components is presented.
The light beam (which can be located either above or below the board) illuminates
the holes for the insertion and uses a symbol to indicate component polarity.

There are two manual assembly stations, manual 1 and manual 2, shown in the
PCB assembly process in Fig. 6.2. One station is before and the other after wave
soldering. The two stations are sometimes needed because some components

PRINTED CIRCUIT
BOARD

CONTROL
CONSOLE

COMPONENT
TRAYS

ROTARY
DISPENSER

DIP
DISPENSER

COMPONENT
TRAY

DISPENSER

FIG. 6.9 Semiautomatic insertion machine.
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cannot withstand the high temperatures of wave soldering. They are both manual
insertion stations but may involve the use of special hand tools to facilitate the
handling and insertion of certain components. Typically, manual assembly
accounts for a high proportion of total assembly time, even when a relatively
small number of manually assembled components are involved.

At the first manual assembly station large, nonstandard components are
inserted. They are inserted manually because the part trays used in semiautomatic
machines cannot accommodate many of these parts due to their large size. If a
particular manufacturer does not use a semiautomatic machine, then all of the
components that would have been inserted using this machine will be inserted
manually. Also, components assembled mechanically (i.e., secured with screws or
bolts) that are to be wave soldered are assembled here.

After the first manual assembly station is a block indicating retrofit (Fig. 6.2).
Assembly here is also manual but involves only engineering change order (ECO)
wires or jumper wires. These wires are cut to the required length from spools, and
the ends are stripped and tinned. One end of the wire is soldered to a component
lead on top of the board or is inserted through the board, the wire is routed around
the board and cemented down at various points, and finally the other end is
soldered to a component lead or inserted into the board. These ECOs are needed
to satisfy certain customer options, to correct design problems, or sometimes
because it is difficult to fit the entire etched circuit on a board without having to
cross paths at some point. An alternative, where the circuit would have cross
paths on one surface, is to use a multilayer circuit board (one with two or more
circuits printed on it with insulating material separating the circuits).

An assembly station for robotic insertion is included in the assembly process
(Fig. 6.2) and occurs after retrofit in the flow diagram. At this station robotic
insertion of nonstandard components using a one-arm robot may be performed.
Robot insertion is used mainly to reduce the amount of manual labor involved in
PCB assembly.

Solder-Clean, the next station in the assembly process (Fig. 6.2), refers to wave
soldering of the component leads on the underside or solderside of the board and
the removal of excess flux applied to the solderside of the board prior to
soldering. A conveyor carries the PCB assembly over a rounded crest or wave
of solder so that the board impinges against the wave in passing. The purpose of
applying a flux, usually an organic rosin type, is to remove oxides from the board
that inhibit solderability. Cleaning is subsequently done to remove excess flux,
which could cause corrosion and/or contamination.

The time taken for wave soldering and cleaning one board, or in the case of
small boards, one panel or fixture, depends on the conveyor speed, with conveyor
speed adjustment up to 20 fpm. Typically conveyor speeds are near 10 fpm, which
yields a time of approximately 2 min for a board, panel, or fixture to pass through
the wave solder and cleaning station. However, conveyor speeds are selected to
yield specific solder contact times, which are usually about 3 s.
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Immediately following solder and clean is touch-up. Touch-up is cleaning the
solderside of the board to remove excess solder. This is necessary because of the
tendency for icicling and bridging of the solder, which can cause short circuits in
the electrical layout. Icicling and bridging are more prevalent on closely packed
boards.

At the second manual assembly station (often referred to as final assembly) all
the remaining components are inserted (Fig. 6.2). These include components that
cannot be wave soldered because of their sensitivity to heat. Also, components
that are secured mechanically are installed here. These include handles, some
large electrolytic capacitors, connectors, and power transistors which are secured
with screws or bolts and nuts. Lastly, some components, such as diodes and
resistors, usually with axial leads, are soldered on the top of the board to the leads
of other components. These operations, if necessary, are a type of engineering
change order and there is a need to reduce the number of components inserted at
this station because of the greater time involved with hand soldering compared to
wave soldering. It is important to note that any through-hole components on the
underside of the board must be manually inserted and manually soldered with
consequent increases in manufacturing costs.

6.5.2 Assembly of Surface-Mounted Devices
The preceding discussion has dealt only with PCBs having through-hole
components where the component leads pass through the board. However,
surface-mount devices (SMDs) are increasingly being employed. These compo-
nents have pads or leads that are soldered to corresponding areas on the surface of
the board. Surface-mount devices include simple resistors in the form of a small
rectangular prism and a variety of larger components such as flat packs, SOTs,
PLCCs, SOICs and LCCCs (Fig. 6.3; see glossary for acronyms). Some surface-
mount devices are the direct equivalent of through-hole devices, but several
specific SMD packages have been developed. These devices can be mounted on
either side of the board and are sometimes interspersed with through-hole
components. Figure 6.10 shows the assembly sequence for a board with
surface-mounted devices on the topside only, known as a type 1 board. Assembly
of an SMD involves positioning the component on the board, which has
previously had solder paste applied, usually by screen printing. Placement of
SMDs is often done by specifically designed pick-and-place machines (Fig. 6.11).
When all the SMDs have been positioned, the board is reflow soldered. This
involves heating the solder paste until it flows into a uniform solder layer that
permanently affixes the SMD pads or leads to the board. Passive SMD
components such as resistors and capacitors can also be added to the underside
of the board using adhesive. Soldering them takes place during wave solder, but
reflow solder for both sides of the board is sometimes used. The components on
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Start Process

Apply Solder Paste

Place Surface
Mounted Devices

Cure (if necessary)

Reflow Solder

Clean, Test, Ship

FIG. 6.10 Assembly sequence for topside-only SMD board (type 1 board).

FIG. 6.11 Pick-and-place machine for surface-mounted devices.



23 Chapter 6

the underside of the board must be able to pass through the solder wave without
suffering damage.

Many boards are now being manufactured with a mixture of through-hole and
surface-mounted devices. This combination of components complicates the
insertion and assembly sequence. The through-hole components can be mounted
on the upper side of the board and the surface-mounted devices on the bottom
(known as a type 2 board); then the assembly sequence is as shown in Fig. 6.12.

Start Process

Insert and Clinch
Through-Hole Components

Flip Circuit Board

[ A p p l y Adhesive

Place Surface Mounted
Devices

Flip Circuit Board

Solder Total Assembly

Clean, Test, Ship [

FIG. 6.12 Assembly sequence for type 2 board—through-hole devices topside and
surface-mounted devices bottomside.
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For this to be possible, the surface-mounted devices must be restricted to those
able to pass through the solder wave. When surface-mounted devices are placed
on both sides of the board (type 3 board), a more complex assembly sequence is
required. Firstly, the topside SMDs must be placed (Fig. 6.13) and reflow
soldered. The through-hole devices are then inserted and the board inverted for

Start Process

Apply Solder Paste
to Top

T
Place Surface Mounted

Devices on Top

Cure (If Necessary)

J_
Refiow Solder

Insert and Clinch
Through-Hole Components

Flip Circuit Board

Apply Adhesive
to Bottom Side

Place Surface Mounted
Devices on Bottom

Flip Circuit Board Again

J_
Wave Solder

Clean, Test, Ship

FIG. 6.13 Assembly sequence for type 3 boards—through hole and surface-mounted
topside and surface-mounted devices lowerside.
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FIG. 6.14 Robot assembly of printed circuit boards.

the underside SMDs to be placed. Wave soldering is then used to attach these
components.

There are many variations on the PCB assembly sequences described here. In
particular, the use of robots is increasing, and for high-volume production the
robots can be arranged in assembly line fashion as illustrated in Fig. 6.14. With
such an arrangement, the components are usually presented in standardized
pallets roughly oriented. The robot must then provide the final orientation prior
to insertion and, for this purpose, vision systems are sometimes employed.
Alternatively, some components or mechanical parts are delivered to a station
using standard feeding and orienting techniques. The robot then acquires the
preoriented component or part at the station.

6.6 ESTIMATION OF PCB ASSEMBLY COSTS
The materials necessary for an estimation of PCB assembly costs are presented at
the end of this section. Databases giving the times for manual insertion and the
costs for automatic and robot insertion are included and a worksheet is provided
to assist in tabulating the results. Components and operations are entered on the
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worksheet in assembly order, one line for each basic type of component or
operation.

The time for manual insertion, obtained from the database, is entered on the
worksheet and then multiplied by the operator rate to give the insertion cost. After
per component allowances for rework costs are added, the total operation cost is
entered.

For automatic or robot insertion the cost is obtained directly from the database,
and then adjusted for programming, setup, and rework.

For mechanical parts, the manual assembly times and costs can be obtained
using the Product Design for Assembly handbook [3]. When all the operations
have been entered the total cost is obtained by summing the figures in the cost
column.

Figure 6.15 (pp. 240-243) shows, by way of example, a completed worksheet
for a PCB assembly taken from a microcomputer. Such an assembly is commonly
referred to as a logic board, and this particular board contains 69 DIPs, 1 DIP
socket, 16 axial components, and 32 radial components. In addition, 2 parts are
attached mechanically requiring 11 screws, nuts and washers. It is assumed that
the DIPs, radials, and axials are autoinserted and the remaining components or
parts manually inserted or assembled, except for one DIP, which is assembled into
the corresponding DIP socket after wave solder. The completed worksheet for this
example board gives a total estimated assembly cost of $3.48. Consideration of
avoidable costs indicates that elimination of the 11 fasteners would save 48.0
cents—a surprisingly high figure for a board with only one nonelectrical
component, namely, the end plate.

The operation costs for the automatic insertion processes include the cost of
rework, which amounts to a total of 46.1 cents—clearly a significant item.

In estimating the cost of wave solder it was assumed that two boards would be
processed together. However, the resulting cost of 75 cents is a significant item
and in practice should be examined closely for accuracy.

Finally, it was assumed in this analysis that the manufacturer would have an
automatic machine available for the insertion of the 32 radial components. It is
interesting that if these components were to be inserted manually, an additional ex-
pense of $2.19 would be incurred—increasing the total cost of assembly by 63%.

6.6.1 Worksheet and Database for PCB Assembly Cost
Analysis

Instructions

1. For soldered components, assemblies, or operations, use the database
provided here. For all other parts, components, or operations, use the
manual assembly data from the Product Design for Assembly handbook [3].
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1

11

56

16

32

1

1

2

1

1

2

2

1

2

2

1

1

1

Total
manual

op. tine
(sec)
Ta

4 .0

-

-

-

-

18.0

26.0

IS, 6

8.0

8 .0

17.4

8.8

4. 5

9,4

19.8

9.8

-

4 .0

Total

1
Total | Figs,
op, cost 1 for
(cents) | min,

! parts
Ca Mm

2.4

19.9

82.9

24.3

47.0

13.0

19.2

9.4

5. 1

5.6

10.4

5.3

1.7

5.6

11.9

5.9

75.0

2.4

348.0

1

-

-

-

-

-

-

0

,-

-

0

0

1
0

0

0

-
1

Description

place in fixture

auto, insert

auto, insert

auto, insert

auto, insert

man. insert

man. insert

add

man. insert

man. insert

add S hold

add & screw

add

add

add & screw

add 4 screw

wave solder

add & snap fit

Notes:
1. ta is inappropriate for auto or robot insertion unless hand

soldering is carried out
2. Nmin is inappropriate for soldered electronic components

FIG. 6.15 Completed worksheet for sample PCB assembly.

2. Record the data on the worksheet in the following order of assembly:

a. Load PCB into fixture.
b. Insert all wave-soldered components.

(i) auto inserted components
(ii) robot inserted components

(iii) manually inserted components
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Name of PCB

PCB Assembly worksheet
No. of
boards/

Operator rate Batch si2e. No.of setups panel
Wa=_._cents/s Bs=___ Nset=__ Mb=__

Name of part,
sub-assembly
operation or
soldered
component

No. of
pins
or
leads
Nl

No. of
parts
ops.
camps .
Rp

Total
manual
op . t irne
(sec)
ta

Total

1
Total (Figs.
op. cost] for
(cents) jmin.

| parts
Cop Nmin

"

Description

Note: 1. ta is inappropriate for auto or robot insertion unless hand
soldering is carried out

2. Nmin is inappropriate for soldered electronic components

FIG. 6.15 Continued

c. Wave solder.
d. Insert and solder all manually soldered components.

(i) autoinserted components
(ii) robot inserted components

(iii) manually inserted components
e. Insert and secure all remaining nonsoldered components.
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PCB Assembly Database - Manual Operations

Insertion of Components

Components Types

Axials (VCDs)

Radials or
can-type ICs

SIP/SIP sockets
or connectors

Posts, DIP/DIP
sockets, pin-grid
arrays or odd-form
components

SKDs

i
Operations jTiraefs)

bend leads, insert, cut
and clinch leads

insert
component
cut and
clinch
leads

insert
component

insert
component

basic
time

additional
time per
lead

<= 80 leads

> 80 leads

basic
time

additional
time per
lead or post

————— — 1 — — _ _
add and solder using
special fixture or tool

19.0

10.0

1.8

8.0

10.0

6.0

0.5

10.0

Other Manual Operations

Part Operation |Time(s)
——————————— ——————————————————————————— 1 _______
Sleeve cut one sleeve and add to a lead | 15.0___ — _ — — _ «.«.*. — ._ __ __ _ __ _ __ _ _ | _ __
Jumper wire cut, strip and tin ends, |
(ECO) insert and solder j 60.0

——————————— ——————————————————————————— I _______
Heat sink add to transistor | 25.0—————————— —————————————————————————— 1 _______
Lead or post hand-solder one lead or post | 6.0

Note: Much of this data has been adapted from
Boothroyd & Shinohara [4].

FIG. 6.15 Continued
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PCB Assembly Database - Automatic Operations

Insertion Costs per Component (cents)

Component Type

Axial (VCD)

Radial

SIP/SIP socket

DIP/ DIP socket

Connector

Small SMD (2 connections)

Large SMD (>2 connections)

Auto, Cai

1.2*

1.2*

0.8

0.8

1.0
—————————————

0.2

1.0

Robot, Cri

5.0

5.0

5.0

5.0

5.0

5.0

5.0

Note: includes cost of sequencing

Associated Costs (dollars)

Wave or ref low-solder** $1.50

"Note: If several boards are contained in one panel or secured in a
single fixture divide this figure by Nb the number of boards per panel or
fixture in order to obtain the cost of uave or reflow solder per board.
This figure also includes the time to place the boards or panel in the
soldering fixture.

FIG. 6.15 Continued

If parts and mechanical fasteners are associated with any soldered compo-
nents, then list them with the appropriate component.

PCB Assembly: Equations for Total Operation Cost, Cop

Manual:

Cop = taWa + RpCrwM{ cents

Autoinsertion machine:

Cop = 7?p(Cai + Cap/5s + C^Af) + N^Cn/B, cents

Robot insertion machine:

Cop = #P(Q + Qp/5, + CtwRf)+N,etCa/Ba cents
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where
A{ = average number of faults requiring rework for each autoinsertion (0.002)
Bs = total batch size
Cai = cost of autoinsertion (obtained from database)
Cap = programming cost per component for autoinsertion machine (150 cents)
Cas = setup cost per component type for autoinsertion machine (150 cents)
Cc = cost of replacement component when rework is needed
Cri = cost of robot insertion (obtained from database)
Cjp = programming cost per component for robot system (150 cents)
Crs = setup cost per component type for robot system (150 cents)
C ,̂ = TT{Nl WA + Cc and is the average rework cost per faulty component (cents)
Mf = average number of faults requiring rework for each manual insertion

(0.005)
NI = number of leads or posts on one component

Nset = estimated number of setups per batch
R{ = average number of faults requiring rework for each robot insertion (0.002)
Rp = number of components

£a = total time for all manual operations (calculated from database figures)
7?rf = average estimated time to rework one component fault per lead or post

(30s)
W& = rate for manual operations, cents/s

6.7 CASE STUDIES IN PCB ASSEMBLY

The analyses of two case studies are now presented.

6.7.1 Measuring Instrument Connector Board
Figures 6.16 shows the layout of components on the upper and lower side of a
small PCB. Figures 6.17 shows the cost analysis for the assembly of this board
assuming the following:

Labor rate $36/h
Production quantity 1000
Number of batches 2
Boards per panel 4

It is assumed that all DIP sockets, axials, and radials are autoinserted and that
all posts and connectors on the upper side of the board are semiauto-inserted
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o

O

(a)

O

O

(b)

FIG. 6.16 Layout of components for a small PCB. (a) Upperside; (b) lowerside.

before wave solder. The single connector on the underside of the board must be
hand inserted and hand soldered after wave soldering has occurred. The total cost
of assembly of this board is $5.46, and of this total, $2.17 is associated with the
single hand-inserted and hand-soldered connector on the underside of the board.
This highlights the importance of avoiding manually inserted and soldered parts
as much as possible. The cost of this particular board could almost be halved by a
simple redesign to place this single connector on the upper side of the board.
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HAKE • SIMPLE riLEKME - SSMPLE.MIO

foul Assenbly Tiie 410

Tiae f o r Bain Asseibly 410

Circuit board

C'lP/rilF socket

ulP/OIP socket

OIP/f>tP socket

Axial (VCD)

Sadial

Post

Connector

Connector

Connector

Connectoi

lave/retloi solder

Connector

Hand soldtr

screw connector

scren standoff

a pin dip'

16 pin dips

24 pin dii>

reorientatiort

nut

stand oft

Description

place in f ixture

auto, insert - MV*

ii'lo. insert - nsve

auto, insert - Have

luto. insert - nave

auto, insert • we

ini-auto insert - «

seii-iutc insert - i

sni-auto insert • i

seii-auto insert - n

sni-auto insert - •

uve/refloi solder

uo. prep t insert-h

hand soldtr luds

idd i hold d«in

add t hoid tan

add ( snip fit

add ( snip fit

add ( snip fit

reorient t adjust

add 4 screii fasten

idd 4 screH fistsa

No. of
iteis

1

s

2

4

V

i

4

1

1

1

1

1

H

1

4

5

!

Figs,
ein.

parts

0

0

0

0

Operation
Tiie,

sec.

4.0

20.8

12.6

1.2

J.2

3.2

8.0

204.0

JO. 2

U.4

20.2

23.7

9.5

4.S

31.7

H.O

toothroyd Qenherst, Inc.

Operation
cost

t

0.04

0.06

0.10

C.OS

0.07

0.45

0.28

0.19

0.07

O.OS

0.06

o.ja

0.13

2.04

O.JO

0.1S

0.20

0.24

0.09

0.05

«.32

O.U

P*rt(s)
Cost

t

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0,00

0.00

0.00

Tooling
Cost
«

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Current Date: 03-26-W
Date of Jnalysis: 03-26-199
Tiie of Analysis: 01:09:34

FIG. 6.17 Assembly cost analysis of PCB in Fig. 6.16.
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ASSEMBLY NAME - SAHPLE FILENAME - SAMPLE.MOO

CUMULATIVE DATA FOR FINAL ASSEN8L* AKO SUB-ASSEHBL1ES

Asseibly data

TotJl asseibly cost (dollars)

Total lanuil isseibly tiie (seconds)

Tola] nuibtr of operations (inc. repeats)

Totil soldered electronic coiponcnts

Total parts and non-soldered
electronic coiponents '

Theoretical tiniiui nuiber of
parts or pre-asseibled iteis '

Averife isseibly cost for soldered
electronic coiponents (cents/coiponent)

Asseibly efficiency (petrent)1'

labor rate

Total tooling cost (kt)

Total part/coiponent cost (dollar:)

Nuiber of coiponents/parts/subs for
utiich cost data is available

Nutber of coiponents/parU/iubs for
•hich no cost da,ti is iviilable

5.46

410

118

58

24

12

3.24

a
36.00

0.0

0.00

0

117

> These are emulative totals and do not include analyzed
sut-asseiblies u individual itets - only the parts in
those siib-issiiblies. Thus, ttiese figures dill not
necessarily agree Kith the totals of Iht parts for each
sub-asseibly.

>> Asseibly efficiency calculation does not
include soldered electronic coipontnts

FIG. 6.17 Continued
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It is interesting to compare the assembly cost with the cost of complete manual
assembly of the board. For a labor cost of $36/h, the cost of complete manual
assembly is $29.60. Figure 6.18 shows the effect of varying the quantity of boards
required on the assembly cost per board. For the autoinserted board it is necessary
to reduce the quantity to only six boards before the cost is more than for manual
assembly with a $36/h labor rate. This illustrates why, if automatic insertion
equipment is available, it is usually economical to use this even for small board
quantities or for a few autoinsertable components. In addition, for manual
assembly in this case it is necessary to reduce the labor cost to around $5 per
hour before the assembly cost is less than for the autoinserted board. It is obvious
why the assembly of PCBs is often carried out in countries where manual labor
costs are considerably lower than those in the United States.

6.7.2 Power Supply
Many electronic products, in particular power supplies, contain a number of large,
odd-shaped components, and many mechanical parts (screws, washers, heat
sinks, brackets, etc.) are needed to secure them. As a result, power supplies
present particular assembly difficulties. Part of this can be attributed to a lack of
consideration by components suppliers to features that facilitate ease of assembly.
Figure 6.19 [3] shows an exploded view of a typical small power supply. The
large can capacitor at the top right requires some 20 items, mainly mechanical, to
mount it to the board. Similarly, a large number of mechanical parts are required

_ _ Assembly Cost($)
35

30

25

20

15

10

5

0 I i i mm
10 100 1000 10000 100000

Quantity of Boards (thousands)

FIG. 6.18 Effect of production volume on costs for PCS in Fig. 6.16; •, auto assembly;
+, manual ($36/h); A, manual ($20/h); •. manual ($10/h); 4», manual ($5/h).
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CR9 sub (8 items)

capacitor sub (20 items)

resistor sub (8 items)

bracket sub (8 items)

FIG. 6.19 Components in a small power supply board. (From Ref. 3.)

for the two power transistors at the left-hand side. Figure 6.20 shows a breakdown
of the costs for assembly of this power supply determined by the method
described in Section 6.6. The total manual assembly cost is $29.08. Considerable
savings could be made by eliminating the jumper wires (saving $5.81), inserting
the radial components automatically (saving $5.16), and simplifying the assembly
of the large can capacitor ($5.08). Obviously the availability of this type of cost
information early in the design process guides designers in directions that will
have the greatest influence on assembly cost reduction.

6.8 PCB MANUFACTURABILITY

Manufacturability guidelines and specifications are available throughout the
electronics industry to facilitate the design of PCBs. A survey of these resources
has been undertaken [5], with data collected from the Department of Defense
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V)o
O
>»
5

I

6-

5-

4-

3-

2-

1-

o-

5.81
5.68

0.52

5.08

4.34

2.60
1.96

Js
I I
£ 5

1.50 1.12 0.99

Auto Insertion Cost

FIG. 6.20 Breakdown of assembly costs for small power supply.

(DOD), military contractors, electronics manufacturers, and PCB consulting
groups, including some generally available design guides [5-9].

The Department of Defense has created and imposed on industry several
specifications to direct the design and manufacture of PCBs for military
applications. A typical example is MIL-STD-275E, Military Standard Printed
Wiring for Electronic Equipment [10], which is widely invoked on military
contracts and impacts the production of PCBs.

With military products, the requirements imposed on the design often differ
from those imposed on commercial PCBs, particularly in terms of quality and
reliability needs. This is attributable to the environment in which the products are
used and the potentially catastrophic results of failure. For example, one widely
used military requirement is that of conformal coating, which is seldom found on
commercial PCBs. The function of the coating, which is a uniform clear covering,
usually of urethane applied by a spray, is to protect the PCB from dust particles
and the possibility of electrical shorting This typifies the high reliability
requirements characteristic of military products. Compared with commercial
electronics DFM documents, military electronics DFM documents usually require
more stringent manufacturing processes. Increased reliability needs often have
associated increased production cost in order to ensure high product depend-
ability in harsh environments.

Documents available for PCB manufacturability guidelines can be classified
into three groups.
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1. General Specifications. General specifications are purely descriptive items
of information relating to the design of PCBs. The information normally includes
data on both the PCB geometry and the functional requirements for the design.
However, this information can easily affect the manufacture of the product. For
example, the design specification: "Component hole diameter must be increased
at least an additional 0.25 mm (above the lead diameter) to allow for lead position
variation" [6] is clearly concerned with component insertion efficiency. Failure to
comply with this requirement will likely have its impact on production and not on
product functionality.

Military specifications, by their name and nature, clearly fall under this
heading of PCB DFM documents. When products are designed in accordance
with military specifications, the design engineer is obliged to ensure that the
design follows all of the applicable items that are identified. The requirements
identified in general specifications have varying degrees of manufacturability
impact. General specifications provide no quantitative information on how
selected design features will impact manufacturing cost.

2. Manufacturability Guidelines. Manufacturability guidelines suggest how to
improve product manufacturability by identifying process capabilities, sound
processing rules, and process restrictions to designers. Normally, these manu-
facturability guidelines have been compiled by manufacturing engineers who
have a working knowledge of PCB production. For example, a typical PCB
manufacturer's manufacturability guideline states: "Avoid the use of heat sensi-
tive components which cannot withstand wave solder." This requirement is
intended to remind designers to avoid the requirement, by design selection, of
an expensive hand-soldering operation.

Although there are certain similarities between manufacturability guidelines,
most differ in length, focus and format. For example, a design group at one
company uses a manufacturability guideline that employs a "checklist" format
and addresses 160 items associated with the overall development of the product.
Efficient manufacture is only one of several areas addressed. In contrast, some-
times manufacturability guidelines are solely intended to assist designers'
decision making where such decisions impact manufacturing cost performance.
These manufacturability guidelines address several different areas of manufactur-
ing, including automatic insertion, manual assembly, and wave soldering.
References are often made to the preferred design features and to the associated
reasoning. For example, a typical guideline might be: "Board should have a less
than or equal to 1.5 length to width ratio." Reason: "Prevent board warpage
through wave solder."

3. Manufacturability Rating Systems. Manufacturability rating systems are
used by PCB designers as a means of measuring how proposed PCB designs
compare to an ideally producible design. In this way, various design alternatives
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may be measured for relative manufacturing effectiveness by comparison with a
single standard. These systems normally use manufacturability guideline infor-
mation in a format that allows the design engineer to estimate a rating value or
metric. Many companies have developed manufacturability rating systems for
internal use only and maintain their confidentiality. This is understandable
because of the cost associated with developing such a system and the competitive
advantages its use may bring about.

6.9 DESIGN CONSIDERATIONS
The matrix shown in Figure 6.21 can be used to summarize some of the PCB
DFM information available [5]. The matrix identifies Companies A through J,
together with the referenced sources of publicly available documents. The type of
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FIG. 6.21 Summary of PCB manufacturability information. (From Ref. 5.)
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document is indicated (i.e., general specification (S), manufacturability guideline
(G), or manufacturability rating system (R)). Fourteen types of design require-
ments are identified in the rows of the matrix, and these are described separately
in the following sections.

6.9.1 Component Geometry and Spacing
These aspects of the design are often specified for compatibility with existing
assembly equipment. For example, Company F gives: "Axial Component
Specification: A) Lead Diameter: .020 in Min to .032 in Max.. . D) Component
Body Length: 0.60 in Max...." Compliance with these component dimensions
will ensure that the design is within the automatic insertion range for a particular
piece of equipment.

Not all geometrical component specifications in the systems relate to manu-
facturability. For example, bend radius of an axial-lead component is often
specified to ensure stress relief for component leads subjected to continual
thermal cycling; see Fig. 6.22. Component heights are also specified so that
the final product will physically fit into the assembly in which it is to be used.
Also, spacing between component leads is frequently determined by electrical
functionality.

Figures 6.23 and 6.24 show typical recommendations for component spacing
on through-hole and surface-mount boards respectively.

\

Straight tor 2
diameters, but not
less than 0.76 mm
(0.03 Inch)

I (i
**•

•\ *-

Straight for 2
diameters, but not
less than 0.76 mm
(0.03 Inch)

A
dia

A. Standard bend
dia

B. Welded bend
Lead diameter in inch

Up to 0.69 mm (0.027 inches)
From 0.71 mm to 1 .19 mm (0,028 inches lo 0.047 inches)

1 .22 mm (0,048 inches) and larger

Minimum radius
(R) Inch

1 diameter
1 .5 diameters
2 diameters

FIG. 6.22 Typical PCB bend radius specification. (From Ref. 6.)
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0,?50IN W I N - 1.250 IN MAX
IF A IS INSERTED FIRST:

Y+ 1/2 wd OF A

IF B IS INSERTED FIRST:
X+ 1/2 wd OF B

IF A IS INSERTED FIRST: Y + 1/2 bd OF A
IF B IS INSERTED FIRST: Y t 1/2 bd OF B

CHECK X DIMENSION FOR
POSSIBLE INTERFERENCE

WITH bl of A

IF A IS INSERTED FIRST: Y » 1/2 mS OF A
IF S IS INSERTED FIRST: Y . 1/2 wd OF B

USE WHICHEVER IS LARGER:
l /2bdOFA,1/2bdOFB

OR
Y + 1/2 wd OF ADJACENT COMPONENT

IF A IS INSERTED FIRST: 1/2 wd OF A + wdOFB
IF B IS INSERTED FIRST: X * 1/2 wd OF B

IF A IS INSERTED FIRST: 1/2 wd OF A
IFB IS INSERTED FIRST:
SEE Y DIMENSION FOR POSSIBLE
INTERFERENCE WITH bl OF 8

IF A IS INSERTED FIRST:
X + 1/2 wd OF A

IF S IS INSERTED FIRST:
X t 1/2 wd of B

IF A IS INSERTED FIRST,
X t t C b d O F A

IF BIS INSERTED FIRST:
l /2bdolA + 1/2i»dOFB

Clearances required for various component localians and sequences ol assembly; bl = body
length; bd = body diameter; wd = wire diameter; cd = center distance. Dimensions indicated are
minimum tolerance unless otherwise indicated.

Y = Machine limitation (e.g.. 0.100")
X = Machine limitation (e.g.. 0.100")

FIG. 6.23 Typical spacing specification chart for automatic insertion. (From Ref. 8.)
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FIG. 6.24 Typical example of PCB geometry specification. (From Ref. 8.)

6.9.2 Standard Parts Listing
This item identifies whether the PCB DFM document includes a standard parts
list that indicates the preferred components with regard to performance, purchase
cost, and manufacturing compatibility. Such parts may be referred to as
"preferred," "off-the-shelf (OTS)" or "catalog" components. All of the docu-
ments reviewed emphasize the importance of standard component use, but not all
include the standard parts list. Where such lists exist, component specification has
been based upon manufacturing equipment compatibility, cost, availability, and
successful history of use on past designs.

6.9.3 Component Compatibility
This item identifies whether the PCB DFM document specifies that components
should have certain characteristics associated with the method of assembly and
processes to be used. For example, Company C specifies that designers should:
"Avoid components that cannot withstand 6 second exposure to soldering
temperatures of 525°F." This requirement is intended to help avoid the necessity
for manually assembling and soldering a component, which would result in added
cost. Figure 6.21 shows that such component compatibility requirements are
widespread among the industries surveyed. However, compliance with such
requirements can be ensured if the designer is provided with a standard list of
preferred components. The compilation of such a list needs an investment of
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considerable time by the company, and only 3 of the 10 industries surveyed have
preferred parts lists.

6.9.4 Board Geometry
This item identifies whether the PCB DFM document specifies physical board
parameters such as hole size and grid size. The hole size is the diameter of the
PCB hole (after plating) into which the component lead is inserted. The grid size
defines the spacing between the holes. Spacing, hole size, and grid size can
determine the effectiveness of automatic insertion equipment use.

6.9.5 Directional Preference
This item is concerned with preferred component layout on the board for ease of
automatic insertion. Layout in a uniform direction can best meet this need, as well
as minimizing certain problems associated with wave soldering. It is common for
DFM documents to specify that a component should be placed on a PCB in a
uniform direction with respect to other components in order to improve the use of
automatic equipment. An example of how several companies specify this feature
is shown in Fig. 6.25.

With regard to the wave solder process, the orientation of the component can
also potentially affect the failure rates of the product. The quality of soldering is
associated with component orientation relative to the motion of the PCB through
the solder wave. One manufacturer has suggested that the preferred component
orientation is perpendicular to the solder wave direction, as illustrated in Fig.
6.26. Component clinching is used in automatic, semiautomatic, and manual
insertion to secure components in their proper plated-through holes during
transport and soldering.

6.9.6 Marking Requirements
This item identifies whether the PCB DFM document specifies how PCB
identification marks or component marks should appear after the assembly is
completed. Lettering heights, marking materials, board-marking positions, and
bar-coding requirements are often specified in PCB DFM documents.

6.9.7 Board Size
This item covers the specification of acceptable board sizes that are compatible
with all existing processing equipment. An example of how one general
specification depicts this board size is illustrated in Fig. 6.27.
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Preferred Axis

Acceptable DO
Span

Unacceptable

FIG. 6.25 Typical example of PCB component directional preference specification.
(From Ref. 6.)
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Improper Design Feature

Direction of clinch
is perpendicular to wave
resulting in poor solder
flow in plated through hole

Chapter

Solder Wave

Proper Design Feature

Direction ol clinch
is parallel with wave

Solder wave

FIG. 6.26 Proper component clinch orientation for wave solder.

6.9.8 Ground Plane Requirements
In a PCB design, a ground plane is often included. The ground plane is normally
a continuous sheet of metal used as a common reference point for circuit returns,
electrical shielding or, heat dissipation [11]. If not properly designed, the ground
plane will draw heat away from the plated-through hole, thereby adversely
affecting the soldering process. Company D's manufacturability guidelines, for
example, state that designers should: "thermally relieve (or provide a large
diameter clearance of approximately 0.250") in the area of the plated-though hole
locations connected to large ground and power planes."
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ELONGATED HOLE
(NOT USEABLE ON SMT PCBA)

SECONDARY
TOOLING HOLE
(MAY BE ELONGATED)

FIXED 0.250

VARIABLE
0,210 ± .005

+.002
-.0000.171"

FIXED LOCATION

PRIMARY
TOOLING HOLE
FIXED SIZE 0.171"

FIXED POSITION
0.750" MIN. TO
1.500" MAX.
LOCATION AT 0.7SO
PREFERRED

SOLDER WAVE

FIG. 6.27 Typical example of PCB size specification. (From Ref. 8.)

6.9.9 Solder Resist Requirements
This concerns the application of solder resist material to the PCB. Solder resist is
a coating material used to mask or to protect selected areas of a printed wiring
board circuit pattern from the action of soldering. Preferred practices are often
specified such that the resist does not adversely affect the areas that must be
soldered. For example, Company C manufacturability guidelines state that
designers should "avoid solder mask (resist) in the area of the plated-through
holes."
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6.9.10 Features to Be Avoided
This item is concerned with the specification of features that would detract from
PCB manufacturing efficiency. These are features that would generally result in
the addition of nonstandard manufacturing operations. Such operations normally
result in added cost. Examples of features that would introduce potentially
avoidable costs include but are not limited to: mechanical hardware, adhesives,
jumper wires, and components that cannot be inserted or placed automatically.
Such features, which can be regarded as the "do-nots" of PCB design, are
summarized in Table 6.1.

TABLE 6.1 Primary PCB Manufacturability Reduction Items

Feature to avoid Reason

1. Adhesives for securing components to
PCBs or thermal compound to improve
heat conduction

2. Components that are:
Nonmachine insertable
Chemically sensitive to cleaning

process
Heat sensitive to soldering process

Mounted on the solder side of the
PCB

Axial leaded and mounted vertically

Off the board (piggyback)

Component sockets
3. Manual component soldering

4. Jumper wires

5. Mechanical parts

6. Sleeved leads/or leads that require
special trimming

7. Spacers under components

Must be applied manually under special
handling conditions

Require manual assembly
Require manual assembly and special

cleaning provisions
Require manual assembly and hand

soldering
Require manual assembly and special

mounting provisions
Require manual assembly and special

preforming
Require manual assembly and hand

soldering
Require manual assembly
Very cost ineffective in comparison to

automatic soldering; also error prone and
threatening to product reliability

Relatively cost-intensive assembly process
normally used to correct faulty designs;
parts must be formed and installed
manually

Parts such as washers, nuts, and screws
must be installed manually

Must be applied and trimmed manually;
entrap solder, flux, and cleaning
chemicals

Must be applied manually
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6.9.11 Plated-Through Hole to Lead Clearance
This consideration is critical for insertion as well as soldering. The clearance
controls the capillary action of solder up through the plated hole. It must also be
sufficient for repeatedly successful automatic lead insertion. Table 6.2 lists the
plated-through hole to lead clearances as specified by several PCB DFM sources.
Based on the results of a study at the Soldering Technology International
Laboratory [7], the optimal clearance for a majority of PCB assemblies has
been indicated to be 0.017 in. This value can be seen to be consistent with several
of the other clearance recommendations identified in Table 6.2.

6.9.12 Tooling
This item identifies whether the PCB DFM document includes reference to
tooling such as tool hole sizes or geometry to fit existing fixtures. The objective
of conforming to this requirement is to avoid the costly need for new tools. Many
documents pictorially define locations and ranges of values for these require-
ments. One such example is illustrated in Fig. 6.28.

TABLE 6.2 Hole-to-Lead Clearances
(HLC)

Reference

Company A
Company B
Company C
Company D
Company E
Company F
Company G
Company H
Company I
Company J
(8)

(10)
(H)
(12)

HLC (in.)

0.015
Not specified
0.020
0.015 +/- 0.033
0.010 +/-hta

0.015
Not specified
Not specified
Not specified
Not specified
0.020 max.
0.006 min.
0.010 to 0.020
0.017
0.10 min.
0.027 max.

aht, hole tolerance.
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"Y"
± 0.003

TOOLING HOLE PLACEMENT FOR AUTO INSERTION

0.250
0.250 H

•X"
' ± 0.003 '

0.37S

1

0.375

FIG. 6.28 Typical example of PCS tooling requirement specification. (From Company
D.)

6.9.13 Testing
This item addresses the design compatibility with existing methods of testing.
The requirement may address the interconnects between the PCB and test
equipment or merely some preferred design feature that will simplify product
testing. As an example of the latter, Company A manufacturability guidelines
state that: "It is always preferable to design the board such that testing can be
accomplished from one side."

6.9.14 Generally Preferred Features
This item refers to the list of features that are typically provided as recommenda-
tions to the designers from engineers who have production experience with past
designs. The features that are common to many PCB documents are intended to
increase the efficiency of the required processes. They include such items as:
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"Panelize boards to minimize board handling through all phases of production"
(Company E). "Identify that the board has static sensitive components by
screening the Electrostatic Discharge (ESD) symbol on the board" [13].
"Denote the direction that the PCB will travel through the wave solder by use
of an arrow on the board" [13].

6.10 GLOSSARY OF TERMS
The following is a brief description of some of the terminology used in this
chapter. The physical configurations of some electrical components, the manual
assembly operations and some terms pertaining to automatic insertion equipment
are given.

Axial-lead component: Electrical component of cylindrical shape with two
leads exiting from opposite ends of the component in line with its axis (Fig.
6.3). The component is sometimes called a VCD (variable center distance).
The most common axial-lead components are resistors, capacitors, and
diodes.

Can-type 1C: A cylindrical integrated circuit, packaged so that the leads form
a circular pattern (Fig. 6.3). This multileaded radial component can have
from 3 to 12 leads.

Cement: Due to the requirements for ruggedness placed on some PCBs,
components can be cemented to the board to reduce the effects of
vibrations. This sometimes requires that the component leads be bent
prior to cementing.

Center distance: Distance between leads when formed for insertion. This
term applies to two-leaded components and DIPs; also termed lead span.

Channel: Plastic container in the form of a long tube, in which a number of
DIPs are placed in single file and oriented for dispensing to an insertion
machine; also called stick.

Chip resistor, chip capacitor: Small passive SMD packages with pads at both
ends for mounting to the board.

Clinch: The bending of a component lead end after insertion through the PCB.
This temporarily secures the component prior to soldering. In a full clinch,
the lead is bent to contact the terminal area. In a modified clinch, the lead is
partially bent to a predetermined intermediate angle.

Component: Any electrical device to be attached to the PCB.
DIP (dual in-line package (Fig. 6.3): A rectangular integrated circuit, pack-

aged so as to terminate in two straight rows of pins or leads.
ECO (engineering change order): A component or insulated jumper wire,

installed manually, which is needed when the electrical circuit cannot be
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etched onto the board without crossing paths at some point. Often the leads
are not inserted into the board but are manually soldered to the leads of
components already assembled to the board. ECO wires are also referred to
as jumper wires. (See Retrofit.)

Fault: Any error that causes the assembled PCB to fail testing or inspection
procedures and requires rework.

Hybrid: PCB populated by both surface-mount and through-hole components
also referred to as mixed-mounting technology.

Insertion: Process whereby the component is grasped, prepared if necessary,
and placed on the board, temporarily secured if necessary.

LCCC (leadless ceramic chip carrier): An SMD package made of a ceramic
material that can withstand high temperatures and can be hermetically
sealed. It does not have leads, but has pads around all four sides of its
perimeter.

Kitting: Preparing a package of parts, usually with instructions for assembly,
to facilitate manual assembly.

Magazine: A unit containing a group of dispensing channels, usually about
15, used for an automatic DIP insertion machine.

Module: A unit containing a group of dispensing spools, usually 20 or less,
used with an automatic axial-lead component sequencer.

Nonstandard component: Any component that cannot be inserted by
dedicated, automatic machinery because of its physical characteristics
(i.e., size, shape, lead span, etc.) These are also called "odd-form"
components.

Pallet: A tray where components are arranged in a known position and
orientation.

PCB (printed circuit board): An insulating board onto which an electrical
circuit has been printed in the form of conductive paths. Contains drilled
holes into which the leads of components are inserted. It is also known as a
printed wiring board (PWB).

PLCC (plastic leaded chip carrier): A package in which an integrated circuit
chip is mounted to form an SMD. It is made of a plastic material that can
withstand high temperatures and has rolled-under leads around all four
sides of its perimeter.

Preform: Forming the leads of a component to the correct dimensions prior to
insertion. Axial-lead components usually have their leads bent at right
angles for insertion, and DIPs sometimes require lead or pin straightening.
Radial-lead components, may have their leads notched or a stand-off or
spacer installed, which maintains the required clearance between the
component and the board. Can-type ICs and transistors often need a type
of lead forming called "form a," which refers to the profile of the leads
after forming.
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Radial-lead component: Electrical components with leads at right angles to
the body (Fig. 6.3). Examples are disc capacitors, 'kidney" or 'jellybean"
capacitors, cermet resistors, etc.

Reflow solder: Process by which surface-mount devices become secured to
the PCB. Components are placed onto solder paste that has been added to
pads on the board, often by screen printing. Heat is applied to the board and
the solder paste melts to attach the devices to the board.

Retrofit: A type of ECO that involves only the assembly of wires (jumper
wires) to the PCB. Can refer to an assembly station in the PCB assembly
process where only wires are assembled.

Rework: Repair a fault. This usually means severing the leads of the
component and removing it, removing the individual leads from the PCB
holes, cleaning the holes, inserting a new component, and soldering its
leads. The operations are performed manually and are time-consuming and
expensive.

SIP (single inline package): An integrated circuit—usually a resistor network
or a connector packaged so as to terminate in one straight row of pins or
leads (Fig. 6.3).

Sleeve: An insulating plastic tube slid manually onto the lead of a component
to insertion to guard against electrical short circuits (Fig. 6.3).

SMD (surface-mount device): A component (often leadless) that is secured
to the surface of he board.

SOIC (small-outline integrated circuit): An SMP package made of a plastic
material that can sustain high temperatures and has leads in a gull-wing
shape along its two longer sides (Fig. 6.3).

SOT (small-outline transistor): An SMD package for discrete components
with about four leads in a gull-wing shape along two sides (Fig. 6.3).

Spacer: This can be a small plastic ring (Fig. 6.3) used to keep a minimum
clearance between the component and the board. It is usually cemented to
the board before the component is inserted. Some components use
temporary spacers that are removed after the component is secured.
Some spacers are provided with holes corresponding to each lead (Fig. 6.3).

Spool: The package for holding taped axial-lead components.
Standard component: Any component that can be inserted by an automatic

insertion machine.
Stick: A plastic container in which a number of DIPs are aligned in single file

and are oriented for dispensing to an automatic insertion machine.
Tin: Providing a layer of solder on the surface of leads prior to insertion.
Touch-up: Cleaning the underside or solderside of a PCB after wave soldering

to remove any excess solder, which can cause short circuits.
Transistor: A small component whose body has a cylindrical envelope except

for one flat face, with three leads at right angles to the body (Fig. 6.3.).



6 Chapter 6

VCD (variable center distance): The capability of an axial-lead component
insertion head to vary the distance between leads when forming and
inserting an axial-lead component (Fig. 6.3). The term is also used to
refer to an axial-lead component. The terms adjustable span and variable
span can also be used.

Wave solder: To automatically solder all the leads on an assembled PCB by
conveying it, at a slight incline, over a wave of solder.
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7
Design for Machining

7.1 INTRODUCTION

In machining, material is removed from the workpiece until the desired shape is
achieved. Clearly, this a wasteful process, and many engineers feel that a main
objective should be to design components that do not require machining. Since
most manufacturing machines are designed to remove metal by machining, the
view that machining should be avoided must be considered impracticable for the
immediate future. However, the trend toward the use of "near net shape"
processes that conserve material is clearly increasing, and when large-volume
production is involved, this approach should be foremost in the designer's mind.

In this chapter we first introduce the common machining processes. Then we
consider the ways in which the work material can be readily changed to the
desired form by machining, and the ways in which the surfaces of the component
are finished. Finally, an introduction to early cost estimating for designers is
presented.

All machine tools provide a means of (i) holding a cutting tool or abrasive
wheel, (ii) holding a workpiece, and (iii) providing relative motion between them
in order to generate the required surfaces.

7.2 MACHINING USING SINGLE-POINT CUTTING TOOLS
Lathes are designed to rotate the workpiece and feed the cutting tool in the
direction necessary to generate the required machined surface.

267
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The workpiece is gripped in a chuck or collet or is mounted on a faceplate
mounted on the end of the main spindle of the machine. The rotation of the
workpiece is provided by an electric motor driving the main spindle through a
series of gears. Cutting tools can be driven or fed parallel to or normal to the axis
of rotation of the workpiece.

Modern lathes are provided with computer control of all workpiece and tool
motions. These are known as computer numerical control (CNC) lathes, and the
tools can be fed in any direction in the horizontal plane to generate a required
contour on the workpiece. Figure 7.1 shows a cylindrical surface being generated
in cylindrical turning.

The feed motion setting on the lathe is the distance moved by the tool during
each revolution of the workpiece. The feed/ is defined as the displacement of the
tool relative to the workpiece, in the direction of feed motion, per stroke or per
revolution of the workpiece or tool. Thus, to turn a cylindrical surface of length
/w, the number of revolutions of the workpiece is /„//, and the machining time tm
is given by

tm = lw/(faw) (7.1)

where «w is the rotational speed of the workpiece.
It should be emphasized that tm is the time for one pass of the tool (one cut)

along the workpiece. This single pass does not necessarily mean, however, that
the machining operation is completed. If the first cut is designed to remove a large
amount of material at high feed (roughing cut), the forces generated during the
operation will probably have caused significant deflections in the machine
structure. The resulting loss of accuracy may necessitate a further machining
operation at low feed (finish cut) to bring the workpiece diameter within the limits
specified and to provide a smooth machined surface. For these reasons, the

Workpiece
Work surface

^Transient surface
Machined surface

Primary motion
\7^^"Vi ^v?-=^\i''

Tool

Continuous
Feed motion

FIG. 7.1 Cylindrical turning.
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workpiece is often machined oversize during the roughing cut, leaving a small
amount of material that will subsequently be removed during the finishing cut.
For very large depths it may be necessary to provide several rough cuts or passes.

Figure 7.2 illustrates five typical lathe operations: cylindrical turning, facing,
boring, external threading, and cut-off. In each case, the primary motion and the
feed motion, together with certain other terms and dimensions, are indicated. In
any machining operation the workpiece has three important surfaces:

1. The work surface, the surface on the workpiece to be removed by machining
2. The machined surface, the desired surface produced by the action of the

cutting tool
3. The transient surface, the part of the surface formed on the workpiece by the

cutting edge and removed during the following cutting stroke, during the
following revolution of the tool or workpiece, or, in other cases (e.g., a
thread-turning operation), (Fig. 7.2d) during the following pass of the tool.

In Fig. 7.2a, which shows the geometry of a cylindrical-turning operation, the
cutting speed at the tool corner is given by ndmnw, where ww is the rotational
speed of the workpiece, and dm is the diameter of the machined surface. The
maximum value of the cutting speed is given by ndwnw, where dw is the diameter
of the work surface. Thus, the average, or mean, cutting speed uav is given by

Transient
surface

Work
su rf ace

(a)

Primary motion Machined
surface Transient

\ surface

—*3p »-A
nw [ //Work

3' surface

Continuous feed
motion

(b)

FIG. 7.2 Lathe operations: (a) Cylindrical turning, (b) facing, (c) boring, (d) external
threading, (e) parting or cut-off. (From Ref. 7.)
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The metal removal rate Zw is the product of the mean cutting speed and the
cross-sectional area of the material being removed Ac. Thus

(7.3)

This same result could have been obtained by dividing the total volume of metal
removed by the machining time tm.

For a given work material machined under given conditions, the unit power or
the energy required to remove a unit volume of material, ps, can be measured.
This factor is mainly dependent on the work material, and if its value is known,
the power Pm required to perform any machining operation can be obtained from

Pm=PsZv (7.4)

Finally, if the overall efficiency of the machine tool motor and drive systems is
denoted by Em, the electrical power Pe consumed by the machine tool is given by

Pe=Pm/Em (7.5)

Approximate values of the unit power ps for various work materials are presented
at the end of this chapter.

An operation in which a flat surface is generated by a lathe is shown in Fig.
7.2b and can be performed by feeding the tool in a direction at right angles to the
axis of workpiece rotation. This operation is known as facing, and when the
rotational speed of the workpiece is constant, the cutting speed at the tool corner
varies from a maximum at the beginning of the cut to zero when the tool reaches
the center of the workpiece.

The machining time tm is given by

tm = dm/(2Jhw) (7.6)

The maximum cutting speed umax and the maximum metal removal rate Z,
given by

'w,max

nv, dm (7.7)

Zw,max = nfap nw dm (7-8)

With modern CNC lathes, the rotational speed of the workpiece can be
gradually increased during a facing operation as the tool moves toward the
center of the workpiece. In this case the machining time is reduced. However, as
the tool approaches the center of the workpiece, the maximum rotational speed of
the spindle will be encountered, and machining will then proceed at this
maximum speed and, consequently, with diminishing cutting speed.
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Figure 7.2c shows an internal cylindrical surface being generated. This
operation is termed boring and can only be used to enlarge an existing hole in
the workpiece. If the diameter of the work surface is dw and the diameter of the
machined surface is dm, the mean cutting speed is given by Eq. (7.2) and the
metal removal rate by

Zw = nfap »w(4n - «p) (7-9)

Finally, the machining time tm is given by Eq. (7.1) if/w is taken as the length of
the hole to be bored.

The lathe operation illustrated in Fig. 7.2d is known as external threading, or
single-point screw cutting. The combined motions of the tool and workpiece
generate a helix on the workpiece and are obtained by setting the relationship
between rotational speed and tool feed to give the required pitch of the machined
threads. The machining of a thread necessitates several passes of the tool along
the workpiece, each pass removing a thin layer of metal from one side of the
thread. The feed is applied in increments, after each pass of the tool, in a direction
parallel to the machined surface. In calculating the production time, allowance
must be included for the time taken to return the tool to the beginning of the cut,
to increment the feed, and to engage the feed drive.

The last lathe operation to be illustrated (Fig. 7.2e) is used when the finished
workpiece is to be separated from the bar of material. It is known as a cut-off
operation and produces two machined surfaces simultaneously. As with a facing
operation at constant rotational speed, the cutting speed and hence the metal
removal rate varies from a maximum at the beginning of the cut to zero at the
center of the workpiece. The machining time is given by Eq. (7.6) and the
maximum metal removal rate by Eq. (7.8). Again, with modern CNC lathes, the
rotational speed of the workpiece can be controlled to give constant cutting speed
until the limiting rotational speed is reached.

Multispindle automatic lathes are used for high volume or mass production of
small components machined from work material in bar form. The various motions
of these lathes are controlled by specially machined cams, and the operations are
completely automatic, including the feeding of the workpiece through the hollow
spindles.

The vertical-boring machine operates on the same principle as a lathe, but it
has a vertical axis and is used for large components. Like the lathe, this machine
rotates the workpiece and applies continuous, linear feed motion to the tool.

Another machine that uses single-point tools and has a rotary primary motion
is a horizontal-boring machine. This machine is needed mostly for heavy,
noncylindrical workpieces in which an internal cylindrical surface is to be
machined. In general, the words "horizontal" or "vertical" used when describing
a machine tool refer to the orientation of the machine spindle that provides
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primary motion (main spindle). Thus, in the horizontal borer, the main spindle is
horizontal.

The principal feature of the horizontal-boring machine is that the workpiece
remains stationary during machining, and all the generating motions are applied
to the tool. The most common machining process is boring and is shown in
Fig. 7.3. Boring is achieved by rotating the tool, which is mounted on a boring
bar connected to the spindle, and then feeding the spindle, boring bar, and tool
along the axis of rotation. A facing operation can be carried out by using a special
toolholder (Fig. 7.4) that feeds the tool radially as it rotates. The equations
developed earlier for the machining time, and the metal removal rate in boring
and facing also apply to this machine.

The planer is suitable for generating flat surfaces on very large parts. With this
machine a linear primary motion is applied to the workpiece and the tool is fed at
right angles to this motion (Fig. 7.5). The primary motion is normally accom-
plished by a rack-and-pinion drive using a variable-speed motor, and the feed
motion is intermittent. The machining time tm and metal removal rate Zw can be
estimated as follows:

(7.10)

where bw is the width of the surface to be machined, nt is the frequency of cutting
strokes, and/ is the feed. The metal removal rate Zw during cutting is given by

Zw=/ap« (7.11)

where v is the cutting speed and ap is the depth of cut (the depth of the layer of
material to be removed).
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FIG. 7.3 Boring on a horizontal-boring machine. (From Ref. 7.)
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FIG. 7.4 Facing on a horizontal-boring machine. (From Ref. 7.)
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FIG. 7.5 Production of a flat surface on a planer. (From Ref. 7.)
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7.3 MACHINING USING MULTIPOINT TOOLS
A drilling machine (or drill press) can perform only those operations in which the
tool is rotated and fed along its axis of rotation (Fig. 7.6). The workpiece always
remains stationary during the machining process. On small drill presses, the tool
is fed by the manual operation of a lever (known as sensitive drilling). The most
common operation performed on this machine is drilling with a twist drill to
generate an internal cylindrical surface. A twist drill has two cutting edges, each
of which removes its share of the work material.

The machining time tm is given by

«m = C/(A) (7-12)

where /w is the length of the hole produced,/ is the feed (per revolution), and nt is
the rotational speed of the tool.

The metal removal rate Zw may be obtained by dividing the volume of material
removed during one revolution of the drill by the time for one revolution. Thus

(7.13)

Continuous
feed
motion

Primary
motion

Machined surface

Workpiece

Twisf drill

FIG. 7.6 Drilling on a drill press. (From Ref. 7.)
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where dm is the diameter of the machined hole. If an existing hole of diameter rfw
is being enlarged, then

(7.14)

Twist drills are usually considered suitable for machining holes having a length of
no more than five times their diameter. Special drills requiring special drilling
machines are available for drilling deeper holes.

The workpiece is often held in a vise bolted to the machine worktable. The
drilling of a concentric hole in a cylindrical workpiece, however, is often carried
out on a lathe.

Several other machining operations can be performed on a drill press, and
some of the more common ones are illustrated in Fig. 7.7. The center-drilling
operation produces a shallow, conical hole with clearance at the bottom. This
center hole can provide a guide for a subsequent drilling operation to prevent the
drill point from "wandering" as the hole is started. The reaming operation is
intended for finishing a previously drilled hole. The reamer is similar to a drill but
has several cutting edges and straight flutes. It is intended to remove a small
amount of work material only, but it considerably improves the accuracy and
surface finish of a hole. The spot-facing (or counterboring) operation is designed
to provide a flat surface around the entrance to a hole; this flat surface can provide
a suitable seating for a washer and nut, for example.

Primary motion

1¥L
FIG. 7.7 Some drill-press operations, (a) Center drilling, (b) reaming, (c) spot-facing.
(From Ref. 7.)
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There are two main types of milling machines: horizontal and vertical. In the
horizontal-milling machine the milling cutter is mounted on a horizontal arbor (or
shaft) driven by the main spindle.

The simplest operation, slab milling, is used to generate a horizontal surface
on the workpiece, as shown in Fig. 7.8.

When estimating the machine time tm in a milling operation, it should be
remembered that the distance traveled by the cutter will be larger than the length
of the workpiece. This extended distance is illustrated in Fig. 7.9 in which it can
be seen that the cutter travel distance is given by /w + ^/ae(dt — ae), where /w is
the length of the workpiece, ae the depth of cut, and dt the diameter of the cutter.
Thus the machining time is given by

- ae)]/v{ (7.15)

where vf is the feed speed of the workpiece.
The metal removal rate Zw will be equal to the product of the feed speed and

the cross-sectional area of the metal removed, measured in the direction of feed
motion. Thus, if ap is equal to the workpiece width,

Zvl = aeapv{ (7.16)

Figure 7.10 shows some further horizontal-milling operations. In form cutting,
the special cutter has cutting edges shaped to form the cross section required on
the workpiece. These cutters are generally expensive to manufacture, and form
milling is used only when the quantity to be produced is sufficiently large. In
slotting, a standard cutter is used to produce a rectangular slot in a workpiece.
Similarly in angular milling, a standard cutter machines a triangular slot. The
straddle-milling operation shown in the figure is only one of an infinite variety of

Tool

Work
surface

• Machined
surface

Primary
motion

Workpiece

FIG. 7.8 Slab milling on a knee-type horizontal milling machine. (From Ref. 7.)
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FIG. 7.9 Relative motion between a slab-milling cutter and the workpiece during
machining time. (From Ref. 7.)

operations that can be carried out by mounting more than one cutter on the
machine arbor. In this way, combinations of cutters can machine a wide variety of
cross-sectional shapes. When cutters are used in combination, the operation is
often called gang milling.

A wide variety of operations involving the machining of horizontal, vertical,
and inclined surfaces can be performed on a vertical-milling machine. As the
name of the machine implies, the spindle is vertical.

A typical face-milling operation, where a horizontal flat surface is being
machined, is shown in Fig. 7.11. The cutter employed is known as a face-milling
cutter.

In estimating the machine time tm allowance should again be made for the
additional relative motion between the cutting tool and workpiece. As can be seen
in Fig. 7.12, the total motion when the path of the tool axis passes over the
workpiece is given by (/w + dt), and, therefore, the machining time is given by

tm = (lw + dt)/v{ (7.17)

where /w is the length of the workpiece, dt is the diameter of the cutter, and v{ is
the feed speed of the workpiece.

When the path of the tool axis does not pass over the workpiece,

- fle)]/«f (7.18)

where ae is the width of the cut in vertical milling.
The metal removal rate Zw in both cases is given by Eq. (7.16).
Various vertical-milling machine operations are illustrated in Fig. 7.13.
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Continuous feed motion
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FIG. 7.10 Some horizontal-milling operations, (a)
(c) straddle milling, (d) angular milling. (From Ref. 7.)

(d)

Form cutting, (b) slotting,

Another machine using multipoint tools is the broaching machine. In broach-
ing, the machine provides the primary motion (usually hydraulically powered)
between the tool and workpiece, and the feed is provided by the staggering of the
teeth on the broach, each tooth removing a thin layer of material (Fig. 7.14). Since
the machined surface is usually produced during one pass of the tool, the
machining time tm is given by

(7.19)
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FIG. 7.11 Face milling on a vertical-milling machine. (From Ref. 7.)
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FIG. 7.12 Relative motion between the face-milling cutter and the workpiece during
machining time. (From Ref. 7.)
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FIG. 7.13 Some vertical-milling machine operations, (a) Horizontal surface, (b) slot, (c)
dovetail, (d) T slot. (From Ref 7.)

where /t is the length of the broach and v is the cutting speed. The average metal
removal rate Zw can be estimated by dividing the total volume of metal removed
by the machining time.

Broaching is widely used to produce noncircular holes. In these cases the
broach can be either pulled or pushed through a circular hole to enlarge the hole
to the shape required or to machine a keyway, for example (Fig. 7.15). Broaches
must be designed individually for the particular job and are expensive to
manufacture. This high cost must be taken into account when comparing
broaching to slower, alternative machining methods.



Cutting edge

Chapter

Primary motion

Transient surface

FIG. 7.14 Broaching on a vertical-broaching machine. (From Ref. 7.)

Y7
(a) (b)

FIG. 7.15 Methods of broaching a hole, (a) Pull broach; (b) Push broach. (From Ref. 7.)
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The production of internal and external screw threads can be accomplished by
the use of taps and dies. These multipoint tools can be thought of as helical
broaches.

In Fig. 7.16, a tap is fed into a prepared hole and rotated at low speed. The
relative motion between a selected point on a cutting edge and the workpiece is,
therefore, helical; this motion is the primary motion. All the machining is done by
the lower end of the tap, where each cutting edge removes a small layer of metal
(Fig. 7.16) to form the thread shape; the fully shaped thread on the tap serves to
clear away fragments of chips that may collect. A die has the same cutting action
as a tap, but is designed to produce an external thread.

Internal threading using taps can be carried out on turret lathes and drill
presses. External threading using dies can be carried out on turret lathes and
special screw-cutting machines.

Primary motion

Major
flank

Material removed
by one tooth

Work
surface

View of tap in direction
of arrow A

FIG. 7.16 Tapping. (From Ref. 7.)
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7.4 MACHINING USING ABRASIVE WHEELS

Abrasive wheels (or grinding wheels) are generally cylindrical, disc-shaped, or
cup-shaped (Fig. 7.17). The machines on which they are used are called grinding
machines, or grinders; they all have a spindle that can be rotated at high speed and
on which the grinding wheel is mounted. The spindle is supported by bearings
and mounted in a housing; this assembly is called the wheel head. A belt drive
from an electric motor provides power for the spindle. The abrasive wheel
consists of individual grains of very hard material (usually silicon carbide or
aluminum oxide) bonded in the form required.

Abrasive wheels are sometimes used in rough grinding, where material
removal is the important factor; more commonly abrasive wheels are used in
finishing operations, where the resulting smooth surface finish is the objective.

In the metal-cutting machine tools described earlier, generation of a surface is
usually obtained by applying a primary motion to either the tool or workpiece and
a feed motion to either the tool or the workpiece. In grinding machines, however,
the primary motion is always the rotation of the abrasive wheels, but often two or
more generating (feed) motions are applied to the workpiece to produce the
desired surface shape.

In horizontal-spindle surface grinding (Fig. 7.18) the principal feed motion is
the reciprocation of the worktable on which the work is mounted; this motion is
known as the traverse. Further feed motions may be applied either to the wheel
head, by moving it down (known as infeed), or to the table, by moving it parallel
to the machine spindle (known as cross-feed). In Fig. 7.18 a horizontal surface is
being generated on a workpiece by a cross-feed motion. This feed motion, which
is intermittent, is usually applied after each stroke or pass of the table. The
amount of cross-feed / may, therefore, be defined as the distance the tool
advances across the workpiece between each cutting stroke. The operation is
known as traverse grinding.

FIG. 7.17 Common shapes of abrasive wheels, (a) Cylindrical, (b) disc, (c) cup. (From
Ref. 7.)
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FIG. 7.18 Surface grinding on a horizontal-spindle surface grinder. (From Ref. 7.)

Figure 7.19 shows the geometries of both traverse grinding and plunge
grinding on a horizontal-surface grinder. From Fig. 7.19a, the metal removal
rate in traverse grinding is given by

=/flpt'trav (7.20)

where/ is the cross-feed per cutting stroke, ap is the depth of cut, and utrav is the
traverse speed.

The machining time tm is given by

t = (7.21)

where «r is the frequency of reciprocation and bw is the width of the workpiece.
In a similar way, for the plunge-grinding operation (Fig. 7.19b), the metal

removal rate is given by Eq. (7.20).
Before estimating the machining time in the plunge-grinding operation, it is

necessary to describe a phenomenon known as "sparking-out." In any grinding
operation where the wheel is fed in a direction normal to the work surface
(infeed), the feed/, which is the depth of the layer of material removed during
one cutting stroke, will initially be less than the nominal feed setting on the
machine. This feed differential results from the deflection of the machine tool
elements and workpiece under the forces generated during the operation. Thus,
on completion of the theoretical number of cutting strokes required, some work
material will still have to be removed. The operation of removing this material,
called sparking-out, is achieved by continuing the cutting strokes with no further
application of feed until metal removal becomes insignificant (no further sparks
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FIG. 7.19 Horizontal-spindle surface-grinding operations, (a) Traverse grinding;
(b) plunge grinding. (From Ref. 7.)

appear). If the time for sparking-out is denoted by ts, the machining time in
plunge grinding is given by

tm = (at/2/»r) + ts (7.22)

where at is the total depth of work material to be removed.
In vertical-spindle surface grinding (Fig. 7.20) a cup-shaped abrasive wheel

performs an operation similar to face milling. The worktable is reciprocated and
the tool fed intermittently downward; these motions are known as traverse and
infeed, respectively. A horizontal surface is generated on the workpiece, and
because of the deflection of the machine structure, the feed/will initially be less
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FIG. 7.20 Surface grinding on a vertical-spindle surface grinder. (From Ref. 7.)

than the feed setting on the machine tool. This means that sparking-out is
necessary, as in plunge grinding on a horizontal-spindle machine.

The metal removal rate is given by
=/flpt'trav (7.23)

where ap is equal to the width of the workpiece and vtTlN is the traverse speed.
The machining time is given, as in plunge grinding on a horizontal-spindle

machine, by Eq. (7.22).
Larger vertical-spindle surface grinders are available with rotary worktables on

which several workpieces can be mounted. The machining time per part for this
type of grinder is given by

(7.24)

where «w is the rotational speed of the worktable and n is the number of
workpieces mounted on the machine.

In cylindrical grinding (Fig. 7.21) the workpiece is supported and rotated
between centers. The headstock provides the low-speed rotational drive to the
workpiece and is mounted, together with the tailstock, on a worktable that is
reciprocated horizontally using a hydraulic drive. The grinding-wheel spindle is
horizontal and parallel to the axis of workpiece rotation, and horizontal, hydraulic
feed can be applied to the wheel head in a direction normal to the axis of
workpiece rotation; this motion is known as infeed.

Figure 7.21 shows a cylindrical surface being generated using the traverse
motion—an operation that can be likened to cylindrical turning, where the single-
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FIG. 7.21 Cylindrical grinding. (From Ref. 7.)
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point cutting tool is replaced by a grinding wheel. In fact, grinding attachments
are available that allow this operation to be performed on a lathe.

The geometries of traverse and plunge grinding on a cylindrical grinder are
shown in Fig. 7.22. In traverse grinding, the maximum metal removal rate is
closely given by.

ZWjlmx = nfdw vtiw (7.25)

where dw is the diameter of work surface, v^v is the traverse speed, and/ is the
feed per stroke of the machine table (usually extremely small compared to dw).
The machining time will be given by Eq. (7.22).

Intermittent
feed motion
(infeed) \

Continuous
feed motion
(infeed)

FIG. 7.22 Cylindrical-grinding operations, (a) Traverse grinding; (b) plunge grinding.
(From Ref. 7.)
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In the plunge-grinding operation shown in Fig. 7.22b, the wheel is fed into the
workpiece, without traverse motion applied, to form a groove. If v{ is the feed
speed of the grinding wheel, dw the diameter of the work surface, and ap the
width of the grinding wheel, the maximum metal removal rate is given by

Av.max = nap "w vf

and the machining time is

(7.26)

(7.27)

where at is the total depth of material to be removed and ts is the sparking-out
time.

In internal grinding (Fig. 7.23), the wheel head supports a horizontal spindle
and can be reciprocated (traversed) in a direction parallel to the spindle axis. A
small cylindrical grinding wheel is used and is rotated at very high speed. The
workpiece is mounted in a chuck or on a magnetic faceplate and rotated.
Horizontal feed is applied to the wheel head in a direction normal to the wheel
spindle; this motion is known as infeed. Again, traverse and plunge grinding can
be performed, the geometries of which are shown in Fig. 7.24.

Traverse grinding is shown in Fig. 7.24a, and the maximum removal rate,
which occurs at the end of the operation, is given by

w,max — J m trav (7.28)

Workpiece
motion
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surface

Transient
surface

Grinding wheel

Intermittent feed
motion
(infeed)

Primary motion

Spindle
motion
(traverse)

FIG. 7.23 Internal grinding. (From Ref. 7.)
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FIG. 7.24 Internal-grinding operations, (a) Traverse grinding; (b) plunge grinding.
(From Ref. 7.)

where / is the feed, vtTlN is the traverse speed, and dm is the diameter of the
machined surface. The machining time is again given by Eq. (7.22).

Finally, in plunge grinding (Fig. 7.24b) the maximum removal rate is given by

Av.max = nap "m vf (7.29)

and the machining time by Eq. (7.27).
Now that the various machine tools, machining operations, and basic equa-

tions for metal removal rate and machining time have been introduced, we can
turn our attention to those design factors that affect the cost of machining and to
cost estimating for designers.

7.5 STANDARDIZATION
Perhaps the first rule in designing for machining is to design using standard
components as much as possible. Many small components, such as nuts, washers,
bolts, screws, seals, bearings, gears, and sprockets, are manufactured in large
quantities and should be employed wherever possible. The cost of these
components will be much less than the cost of similar, nonstandard components.
Clearly, the designer will need catalogues of the standard items available; these
can be obtained from suppliers. Supplier information is provided in standard trade
indexes, where companies are listed under products. However, there is a danger in
overemphasizing standardization. Many of the impressive successes brought
about by the application of DFMA procedures were only made possible by
breaking away from standardization. For example, the IBM "proprinter" was
successful mainly because the designers departed from the customary approach to
the design of dot-matrix printers. They included a novel new mechanism for
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driving the print head; they also introduced new plastic materials for the base and
departed from the use of standard components for securing important items such
as the power transformer and drive motors. Taken to extremes, a slavish
adherence to company "standards" will prevent innovation in design.

A second rule is, if possible, minimize the amount of machining by preshaping
the workpiece. Workpieces can sometimes be preshaped by using castings or
welded assemblies or by metal deformation processes, such as extrusion, deep
drawing, blanking, or forging. Obviously, the justification for preforming of
workpieces will depend on the required production quantity. Again standardiza-
tion can play an important part when workpieces are to be preformed. The
designer may be able to use preformed workpieces designed for a previous
similar job; because the necessary patterns for castings or the tools and dies for
metal-forming processes are already available.

Finally, even if standard components or standard preformed workpieces are not
available, the designer should attempt to standardize on the machined features to
be incorporated in the design. Standardizing on machined features means that the
appropriate tools, jigs, and fixtures will be available, which can reduce manu-
facturing costs considerably. Examples of standardized machined features might
include drilled holes, screw threads, keyways, seatings for bearings, splines, etc.
Information on standard features can be found in various reference books.

7.6 CHOICE OF WORK MATERIAL

When choosing the material for a component, the designer must consider
applicability, cost, availability, machinability, and the amount of machining
required. Each of these factors influences the others, and the final optimum
choice will generally be a compromise between conflicting requirements. The
applicability of various materials depends on the component's eventual function
and is decided by such factors as strength, resistance to wear, appearance,
corrosion resistance, etc. These features of the design process are outside the
scope of this chapter, but once the choice of material for a component has been
narrowed, the designer must then consider factors that help to minimize the final
cost of the component. It should not be assumed, for example, that the least
expensive work material will automatically result in minimum cost for the
component. For example, it might be more economical to choose a material
that is less expensive to machine (more machinable) but has a higher purchase
cost. In a constant cutting-speed, rough-machining operation, the production cost
Cpr per component is given by

Cpr = Mt{ + Mtm + (Mtct + Ct)tm/t (7.30)
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where M is the total machine and operator rate, t\ is the nonproductive time, tm is
the machining time (time the machine tool is operating), t is the tool life
(machining time between tool changes), tct is the tool changing time, Ct is the
cost of providing a sharp tool, including the cost of regrinding and/or the
depreciation of the insert holder and insert where applicable.

The machining time is given by

tm=K/v (7.31)

where K is a constant for the particular operation and v is the cutting speed.
Also, the tool life t is given by Taylor's tool life equation:

vt" = vt t? (7.32)

where VT and tr are the reference cutting speed and tool life, respectively, and n is
the Taylor tool life index, which is mainly dependent on the tool material.
Usually, for high-speed steel tools n is assumed to be 0.125 and for carbide tools
it is assumed to be 0.25.

If Eqs. (7.31) and (7.32) are substituted into Eq. (7.30), and the resulting
expression differentiated, it can be shown that the cutting speed vc for minimum
cost is given by

vc = vt(tt/tj (7.33)

where tc is the tool life for minimum cost and is given by

tc = [(!/») - l]fe + Q/M) (7.34)

Thus, if Eqs. (7.30) through (7.34) are combined, the minimum cost of
production Cmin is given by

(7.35)

The first term in this expression is the cost of the nonproductive time on the
machine tool and will not be affected by the work material chosen or by the
amount of machining carried out on the workpiece. The second term is the cost of
the actual machining operation, and for a given machine and tool design it
depends on the values of n, vt, tt, and K. The factor n depends mainly on the tool
material; VT £" is a measure of the machinability of the material; K is proportional
to the amount of machining to be carried out on the workpiece and can be
regarded as the distance traveled by the tool cutting edge corner relative to the
workpiece during the machining operation. For a given operation on a given
machine tool and with a given tool material it is shown in Eq. (7.34) that the tool
life for minimum cost would be constant and hence [from Eq. (7.35)] that the
machining costs would be inversely proportional to the value of vt t". Since vr is
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the cutting speed giving a tool life of tlt more readily machined materials have a
higher value of vt % and hence give a lower machining cost.

Taking, for example, a machining operation using high-speed steel tools
(n = 0.125) and a low carbon steel workpiece and typical figures of
M = $0.00833/s, f1 = 300s, tc = 3000 s, J:=183m (600ft), and
VT = 0.76 m/s (150ft/min) when tt = 60 s, then from Eq. (7.35) the minimum
production cost per component Cmin is $6.22. If, however, an aluminum work-
piece for which a typical value of vt is 3.05 m/s (600 ft/mm) when tt is 60 s could
be used, the use of aluminum would reduce the production cost to $3.43. In other
words, an additional amount equal to the difference between these two costs
could be spent for each workpiece in order to employ the more machinable
material, i.e., as much as $2.79 additional per workpiece.

Clearly, the designer should try to select work materials that will result in
minimum total component cost.

7.7 SHAPE OF WORK MATERIAL

With the exception of workpieces that are to be partially formed before
machining, such as forgings, castings, and welded structures, the choice of the
shape of the work material depends mainly on availability. Metals are generally
sold in plate, sheet, bar, or tube form (Table 7.1) in a wide range of standard sizes.

TABLE 7.1 Standard Material Shapes and Ranges of Sizes

Name Size Shape

Plate 6-75 mm
(0.25-3 in.)

0.1-5 mm
(0.004-0.2 in.)
3-200 mm dia.
(0.125-8 in. dia.)

Hexagonal bar 6-75 mm
(0.25-3 in.)

Square bar 9—100mm
(0.375^ in.)

Rectangular bar 3 x 12-100 x 150mm
(0.125 x 0.5-4 x 6 in.)

Tubing 5 mm dia., 1 mm wall-100 mm dia., 3 mm wall
(0.1875 in. dia., 0.035 in. wallet in. dia., 0.125 in. wall)

Sheet

Round bar
or rod
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(a] (b)

FIG. 7.25 Basic component shapes, (a) Rotational; (b) nonrelational. (From Ref. 7.)

The designer should check on the standard shapes and sizes from the supplier of
raw material and then design components that require minimal machining.

Components manufactured from a circular or hexagonal bar or tube are
generally machined on those machine tools that apply a rotary primary motion
to the workpiece; these types of components are called rotational components
(Fig. 7.25a). The remaining components are manufactured from square or
rectangular bar, plate, or sheet and are called nonrotational components (Fig.
7.25V). Components partially formed before machining can also be classified as
either rotational or non-rotational components.

Some of the machining techniques used to alter the initial workpiece shape
will now be described and will help to illustrate some further design rules for
machined components.

7.8 MACHINING BASIC COMPONENT SHAPES
7.8.1 Disc-Shaped Rotational Components (L/D < 0.5)
Rotational components where the length-to-diameter ratio is less than or equal to
0.5 may be classified as discs. For diameters to approximately 300 mm (12 in.) the
workpiece would generally be gripped in a lathe chuck; for larger diameters it
would be necessary to clamp the workpiece on the table of a vertical borer. The
simplest operations that could be performed would be machining of the exposed
face and drilling, boring, and threading a concentric hole. All these operations
could be performed on one machine without regripping the workpiece (Fig. 7.26).
The realization that neither the unexposed face nor a portion of the outer
cylindrical surface can be machined leads to some general guidelines for
design: if possible, design the component so that machining is not necessary
on the unexposed surfaces of the workpiece when it is gripped in the work-
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FIG. 7.26 Some ways of machining a disc-shaped workpiece. (From Ref 7.)

holding device. Also, the diameters of the external features should gradually
increase, and the diameters of the internal features should gradually decrease
from the exposed face.

Of course, with the examples shown in Fig. 7.26 it would probably be
necessary to reverse the workpiece in the chuck to machine the opposite face.
However, if its diameter were less than about 50 mm (2 in.), the desired surfaces
could probably be machined on the end of a piece of bar stock and the component
then separated from the bar by a parting or cut-off operation (Fig. 7.27). It should
be remembered that when a workpiece must be reversed in the chuck, the
concentricity of features will be difficult to maintain (Fig. 7.28).

When machined surfaces intersect to form an edge, the edge is square; when
surfaces intersect to form an internal corner, however, the edge is rounded to the

FIG. 7.27 Parting finished components from bar stock. (From Ref. 7.)
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FIG. 7.28 Machining of components stepped to both ends. (From Ref 7.)

shape of the tool corner. Thus the designer should always specify radii for internal
corners. When the two intersecting faces are to form seatings for another
component in the final assembly, the matching corner on the second component
should be chamfered to provide clearance (Fig. 7.29). Chamfering ensures proper
seating of the two parts and presents little difficulty in the machining operations.

On rotational components some features may be necessary that can only be
produced by machine tools other than those that rotate the workpiece. Conse-
quently, the batch of workpieces requiring these features will have to be stacked
temporarily and then transferred to another machine tool that may be in another
part of the factory. This storage and transfer of workpieces around a factory
presents a major organizational problem and adds considerably to the manufac-
turing costs. Thus, if possible, the components should be designed to be
machined on one machine tool only.

Chamfer for
clearance

Rounded
internal
corner

FIG. 7.29 Rounded corners and chamfers. (From Ref. 7.)
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FIG. 7.30 Drilling a pattern of auxiliary holes.

Plane-machining operations may also be required on a rotational component.
Such operations might be carried out on a milling machine. Finally, auxiliary
holes (those not concentric with the component axis) and gear teeth may be
required. Auxiliary holes would be machined on a drill press and would generally
form a pattern as shown in Fig. 7.30. Axial auxiliary holes are usually the easiest
to machine, because one of the flat surfaces on the workpiece can be used to
orient it on the work-holding surface. Thus, the designer should avoid auxiliary
holes inclined to the workpiece axis. Gear teeth would be generated on a special
gear-cutting machine, and this process is generally slow and expensive.

7.8.2 Short, Cylindrical Components (0.5<L/D<3)
The workpieces from which short, cylindrical components are produced would
often be in the form of bar stock, and the machined component would be
separated from the workpiece by parting or cut-off as was shown in Fig. 7.27. The
whole of the outer surface of this type of component can be machined without
interference from the jaws of the chuck. However, it is important for the designer
to ensure (if possible) that the diameters of a stepped internal bore are gradually
decreasing from the exposed end of the workpiece and that no recesses or grooves
are required on the surface produced in the parting or cut-off operation (Fig.
7.31).

7.8.3 Long, Cylindrical Rotational Components (L/D ^ 3)
Long, cylindrical rotational components would often be supported between
centers or gripped at the headstock end by a chuck and supported by a center
at the other end. If the L/D ratio is too large, the flexibility of the workpiece
creates a problem because of the forces generated during machining. Thus, the
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Thread
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FIG. 7.31 Machining components from bar stock, (a) Components that can be parted off
complete; (b) components that cannot be parted off complete. (From Ref. 7.)

designer should ensure that the workpiece, when supported by the work-holding
devices, is sufficiently rigid to withstand the machining forces.

When a rotational component must be supported at both ends for machining of
the external surfaces, internal surfaces of any kind cannot be machined at the
same time. In any case, with slender components, concentric bores would
necessarily have large length-to-diameter ratios and would be difficult to produce.
Thus, the designer should try to avoid specifying internal surfaces for rotational
components having large L/D ratios.

A common requirement on a long, cylindrical component is a keyway, or slot.
A keyway is usually milled on a vertical-milling machine using an end-milling
cutter (Fig. 7.32a) or on a horizontal-milling machine using a side- and face-
milling cutter (Fig. 7.32b). The shape of the end of the keyway is determined by
the shape of the milling cutter used, and the designer, in specifying this shape, is
specifying the machining process.

Before the ways of changing basic nonrotational shapes by machining
operations are discussed, some general points should be noted regarding
undesirable features on rotational components. These undesirable design features
can be categorized as follows:

1. Features impossible to machine.
2. Features extremely difficult to machine that require the use of special tools or

fixtures.
3. Features expensive to machine even though standard tools can be used.
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(a)
FIG. 7.32 Machining of a keyway. (a) Vertical milling, (b) horizontal milling. (From
Ref. 7.)

In considering the features of a particular design it should be realized that

1. Surfaces to be machined must be accessible when the workpiece is gripped in
the work-holding device.

2. When the surface of workpiece is being machined, the tool and tool-holding
device must not interfere with the remaining surfaces on the workpiece.

Figure 7.33a shows an example of a component with external surfaces
impossible to machine. This is because during the machining of one of the
cylindrical surfaces, the tool would interfere with the other cylindrical surface
Figure 7.33b shows a component that would be extremely difficult to machine on
a lathe because when the hole is drilled, the workpiece would have to be
supported in a special holding device. Even if the workpiece were transferred
to a drill press for the purpose of drilling the hole (in itself an added expense), a
milled preparation would be required (Fig. 7.33c) to prevent the drill from
deflecting sideways at the beginning of the drilling operation.

Figure 7.34 shows two examples where the tool or toolholder would interfere
with other surfaces on the workpiece. The small radial hole shown in Fig. 7.34a
would be difficult to machine because a special long drill would be required. The
internal recess shown in the component in Fig. 7.34b could not be machined
because it would be impossible to design a cutting tool that would reach through
the opening of the bore.

Figure 7.35a shows a screw thread extending to a shoulder. Extending a screw
thread to a shoulder would be impossible because when the lathe carriage is
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deflects at
\ the beginning of

the operation

Milled orspotfaced
preparatory
to drilling

FIG. 7.33 Difficulties arising when nonconcentric cylindrical surfaces are specified, (a)
Impossible to machine, (b) difficult to machine, (c) can be machined on a drill press. (From
Ref. 7.)

FIG. 7.34 Design features to avoid in rotational parts, (a) Special drill required to
machine radial hole, (b) impossible to machine internal recess. (From Ref. 7.)
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(b)

FIG. 7.35 Machined screw threads on stepped components, (a) Impossible to machine,
(b) good design with run-out groove. (From Ref. 7.)

disengaged from the lead screw at the end of each pass, the threading tool
generates a circular groove in the workpiece. Thus it is necessary to provide a run-
out groove (Fig. 7.35b) so that the threading tool will have clearance and not
interfere with the remaining machined surfaces.

7.8.4 Nonrotational Components (A/B < 3, A/C ^ 4)

Extremely thin, flat components should be avoided because of the difficulty of
work holding while machining external surfaces. Many flat components would be
machined from plate or sheet stock and would initially require machining of the
outer edges. Outer edges would generally be machined on either a vertical- or
horizontal-milling machine. Figure 7.36 shows the simplest shapes that can be

v '

D
Vise

FIG. 7.36 Milling external shape of flat components, (a) Vertical milling (plan view), (b)
horizontal milling (front view). (From Ref. 7.)
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generated on the edge of a flat component. It can be seen that internal corners
must have radii no smaller than the radius of the milling cutter used.

In general, the minimum diameter of cutters for horizontal milling (about
50 mm [2 in.] for an average machine) is much larger than the diameter of a cutter
for vertical milling (about 12mm [0.5 in.]). Thus, small internal radii would
necessitate vertical milling. However, as can be seen from Fig. 7.36, a flat
workpiece that must be machined around the whole periphery is generally
clamped to the machine worktable with a spacer beneath the workpiece smaller
than the finished component. This means of work holding requires at least two
bolt holes to be provided in the workpiece. In horizontal milling the workpiece
can be gripped in a vise.

With flat components required in reasonably large batch sizes, manufacturing
costs can often be considerably reduced by simultaneous machining of a stack of
workpieces.

Sometimes large holes (principal bores) are required in nonrelational compo-
nents. These principal bores are generally normal to the two large surfaces on the
component and require machining by boring. This operation could be performed
on a lathe (Fig. 7.37a), where the workpiece would be bolted to a faceplate, or on
a vertical borer (Fig. 7.37b), where the workpiece would be bolted to the rotary
worktable. For small parts, however, where high accuracy is required, the bores
would be machined on a jig borer. A jig borer is similar to a vertical-milling
machine, but the spindle is fed vertically and can hold a boring tool (Fig. 7.37c).
From these examples it can be seen that where possible, principal bores should be
cylindrical and normal to the base of the component. It can also be seen that a
spacer is required between the workpiece and the work-holding surface.

The next type of secondary machining operation to be considered is the
provision of a series of plane surfaces such as the machining of steps, slots, etc.,
in one of the large surfaces on the workpiece. If possible, plane-surface
machining should be restricted to one surface of the component only, thus
avoiding the need for reclamping the workpiece. Plane surfaces might be
machined on milling machines, or, in very large workpieces (such as machine
beds), on planing machines. Figure 7.38 shows a variety of plane-surface
machining operations, and it can be seen that plane-machined surfaces should,
if possible, be either parallel or normal to the base of the component. Also,
internal radii need not be specified for the milling operations, because the corners
of the teeth on milling cutters are usually sharp.

Finally, auxiliary holes might be required in flat components; these would
generally be machined on a drill press. Similar requirements to those discussed
for the machining of auxiliary holes in disc-shaped rotational components apply.
Thus, auxiliary holes should, if possible, be cylindrical and normal to the base of
the component and preferably related by a pattern to simplify positioning of the
workpiece for drilling.
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Faceplate

FIG. 7.37 Machining of principal bores in nonrotational workpieces. (a) Lathe,
(b) vertical borer, (c) jig borer. (From Ref. 7.)

7.8.5 Long, Nonrotational Components (A/B>3)
Long, nonrotational components would often be machined from rectangular- or
square-section bar stock. Extremely long components should be avoided because
of work-holding difficulties. The most common machining operations would be
drilling and milling. Machined surfaces parallel to the principal axis of the
component should be avoided because of the difficulties of holding down the
entire length of the workpiece. Instead, the designer should, if possible, utilize
work material preformed to the cross section required.

7.8.6 Cubic, Nonrotational Components (A/B<3, A/C<4)
Cubic components should be provided with at least one plane surface that can
initially be surface-ground or milled to provide a base for work-holding purposes
and a datum for further machining operations.
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(a)

(b)

FIG. 7.38 Plane-surface machining of flat components, (a) Shaping or planing,
(b) horizontal milling, (c) vertical milling. (From Ref. 7.)

If possible, the outer machined surfaces of the component should consist of a
series of mutually perpendicular plane surfaces parallel to and normal to its base.
In this way, after the base has been machined, further machining operations can
be carried out on external surfaces with minimal reclamping of the workpiece.
Figure 7.39, for example, shows a cubic workpiece where the external exposed
surfaces can all be machined on a vertical-milling machine without reclamping.
From this figure it can be seen that sharp internal corners parallel to the base can
be machined readily but that sharp internal corners normal to the base should be
avoided.

The workpiece shown in Fig. 7.39 is blocklike, but others may be hollow or
boxlike. Main bores in cubic components will often be machined on a horizontal-
boring machine. For ease of machining, internal cylindrical surfaces should be
concentric and decrease in diameter from the exposed surface of the workpiece.
Also, where possible, blind bores should be avoided because in horizontal boring
the boring bar must usually be passed through the workpiece. Internal machined
surfaces in a boxlike cubic component should be avoided unless the designer is
certain that they will be accessible.

With small cubic components it is possible to machine pockets or internal
surfaces using an end-milling cutter as shown in Fig. 7.40. Again it can be seen
that internal corners normal to the workpiece base must have a radius no smaller
than that of the cutter. Usually, the same cutter will be used to clear out the pocket
after machining the outer shape, and the smaller the cutter diameter the longer it
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FIG. 7.39 Milling outer surface of a cubic workpiece. (From Ref. 7.)

will take to perform this operation. Consequently, the cost of the operation will be
related to the radii of the vertical internal corners. Thus, internal corners normal
to the workpiece base should have as large a radius as possible.

Finally, cubic components will often have a series of auxiliary holes. Auxiliary
holes should be cylindrical and either normal to or parallel to the base of the

Cleared after
machining outline

FIG. 7.40 Milling a pocket in a blocklike cubic workpiece. (From Ref. 7.)
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component; they should also be in accessible positions and have L/D ratios that
make it possible to machine them with standard drills. In general, standard drills
can produce holes having L/D ratios as large as 5.

Figure 7.4 la shows examples of features that would be difficult and expensive
to produce in nonrotational components. In the first case the internal vertical
corners are shown sharp; these features cannot be produced with standard tools.
In the second case the through hole has an extremely large L/D ratio and would
be difficult to produce even with special deep-hole drilling techniques. Figure
7.41b shows examples of machined features virtually impossible to produce
because a suitable tool cannot be designed that would reach all the internal
surfaces. Figure 7.42 shows the design of some blind holes. A standard drill
produces a hole with a conical blind end, and therefore the machining of a hole
with a square blind end requires a special tool. Thus, the end of a blind hole
should be conical. If the blind hole is to be provided with a screw thread, the
screw thread will be tapped, and the designer should not specify a fully formed
thread to the bottom of the blind hole since this type of screw thread is impossible
to produce.

Holes that have a dogleg, or bend, should be avoided if possible. A curved hole
(Fig. 7.42) is clearly impossible to machine; however, drilling a series of through
holes and plugging unwanted outlets can often achieve the desired effect although
this operation is expensive.

/ / / / hole

(a)

"_37ZTZJ
(b)

FIG. 7.41 Design features to avoid in nonrotational components. (From Ref. 7.)
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Difficult Easy Impossible Easy

Plug

Impossible Impossible

FIG. 7.42 Design of blind holes. (From Ref. 7.)

Possible

7.9 ASSEMBLY OF COMPONENTS

Most machined components must eventually be assembled, and the designer
should give consideration to the assembly process. Design for ease of assembly is
treated in Chapter 3; however, one or two aspects of this subject that affect
machining are mentioned here. The first requirement is, of course, that it should
be physically possible to assemble the components. Obviously, the screw thread
on a bolt or screw should be the same as the mating thread on the screwed hole
into which the bolt or screw is to be inserted. Some assembly problems, however,
are not quite so obvious. Figure 7.43 shows some impossible assembly situations,
and it is left to the reader to decide why the components cannot be assembled
properly.

A further requirement is that each operating machined surface on a component
should have a corresponding machined surface on the mating component. For
example, where flanges on castings are to be bolted together, the area around the
bolt holes should be machined perpendicular to the hole (spot-faced, for example)
to provide a proper seating for the bolt heads, nuts, or washers. Also, internal
corners should not interfere with the external corner on the mating component.
Figures 7.29 and 7.35 give examples of how this interference can be avoided.
Finally, incorrect specification of tolerances can make assembly difficult or even
impossible.
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FIG. 7.43 Components that cannot be assembled. (From Ref. 7.)

7.10 ACCURACY AND SURFACE FINISH

A designer will not generally want to specify an accurate surface with a rough
finish or an inaccurate surface with a smooth finish. When determining the
accuracy and finish of machined surfaces, it is necessary to take into account the
function intended for the machined surface. The specification of too-close
tolerances or too-smooth surfaces is one of the major ways a designer can add
unnecessarily to manufacturing costs. Such specifications could, for example,
necessitate a finishing process, such as cylindrical grinding after rough turning,
where an adequate accuracy and finish might have been possible using the lathe
that performed the rough-turning operation. Thus, the designer should specify the
widest tolerances and roughest surface that will give acceptable performance for
operating surfaces.

As a guide to the difficulty of machining to within required tolerances it can be
stated that

Tolerances from 0.127 to 0.25mm (0.005 to 0.01 in.) are readily obtained.
Tolerances from 0.025 to 0.05mm (0.001 to 0.002 in.) are slightly more
difficult to obtain and will increase production costs.
Tolerances 0.0127mm (0.0005 in.) or smaller require good equipment and
skilled operators and add significantly to production costs.
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Figure 7.44 illustrates the general range of surface finish that can be obtained
in different operations. It can be seen that any surface with a specified surface
finish of 1 [im (40 /.(in.) arithmetical mean or better will generally require separate
finishing operations, which substantially increases costs. Even when the surface
can be finished on the one machine, a smoother surface requirement will mean
increased costs.

To illustrate the cost increase as the surface finish is improved, a simple
turning operation can be considered. If a tool having a rounded corner is used
under ideal cutting conditions, the arithmetical mean surface roughness 7?a is
related to the feed by

?a = 0.0321/2/re (7.36)

where/ is the feed and re is the tool corner radius.
The machining time tm is inversely proportional to the feed/ and related by

the equation

(7.37)

where /w is the length of the workpiece and nw is the rotational speed of the
workpiece.

Surface roughness, win.
1 000 500 250 125 63 32 16 8 4 2 1 0.5

25 12,56,3 3.2 1.6 0,8 0,4 0.2 0.1 0.050.0250.0125
Surface roughness, jim

I I Typical _ _ _ j Less frequent

FIG. 7.44 General range of surface roughness obtainable by various machining opera-
tions. (From Ref. 7.)
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Substitution of/ from Eq. (7.36) in (7.37) gives the machining time in terms
of the specified surface finish:

tm = 0.18/w/K(7?are)° (7.38)

Thus, the machining time (and hence the machining cost) is inversely propor-
tional to the square root of the surface finish. Figure 7.45 shows the relationship
between production cost and surface finish for a typical turning operation. It can
be seen that the costs rise rapidly when low values of surface finish are specified.

For many applications, a smooth, accurate surface is essential. This smooth,
accurate surface can most frequently be provided by finish grinding. When
specifying finish grinding, the designer should take into account the accessibility
of the surfaces to be ground. In general, surfaces to be finish-ground should be

11
10

9

8

£ 7

| 6

+- 4IA ^
Oo

Ideal surface roughness, Min.
100 200 300 400 500

Machining costs

Nonproductive and tool costs
I______i T___i______i

2.5 5 7.5
Ideal surface roughness,

10 12.5

FIG. 7.45 Effect of specified surface roughness on production costs in a turning
operation, where the corner radius re — 0.03 in. (0762mm), the rotational frequency of
the workpiece nw — 200 rpm (3.33 s"1), and the length of the workpiece lw = 34 in.
(864mm). (From Ref. 7.)
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FIG. 7.46 Surfaces that can readily be finish-ground, (a) Surface grinding,
(b) cylindrical grinding, (c) internal grinding. (From Ref. 7.)

raised and should never intersect to form internal corners. Figure 7.46 shows the
types of surfaces that are most readily finish-ground using standard-shaped
abrasive wheels.

7.11 SUMMARY OF DESIGN GUIDELINES

This section lists the various design guidelines that have been introduced,
providing a summary of the main points a designer should keep in mind when
considering the design of machined components.

Standardization

1. Utilize standard components as much as possible.
2. Preshape the workpiece, if appropriate, by casting, forging, welding, etc.
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3. Utilize standard pre-shaped workpieces, if possible.
4. Employ standard machined features wherever possible.

Raw Materials

5. Choose raw materials that will result in minimum component cost (includ-
ing cost of production and cost of raw material).

6. Utilize raw materials in the standard forms supplied.

Component Design
a. General

7. Try to design the component so that it can be machined on one machine tool
only.

8. Try to design the component so that machining is not needed on the
unexposed surfaces of the workpiece when the component is gripped in the
work-holding device.

9. Avoid machined features the company is not equipped to handle.
10. Design the component so that the workpiece, when gripped in the work-

holding device, is sufficiently rigid to withstand the machining forces.
11. Verify that when features are to be machined, the tool, toolholder, work, and

work-holding device will not interfere with one another.
12. Ensure that auxiliary holes or main bores are cylindrical and have L/D

ratios that make it possible to machine them with standard drills or boring
tools.

13. Ensure that auxiliary holes are parallel or normal to the workpiece axis or
reference surface and related by a drilling pattern.

14. Ensure that the ends of blind holes are conical and that in a tapped blind
hole the thread does not continue to the bottom of the hole.

15. Avoid bent holes or dogleg holes.

b. Rotational Components

16. Try to ensure that cylindrical surfaces are concentric, and plane surfaces are
normal to the component axis.

17. Try to ensure that the diameters of external features increase from the
exposed face of the workpiece.

18. Try to ensure that the diameters of internal features decrease from the
exposed face of the workpiece.

19. For internal corners on the component, specify radii equal to the radius of a
standard rounded tool corner.

20. Avoid internal features for long components.
21. Avoid components with very large or very small L/D ratios.
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c. Nonrotational Components

22. Provide a base for work holding and reference.
23. If possible, ensure that the exposed surfaces of the component consist of a

series of mutually perpendicular plane surfaces parallel to and normal to the
base.

24. Ensure that internal corners normal to the base have a radius equal to a
standard tool radius. Also ensure that for machined pockets, the internal
corners normal to the base have as large a radius as possible.

25. If possible, restrict plane-surface machining (slots, grooves, etc.) to one
surface of the component

26. Avoid cylindrical bores in long components.
27. Avoid machined surfaces on long components by using work material

preformed to the cross section required.
28. Avoid extremely long or extremely thin components.
29. Ensure that in flat or cubic components, main bores are normal to the base

and consist of cylindrical surfaces decreasing in diameter from the exposed
face of the workpiece.

30. Avoid blind bores in large cubic components.
31. Avoid internal machined features in cubic boxlike components.

Assembly

32. Ensure that assembly is possible.
33. Ensure that each operating machined surface on a component has a

corresponding machined surface on the mating component.
34. Ensure that internal corners do not interfere with a corresponding external

corner on the mating component.

Accuracy and Surface Finish

35. Specify the widest tolerances and roughest surface that will give the
required performance for operating surfaces.

36. Ensure that surfaces to be finish-ground are raised and never intersect to
form internal corners.

7.12 COST ESTIMATING FOR MACHINED COMPONENTS

Designers normally have a reasonable knowledge of the factors to bear in mind
when attempting to minimize manufacturing costs for machined components and
the previous section listed some design rules that might be followed. Ultimately,
however, the designer will need to know the magnitude of the effects of design
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decisions on manufacturing costs. The need for a method of estimating these
costs is highlighted when considering the design of a product for ease of
assembly. Techniques have been available for some time for analyzing an
assembly for handling and insertion costs incurred as each part is added, and
they are described in Chapter 3. As a result of such analyses, many suggestions
for design simplifications arise—often involving the elimination of individual
parts or components. However, it is also necessary to have methods for quickly
estimating the cost of these parts and the cost of tooling so that the total savings
in products costs can be quantified.

Before embarking on a discussion of how an estimating method for designers
of machined components might be developed, we should consider how the
requirements for such a method differ from conventional cost-estimating proce-
dures. These conventional procedures are meant to be applied after the compo-
nent has been designed and its production planned. Thus, every step in
production is known and can be estimated with a high degree of accuracy.
During the early stages of design, however, the designer will not wish to specify,
for example, all the work-holding devices and tools that might be needed; most
likely, detailed design will not yet have taken place. Indeed, a final decision on the
specific work material might not have been made at this stage. Thus, what is
wanted is an approximate method requiring the minimum of information from the
designer and assuming that the ultimate design will avoid unnecessary manu-
facturing expense and the component will be manufactured under reasonably
economic conditions.

Perhaps the simplest approach would be to have the designer specify the shape
and size of the original workpiece and the quantity of material to be removed by
machining. Then, with data on typical material costs per unit weight, an estimate
can be made of the cost of the material needed to manufacture the component. If an
approximate figure is available for the average cost of removal of each cubic inch
of the material by machining, an estimate can also be made of the machining cost.

Unfortunately, this very simple approach will not take adequate account of the
nonproductive costs involved in a series of machining operations. For example, if
1 in3 of material were to be removes in one pass by a simple turning operation,
the nonproductive costs would be quite small—the component would only need
be loaded into the lathe and unloaded once and the cutting tool would only be set
and the feed engaged once. Compare this with 1 in3 of the same material removed
by a combination of turning, screw cutting, milling, and drilling. In this case the
nonproductive costs accumulate and become a highly significant factor in the
ultimate cost of the machined component; especially when the machined
component is relatively small.

What is needed is a method that forms a compromise between this over-
simplified approach and the traditional detailed cost-estimating methods used by
manufacturing and industrial engineers.
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TABLE 7.2 Approximate Costs in Dollars per Pound for Various Metals (to convert to
dollars per kilogram multiply by 2.2)

Density

Ferrous
Carbon steel
Alloy steel
Stainless steel
Tool steel

Nonferrous
Aluminum alloys
Brass
Nickel alloys
Magnesium alloys
Zinc alloys
Titanium alloys

lb/in3

0.283
0.31
0.283
0.283

0.10
0.31
0.30
0.066
0.23
0.163

Mg/m3

7.83
8.58
7.83
7.83

2.77
8.58
8.30
1.83
6.37
4.51

Bar

0.51
0.75
1.50
6.44

1.93
0.90
5.70
3.35
1.50

15.40

Rod

0.51
0.75
1.50
6.44

1.93
1.22
5.70
3.35
1.50

15.40

Sheet
< 0.5 in.

0.36
1.20
2.50
—

1.95
1.90
5.70
6.06
1.50

25.00

Plate
> 0.5 in.

0.42
—
2.50
6.44

2.50
1.90
5.70
6.06
1.50

25.00

Tube

0.92
—
—
—

4.60
1.90
—

3.35
—
—

7.12.1 Material Cost
Often, the most important factor in the total cost of a machined component is the
cost of the original workpiece. This material cost will frequently form more than
50% of the total cost and, therefore, should be estimated with reasonable care.
Table 7.2 gives densities and approximate costs in dollars per pound for a variety
of materials in the basic shapes normally available. Provided the designer can
specify the volume of material required for the original workpiece, the material
cost can easily be estimated. Although the figures in Table 7.2 can be used as a
rough guide, the designer would be able to obtain more accurate figures from
material suppliers.

7.12.2 Machine Loading and Unloading
Nonproductive costs are incurred every time the workpiece is loaded into (and
subsequently unloaded from) a machine tool. An exhaustive study of loading and
unloading times has been made by Fridriksson [1]; he found that these times can
be estimated quite accurately for a particular machine tool and work-holding
device if the weight of the workpiece is known. Some of Fridriksson's results are
presented in Table 7.3, which can be used to estimate machine loading and
unloading times. To these figures must be added the times for turning coolant on
and off, cleaning the work-holding or clamping device, etc.
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TABLE 7.3 Loading and Unloading Times (s) Versus Workpiece Weight

Workpiece weight

Holding device

Angle plate
(2 U-clamps)

Between centers,
no dog

Between centers,
with dog

Chuck, universal
Chuck, independent

(4 jaws)
Clamp on table

(3 clamps)
Collet
Faceplate

(3 clamps)
Fixture, horizontal

(3 screws)
Fixture, vertical

(3 screws)
Hand-held
Jig
Magnet table
Parallels
Rotary table or

index plate
(3 clamps)

"V" Blocks
Vise

0-0.2
0-0.4

27.6

13.5

25.6

16.0
34.0

28.8

10.3
31.9

25.8

27.2

1.4
25.8

2.6
14.2
28.8

25.0
13.5

0.2-4.5
0.4-10

34.9

18.6

40.2

23.3
41.3

33.9

15.4
43.3

33.1

38.6

6.5
33.1

5.2
19.3
36.1

30.1
18.6

4.5-14
10-30

43.5

24.1

57.4

31.9
49.9

39.4

20.9
58.0

41.7

53.3

12.0
41.7

8.4
24.8
44.7

35.6
24.1

14-27 (kg)
30-60 (lb)

71.2

35.3

97.8

52.9
70.9

58.7

—
82.1

69.4

—

—
—
—
67.0
72.4

77.8
39.6

Crane

276.5

73.1

247.8

—
—

264.6

—
196.2

274.7

—

—
—
—

354.3
277.7

365.1
174.2

Source: After Ref. 1.

7.12.3 Other Nonproductive Costs

For every pass, cut, or operation carried out on one machine tool, further
nonproductive costs are incurred. In each case the tool must be positioned,
perhaps the feed and speed settings changed, the feed engaged, and then, when
the operation is completed, the tool must be withdrawn. If different tools are
employed, then the times for tool engagement or indexing must also be taken into
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TABLE 7.4 Some Nonproductive Times for Common Machine Tools

Machine tool

Horizontal band saw
Manual turret lathe
CNC turret lathe
Milling machine
Drilling machine
Horizontal-boring machine
Broaching machine
Gear bobbing machine
Grinding machine
Internal grinding machine
Machining center

Time to
engage tool;

etc.a (s)

—
9
1.5

30
9

30
13
39
19
24

8

Basic
setup

time (h)

0.17
1.2
0.5
1.5
1.0
1.3
0.6
0.9
0.6
0.6
0.7

Additional
setup per
tool (h)

—
0.2
0.15
—
—
—
—
—
—
—

0.05
a Average times to engage tool, engage and disengage feed, change speed or feed.
(Includes change tool for machining center.)

account. Some time elements for these tasks for different types of machine tools
are presented in Table 7.4.

Also included In Table 7.4 are estimates of the basic setup time and additional
setup time per cutting tool. The total set-up time must be divided by the size of
the batch in order to obtain the setup time per component.

7.12.4 Handling Between Machines
One of the costs to be considered is that incurred in moving batches of partially
machined workpieces between machines. Fridriksson [1] made a study of this by
assuming that stacks of pallets of workpieces were moved around the factory
using forklift trucks. He developed the following expression for t{, the transpor-
tation time for a round trip by a forklift truck

ff = 25.53+0.29(/p + /rd)s (7.39)

where /p is the length of the pathway between machines and /rd is the distance the
truck must travel to respond to a request—both lengths are measured in feet.

Assuming that (/p + /rd) is 450ft (137m) on average and that for every trip
with a load of full pallets, a trip must be made with empty pallets, the total time is

ff = 315s (7.40)
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If a full load of pallets and workpieces is 2000 Ib, the number of workpieces of
weight W transported will be 2000/W and the time per workpiece ttt will be
given by

^ = 3157(20007^) = 0.156^s (7.41)

Thus, for a workpiece weighing 10 Ib, the effective transportation time is only
1.6 s, which is small compared with typical loading and unloading times for that
size workpiece (Table 7.3). However, allowances for transportation time can be
added to the loading and unloading times, and these will become significant for
large workpieces.

7.12.5 Material Type
The so-called machinability of a work material has been one of the most difficult
factors to define and quantify. In fact, it is impossible to predict the difficulty of
machining a material from a knowledge of its composition or its mechanical
properties, without performing a machining test. Nevertheless, it is necessary for
the purposes of cost estimating to employ published data on machinability.
Perhaps the best source of such data, presented in the form of recommended
cutting conditions, is the Machining Data Handbook [2].

7.12.6 Machining Costs
The machining cost for each cut, pass, or operation is incurred during the period
between when the feed is engaged and, finally, disengaged. It should be noted that
the tool would not be cutting for the whole of this time because allowances for
tool engagement and disengagement must be made—particularly for milling
operations. However, typical values for these allowances can be found and are
presented for various operations in Table 7.5 as correction factors to be applied to
the actual machining time.

For an accurate estimation of actual machining time, it is necessary to know
the cutting conditions, namely, cutting speed, feed, and depth of cut in single-
point tool operations, and the feed speed, depth of cut, and width of cut in
multipoint tool operations. Tables giving recommended values for these para-
meters for different work materials can fill large volumes, such as the Metcut
Machining Data Handbook [2].

Analysis of the selection of optimum machining conditions shows that the
optimum feed (or feed per tooth) is the largest that the machine tool and cutting
tool can withstand. Then, selection of the optimum cutting speed can be made by
minimizing machining costs [see Eq. (7.33)]. The product of cutting speed and
feed in a single-point operation gives a rate for the generation of the machined
surface that can be measured in in /min, for example. The inverse of such rates is
presented by Ostwald [3] for a variety of workpiece and tool materials and for
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TABLE 7.5 Allowances for Tool Approach

Operations Allowances

Turn, face, cut-off bore,
groove, thread

Drill (twist) (approach)
Drill (twist) (start)
Helical, side, saw, and key

slot milling
Face and end milling
Surface grinding
Cyl. and int. grinding
All grinding operations

4 = *m + 5.4 dm>
4 = 4 + (l-35«£) dm^
4 = ui + o.5<4/*J
4 = 4 + (88. W))467

4 = lw + 2(ac(di - a,)115

4 = lw + 4 + 0.066 + 0.
4 = iw + 4/4
4 = iw + wt
(4 = ax + 0.004

2
; 2

+ 0.066 + 0.01Wt)

01Wt

ar s£ 0.01

«; = «r + o.29(«r-o.oi) |^JJ;J24

14 = 0, + 0.008 ar > 0.024
Spline broaching /t = -5 + I5dm + 8/w

Internal keyway broaching /t = 20 + 40wk + 85^
Hole broaching lt — 6 + 64n + 6/w

/m — machining time, s; dm — diameter of machined surface, in.; /w — length of machined
surface in direction of cutting, in.; vt = speed x feed, in2/min (Table 7.6); ae = depth of cut
or depth of groove in milling, in.; dt — diameter of cutting tool, in.; wt — width of grinding
wheel, in.; ar = depth of material removed in rough grinding, in.; /, = length of tool, in.;
wk — width of machined keyway, in.; dk — depth of machine keyway, in.
Source: Adapted from Ref. 3.

different roughing and finishing operations. A problem arises, however, when
applying the figures for roughing operations. For example, Ostwald recommends
a cutting speed of 500 ft/mm (2.54 m/s) and a feed of 0.02 in. (0.51 mm) for the
rough machining of low carbon steel (170 Bhn) with a carbide tool. For a depth of
cut of 0.3 in. (7.6mm) this would mean a metal removal rate of 36 in3/min
(9.82 /,mi3/s). The Machining Data Handbook [2] quotes a figure of
1.35 hp min/in3 (3.69 GJ/m3) (unit power) for this work material. Thus, the
removal rate obtained in this example would require almost 50 hp (36kW). Since
a typical medium-sized machine tool would have a 5 to 10 hp motor (3.7 to
7.5 kW) and an efficiency of around 70%, it can be seen that the recommended
conditions could not be achieved except for small depths of cut. Under normal
rough-machining circumstances, therefore, a better estimate of machining time
would be obtained from the unit horsepower (specific cutting energy) for the
material, the volume of material to be removed, and the typical power available
for machining, as described earlier in this chapter.
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For multipoint tools such as milling cutters, the chip load (feed per tooth) and
the cutting speed are usually recommended for given tool materials. However, in
these cases the machining time is not directly affected by the cutting speed but by
the feed speed, which is controlled independently of the cutter speed. Thus,
assuming that the optimum cutting speed is being employed, the feed speed that
will give the recommended feed per tooth can be used to estimate the machining
time. Again, a check must be made that the power requirements for the machine
tool are not excessive.

7.12.7 Tool Replacement Costs
Every time a tool needs replacement because of wear, two costs are incurred:
(1) the cost of machine idle time while the operator replaces the worn tool, and
(2) the cost of providing a new cutting edge or tool. The choice of the best
cutting speed for particular conditions is usually made by minimizing the sum of
the tool replacement costs and the machining costs, since both of these are
affected by changes in the cutting speed.

The minimum cost of machining a feature in one component on one machine
tool is given by Eq. (7.35). If the expressions for machining time tm [Eq. (7.31)]
and cutting speed vc [Eq. (7.33)] are substituted, the minimum cost of production
can be expressed by

Cm i n=M f l+Mfm c / ( l -«) (7.42)

where tmc is the machining time when the optimum cutting speed for minimum
cost is used.

It can be seen that the factor 1/(1 — n) applied to the machining time will
allow for tool replacement costs provided that the cutting speed for minimum cost
is always employed. The factor would be 1.14 for high-speed steel tooling and
1.33 for carbides.

Under those circumstances where use of optimum cutting conditions would
not be possible because of power limitations, it is usually recommended that the
cutting speed be reduced. This is because greater savings in tool costs will result
than if the feed were reduced. When the cutting speed has been reduced, with a
corresponding increase in the machining time, the correction factor given by
Eq. (7.42) will overestimate tool costs. If tmp is the machining time where the
cutting speed vpo giving maximum power is used, then the production cost
Cpo for maximum power will be given by

Cpo = Mt{ + Mtmp + (Mtct + Ct)tmp/tpo (7.43)
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where £po is the tool life obtained under maximum power conditions, which, from
Taylor's tool life equation, is

fpo = tc(vc/vpo)l/" (7.44)

The tool life tc under minimum cost conditions is given by Eq. (7.34), and
substituting Eqs. (7.44) and (7.34) in Eq. (7.43) and using the relation in Eq.
(7.31) gives

Cpo = Mt, + Mtmp{\ + [»/(! - «)](fmc/fmP)V"} (7.45)

Thus, Eq. (7.45) can be used instead of Eq. (7.42) when the cutting speed is
limited by the power available on the machine tool and, therefore, when tmp > tmc.

7.12.8 Machining Data
In order to employ the approach described above, it is necessary to be able to
estimate, for each operation, the machining time fmc for minimum cost conditions
and the machining time £mp where the cutting speed is limited by power
availability. It was shown earlier that machining data for minimum cost for
single-point tools, presented in handbooks, can be expressed as speed x feed (vf),
or the rate at which the machined surface can be generated. Table 7.6 gives
typical values of vf for several material classifications selected and for lathe
operations using high-speed tools or brazed carbide tools. These values were
adapted from the data in the Machining Data Handbook [2]. Analysis of the
handbook data shows that if disposable insert carbide tools are to be used, then
the data for brazed carbide tools can be multiplied by an average factor of 1.17.

When turning a surface of diameter dm for a length /w, the figures for vf given
in Table 7.6 would be divided into the surface area (Am = nlwdm) to give the
machining time £mc.

Thus
tmc = 6QAJ(vf) s (7.46)

For an estimate of the machining time tmp for maximum power it is necessary
to know the power available for machining and the unit power ps (specific cutting
energy) for the work material. Table 7.6 gives average values of ps for the
selection of work materials employed here.

When estimating the power available for machining Pm, it should be realized
that small components will generally be machined on small machines with lower
power available, whereas larger components will be machined on large higher-
powered machines. For example, a small lathe may have less than 2 hp available
for machining, whereas an average-sized lathe may have 5 to 10 hp available. A
larger vertical lathe will perhaps have 10 to 30 hp available. Typical power values
for a selection of machines are presented in Fig. 7.47, where the horsepower



TABLE 7.6 Machining Data
to
N>
N>

Material

Low carbon steel
(free machining)

Low carbon steel
Medium and high

carbon steel
Alloy steel (free

machining)
Stainless, ferritic

(annealed)
Tool steels
Nickel alloys
Titanium alloys
Copper alloys (soft)

(free machining)
Zinc alloys (die

cast)
Magnesium and

alloys
Aluminum and

alloys

Hardness

150-200

150-200
200-250

150-200

135-185

200-250
80-360

200-275
40-150

80-100

49-90

30-80

v{

HSS

25.6

22.4
18.2

23.7

12.6

12.8
9

12.6
76.8

58.5

162

176

Turning, facing and

(in2/min)a

Brazed carbide

100

92
78

96

48

54
42
24

196

113

360

352

boring

Ps

(hp/in3/min)b

1.1

1.35
1.45

1.3

1.55

1.45
2.25
1.35
0.72

0.3

0.18

0.28

Drilling and reaming
(1 in.)

Vf (in /min)a

HSS

33.0

13.4
15.1

16.4

9.4

6.2
14.3
7.9

38.4

51.1

75.2

79.8

Ps

(hp/in3/min)b

0.95

1.2
1.4

1.15

1.35

1.4
2.0
1.25
0.54

0.2

0.18

0.18

o
fi)I



Factor

*f

Factor

kh

Factor

*d

For

Finishing
Disposable insert

For

Drilling and 1/16 1/8 1/4
reaming 1.59 3.18 6.35

0.08 0.19 0.35

For

<2 3
Deep holes 1.00 0.81

Turning,
facing,
boring

0.60
1.17

Tool diameter (in.) (mm)

1/2 3/4 1
12.7 19.7 25.4

0.60 0.83 1.00

Length/diameter ratio

4 5
0.72 0.56

Milling

0.89
1.13

1.5 2 in.
38.1 50.8mm

1.23 1.47

6 8
0.52 0.48

D
(D

(Q

3"

fi)o

aTo convert in /min to m2/min, multiply by 6.45 x 1CT4.
To convert hp min/in to GJ/m3 multiply by 2.73.

All data are for rough machining. For finish machining multiply by &f.
For cut-off or form tool operations, multiply by 0.2.
The term carbide refers to tools with brazed carbide inserts. For tools with disposable carbide inserts, multiple by k^.
Data for drilling are for 1 .0 in. diameter tools with hole depth/diameter less than 2.
For sawing, multiply the data for turning with HSS tools by 0.33.
For tap or die threading, multiply data for turning with HSS tools by 10 and divide by TPI (threads per inch); for standard threads

For single-point threading, multiply result for die threading by number of passes, approximately 100/TPI, and add tool engagement time for each
pass.
Source: Adapted from Ref. 2.

CO
N>
CO
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FIG. 7.47 Relation between horsepower and workpiece weight for some machine tools.

available for machining Pm is plotted against the typical weight capacity of the
machine.

The machining time for maximum power is given by

(7.47)

where Vm is the volume of material to be removed in the machining operation. If
ap is the depth of cut, then Vm is given approximately by ndmlwap. However, for a
facing or cut-off operation carried out at constant rotational speed, the power
limitations apply only at the beginning of the cut and the machining time will be
longer than that given by Eq. (7.47).

It was pointed out earlier that for milling operations, it is convenient to
estimate machining time from a knowledge of the feed speed v{ that will give the
recommended feed per tooth. Data for milling selected materials are presented in
Table 7.7.

The machining time tm for recommended conditions is thus given by

tmc = (7.48)

where /w is the length of the feature to be milled. However, it is important to note
that this result must be corrected for the approach and overtravel distances, which
will often be as large as the cutter diameter.

The machining time for maximum power is given by Eq. (7.47), but, again,
corrections must be made for cutter approach and overtravel.
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TABLE 7.7 Machining Data for Milling Operations

Milling
f (in/min)a

Material
Hardness Side and face End (1.5 in.) ps

(Bhn) HSS Brazed carb. HSS Brazed carb. (hp/in3/niin)b

Low carbon steel
(free machining)

Low carbon steel
Medium and high

carbon steel
Alloy steel

(free machining)
Stainless, ferretic

(annealed)
Tool steels
Nickel alloys
Titanium alloys
Copper alloys (soft)

(free machining)
Zinc alloys

(die cast)
Magnesium and alloys
Aluminum and alloys

150-200 19.2
150-200 13.5

200-250 10.8

150-200 13.7

135-185 14.0
200-250 6.7
80-360 4.1
200-275 3.9

40-150 50.5

80-100 28.0
40-90 77.0
30-80 96.2

52.9
43.3

37.3

40.2

41.0
23.7
7.7

13.2

108.3

60.1
240.6
216.5

4.5
2 2

2.7

2.4
0.9
1.0
1.5

9.9

9.8
27.5
20.4

15.7
9.9

8.9

10.5

6.0
4.5

7.1

20.7

16.0
55.0
36.7

1.1
1.4

1.6

1.3

1.7
1.5
2.15
1.25

0.72

0.4
0.18
0.36

aTo convert in/min to mni/s multiple by 0.423.
bTo convert hp/min/in3 to GJ/m3 multiply by 2.73.
Source: Adapted from Ref. 2.

7.12.9 Rough Grinding

Limitations on the rate at which grinding operations can be carried out depend on
many interrelated factors, including the work material, the wheel grain type and
size, the wheel bond and hardness, the wheel and work speeds, downfeed, infeed,
the type of operation, the rigidity of the machine tool, and power available. It
appears that, assuming adequate power, these limitations can be summarized in
terms of the maximum metal removal rate per unit width of the grinding wheel
Zw/wt. For example, the Machining Data Handbook [2] gives the following
recommendations for the rough grinding of annealed free-machining low carbon
steel on a horizontal-spindle reciprocating surface grinder:
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Wheel speed: 5500 to 6500ft/min
Table speed: 50 to 150ft/min
Downfeed: 0.003 in/pass
Crossfeed: 0.05-0.5 in/pass (1/4 wheel width maximum)
Wheel: A46JV (aluminum oxide grain, size 46, grade J, vitrified bond)

If the wheel width wt were 1 in. and an average table speed (work speed) of
75 ft/min were employed, then a downfeed of 0.003 in. and a maximum crossfeed
of 0.25 in. would give a metal removal rate Zw of 0.68 in3/min. In a plunge-
grinding operation, the wheel width would be equal to the width of the groove to
be machined and the rough grinding time £gc for recommended conditions would
be given by

fgc = 60Fm/Zw (7.49)

where Vm is the volume of metal to be removed and Zw is the metal removal rate
(in3/min). If the groove depth ad were 0.25 in. and the groove length /w were 4 in.,
the grinding time would be

fgc = 60adwt/w/Zw = 60(1)(0.25)(4)/0.68 = 88.2 s

The Machining Data Handbook [2] also gives values of the unit power
(specific cutting energy) for the surface grinding of various materials. The unit
power ps depends to a large extent on the downfeed, and for a downfeed of
0.003 in., 13 hp min/in would be required for carbon steel. In our example, the
removal rate for a 2 in. wide groove would be

Zw = 60(2)(0.25)4/88.2 = 1.36 in3/min

and the power required Pm would then be given by

Pm=PsZw = 13(1.36)= 17.7 hp

Clearly, for a particular rough-grinding operation, it will be necessary to check
the grinding time t^ when maximum power is used, and this will be given by

fa, = 60FmA/Pm (7.50)

The estimated rough-grinding time tp would be given by the grinding time fgc
for recommended conditions or the grinding time t^ for maximum power,
whichever is the largest. Table 7.8 gives recommendations for typical cond-
itions for the horizontal-spindle surface grinding of selected materials. These
recommendations are expressed in terms of Zw/wt, the metal removal rate per
unit width of wheel in rough grinding, and the corresponding unit power ps.

If the operation is one of plunge grinding, the width of the grinding wheel will
be known. In a traverse operation, the width of the wheel will depend mainly on
the grinding machine.
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TABLE 7.8 Machining Data for Horizontal-Spindle Surface Grinding

Material

Low carbon steel
(free machining)

Low carbon steel
Medium and high

carbon steel
Alloy steel

(free machining)
Stainless, ferretic

(annealed)
Tool steels
Nickel alloys
Titanium alloys
Copper alloys (soft)

(free machining)
Zinc alloys

(die cast)
Magnesium and alloys
Aluminum and alloys

Hardness
(Bhn)

150-200
150-200

200-250

150-200

135-185
200-250
80-360

200-275

40-150

80-100
40-90
30-80

Zw/wt
(in /min)

0.68
0.68

0.68

0.68

0.45
0.68
0.15
0.9

0.89

0.89a

0.89
0.89

Ps
(hp/in /min)

13
13

13

14

14
14
22
16

11

6.5a

6.5
6.5

a Estimated values.
For external cylindrical grinding, multiply Z/wt by 1.24 and multiply ps by 0.81.
For internal grinding, multiply Zw/w, by 1.15 andps by 0.87.
Source: Adapted from Ref. 2.

In a plunge-grinding operation, the depth of material to be removed will be
specified by the geometry of the finished workpiece. In a traverse-grinding
operation, it is necessary to remove the rough-grinding stock left by the previous
machining operation.

7.12.10 Finish Grinding
The time for a finish-grinding operation is usually determined by the desired
surface finish. This means that the metal removal rate must be slow enough to
generate an acceptable surface finish, and it therefore becomes independent of the
parameters affecting the removal rate in rough grinding. From the Machining
Data Handbook [2], typical average values of the removal rate per inch of wheel
width are 0.16 in3/min for horizontal-spindle surface grinding, 0.08 in3/min for
cylindrical grinding, and 0.06 in3/min for internal grinding. Recommended stock
allowances for finish grinding range from 0.002 to 0.003 in. for horizontal
grinding and 0.005 to 0.01 in. for cylindrical grinding.
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7.12.11 Allowance for Grinding Wheel Wear
In his analysis of the economics of internal grinding, Lindsay [4] shows that the
costs per component associated with wheel wear and wheel changing are
proportional to the metal removal rate during rough grinding and that the
wheel costs due to dressing and finish grinding are negligible in comparison.
Thus, the total cost Cg of a grinding operation will be given by

C g =Mf c +Mf g r + Cw (7.51)

where M is the total rate for the machine (including direct labor, depreciation, and
overhead), tc is a constant time that includes the wheel-dressing time (assumed to
occur once per component), the loading and unloading time, the wheel advance
and withdrawal time, and the finish-grinding time, tff is the rough-grinding time,
and Cw represents the wheel wear and wheel-changing costs. If we substitute

Cw = £jZw (7.52)

where k\ is a constant and Zw is the metal removal rate during rough grinding,
and

tp = k2/Zw (7.53)

where h2 is a constant, into Eq. (7.51) we get

Cg = Mte + Mk2/Zw + £jZw (7.54)

Differentiating with respect to Zw and equating to zero for minimum cost, we
find that the optimum condition arises when the wheel wear and wheel changing
costs [represented by the third term on the right of Eq. (7.54)] are equal to the
rough-grinding costs (represented by the second term). This means that if
optimum conditions are used in a grinding operation, wheel wear and wheel-
changing costs can be allowed for by multiplying the rough-grinding time by a
factor of 2.

However, it was pointed out earlier that the recommended conditions may
exceed the power Pm available for grinding. In this case, the metal removal rate
must be reduced—resulting in a reduction in wheel wear and wheel-changing
costs and an increase in rough-grinding costs with a consequent increase in the
total operation costs.

If Zwc and Zwp are the metal removal rates for optimum (recommended) and
maximum power conditions respectively, the corresponding costs Cc and Cp are
given by

Cc=Mtc+2Mk2/Zwc (7.55)
Cp = Mtc + Mk2/Zwp + ̂ Zwp (7.56)
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Also, since for optimum conditions

k,Zwc = Mk2/Zwc (7.57)

we can obtain, after substitution and rearrangement, the following expression for
the cost Cp, under maximum power conditions.

(7.58)

gp

where £gc and t^ are the rough-grinding times for recommended and maximum
power conditions given by Eqs. (7.49) and (7.50), respectively, and where
fgp > fgc-

This means that a multiplying factor equal to the term in square brackets in Eq.
(7.58) can be used to adjust the rough grinding time and thereby allow for wheel
wear and wheel-changing costs. Under circumstances where the recommended
grinding conditions can be used (i.e., when fgp < fgc) the multiplying factor is
equal to 2. If, for example, because of power limitations the metal removal rate
were 0.5 of the recommended rate, then t^ would be equal to 2fgc and the
correction factor would be 1.25. Under these circumstances, the rough-grinding
costs would be double those for recommended conditions and the wheel costs
would be one-half those for recommended conditions.

Example
Suppose the diameter dw of a stainless steel bar is 1 in. and it is to be traverse
ground for a length /w of 12 in. If the wheel width wt is 0.5 in., the power available
Pm is 3 hp and the rough-grinding stock aT left on the radius is 0.005 in., we get

Volume of metal to be removed

= 7i(l)(0.005)(12) = 0.189 in3

From Table 7.8 the recommended metal removal rate per unit width of wheel
Zw/wt is 0.45 in /min for horizontal- spindle surface grinding. Using a cor-
rection factor of 1.24 for cylindrical grinding, the rough-grinding time for
recommended conditions is given by

'gc = 60Fm/Zw

= 60(0.189)/(1.24)(0.45)(0.5) = 40.65 s
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However, Table 7.8 gives a unit power value of ps = 14hpin3/min for
stainless steels and, therefore, with a correction factor of 0.81, the rough-grinding
time for maximum power would be

'a. = 60Vmps/Pm

= 60(0.189)(14)(0.81)/(3) = 42.9 s

Thus, insufficient power is available for optimum grinding conditions and the
condition for maximum power must be used. Finally, using the multiplying factor
to allow for wheel costs, we get a corrected value t'^ for the rough-grinding time
of

= 42.9[1 + (40.6/42.9)2]
= 42.9(1.9) = 81.3 s

As explained earlier, the metal removal rate for finish grinding is basically
independent of the material and is approximately 0.08 in3/min per inch of wheel
width in cylindrical grinding. For the present example where the wheel width is
0.5 in., this would give a removal rate Zw of 0.05 in3/min with a correction factor
of 1.24 applied. Assuming a finish-grinding radial stock allowance of 0.001 in.,
the volume to be removed is

Vm = 7i(l)(0.001)(12) = 0.038 in3

and the finish-grinding time is

fgf = 60(0.038)/(0.05) = 45.6 s

7.12.12 Allowance for Spark-Out
In spark-out, the feed is disengaged and several additional passes of the wheel or
revolutions of the workpiece are made in order to remove the material remaining
because of machine and workpiece deflections. Since the number of passes is
usually given, this is equivalent to removing a certain finish stock. For estimating
purposes, the finish grinding time can be multiplied by a constant factor of 2 to
allow for spark-out.

7.12.13 Examples
We shall first estimate the machining cost for a facing operation on a free-
machining steel bar 3 in. (76.2mm) diameter and 10 in. (254mm) long, where
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0.2 in. (5.1mm) is to be removed from the end of the bar using a brazed-type
carbide tool. The surface area to be generated is

Am = tV4](3)2 = 7.07 in2 (4.5 m.m2)

and the volume of metal to be removed is

Vm = [7i/4](3)2(0.2) = 1.41 in3 (23.1 m3)

For this work material-tool material combination, Table 7.6 gives a value of vf
(speed x feed) of 100 in2/min. (0.065 m2/min), and from Eq. (7.46) the machin-
ing time is

tmc = 60(2)(7.07/100) = 8.5 s

where the factor of 2 allows for the gradually decreasing cutting speed when
constant rotational speed is used in a facing operation.

The weight of the workpiece is estimated to be

W = [7i/4](3)2(10)(0.28) = 20 Ib (9.07 kg)

From Fig. 7.47 the power available for machining on a CNC chucking lathe
would be approximately given by

Pm = 10hp(7.76kW)

Table 7.6 gives a value of specific cutting energy (unit power) of 1.1 hp min/in
(3 GJ/m3) and so, from Eq. (7.47), the machining time at maximum power is

fmp = 60(2)(l.l)(1.41/10)= 18.6s

Again, the factor of 2 has been applied for facing a solid bar.
It can be seen that, in this case, the conditions for minimum cost cannot be

used because of power limitations and that a machining time of 18.6s will be
required. Now we can apply the factor given by Eq. (7.45) to allow for tool costs.

For carbide tools the Taylor tool life index is approximately 0.25, and since the
ratio tmc/tmp is 8.5/18.6, or 0.46, the correction factor is

{1 +[0.25/(1 - 0.25)](0.46)(1/a25)} = 1.01

and the corrected machining time is 18.6 (1.01), or approximately 18.9s.
In this example the correction factor for tool costs is quite small because

cutting speeds below those giving minimum costs are being employed. If
optimum speeds could be used, the correction factor would be 1.33 and the
corrected machining time would be 11.2 s.

Finally, in Fig. 7.48, data are presented on the typical cost of various machine
tools, where it can be seen that, for the present example of a CNC lathe, a cost of
about $80,000 would be appropriate. Assuming that the total rate for the operator
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FIG. 7.48 Relation between cost and workpiece weight for some machine tools.

and the machine would be $30 per hour, or $0.0083 per second, the machining
cost for the facing operation would be $0.157.

Thus, using the approach described in this chapter, it is possible to estimate the
cost of each machined feature on a component. For example, Fig. 7.49 shows a
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FIG. 7.49 Turned component. Batch size, 1500; workpiece, 3.25 in. dia. x 10.25 in.
long; material, low carbon free-machining steel.
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turned component with the machining cost for each feature indicated. The small,
nonconcentric hole and the keyway are relatively expensive features. This is
because in order to machine them, the component had to be loaded on separate
machine tools—significantly increasing the nonproductive costs. The designer
who is able to make these estimates would clearly be encouraged to reconsider
the securing operations that necessitated these features and thereby reduce the
overall manufacturing costs of the product.

7.12.14 Approximate Cost Models for Machined Components
During the initial conceptual stages, the designer or design team will be
considering a variety of solutions to the design problem. Selection of the most
promising design may involve trade-offs between the cost of machined compo-
nents and components manufactured by other methods. However, the designer or
design team will not be in a position to specify all the details necessary to
complete the type of analysis presented in the previous section. In fact, the
information in the early stages of design may consist only of the approximate
dimensions of the component, the material, and a knowledge of its main features.
Surprisingly, it is possible to obtain fairly accurate estimates of the cost of a
component based on a limited amount of information. These estimates depend on
historical data regarding the types of features usually found in machined
components and the amount of machining typically carried out.

As an example we can consider a rotational component machined on a CNC
turret lathe. In a study of the turning requirements for British industry [5] it was
found that the average ratio of the weight of metal removed to initial workpiece
weight was 0.62 for light engineering. Also, in light engineering, only 2% of
workpieces weighed over 60 Ib (27kg) and therefore required lifting facilities,
and 75% of the workpieces were turned from bar. Usually, the proportion of
initial volume of material removed by internal machining is relatively small for
geometrical reasons.

The British survey [5] also showed a direct correlation between the length-to-
diameter ratio and the diameter of turned components.

Using this type of data, Fig. 7.50 shows, for a low-carbon-steel turned
component, the effect of the finished size of the component on the rough
machining, finish machining, and nonproductive times per unit volume. It can
be seen that, as the size of the component is reduced below about 5 in3 (82 /.im3),
the time per unit volume and hence the cost per unit volume increases
dramatically—particularly for the nonproductive time. This increase is to be
expected for the nonproductive time because it does not reduce in proportion to
the weight of the component. For example, even if the component size were
reduced to almost zero, it would still take a finite time to place it in the machine,
to make speed and feed settings, and to start the cutting operations. For the rough-
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FIG. 7.50 Effect of component size on rough machining, finish machining, and
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machining time, the higher times per unit volume for small components are a
result of the reduced power available with the smaller machines used. The finish-
machining time is proportional to the area machined. It can be shown that the
surface area per unit volume (or weight) is higher for smaller components—thus
leading to higher finish-machining times per unit volume.

These results have not taken into account the cost of the work material, and
Fig. 7.51 shows how the total cost of a finished steel component varies with
component size. This total cost is broken down into material cost and machining
cost, and it can be seen that material cost is the most important factor contributing
to the total cost even though 62% of the original workpiece was removed by
machining—a figure that results in relatively high rough-machining costs. In fact,
for the larger parts, about 80% of the total cost is attributable to material costs.

From the results of applying the approximate cost models it is possible to
make the following observations.

1. For medium-sized and large workpieces, the cost of the original workpiece
mainly determines the total manufactured cost of the finished component.

2. The cost per unit volume or per unit weight of small components (less than
about 5 in3 or 82 /mi3) increases rapidly as size is reduced because:

a. The nonproductive times do not reduce in proportion to the smaller
component size.
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FIG. 7.51 Effect of component size on total cost for machining a free-machining steel
workpiece (cost 50 cents/lb) with an inserted carbide tool.

b. The power available and hence the metal removal rate is lower for
components.

c. The surface area per unit volume to be finish-machined is higher for
smaller components.

This is illustrated in Fig. 7.52, where a series of turned components are shown,
each being one-tenth the volume of the previous component. Although the cost
per unit volume for the material is the same for all the components, the machining
cost per unit volume increases rapidly as the components become smaller. For
example, the total cost of the smallest component is $4.00 per in whereas for the
largest it is $0.55 per in3. Stated another way, it would clearly be much less
expensive to machine one of the largest components rather than 1000 of the
smallest components when using the same types of machines.

3. The choice of tool materials and optimum machining conditions only affects
the finish-machining time. Since finish machining represents only about 25%
of the total manufacturing cost, which in turn represents only about 20% of
the total component cost for larger components, the effects of changes in tool
materials or recommended conditions can be quite small under many
conditions.

4. The factors to be taken into account in making early estimates of machining
costs are:
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FIG. 7.52 Costs (dollars) for a series of turned components.

a. The amount of material to be removed. This factor directly affects the
material costs per unit volume of the finished product and, less
importantly, the rough-machining time,

b. The rate for the machine tool and operator.
c. The power available for machining and the specific cutting energy of the

work material.
d. The nonproductive times—especially for smaller components,
e. The surface area to be finish machined,
f. The recommended finish-machining conditions, which are in turn

affected by the work material and tool material used.

5. The factors that affect the nonproductive times are:

a. The number of times the component must be clamped in a machine
tool—each clamping involves transportation, loading and unloading, and
setup.
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b. The number of separate tool operations required—each operation
requires tool indexing, and other associated activities and increases
setup costs.

It was found in previous studies [6] that common workpieces can be classified
into seven basic categories. Knowledge of the workpiece classification and the
production data not only allows the cost of the workpiece to be estimated, but also
allows predictions to be made of the probable magnitudes of the remaining items
necessary for estimates of nonproductive costs and machining costs.

For example, for the workpiece shown in Fig. 7.49, the total cost of the
finished component was estimated to be $24.32, a figure obtained from knowl-
edge of the work material, its general shape classification and size, and its cost per
unit volume. A cost estimate for this component, based on its actual machined
features and using approximate equations based on the type of data listed above
gave a total cost of $22.83, which is within 6%. A more detailed estimate
obtained using the traditional cost-estimating methods presented in this chapter
gave a total cost of $22.95. Thus, approximate methods, using the minimum of
information, can give estimates surprisingly close to the results of analysis carried
out after detailed design has taken place.
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8
Design for Injection Molding

8.1 INTRODUCTION
Injection molding technology is a method of processing predominantly used for
thermoplastic polymers. It consists of heating thermoplastic material until it
melts, then forcing this melted plastic into a steel mold, where it cools and
solidifies. The increasingly sophisticated use of injection molding is one of the
principal tools in the battle to produce elegant product structures with reduced
part counts. Perhaps the most widely recognized, innovative product development
in this context was the Proprinter developed by IBM as the domestic competitor
to the Japanese personal printers. Plastic components in the Proprinter incorpo-
rated the functions of cantilever springs, bearings, support brackets, and fasteners
into single snap-fit components. The result of this integration of features into
single complex parts was a reduction of part count from 152 to 32, with a
corresponding reduction of assembly time from 30 to 3 min [1], when compared
with the Epson printer which IBM had previously been remarketing from Japan.

In order to exploit the versatility of injection molding technology for
economical manufacture, it is necessary to understand the basic mechanisms of
the process and related aspects of the molding equipment and materials used.
Also, since injection molding is a process that utilizes expensive tooling and
equipment, it is vital to be able to obtain part and tooling cost estimates at the
earliest stages of design. Only in this way can the design team be sure that the
choice of the process is correct and that maximum economic advantage will be
obtained from the process. For these reasons, this chapter will first present a

339



340 Chapter

review of injection molding materials and the injection molding process. This
will be followed by the description of a procedure for estimating the cost of
injection molded parts, which is applicable to the early phase of product design.

8.2 INJECTION MOLDING MATERIALS

It is not possible to injection-mold all polymers. Some polymers, like PTFE (poly
tetrafluoro ethylene), cannot be made to flow freely enough to make them suitable
for injection molding. Other polymers, such as a mixture of resin and glass fiber
in woven or mat form, are unsuitable by their physical nature for use in the
process. In general, polymers that are capable of being brought to a state of
fluidity can be injection-molded.

The vast majority of injection molding is applied to thermoplastic polymers.
This class of materials consists of polymers that always remain capable of being
softened by heat and of hardening on cooling, even after repeated cycling. This is
because the long-chain molecules always remain separate entities and do not form
chemical bonds to one another. An analogy can be made to a block of ice that can
be softened (i.e., turned back to liquid), poured into any shape cavity, then cooled
to become a solid again. This property differentiates thermoplastic materials from
thermosetting ones. In the latter type of polymer, chemical bonds are formed
between the separate molecule chains during processing. This chemical bonding,
referred to as cross-linking, is the hardening mechanism. Thermosetting polymers
are generally more expensive to mold than thermoplastics and represent only
about 5% of plastics processing. In this chapter we concentrate exclusively on
injection molding of thermoplastics.

In general, most thermoplastic materials offer high impact strength, good
corrosion resistance, and easy processing with good flow characteristics for
molding complex designs. Thermoplastics are generally divided into two classes:
crystalline and amorphous. Crystalline polymers have an ordered molecular
arrangement, with a sharp melting point. Because of the ordered arrangement
of molecules, the crystalline polymers reflect most incident light and generally
appear opaque. They also undergo a high shrinkage or reduction in volume
during solidification. Crystalline polymers usually are more resistant to organic
solvents and have good fatigue and wear-resistance properties. Crystalline
polymers also generally are denser and have better mechanical properties than
amorphous polymers. The main exception to this rule is polycarbonate, which is
the amorphous polymer of choice for high-quality transparent moldings and has
excellent mechanical properties.

The mechanical properties of thermoplastics, while substantially lower than
those of metals, can be enhanced for some applications by adding glass fiber
reinforcement. This takes the form of short-chopped fibers, a few millimeters in
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length, which are randomly mixed with the thermoplastic resin. The fibers can
occupy up to one-third of the material volume to considerably improve the
material strength and stiffness. The negative effect of this reinforcement is usually
a decrease in impact strength and an increase in abrasiveness. The latter also has
an effect on processing, since the life of the mold cavity is typically reduced from
about 1,000,000 for plain resin parts to about 300,000 for glass-filled parts.

Perhaps the main weakness of injection-molded parts is the relatively low
service temperatures to which they can be subjected. Thermoplastic components
can only rarely be operated continuously above 250°C, with an absolute upper
service temperature of about 400°C. The temperature at which a thermoplastic
can be operated under load can be defined qualitatively by the heat deflection
temperature. This is the temperature at which a simply supported beam specimen
of the material, with a centrally applied load, reaches a predefined deflection. The

TABLE 8.1 Commonly Used Polymers in Injection Molding

Thermoplastic

High-density
polyethylene

High-impact
polystyrene

Acrylonitrile-
butadiene-styrene
(ABS)

Acetal
(homopolymer)

Polyamide
(6/6 nylon)

Polycarbonate
Polycarbonate

(30% glass)
Modified

polyphenylene
oxide (PPO)

Modified PPO
(30% glass)

Polypropylene
(40% talc)

Polyester
terephthalate
(30% glass)

Yield
strength

(MN/m2)

23

20

41

66

70

64
90

58

58

32

158

Elastic
modulus
(MN/m2)

925

1900

2100

2800

2800

2300
5500

2200

3800

3300

11,000

Heat deflection
temperature

(°C)

42

77

99

115

93

130
143

123

134

88

227

Cost
($/kg)

0.90

1.12

2.93

3.01

4.00

4.36
5.54

2.75

4.84

1.17

3.74
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temperature value obviously depends upon the conditions of the test and the
allowed deflection, and for this reason, the test values are only really useful for
comparing different polymers.

Table 8.1 lists the more commonly molded thermoplastics together with
typical mechanical property values.

8.3 THE MOLDING CYCLE
The injection molding process cycle for thermoplastics consists of three major
stages as shown in Fig. 8.1: (1) injection or filling, (2) cooling, and (3) ejection
and resetting. During the first stage of the process cycle, the material in the
molten state is a highly nonlinear viscous fluid. It flows through the complex
mold passages and is subject to rapid cooling from the mold wall, on the one
hand, and internal shear heating, on the other. The polymer melt then undergoes
solidification under the high packing and holding pressure of the injection
system. Finally the mold is opened, the part is ejected, and the machine is reset
for the next cycle to begin.

8.3.1 Injection or Filling Stage
The injection stage consists of the forward stroke of the plunger or screw
injection unit to facilitate flow of molten material from the heating cylinder
through the nozzle and into the mold. The amount of material to be transferred
into the mold is referred to as the shot. The injection stage is accompanied by a
gradual increase in pressure. As soon as the cavity is filled, the pressure increases

Injection Cooling Time

Time

FIG. 8.1 Injection molding cycle.
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rapidly, and packing occurs. During the packing part of the injection stage, flow
of material continues, at a slower rate, to account for any loss in volume of the
material due to partial solidification and associated shrinkage. The packing time
depends on the properties of the materials being molded. After packing, the
injection plunger is withdrawn or the screw is retracted and the pressure in the
mold cavity begins to drop. At this stage, the next charge of material is fed into
the heating cylinder in preparation for the next shot.

8.3.2 Cooling or Freezing Stage
Cooling starts from the first rapid filling of the cavity and continues during
packing and then following the withdrawal of the plunger or screw, with the
resulting removal of pressure from the mold and nozzle area. At the point of
pressure removal, the restriction between the mold cavity and the channel
conveying material to the cavity, referred to as the gate of the mold, may still
be relatively fluid, especially on thick parts with large gates. Because of the
pressure drop, there is a chance for reverse flow of the material from the mold
until the material adjacent to the gate solidifies and the sealing point is reached.
Reverse flow is minimized by proper design of the gates such that quicker sealing
action takes place upon plunger withdrawal [2,3].

Following the sealing point, there is a continuous drop in pressure as the
material in the cavity continues to cool and solidifies in readiness for ejection.
The length of the sealed cooling stage is a function of the wall thickness of the
part, the material used, and the mold temperature. Because of the low thermal
conductivity of polymers, the cooling time is usually the longest period in the
molding cycle.

8.3.3 Ejection and Resetting Stage
During this stage, the mold is opened, the part is ejected, and the mold is then
closed again in readiness for the next cycle to begin. Considerable amounts of
power are required to move the often massively built molds, and mold opening
and part ejection are usually executed by hydraulic or mechanical devices.
Although it is economical to have quick opening and closing of the mold,
rapid movements may cause undue strain on the equipment, and if the mold faces
come into contact at speed, this can damage the edges of the cavities. Also,
adequate time must be allowed for the mold ejection. This time depends on the
part dimensions, which determine the time taken for the part to fall free of
moving parts between the machine platens. For parts to be molded with metal
inserts, resetting involves the reloading of inserts into the mold. After resetting,
the mold is closed and locked, thus completing one cycle.
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FIG. 8.2 Injection molding system.

8.4 INJECTION MOLDING SYSTEMS
An injection molding system consists of the machine and mold for converting,
processing and forming raw thermoplastic material, usually in the form of pellets,
into a part of desired shape and configuration. Figure 8.2 shows a schematic view
of a typical injection molding system. The major components of an injection
molding system are the injection unit, the clamp unit, and the mold. These are
described briefly in the following sections.

8.4.1 Injection Unit
The injection unit has two functions: to melt the pellets or powder, and to inject the
melt into a mold. The most widely used types of injection units are (1) conventional
units, consisting of a cylinder and a plunger that forces the molten plastic into the
mold cavity, and (2) reciprocating screw units, consisting of a barrel or cylinder
and a screw that rotates to melt and pump the plastic mix from the hopper to the
end of the screw and then moves forward to push the melt into the mold.

Of the two types, reciprocating screw injection units are considered to be
better designed because of their improved mixing action. The motion of the
polymer melt along the screw flights helps to maintain a uniform melt tempera-
ture. It also facilitates better blending of the materials and any coloring agents,
resulting in the delivery of more uniform melt to the mold. Because of these
advantages, reciprocating screw units are found on the majority of modern
injection molding machines.
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The injection units are usually rated with two numbers: the first is the shot
capacity, defined as the maximum volume of polymer that can be displaced by
one forward stroke of the injection plunger or screw. The shot capacity for other
materials can be calculated by using the ratio of specific gravities. It is usually
recommended that an injection unit be selected so that the required shot sizes fall
within 20 to 80% of the rated capacity.

The second rating number is the plasticating rate, which is the amount of
material that can be plasticized or softened into a molten form by heating in the
cylinder of the machine in a given time. This number is usually expressed as the
number of pounds of polystyrene material that the equipment can heat to molding
temperature in one hour. For further information on polymer processing require-
ments, consult Refs. 2-6.

8.4.2 Clamp Unit
The clamp unit has three functions: to open and close the mold halves, to eject the
part, and to hold the mold closed with sufficient force to resist the melt pressure
inside the mold as it is filled. The required holding force typically varies between
30 and 70 MN/m2 of projected area of the part (approximately 2 to 5 ton/in.2).
The pressure developed in the mold during filling and packing, and the shrinkage
of the part onto its cores, may cause the part to stick, thus making the separation
of the two mold halves difficult. The magnitude of the initial opening force
required depends on packing pressure, material, and part geometry (depth and
draft) and is approximately equal to 10 to 20% of the nominal clamp force [3,7].

There are two common types of clamp designs:

1. Linkage or toggle clamp: This design utilizes the mechanical advantage of a
linkage to develop the force required to hold the mold during the injection of
the material. Mechanical toggle clamps have very fast closing and opening
actions and are lower in cost than alternative systems. The major disadvan-
tage is that the clamp force is not precisely controlled, and for this reason the
clamps are found only on smaller machines.

2. Hydraulic clamp units: These use hydraulic pressure to open and close the
clamp and to develop the force required to hold the mold closed during the
injection phase of the cycle. The advantages of this type of design are long-
term reliability and precise control of clamp force. The disadvantage is that
hydraulic systems are relatively slow and expensive compared to toggle
clamp systems.

After the mold halves have opened, the part that has a tendency to shrink and
stick to the core of the mold (usually the half of the mold furthest from the
injection unit) has to be ejected by means of an ejector system provided in the
clamping unit. The force required to eject the part is a function of material, part
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geometry, and packing pressure and is usually less than 1% of the nominal clamp
force [8].

8.5 INJECTION MOLDS

Molds for injection molding are as varied in design, degree of complexity, and
size as are the parts produced from them. The functions of a mold for thermo-
plastics are basically to impart the desired shape to the plasticized polymer and
then to cool the molded part.

A mold is made up of two sets of components: (1) the cavities and cores, and
(2) the base in which the cavities and cores are mounted. The size and weight of
the molded parts limit the number of cavities in the mold and also determine the
equipment capacity required. From consideration of the molding process, a mold
has to be designed to safely absorb the forces of clamping, injection, and ejection.
Also, the design of the gates and runners must allow for efficient flow and
uniform filling of the mold cavities.

8.5.1 Mold Construction and Operation
Figure 8.3 illustrates the parts in a typical injection mold. The mold basically
consists of two parts: a stationary half (cavity plate), on the side where molten
polymer is injected, and a moving half (core plate) on the closing or ejector side
of the injection molding equipment. The separating line between the two mold
halves is called the parting line. The injected material is transferred through a
central feed channel, called the sprue. The sprue is located on the sprue bushing
and is tapered to facilitate release of the sprue material from the mold during
mold opening. In multicavity molds, the sprue feeds the polymer melt to a runner
system, which leads into each mold cavity through a gate.

The core plate holds the main core. The purpose of the main core is to
establish the inside configuration of the part. The core plate has a backup or
support plate. The support plate in turn is supported by pillars against the U-
shaped structure known as the ejector housing, which consists of the rear
clamping plate and spacer blocks. This U-shaped structure, which is bolted to
the core plate, provides the space for the ejection stroke also known as the
stripper stroke. During solidification the part shrinks around the main core so that
when the mold opens, part and sprue are carried along with the moving mold half.
Subsequently, the central ejector is activated, causing the ejector plates to move
forward so that the ejector pins can push the part off the core.

Both mold halves are provided with cooling channels through which cooled
water is circulated to absorb the heat delivered to the mold by the hot
thermoplastic polymer melt. The mold cavities also incorporate fine vents (0.02
to 0.08mm by 5mm) to ensure that no air is trapped during filling.
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FIG. 8.3 Mold.
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8.5.2 Mold Types
The most common types of molds used in industry today are (1) two-plate molds,
(2) three-plate molds, (3) side-action molds, and (4) unscrewing molds.

A two-plate mold consists of two active plates (cavity and core plates in Fig.
8.3) into which the cavity and core inserts are mounted, as shown in Fig. 8.4. In
this mold type, the runner system, sprue, runners, and gates solidify with the part
being molded and are ejected as a single connected item. Thus the operation of a
two-plate mold usually requires continuous machine attendance. The machine
operator must spend time separating the runner system from parts (which break
easily at the narrow gates) and periodically cutting the runner systems into small
pieces that can be reintroduced into the machine hopper. This task is accom-
plished in an ancillary piece of equipment that operates like a small wood chipper,
and the chips are somewhat confusingly referred to as regrind.

The three-plate mold consists of: (1) the stationary or runner plate, which
contains the sprue and half of the runner; (2) the middle or cavity plate, which
contains the other half of the runner, the gates, and cavities and is allowed to float
when the mold is open; and (3) the movable or core plate, which contains the
cores and the ejector system. This type of mold design facilitates separation of the
runner system and the part when the mold opens; the two items usually fall into
separate bins below the mold.

For very high rates of production, full automation can be achieved with a hot
runner system, sometimes called a runnerless molding system. In this system,
which also uses three main plates, the runner is contained completely in the fixed
plate, which is heated and insulated from the rest of the cooled mold. The runner
section of the mold is not opened during the molding cycle. The advantages of

Sprue j. Sprue bushing

Cavity
plate '

Runner.

Core
Insert •

Cooling
channels

Cavity and
molded part

FIG. 8.4 Two-plate injection mold.
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this design are that there are no side products (gates, runner, or sprues) to be
disposed of or reused, and there is no need for separation of the gate from the
part. Also, it is possible to maintain a more uniform melt temperature.

Side-acting molds are used in molding components with external depressions or
holes parallel to the parting plane. These features are sometimes referred to as
undercuts or cross-features. These undercuts prevent molded parts from being
removed from the cavity in the axial direction and are said to create a die-locked
situation. The usual way of providing the side action needed to release the part is
with side cores mounted on slides. These are activated by angle pins, or by air or
hydraulic cylinders that pull the side cores outward during opening of the mold.
Because of this action, the side core mechanisms are often referred to as side-pulls.

The mechanism of an angle-pin side action mold for a part with an undercut
formed by a hole is illustrated in Fig. 8.5. The slide, which carries the secondary
side core pin, is moved by the angle pin mounted in the stationary half of the

Slldeway

Cavity

pin for
side hole

FIG. 8.5 Angle-pin-activated side-pull.
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mold. As the two halves of the mold move apart during mold opening, the slide,
which is mounted on the moving plate, is forced to move sideways by the angle of
the pin. This allows the undercut to become free of the core pin, and the part can
then be ejected. Note that side-pull is needed for each cross-feature or group of
cross-features that lie on a particular axis. Molds have been built with as many as
nine separate side-pulls to release particularly complex parts.

The mechanism for unscrewing molds is shown in Fig. 8.6. The rack and
pinion gear mechanism shown in the illustration is the most common method
used to free the undercuts formed by internal or external threads. With this
method, a gear rack moved by a hydraulic cylinder engages with a spur gear
attached to the threaded core pin. The rotating action imparted to the core pin
through the gear transmission thus frees the undercuts formed by the threads. This
additional unscrewing mechanism increases the mold cost and mold maintenance
cost to a great extent, but eliminates the need for a separate thread-cutting
operation. Note that external thread forms with axes that lie on the molding plane
can be separated from the mold without the need for an unscrewing device.

A final category of mold mechanisms is required to mold depressions or
undercuts on the inside of plastic parts. The design of a part with internal
die-locking features of this type requires the mold maker to build the core pin
retraction device within the main core. This is clearly much more difficult and
expensive to manufacture than a corresponding side-pull on the outside of the
cavity. In the latter case, adequate plate area can readily be provided for the
machining of slideways. For this reason, the need for internal core retraction
mechanisms, called lifters by mold makers, should be avoided whenever possible.
The obvious way to do this is to replace internal depressions with either external
ones or through holes.

Cavity

Rotating threaded core pin

Hydraulic
Cylinder

Spur Gear
FIG. 8.6 Unscrewing mold.
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The injection molding process can handle unusual shapes because many
different types of gates, ejection systems, and mold movement mechanisms can
be combined into one mold. The resulting mold may be highly complex and often
extremely expensive to both build and maintain. However, the general rule for
efficient manufacture is to incorporate as many features as possible into a single
molded part, provided, of course, that the required number of parts to be produced
is sufficiently large to justify the tool costs.

8.5.3 Sprue, Runner, and Gates
A complete runner system with sprue and gates is shown in Fig. 8.4. The sprue
bushing acts as an inlet channel for molten material from the heating chamber
into the mold or runner system. The solid material in the form of a carrot called
the "sprue" acts as a transition from the hot molten thermoplastic in the chamber
to the relatively cooler mold. Runner systems are used in multiple cavity molds
and act as channels to connect the sprue bush to the cavity gates. The gate, a
constriction between the feed system and the mold cavity, serves several
purposes. It freezes rapidly and prevents material from flowing out of the
cavity when the injection pressure is removed. It provides an easy way of
separating moldings from the runner system. It also suddenly increases the rate
at which the polymer is sheared, which helps to align the polymer chains for more
effective cavity filling.

In multiple-cavity molds, great care is taken to balance the runner system in
order to produce identical parts. Different-length runners of the same cross-
sectional area would result in different cavity pressures with resulting size and
density variations among the multicavity parts.

8.6 MOLDING MACHINE SIZE

Determination of the appropriate size of an injection molding machine is based
primarily on the required clamp force. This in turn depends upon the projected
area of the cavities in the mold and the maximum pressure in the mold during
mold filling. The former parameter is the projected area of the part, or parts if a
multicavity mold is used, and runner system, when viewed in the direction of the
mold opening, i.e., the area projected onto the surface of the mold cavity plate.
The value for this parameter should not include any through holes molded in the
direction of the mold opening. Thus, for a 15cm diameter plain disk, the
projected area is 176.7 cm2. However, if the disk has a single 10cm diameter
through hole in any position, the projected area is 98.2 cm2 since this is the area
over which the polymer pressure will act during filling.

The size of the runner system depends upon the size of the part. Typical runner
volumes as a percentage of part volume are shown in Table 8.2. As a first
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TAB L E 8.2 Runner Volumes (Du Pont)

Part volume
(cm3)

16
32
64
128
256
512
1024

Shot size
(cm3)

22
41
76
146
282
548
1075

Runner
%

37
28
19
14
10
7
5

approximation, these figures will also be applied to give the projected area of the
runner system as a percentage of the projected area of the part. Note, however,
this is strictly correct only if a part is flat and if the runner system is the same
thickness as the part.

Estimation of polymer pressure in the cavity during mold filling is a much
more difficult problem. The flow characteristics of polymers are highly nonlinear,
and mathematical models for mold filling can only be analyzed for individual
runner and cavity geometries through the use of computer-intensive numerical
procedures. However, it appears that as a general rule, approximately 50% of the
pressure generated in the machine injection unit is lost because of the flow
resistance in the sprue, runner systems, and gates [9]. This rule will be applied
extensively in the costing analyses later in this chapter.

Example
A batch of 15 cm diameter disks with a thickness of 4 mm are to be molded from
acrylonitrile-butadiene-styrene (ABS) in a six-cavity mold. Determine the appro-
priate machine size:

1. The projected area of each part equals 177cm2. From Table 8.2 the
percentage increase in area due to the runner system is approximately
15%. Thus the total projected shot area will be

6 x 1.15 x 177= 1221.3 cm2

2. The recommended injection pressure for ABS from Table 8.5 is 1000 bars.
Thus the maximum cavity pressure is likely to be 500 bars, or
500 x 105 N/m2.

3. The estimate of maximum separating force F is thus given by

F = (1221.3 x 10~4) x 500 x 105 N = 6106.5 kN
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Thus, if the available machines are those listed in Table 8.4, then the appropriate
machine would be the one with a maximum clamp force of 8500kN.

This machine must be checked to ensure that it has large enough shot size and
clamp stroke. The required shot size is the volume of the six disks plus the
volume of the runner system. This equals

6 x 1.15 x (177x0.4) = 489 cm3

which is easily within the maximum machine shot size of 3636 cm3.
The final check on machine suitability is the available machine clamp stroke.

For the 8500 kN machine this is shown to be 85 cm. This stroke is sufficient to
mold a hollow part up to a depth of approximately 40 cm. For such a part, the
85 cm stroke would separate the molded part from both the cavity and the core
with a clearance of approximately 5 cm for the part to fall between the end of the
core and the cavity plate. This stroke is thus excessive for the molding of 4 mm
thick flat disks. The stroke is, however, adjustable, and to speed up the machine
cycle it would be reduced in this case to just a few centimeters.

8.7 MOLDING CYCLE TIME

After the appropriate machine size for a particular molded part has been
established, the molding cycle time can next be estimated. This estimation is
essential in any consideration of the merits of alternative part designs or the
choice of alternative polymers. As described earlier in this chapter, the molding
cycle can be effectively divided into three separate segments: injection or filling
time, cooling time, and mold-resetting time. Time estimates for these three
separate segments will be established in this section.

8.7.1 Injection Time
A precise estimate of injection time requires an extremely difficult analysis of the
polymer flow as it travels through the runners, gates, and cavity passages. This
type of analysis would clearly not be justified as a basis for initial comparisons of
alternative part design concepts. At this stage of design the position and number
of gates and the size of the runner system would not be known. To circumvent
this problem some major simplifying assumptions will be made about the
machine performance and the polymer flow. First, modern injection molding
machines are equipped with powerful injection units specifically to achieve the
required flow rates for effective mold filling. It will be assumed that at the
commencement of filling, the full power of the injection unit is utilized, and that
the polymer pressure at the nozzle of the injector is that recommended by the
polymer supplier. Under these circumstances, which may not be realizable for a



354 Chapter

particular mold design, the flow rate, using elementary mechanics, would be
given by

Q = Pj/Pjm2/S (8.1)

where
PJ = injection power, W

and
PJ = recommended injection pressure, N/m2

In practice, the initial flow rate will gradually decrease as the mold is filled,
due to both flow resistance in the mold channels and a constriction of the
channels as the polymer solidifies against the walls. It will further be assumed that
the flow rate suffers a constant deceleration to reach an insignificantly low value
at the point at which the mold is nominally filled. Under these circumstances, the
average flow rate would be given by

gav = O.SPj/pj m3/s (8.2)
and the fill time would be estimated as

tf = 2^/Pj s (8.3)
where

Vs = required shot size, m

Example
For the 15 cm diameter disks molded in a six-cavity mold, described in Sec. 8.6,
the required shot size is 489 cm3. The recommended injection pressure for ABS
is 1000 bars, or 100 MN/m2. The available power at the injection unit of the
8500kN machine is 90 kW.

Thus the estimated fill time is

tf = 2 x (489 x 10~6) x (100 x 106)/(90 x 103)
= 1.09 s

8.7.2 Cooling Time
In the calculation of cooling time, it is assumed that cooling in the mold takes
place almost entirely by heat conduction. Negligible heat is transferred by
convection since the melt is highly viscous and it is clear that radiation cannot
contribute to the heat loss in a totally enclosed mold.

An estimation of cooling time can be made by considering the cooling of a
polymer melt of initial uniform temperature Tit between two metal plates,
distance h apart and held at constant temperature Tm. This situation is analogous
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to cooling of the wall of an injection -molded component between the mold cavity
and core. The variation of temperature across the wall thickness and with
changing time is described by the one-dimensional heat conduction equation:

8T 82T
^ = aTT 8'4dt dx2

where
x = coordinate distance from center plane of wall normal to the plate surface, mm
T = temperature, °C
? = time, s

y. = thermal diffusivity coefficient, mm2/s

The thermal conductivity of thermoplastic materials is about three orders of
magnitude lower than that of the steel mold. Under this situation it is reasonable
to neglect the thermal resistance of the mold, which then merely becomes a heat
sink at assumed constant temperature Tm. A classical series solution to this
boundary condition applied to Eq. (8.4) has been given by Carslaw and Jaeger
[10].

Ballman and Shusman [11] suggested an estimate of the cooling time based on
truncating the Carslaw and Jaeger general series solution to just the first term.
Mold opening and ejection are assumed to be permissible when the injected
polymer has cooled to the point where the highest temperature in the mold (at the
thickest wall center plane) equals Tx, the recommended ejection temperature.
With this assumption the first-term solution for the cooling time is given by

~ (8.5)

where
Amax = maximum wall thickness, mm

T"x = recommended part ejection temperature, °C
Tm = recommended mold tempeature, °C
T{ = polymer injection temperature, °C
y. = thermal diffusivity coefficient, mm2/s

The data needed for making cooling-time predictions are given in Table 8.5 (see
p. 358), which contains a list of the most widely injection-molded thermoplastics.
It should be noted that Eq. (8.5) tends to underestimate the cooling time for very
thin wall moldings. One reason is that for such parts the thickness of the runner
system is often greater than the parts themselves and the greater delay is needed to
ensure that the runners can be ejected cleanly from the mold. It is suggested that 3 s
be taken as the minimum cooling time even if Eq. (8.5) predicts a smaller value.

The most important observation to make about Eq. (8.5) is that for a given
polymer, with given molding temperatures, the cooling time varies with the
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square of the wall thickness of the molded part. This is the principal reason why
injection molding is often uneconomical for thick-walled parts. It should also be
noted that Eq. (8.5) applies only to a rectangular slab which is representative of
the main wall of an injection-molded part. For a solid cylindrical section a
correction factor of 2/3 should be used on the diameter, since cooling takes place
more rapidly for this boundary condition. Thus, a 3mm thick flat part with a
6mm diameter cylindrical projection would have an equivalent maximum
thickness of 2/3 x 6 = 4 mm.

8.7.3 Mold Resetting
Mold opening, part ejection, and mold closing times depend upon the amount of
movement required for part separation from the cavity and core and on the time
required for part clearance from the mold plates during free fall. The summation
of these three machine operation times is referred to as the resetting time.
Approximate times for these machine operations have been suggested by Ostwald
[12] for three general part shape categories: flat, box-shaped, and deep cylindrical
parts. These are given in Table 8.3.

It is clear that these estimates can only be viewed as very rough approxima-
tions since they do not include the effect of part size. Part size influences resetting
time in two ways. First, the projected area of the part together with the number of
cavities determines the machine size and hence the power available for mold
opening and closing. Second, the depth of the part, of course, determines the
amount of mold opening required for part ejection.

In order take account of the preceding factors, use will be made of injection
molding machine data where typical maximum clamp strokes and dry cycle times
for various sizes of molding machines are given. Dry cycle time is defined as the
time required to operate the injection unit and then to open and close an
appropriately sized mold by an amount equal to the maximum clamp stroke.
Table 8.4 gives values of these parameters for a wide range of currently available
injection molding machines.

It should be realized that the dry cycle time given by a machine supplier bears
little relationship to the actual cycle time when molding parts. This is because the

TABLE 8.3 Machine Clamp Operation Times (s)

Mold open
Part eject
Mold close

Flat

2
0
1

Box

2.5
1.5
1

Cylindrical

3
3
1
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TABLE 8.4 Injection Molding Machines

Clamping
force
(kN)

300
500
800

1100
1600
5000
8500

Shot
size
(cc)

34
85

201
286
286

2290
3636

Operating
cost
($/h)

28
30
33
36
41
74

108

Dry
cycle

times (s)

1.7
1.9
3.3
3.9
3.6
6.1
8.6

Maximum clamp
stroke
(cm)

20
23
32
37
42
70
85

Driving
power
(kW)

5.5
7.5

18.5
22.0
22.0
63.0
90.0

dry cycle time is based on an empty injection unit, and it takes only milliseconds
to inject air through the mold. Moreover, there is obviously no required delay for
cooling, and the machine clamp is operated during both opening and closing at
maximum stroke and at maximum safe speed.

In practice, the clamp stroke is adjusted to the amount required for the
molding of any given part. If the depth of the part is given by D cm, then for the
present time estimation purposes it will be assumed that the clamp stroke is
adjusted to a value of 2D + 5 cm. This will give the mold opening required for
complete separation of the part from the cavity and matching core with a
clearance of 5 cm for the part to fall away.

It can be noted from Table 8.3 that mold opening usually takes place more
slowly than mold closing. This is because during mold opening, ejection of the
part takes place usually with a significant level of force to separate the part from
the core onto which it will have shrunk. Rapid mold opening may thus result in
warping or fracture of the molded part. For present time estimation purposes it
will be assumed that opening takes place at 40% of the closing speed; this
corresponds to the average of Ostwald's data in Table 8.3.

The precise motion of a clamp unit depends upon the clamp design and its
adjustment. To obtain a simple estimate of resetting time it will be assumed that
for a given clamp unit the velocity profile during a clamp movement (opening or
closing) will have identical shape irrespective of the adjusted stroke length. Under
these conditions, the time for a given movement will be proportional to the
square-root of the stroke length.

Thus, if the maximum clamp stroke is Ls for a given machine and the dry cycle
time is fd, then the time for clamp closing at full stroke will be assumed equal to
fd/2. However, if a part of depth D is to be molded, then the adjusted clamp stroke
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TABLE 8.5 Processing Data for Selected Polymers

Thermoplastic

High-density
polyethylene

High-impact
polystyrene

Acrylonitrile-
butadiene-styrene
(ABS)

Acetal
(homopolymer)

Polyamide
(6/6 nylon)

Polycarbonate
Polycarbonate

(30% glass)
Modified

polyphenylene
oxide (PPO)

Modified PPO
(30% glass)

Polypropylene
(40% talc)

Polyester
teraphthalate
(30% glass)

Specific
gravity

0.95

1.59

1.05

1.42

1.13

1.20
1.43

1.06

1.27

1.22

1.56

Thermal
diffusivity
(mm2/s)

0.11

0.09

0.13

0.09

0.10

0.13
0.13

0.12

0.14

0.08

0.17

Injection
temp.
(°Q

232

218

260

216

291

302
329

232

232

218

293

Mold
temp.
(°Q

27

27

54

93

91

91
102

82

91

38

104

Ejection
temp.
(°C)

52

77

82

129

129

127
141

102

121

88

143

Injection
pressure

(bars)

965

965

1000

1172

1103

1172
1310

1034

1034

965

1172

will be ID + 5 cm and the time for mold closing will be
tclose = 0.5td[(2D + 5)/Ls]l/2 (8.6)

If we now use the assumption of 40% opening speed and a dwell of 1 s for the
molded part to fall between the plates, then this gives an estimate for mold
resetting as

/2 (8.7)

Examples of Resetting Time
Assume that plain 15 cm diameter cylindrical cups, with a depth of 20 cm, are to
be manufactured from ABS in a six-cavity mold. From the example in Sec. 8.6
we know that the appropriate machine size is 8500 kN and from Table 8.4 the
corresponding values of dry cycle time, fd, and maximum clamp stroke, Ls are
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8.6s and 85cm, respectively. Substituting the values of D = 20, Ls = 85, and
fd = 8.6 into Eq. (8.7) gives an estimated resetting time of 12.0 s.

If the depth of the cylindrical cups is 10 cm, then the estimate of resetting time
changes to 9.2 s, while if 15 cm diameter disks with a thickness of only 3 mm are
to be molded, then Eq. (8.7) predicts the resetting time to be 4.9s. These
estimates can be seen to be at some variance with the Ostwald data, which were
only reasonable averages for typical small parts.

8.8 MOLD COST ESTIMATION
The skills needed for mold design and construction differ substantially from those
required for all the other steps in the injection molding process. As a conse-
quence, mold design usually takes place in isolation from the various other
functions involved. This presents a serious hurdle to the exchange of information
and ideas between the tool maker and molder on one side, and the part designer
on the other. Desirable changes in part design often become evident only after
major investments in tooling and testing have already been made. The conse-
quences of such a belated recognition can be very significant in terms of final cost
and part quality. On the other hand, mold cost estimations made during the
concept design stage itself will help in identifying acceptable part and mold
configurations before actual investment in the mold is made.

The mold cost can be broken down into two major categories: (1) the cost of
the prefabricated mold base consisting of the required plates, pillars, guide
bushings, etc., and (2) cavity and core fabrication costs. These will be discussed
separately in the following sections.

8.8.1 Mold Base Costs
From a survey of currently available prefabricated mold bases, it has been shown
by Dewhurst and Kuppurajan [13] that mold base cost is a function of the surface
area of the selected mold base plates and the combined thickness of the cavity and
core plates. Figure 8.7 shows mold base costs plotted against a single parameter
based on area and thickness values. The data in Fig. 8.7 can be represented by

Cb = 1000 + 0.45 Ach°p
A (8.8)

where
Cb = cost of mold base, $
Ac = area of mold base cavity plate, cm2

hp = combined thickness of cavity and core plates in mold base, cm

The selection of an appropriate mold base is based on the depth of the part, its
projected area, and the number of cavities required in the mold. In addition to the
cavity size, extra allowance has to be given for molds with mechanical action
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FIG. 8.7 Principal mold base cost driver.

side-pulls and other complicated mechanisms, such as unscrewing devices for the
molding of screw threads.

To determine the appropriate mold base size for a particular part, it is
necessary to imagine the molded part (or parts for a multicavity operation)
embedded within the mold base plates. The part(s) must have adequate clearance
from the plate surfaces (and from each other) to provide the necessary rigidity
against distortion from the cavity pressure during molding and to allow space for
cooling channels and any moving core devices. Typically, the minimum clearance
between adjacent cavities and between cavity surface and the edges and rear
surfaces of cavity plates should be 7.5 cm. The extra plate size required to
accommodate side-pulls and unscrewing devices will depend upon the actual
mechanisms used. However, for the purpose of the present cost-estimating
procedure, it will be assumed that side-pulls or side unscrewing devices require
twice the minimum clearance from the edges, while rear unscrewing devices
require a doubling of the material at the rear of the cavity. Thus one side-pull will
increase the plate width or length by an additional 7.5 cm. Additional side-pulls
will result in further plate size increases, so that four or more pulls, one or more
on each side of a part, will require a plate that is 15 cm larger in both length and
width. It should also be noted that use of two side-pulls restricts the mold design
to a single row of cavities, while use of three or more usually implies single-
cavity operation.
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Example
As an application of the preceding rules, assume that 10 cm diameter plain
cylindrical cups with a depth, Z>d, of 15 cm are to be molded in a six-cavity mold.
A 3 x 2 array of cavities with clearances as specified above gives the required
plate area Ac is 2550 cm2. The combined cavity and core plate thickness hp is
hd + 15 = 30 cm. Hence the mold base cost parameter Ach®A is 9940 cm2-4 and
applying this value to the graph in Fig. 8.7 leads to an estimated mold base cost of
$5500.

If a more complex cylindrical part of the same size is imagined, with two
diametrically opposed holes in the side surfaces and an internal thread, the
estimated plate size increases will be as follows. The cavity plate will now hold a
single row of six cavities in order to accommodate the diametrically opposed
side-pulls. Using 15 cm clearance along each side of the cavities to house the side
core mechanisms, the plate area is 112.5 x 40 or 4500cm2. To support the
unscrewing device, the combined plate thickness increases to an assumed value
of 37.5cm, which results in a new value of Ach®A equal to 19,179cm2'4.
Referring to Fig. 8.7, this corresponds to a new mold base cost of approximately
$9500.

Mold makers will often increase the clearances between cavities as the cavity
area increases. From assessment of a large number of molds, it seems the typical
clearance may increase by about 0.5 cm for every 100 cm2 of cavity area. This
rule of thumb would have a marginal effect on the estimated mold base costs in
the preceding example. However, it should be applied for larger parts to obtain a
better estimate of mold base size and cost. The costs above are only for the mold
base with square flat plates. The costs to manufacture the necessary cavities and
moving cores are discussed in the next section.

8.8.2 Cavity and Core Manufacturing Costs
Initial cost estimates in the present work are based on the use of a standard two-
plate mold. The decisions regarding the use of three-plate molds, hot runner
systems, etc., can only be made by comparing the increased cost of the mold
system with the reduced machine supervision associated with semiautomatic or
fully automatic operation.

As discussed in the last section, mold making starts with the purchase of a
preassembled mold base from a specialist supplier. The mold base includes the
main plates, pillars, bushings, etc. However, in addition to the manufacture of the
cavities and cores, a substantial amount of work has to be performed on the mold
base in order to transform it into a working mold. The main tasks are the deep
hole drilling of the cooling channels and the milling of pockets in the plates to
receive the cavity and core inserts. Additional tasks are associated with custom
work on the ejector plate and housing to receive the ejection system, the insertion
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of extra support pillars where necessary, and the fitting of electrical and coolant
systems. A rule of thumb [14] in mold manufacture is that the purchase price of
the mold base should be doubled to account for the custom work that has to be
performed on it.

Determination of the cost of an injection mold involves a knowledge of the
number of ejector pins to be used. This information would not usually be
available at the early stages in part design. Discussions with experienced mold
makers have indicated that the number of ejector pins is governed by such factors
as the size of the part, the depth of the main core, the depth and closeness of ribs,
and other features contributing to part complexity. However, analysis of a range
of parts for which the corresponding number of ejector pins could be determined
yielded no strong relationships between number of pins and part depth, part size,
or part complexity. The closest relationship was found to be based simply on the
projected cross-sectional area of the parts at right angles to the direction of
molding. With some considerable scatter, the number of ejector pins used was
found to be approximately equal to the square root of the cross-sectional area
when measured in square centimeters, i.e.,

Ne=A°p
5 (8.9)

where
Ne = number of ejector pins required
Ap = projected part area, cm2

Equation (8.9) will be used in the estimation of the cost of the ejection system for
a molded part. An investigation of mold-making costs by Sors et al. [15] suggests
an approximate value of 2.5 manufacturing hours for each ejector pin, and this
will be used in the present work. From Eq. (8.9) this gives the additional number
of manufacturing hours for the ejection system of a part as

Me = 2.5x^'5h (8.10)

It is recognized that part ejection is not always accomplished through the use of
ejector pins. Nevertheless, Eq. (8.10) represents a reasonable basis for estimating
the cost of an ejection system at the concept design stage.

The geometric complexity of a part to be molded is handled in the present
mold cost estimation scheme by assigning a complexity score on the range 0 to
10 for both the inner and outer surface of the part. The number of mold-
manufacturing hours, associated with the geometrical features of the part, for one
cavity and matching core(s) is then estimated from

2 7 h (8.11)

where X{ and XQ are the inner and outer complexity of the part, respectively.
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This empirical relationship was obtained by Archer [16] from analysis of a
wide range of injection-molded parts ranging from small brackets to large
cabinets and items of furniture.

It is expected that for rapid cost estimating a quick judgment can be made as to
the appropriate complexity numbers. However, in order to gain confidence in the
assignment of the different levels of geometrical complexity, a simple complexity
counting procedure has been established as described below.

Geometrical Complexity Counting Procedure
Count all separate surface segments on the part inner surface. The inner surface is
the surface that is in contact, during molding, with the main core and other
projections or depressions in the core plate. Surface segments are either planar or
have a constant or smoothly changing curvature. The junction of different surface
segments can be a sudden change (discontinuity) in either slope or curvature. The
complexity of the inner surface is given by

Xi = O.UVsp (8.12)

where jVsp is the number of surface patches.
This procedure is repeated for the part outer surface to obtain the outer surface

complexity level. When counting surface patches, small connecting blend
surfaces should not be included.

When counting multiple identical features on the surface of a part, a power
index of 0.7 may be used to account for the savings that come from machining
identical features in the mold. For example, if the surface of a part is covered by
100 spherical dimples, then the equivalent number of surface patches to be
counted is 100°'7 = 25.

Let us take as an example, a plane conical component with recessed base that
is to be injection-molded; see Fig. 8.8. The inner and outer surface complexity
levels are established as follows. The inner surface comprises the following
surface segments:

1. Main conical surface
2. Flat base

Thus

Xi = 0.1 x 2 = 0.2

The outer surface comprises:

1. Main conical surface
2. Flat annular base
3. Cylindrical recess in the base
4. Flat recessed base
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100

FIG. 8.8 Surface segments of plain conical components (all dimensions in milli-
meters).

Thus

X0 = 0.1 x 4 = 0.4

In addition to geometrical complexity, the size of the part to be molded clearly
also affects the cost of the cavity and core inserts. Building on a part area
relationship given by Sors et al. [15], Archer [16] has shown, from analysis of a
wide range of injection molds, that for parts with very simple geometry the
number of manufacturing hours for one cavity and core can be represented by

Mpo = 5 + 0.085 x U3)

where

Ap = part projected area, cm2

The sum of the point scores from Eqs. (8.10), (8.11), and (8.13) provides a
base estimate of the number of manufacturing hours to make one cavity and core
and the ejection system for a part of given size with a known degree of
geometrical complexity. However, in order to complete a mold cost-estimating
system six additional important factors need to be considered. These are:

1. The need for retractable side-pulls or internal core lifters
2. The requirement for one or more unscrewing cores to produce molded screw

threads
3. The surface finish and appearance specified for the part
4. The average tolerance level applied to the part dimensions
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5. The requirement for one or more surfaces to be textured (e.g., checkered,
leathergrain finish, etc.)

6. The shape of the surface across which the cavity and core separate: referred
to in die design as the parting line

From discussion with a number of mold makers, it appears that the slideways
and associated angle pins or withdrawal mechanisms for a side-pull, excluding
manufacture of the core, will have an associated manufacturing time of 50 to
80 h. However, constructing an internal mechanism in the main core (sometimes
called a lifter) to retract an internal core pin is substantially more difficult and
may take between 100 and 200 h. More difficult still is the building of an
unscrewing mechanism for the molding of screw threads, which may require 200
to 300 tool-making hours. For the present early costing procedure, manufacturing
hours for side-pulls, internal lifters, or unscrewing devices will be assumed to
correspond to the average of these estimates.

The incorporation of texture into mold cavity surfaces is usually carried out by
specialist companies that offer a wide range of standard texture patterns. It
appears that the cost of texturing is proportional to both the complexity and size
of the part and that a fairly good estimate is obtained by allowing 5% of the basic
cavity manufacturing cost. Shallow lettering that can be etched or engraved into
the mold can be considered equivalent to texture and costed in the same way.

The hand finishing of cavities required to produce high-quality surfaces on
molded parts is extremely costly and time-consuming. The time involved is
clearly dependent on the size of the cavity, its geometrical complexity, and the
required appearance of the molded part. In this context it is necessary to
differentiate between opaque and transparent parts. For opaque parts, the required
appearance can be separated into four categories: not critical, standard (Society of
Plastics Engineers No. 3 finish), high gloss (SPE No. 2), and highest gloss (SPE
No. 1). On the other hand, transparent parts are generally produced according to
only two categories: standard finish and with some internal flaws permissible, or
highest quality with internal blemishes unacceptable. These two categories are
more difficult to achieve than SPE No. 3 and No. 1 finishes respectively, for
opaque parts. From discussions with mold makers it appears that the time taken to
finish a cavity and core to achieve the required appearance levels can be
represented as a percentage increase applied to the basic time for cavity and
core manufacture. For the present estimating system, this translates into a
percentage increase to the sum of the manufacturing hours predicted by Eqs.
(8.11) and (8.13). Reasonable percentage values for the different part appearance
categories are given in Table 8.6.

The tolerances given to the dimensions of an injection-molded part must
clearly be within the capabilities of the process. These capabilities will be
addressed later in this chapter. However, the part tolerances also indirectly
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TABLE 8.6 Percentage Increases for Differ-
ent Appearance Levels

Percentage
Appearance increase

Not critical 10
Opaque, standard (SPE #3) 15
Transparent, standard internal 20

flaws or waviness permissible
Opaque, high gloss 25
Transparent, high quality 30
Transparent, optical quality 40

affect the cost of mold manufacture. The reason for this is that the mold maker
will be required to work within a small portion of the part tolerances in order to
leave the remainder of the tolerance bands to cover variations in the molding
process. Tighter tolerances will thus result in more careful cavity and core
manufacture. Evidence from mold makers suggests that this effect, while less
significant than surface finish requirements, depends on the number of features
and dimensions rather than on the part size. In terms of the present cost-
estimating procedure, the part tolerance affects the time estimate for geometrical
complexity given by Eq. (8.11). Acceptable percentage increases, which should
be applied to the result of Eq. (8.11), for the six different tolerance levels are
given in Table 8.7.

The final consideration is the shape of the plane separating the cavity and core
inserts. Whenever possible, the cavity and core inserts should be mounted in flat
opposing mold plates. This results in a flat parting plane (straight parting line)
which only requires surface grinding to produce a well-fitting mold. Flat bent
parts, or hollow parts whose edge, separating the inner and outer surface, does not
lie on a plane, cannot be molded with a flat parting plane. For these cases, the
parting surface should be chosen from the six classifications given in Table 8.8.

TABLE 8.7 Percentage Increases for Tolerance

Tolerance
level

0
1
2
3
4
5

Description of
tolerances

All greater than ±0.5 mm
Most approx. ±0.35 mm
Several approx. ±0.25 mm
Most approx. ±0.25 mm
Several approx. ±0.05 mm
Most approx. ±0.05 mm

Percentage
increase

0
2
5

10
20
30
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TABLE 8.8 Parting Surface Classification

Parting surface type Factor (fp)

Flat parting plane 0
Canted parting surface or one 1.25

containing a single step
Two to four simple steps or a simple 2

curved surface
Greater than four simple steps 2.5
Complex curved surface 3
Complex curved surface with steps 4

For each of these separate categories, industrial data suggest that the additional
number of manufacturing hours required to manufacture the mold is approxi-
mately proportional to the square root of the cavity area as given by the following
relationship.

(8.14)

where
Ap = projected area of cavity, cm2

fp = parting plane factor given in Table 8.8
Ms = additional mold manufacturing hours for nonflat parting surface

8.9 MOLD COST POINT SYSTEM
Following the preceding discussions, a point system for mold cavity and core cost
estimating can now be established. The main cost drivers will simply be listed in
order, and associated graphs or tables will be referred to for determination of the
appropriate number of points. The mold manufacturing cost is determined by
equating each point to one hour of mold manufacture.

(i) Projected Area of Part (cm2)
—refer to Eqs. (8.10) and (8.13), which include points for the size effect
on manufacturing cost plus points for an appropriate ejection system,

(ii) Geometric Complexity
—identify complexity ratings for inner and outer surfaces according to the
procedure described earlier.
—Apply Eq. (8.11) to determine the appropriate point score

(iii) Side-Pulls
—identify number of holes or apertures requiring separate side-pulls (side
cores) in the molding operation.
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— Allow 65 points for each side-pull.
(iv) Internal Lifters

— Identify number of internal depressions or undercuts requiring separate
internal core lifters.
— Allow 150 points for each lifter.

(v) Unscrewing Devices
— Identify number of screw threads that would require an unscrewing
device.
— Allow 250 points for each unscrewing device.

(vi) Surface Finish/Appearance
— Refer to Table 8.6 to identify the appropriate percentage value for the
required appearance category.
— Apply the percentage value to the sum of the points determined for (i)
and (ii) to obtain the appropriate point score related to part finish and
appearance.

(vii) Tolerance Level
— Refer to Table 8.7 to identify the appropriate percentage value for the
required tolerance category.
— Apply the percentage value to the geometrical complexity points
determined for (ii) to obtain the appropriate point score related to part
tolerance.

(viii) Texture
— If portions of the molded part surface require standard texture patterns,
such as checkered, leather grain, etc., then add 5% of the point scores
from (i) and (ii).

(ix) Parting Plane
— Determine the category of parting plane from Table 8.8 and note the
value of the parting plane factor,^.

to obtain the point score from Eq. (8.14).

To determine the cost to manufacture a single cavity and matching core(s) the
total point score is multiplied by the appropriate average hourly rate for tool
manufacture.

Example
It is anticipated that 2,000,000 plain hollow conical components are to be molded
in acetal homopolymer. The component, illustrated in Fig. 8.8, has a material
volume of 78 cm3 and a projected area in the direction of molding of 78.5 cm2.
The mold manufacturing points are first established as follows:
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Points
(i) Projected Area of Part 43

[substitute Ap = 78.5 cm2

into Eqs. (8.10) and (8.13)]

(ii) Geometrical Complexity 3
(established earlier as
X1 = 0.2 andX0 = 0.4 for
this part—apply Eq. (8.11)
for points)

(iii) Number of Side-Pulls 0
(iv) Number of Internal Lifters 0
(v) Number of Unscrewing Devices 0

(vi) Surface Finish/Appearance 11.5
(Opaque high gloss; see
Table 8.6—add 25% of 43 + 3)

(vii) Tolerance Level 0
(category 1; see Table 8.7—
insignificant effect for low
complexity)

(viii) Texture 0
(ix) Parting Plane (category 0) 0

Total point score = 57.5

Assuming an average rate of $40 per hour for mold manufacturing, the estimated
cost for one activity and core is found to be 57.5 x $40 or $2,300.

8.10 ESTIMATION OF THE OPTIMUM NUMBER OF
CAVITIES

A major economic advantage of injection molding is its ability to make multiple
parts in one machine cycle through the use of multicavity molds. Sometimes the
cavities in a mold may be for different parts that are to be used together in the
same product. This type of mold is referred to as a family mold. It is used
infrequently since it requires the existence of a family of parts, made of the same
material and having similar thicknesses. It also has the obvious disadvantage of
individual reject parts always requiring the remanufacture of the entire family.

The common practice is to use multicavity molds to make sets of identical
parts with each molding cycle. The motivation is to reduce processing cost
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through an initially higher mold investment. The effect of the chosen number of
cavities on part cost can be dramatic. This means that the cost of alternative
designs of a particular part can only be estimated if the appropriate number of
cavities is known. The identification of the appropriate number of cavities for a
particular part will be explored in this section.

When a multicavity mold is used, three principal changes occur:

1. A larger machine with a greater hourly rate is needed than for a single-cavity
mold.

2. The cost of the mold is clearly greater than for a single-cavity one.
3. The manufacturing time per part decreases in approximately inverse propor-

tion to the number of cavities.

In order to identify the optimum number of cavities, the increase in hourly rate
with machine size increase must be known. Also, an estimate must be available of
the cost of a multicavity mold compared to the cost of a single-cavity mold for the
same part. With regard to the first requirement, Fig. 8.9 shows a national survey
of injection molding machine rates that was carried out by Plastics Technology
Magazine [17]. It can be seen that the hourly rate can be represented almost
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FIG. 8.9 National average injection molding machine rates.
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precisely as a linear relationship based on the machine clamp force; i.e., machine
hourly rate is

$/h (8.15)

where
F = clamp force, kN

kl,ml = machine rate coefficients

For the latest machine rate data, obtained by the authors and given in Table 8.4,
*! = 25$/h and m^ = 0.009 l$/h/kN.

Turning now to the cost of multicavity mold manufacture, evidence in the
literature [18] suggests that the cost of multiple cavity and core inserts, compared
with the cost of one unique cavity/core set, follows an approximate power law
relationship. That is, if the cost of one cavity and matching core is given by Q,
then the cost, Cn, of producing identical sets of the same cavity and core can be
represented by

Cn = C,nm (8.16)

where m is a multicavity mold index and n is the number of identical cavities.
Testing of this relationship for a wide range of multicavity molds suggests that

a reasonable value of m for most molding applications is 0.7. This value can be
interpreted as an approximate rule that doubling the number of cavity and core
inserts will always involve a cost increase of 62%, since 2th7 is 1 .62.

Savings also occur in the mold base cost per cavity when increasing the
number of cavities. This can readily be established from the discussion of mold
base costs in the previous section. However, the savings depend upon the cavity
area, smaller cavities being associated with larger savings. Nevertheless, to allow
a simple analysis to be performed, it will be assumed that a power law relation-
ship similar to Eq. (8.16) applies equally to mold bases and with the same value
for the power index. With this assumption the cost of a complete production mold
satisfies the same relationship:

Cc n=Cc l«m (8.17)

where
Ccl = cost of single-cavity mold
Ccn = cost of n-cavity mold

n = number of cavities
m = multicavity mold index
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Using the preceding relationship, the cost, Ct, of producing Nt molded compo-
nents can be expressed as

Ct = processing cost + mold cost + polymer cost
(8.18)

Ccl nm + NtCm

where
t = machine cycle time, h

Cm = cost of polymer material per part, $

Assuming that an infinite variety of different clamp force machines were
available, then one with just sufficient force would be chosen since hourly rate
increases with clamp force (Fig. 8.3). Thus we can write

F = nf (8.19)

where/ is the separating force on one cavity. Substituting Eq. (8.19) into (8.18)
gives

Q = Nt(kJ/F + mj)t + Ccl (F/fT + NtCm (8.20)

For a given part, molded in a particular polymer, of which Nt are required, the
only variable in Eq. (8.20) is clamp force F. Thus the minimum value of Ct will
occur when dCt/dF is equal to zero or when

-N^ft/F2 + mCclF(m-v> /fm = 0 (8.21)

Multiplying Eq. (8.21) by F and substituting n = F/f gives the expression for the
optimum number of cavities as

n = (Ntklt/(mCcl))l/(m+l) (8.22)

A number of simplifying assumptions were used to derive Eq. (8.22), and for this
reason the value predicted for the optimum number of cavities should be regarded
as a first approximation. However, Eq. (8.22) is very easily applied and provides a
reasonable basis for comparing alternative designs during the concept phase of a
new injection-molded part.

8.11 DESIGN EXAMPLE

Figure 8.10 shows an injection-molded cover manufactured by a U.S. automobile
company. The cover has a flange that has thickened pads at locations around the
periphery, where bolts secure it to the assembly. The main body of the part is
2mm thick and the bolt pads have a thickness of 4.6mm.

The design can be considered to be produced from a 2 mm thick basic shape,
referred to in injection molding jargon as the main wall. Features are then added
to the main wall. In the present design the features are:
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FIG. 8.10 Heater core cover.

1. The eight triangular stiffening ribs (called gussets) that support each pad to
the side wall

2. The six through holes
3. The four pads of thickness 2.6mm that rest on top of the main wall to give a

combined thickness of 4.6mm

Adding features to the main wall will always increase the mold cost. In addition,
if they result in an increase in wall thickness, then the cycle time will also
increase.

Using the point system in Sec. 8.8, it can readily be shown that for the cover
design the increase in mold cost due to all eighteen features is approximately
23%, or $1150, and that the cost of one cavity and core set would be
approximately $8000. Thus, for a fairly modest production volume of 50,000
parts the added mold cost is only 2.3 cents, or 0.13 cents per feature.

In contrast, the cooling equation in Sec. 8.6 shows that the addition of the
thickened pads will increase the cooling time by factor (4.6/2) . This results in an
additional processing cost per part of 12.3 cents.

Thus, if we wish to reduce the cost of the cover, the obvious way is to reduce
the material thickness in the stiffened areas around the bolt clearance holes. The
way in which this can be achieved is through the use of ribbed structures, as
shown in Fig. 8.11. The projecting circular rib around each hole is known as a
boss, and it is supported by a network of intersecting straight ribs as shown. The
rib structure can be deep enough to give equivalent stiffness to the solid 4.6mm
thick pads. Also, the recommended rib thickness would be two-thirds of the main
wall thickness, or 1.67mm. For a production volume of 50,000 parts the new
design would have an associated cavity and core cost of approximately $10,500,
corresponding to an increase in mold cost per part of 5 cents. However, this
would be more than offset by the 12.3 cents decrease in processing cost. Just as
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FIG. 8.11 Proposed redesign of heater core cover.

important, the new design is likely to result in high-quality, distortion-tree
moldings. The existing design, in contrast, is difficult to mold because of the
different wall thicknesses. The problems are due to the continued cooling of the
pads after the main wall has fully solidified. This results in a buildup of residual
or locked-in stresses as the pad material continues to shrink while constrained by
the surrounding solidified wall.

8.12 INSERT MOLDING

Insert molding refers to the common practice of molding small metal items, such
as pins or bushings, into injection-molded parts. Most typically, the inserts are
hand-loaded into the mold cavity, or cavities, prior to closing of the mold and
activation of the injection unit. For this reason, insert molding machines are of a
vertical design so that inserts can be placed into a horizontal cavity plate when the
mold is open. Machine rates can be assumed to be the same as for conventional
molding machines. An approximate estimate of the cost of an insert-molded part
can be obtained by adding 2 s per insert to the molding cycle time. Thus for a
four-cavity mold, with two inserts per cavity, the cycle time would be increased
by 16s.

For high-volume manufacture of insert-molded parts, special-purpose
machines can be obtained that employ multiple stations. The simplest type has
a shuttle table that moves two separate molds alternately into the molding
machine. With this system, inserts can be loaded into one mold while the other
one is being filled and allowed to cool. Following this procedure, insert loading
takes place within the machine cycle but with a higher-cost machine and a larger
mold investment.

It should be noted that insert molding does not find universal favor. Many
manufacturing engineers feel that the high risk of mold damage due to misplaced
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inserts offsets any advantage of the process. The alternative is simply to mold the
depressions needed to accept inserts, which can then be secured later by
ultrasonic welding. This process is described briefly later in the chapter.

8.13 DESIGN GUIDELINES
Suppliers of engineering thermoplastics have in general provided excellent
support to the design community. Several have published design manuals or
handbooks that are required reading for those designing injection molding
components. Information can be obtained from them on the design of ribbed
structures, gears, bearings, spring elements, etc.

The interested reader may wish to write, in particular, to Du Pont, G.E. Plastics
Division, or Mobay Corporation for design information associated with their
engineering thermoplastics.

Generally accepted design guidelines are listed below.

1. Design the main wall of uniform thickness with adequate tapers or draft for
easy release from the mold. This will minimize part distortion by facilitating
even cooling throughout the part.

2. Choose the material and the main wall thickness for minimum cost. Note that
a more expensive material with greater strength or stiffness may often be the
best choice. The thinner wall this choice allows will reduce material volume
to offset the material cost increase. More important, the thinner wall will
significantly reduce cycle time and hence processing cost.

3. Design the thickness of all projections from the main wall with a preferred
value of one-half of the main wall thickness and do not exceed two-thirds of
the main wall thickness. This will minimize cooling problems at the junction
between the projection and main wall, where the section is necessarily
thicker.

4. If possible, align projections in the direction of molding or at right angles to
the molding direction lying on the parting plane. This will eliminate the need
for mold mechanisms.

5. Avoid depressions on the inner surfaces of the part, which would require
moving core pins to be built inside the main core. The mechanisms to produce
these movements (referred to in mold making as lifters) are very expensive to
build and maintain. Through holes on the side surfaces, instead of internal
depressions, can always be produced with less expensive side-pulls.

6. If possible, design external screw threads so that they lie in the molding
plane. Alternatively, use a rounded or rolled-type thread profile which can be
stripped from the cavity or core without rotating. In the latter case, polymer
suppliers should be consulted for material choice and appropriate thread
profile and depth.
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In addition to these general rules, design books should be consulted for design
tips and innovative design ideas. Many of these are concerned with methods for
producing undercuts and side features without using mold mechanisms. This will
be explored a little further in the next section when snap fit elements are
discussed.

One important cautionary note should be made with regard to design guide-
lines. Guidelines should never be followed when doing so may have a negative
effect on the cost or quality of the assembly as a whole. This applies particularly
to the guidelines aimed at avoiding mechanisms in the mold. The only valid rule
in this regard is that the need for mold mechanisms should be recognized by the
designer, and if they are unavoidable, then their cost should be justified in the
early stages of design. This cost may be simply the cost of the mechanisms or it
may also include the increase in processing cost if they restrict the number of
cavities below the optimum value. The worst case is a high-volume component
with side-pulls or unscrewing devices on all sides so that it must be made
uneconomically in a single-cavity mold.

8.14 ASSEMBLY TECHNIQUES

One of the major advantages of injection molding is its ability to easily
incorporate, in the molded parts, effective self-securing techniques. In the present
context, self-securing refers to the ability to achieve a secure assembly without
the use of separate fasteners or a separate bonding agent. Two of these self-
securing techniques are also widely used with metal parts: press fitting and
riveting. With press fitting much larger interferences are possible with injection-
molded parts than with metal parts. This has the advantage of requiring less
precise tolerance control for the press fit. The negative aspect of plastic press fit
joints is that the material is constantly under stress and will invariably relax over a
period of time to produce some degradation of the joint strength. Testing of press
fits under the expected loading conditions is therefore essential. With regard to
riveting, integral rivets are of course easily produced by adding inexpensive
feature to the mold. On assembly the rivet heads are also easily formed by cold
heading or by the use of heated forming tools; the latter operation is sometimes
referred to as staking.

A third self-securing method, which is unique to plastic parts, is the use of
ultrasonic welding. This is a method of joining two or more plastic molded parts
through the generation of intermolecular frictional heat at the assembly interfaces.
Ultrasonic welding equipment simply involves a special fixture to hold and clamp
the parts and through which a high-frequency vibration of approximately 20 kHz
is passed. The detail design of the butting or overlapping joints is critical for
successful joining of the parts. Figure 8.12 shows typical recommended joint
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FIG. 8.12 Ultrasonic welding joint design by Du Pont

designs. Ultrasonic welding is a good economic choice where sealed joining is
required, since the equipment is relatively inexpensive and the process is fast.
Welding is accomplished typically in about 2 s.

The final and most widely recognized self-securing method for molded parts is
through the use of snap fit elements. These can be separated into two main types.
The first type was developed for mating parts of circular cross-section and
involves the use of a cylindrical undercut and mating lip, as shown in Fig. 8.13.
The male partner of the mating pair may be molded with the parting plane along
its axis with very little added cost, simply the cost of adding the groove feature to
the cavity and core geometries. However, if the male cylinder cannot be designed
at right angles to the direction of mold opening, then its separation from the mold
will require the use of side-pulls. In contrast, the female or undercut part is almost

.11
FIG. 8.13 Annular snap joint design.
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always stripped off the core by the mold ejection system and is, therefore,
inexpensively produced. Snap fits of this type are only truly satisfactory for
circular parts. The further part shapes deviate from circular, the more difficult it
becomes to eject parts from the mold that can be assembled satisfactorily.

The second type of snap fit design involves the use of one or more cantilever
snap elements, as shown in Fig. 8.14. If possible, the cantilever snap element and
its mating undercut should be designed for molding without mold mechanisms;
one such design is shown in Fig. 8.14a. The alternative design, illustrated in Fig.
8. 14b, will require two side-pulls for the molding of the cantilever and the
undercuts. However, even in the latter case, for a large enough production volume
the extra mold costs can be easily outweighed by the subsequent savings in
assembly cost.

Holes produced
by core rods

(a)

(b)

FIG. 8.14 Cantilever snap fit elements, (a) Undercuts formed by core rods; (b) undercuts
formed by side-pulls.
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Polymer manufacturers should be contacted for detailed information on snap
fit design.
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Design for Sheet Metalworking

9.1 INTRODUCTION
Parts are made from sheet metal in two fundamentally different ways. The first
way involves the manufacture of dedicated dies which are used to shear pieces of
required external shape, called blanks, from metal stock that is in strip form. The
strip stock may be in discrete lengths that have been cut from purchased sheets or
may be purchased as long lengths supplied in coil form. With this method of
manufacture, dies are also used to change the shape of the blanks, by stretching,
compressing, or bending, and to add additional features through piercing
operations. The dies are mounted on vertical presses into which the sheet metal
stock may be manually loaded or automatically fed from coil.

The alternative method of manufacture involves the use of computer numeri-
cally controlled (CNC) punching machines which are used to make arrays of
sheet metal parts directly from individual sheets. These machines usually have a
range of punches available in rotating turrets and are referred to as turret presses.
The method of operation is to first produce all of the internal part features in
positions governed by the spacing of parts on the sheet. The external contours of
the parts are then produced through punching with curved or rectangular punches
or by profile cutting. The latter operation is usually performed by plasma or laser
cutting attachments affixed to the turret press. Parts produced on a turret press are
essentially flat, although internal features may protrude above the sheet surface.
For this reason it is common practice to carry out secondary bending operations,
if required, on separate presses. These are typically performed on wide, shallow
bed presses, called press brakes, onto which standard bending tools are mounted.

381
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TABLE 9.1 Standard U.S. Sheet Metal Thickness

Steels

Gage no.

28
26
24
22
20
19
18
16
14
13
12
11
10
8
6

(mm)

0.38
0.46
0.61
0.76
0.91
1.07
1.22
1.52
1.91
2.29
2.67
3.05
3.43
4.17
5.08

Aluminum
alloys
(mm)

0.41
0.51
0.63
0.81
1.02
1.27
1.60
1.80
2.03
2.29
2.54
3.17
4.06
4.83
5.64

Copper
alloys
(mm)

0.13
0.28
0.41
0.56
0.69
0.81
1.09
1.24
1.37
2.06
2.18
2.74
3.17
4.75
6.35

Titanium
alloys
(mm)

0.51
0.63
0.81
1.02
1.27
1.60
1.80
2.03
2.29
2.54
3.17
3.56
3.81
4.06
4.75

Using either of these manufacturing methods, sheet metal parts can be
produced with a high degree of geometrical complexity. However, the complex
geometries are not free form, in the sense of molding or casting but are usually
achieved through a combination of individual features that must conform to strict
guidelines. These guidelines will be discussed in Sec. 9.6.

Sheet metal is available from metal suppliers in sheet or coil form, in a variety
of sizes and thicknesses, for a wide range of different alloys. Table 9.1 shows the
range of gage thicknesses available for the four alloy types that represent almost all
of the materials used in sheet metalworking. For historical reasons, steels are
ordered according to gage numbers whereas other material types have just a
thickness designation. Steels are the most widely used sheet metal group. The
reason for this is evident in Table 9.2, which gives typical properties and
comparative costs of a sample of materials from the four alloy groups. The tensile
strain values are for the materials in an annealed or lightly cold-worked condition
suitable for forming. The tensile strain value of 0.22 for commercial-quality steel
gives it excellent forming qualities and it has high strength and elastic modulus at
very low cost. The combination of modulus and cost gives it unsurpassed stiffness
per unit cost in sheet form, and this is the reason for its dominance in the
manufacture of such items as automobile and major-appliance body components.

In this chapter we will concentrate on sheet metal components that can be
made using either dedicated dies or alternatively on turret presses. This limits the
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TABLE 9.2 Sheet Metal Properties and Typical Costs

Alloy

Steel, low-carbon
commercial quality

Steel, low-carbon,
drawing quality

Stainless steel T304
Aluminum, 1100, soft
Aluminum, 1100, half

hard
Aluminum, 3003, hard
Copper, soft
Copper, 1/4 hard
Titanium, Grade 2
Titanium, Grade 4

Cost
($/kg)

0.80

0.90

6.60
3.00
3.00

3.00
9.90
9.90

19.80
19.80

Scrap
value
($/kg)
0.09

0.09

0.40
0.80
0.80

0.80
1.90
1.90
2.46
2.46

Specific
gravity

7.90

7.90

7.90
2.70
2.70

2.70
8.90
8.90
4.50
4.50

UTS
(MN/m2)

330

310

515
90

110

221
234
276
345
552

Elastic
modulus
(GN/m2)

207

207

200
69
69

69
129
129
127
127

Max.
tensile
strain

0.22

0.24

0.40
0.32
0.27

0.02
0.45
0.20
0.20
0.15

discussion to flat, shallow formed or bent parts with a variety of feature types.
Deep formed parts, which must be made by the process of deep drawing on
special double-action presses, will not be considered here.

9.2 DEDICATED DIES AND PRESSWORKING

A typical sheet metal part is produced through a series of shearing and forming
operations. These may be carried out by individual dies on separate presses or at
different stations within a single die. The latter type of die is usually termed a
progressive die, and in operation the strip is moved incrementally through the die
while the press cycles. In this way the punches at different positions along the die
produce successive features in the part. We will first consider the use of individual
dies.

9.2.1 Individual Dies for Profile Shearing
Sheet metal dies are manufactured by mounting punches and die plates into
standard die sets. The die sets, as shown in Fig. 9.1, consist of two steel or cast
iron plates that are constrained to move parallel to one another by pillars and
bushings mounted on the separate plates. Small die sets typically have two guide
pillars, whereas larger ones have four. In operation the lower plate is mounted to
the bed of a mechanical or hydraulic press and the upper plate is attached to the
moving press platen. As the press cycles, the die set opens and closes so that the
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FIG. 9.1 Die set

punches and dies mounted on the two plates move in precise alignment. Figure
9.2 shows a typical mechanical press with a die set mounted in position.

When individual die sets are used, the first operation is typically shearing of
the external profile of the part. The way in which this is carried out can be divided
into three categories depending on the part design. The most efficient method is a
simple cut-off operation, which applies to parts that have two parallel edges and
that "jigsaw" together along the length of the strip. For the basic cut-off
operation, the trailing edge of the part must be the precise inverse of the leading
edge, as shown in Fig. 9.3.

Parts designed for cut-off operations may not have the aesthetically pleasing
shapes required for some applications. However, for purely functional parts, cut-
off type designs have the advantage of simple tooling and the minimization of
manufactured scrap. The term "manufactured" scrap refers to the scrap sheet
metal produced as a direct result of the manufacturing process, as opposed to the
scrap metal of defective parts. For cut-off-type designs the only manufactured
scrap is the sheet edges left over from the shearing of purchased sheets into part-
width strips. Some scrap also results from the ends of the strips as they are cut up
into parts. Shearing of sheets is normally carried out on special presses called
power shears, which are equipped with cutting blades and tables for sliding sheets
forward against adjustable stops.

For situations where a sheet metal part can be designed with two parallel
edges, but where the ends cannot jigsaw together, the most efficient process to
produce the outer contour is with a part-off die. This die employs two die blocks
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FIG. 9.2 Mechanical press.

and a punch that passes between them to remove the material separating the ends
of adjacent parts. The principal design rule for this process is that the sheared
ends should not meet the strip edges at an angle less than about 15 degrees. This
ensures that a good-quality sheared edge is produced with a minimum of tearing
and edge distortion at the ends of the cut. Thus full semicircular ends or corner
blend radii should be avoided. A simple part that could be produced with a part-

FIG. 9.3 Cut-off part design.



386 Chapter

Scrap

FIG. 9.4 Part-off part design.

off die is illustrated in Fig. 9.4. The part-off process offers the same advantage as
cut-off in that the part edges are produced inexpensively with a minimum of scrap
by power shear operations. The die, however, is a little more complex than a cut-
off die, involving the machining and fitting of an extra die block. Scrap is also
increased because adjacent parts must be separated by at least twice the sheet
metal thickness to allow adequate punch strength. The main elements of cut-off
and part-off dies are illustrated in Fig. 9.5.

For sheet metal parts that do not have two straight parallel edges, the die type
used to shear the outer profile is called a blanking die. A typical blanking die is
shown in Fig. 9.6. This illustrates the blanking of circular disks, but the shape of
the "blank" can be almost any closed contour. The disadvantage of blanking as
opposed to cut-off or part-off is mainly the increase in manufactured scrap. This
arises because the edges of the part must be separated from the edges of the strip
by approximately twice the sheet metal thickness to minimize edge distortion.
Thus, extra scrap equal in area to four times the material thickness multiplied by
part length is produced with each part. In addition, blanking dies are more
expensive to produce than cut-off or part-off dies. The reason for this is that the
blanking die has an additional plate, called a stripper plate, which is positioned
above the die plate with separation sufficient to allow the sheet metal strip to pass
between. The stripper plate aperture matches the contour of the punch so that it
uniformly supports the strip while the punch is removed from it on the upward
stroke of the press. Note that in comparison the cut-off die has a simple spring
action hold-down block to keep the strip from lifting during the shearing
operation.
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FIG. 9.5 Die elements of cut-off and part-off dies, (a) Cut-off die. (b) Part-off die.
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FIG. 9.6 Blanking die.
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A less common design for the contour of a sheet metal part is shown in Fig.
9.7. This uses a part-off die to produce parts whose ends are 180 degrees
symmetric. The opposite part ends shown in Fig. 9.7 have a similar appearance,
but this need not be the case. If both ends are symmetric, then adjacent parts can
be arranged on the strip at a 180 degree orientation to each other. With this design
the portion that is normally removed as scrap in a part-off die is now an additional
part. Each press stroke thus produces two parts, and the die is called a cut-off and
drop-through die. The general symmetry rule for this type of part seems not to
have been applied in practice, and the only examples appear to be simple
trapezoid-shaped parts. A problem with cut-off and drop-through is associated
with the nature of the shearing process, which tends to produce a rounded edge
on the die side of the part from the initial deformation as the sheet is pressed
downward against the die edge. However, final separation of the part from the
strip is by brittle fracture, which leaves a sharp edge, or burr, on the punch side of
the part. Thus parts made by cut-off and drop-through have the sharp edges on
opposite sides of adjacent parts. This lack of edge consistency may be unac-
ceptable for some applications.

Irrespective of the die type used, the sharp edges produced by punching must
be removed. This deburring process is carried out, for small parts, by tumbling
them in barrels with an abrasive slurry. For larger parts, the usual practice is to
pass the flat parts, before forming, through abrasive belt machines. In either case,
the added cost is small.

9.2.2 Cost of Individual Dies
Zenger and Dewhurst [1] have investigated the cost of individual dies. For each
type of die the cost always includes a basic die set as shown in Fig. 9.1. Current

FIG. 9.7 Part design for cut-off and drop-through.
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costs of die sets were found to be directly proportional to the usable area between
the guide pillars and to satisfy the following empirical equation:

Cds= 120 + 0.36 Au (9.1)
where
Cds = die set purchase cost, $
Au = usable area, cm2

A comparison of Eq. (9.1) with a range of commercially available die sets is
shown in Fig. 9.8.

To estimate the cost of the tooling elements such as die plate, punch, punch
retaining plate, stripper plate, etc., a manufacturing point system was developed.
The system includes the time for manufacturing the die elements and for
assembly and tryout of the die. Assembly includes custom work on the die set,
such as the drilling and tapping of holes and the fitting of metal strips or dowel
pins to guide the sheet metal stock in the die.

The basic manufacturing points were found to be determined by the size of the
punch and by the complexity of the profile to be sheared. Profile complexity is
measured by index Xp as

Xp = P2/(LW) (9.2)

where
P = perimeter length to be sheared, cm

L,W = length and width of the smallest rectangle that surrounds the punch, cm

For a blanking die, or a cut-off and drop-through die, L and W are the length and
width of the smallest rectangle that surrounds the entire part. For a part-off die, L
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FIG. 9.8 Die set cost versus usable area.
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FIG. 9.9 Basic manufacturing points for blanking die.

is the distance across the strip while W is the width of the zone removed from
between adjacent parts. For a cut-off die, L and W are the dimensions of a
rectangle surrounding the end contour of the part. Note that for either cut-off or
part-off, a minimum punch width W of about 6 mm should be allowed to ensure
sufficient punch strength. Basic manufacturing points for blanking dies are shown
in Fig. 9.9. This basic point score is then multiplied by a correction factor for the
plan area of the punch; see Fig. 9.10. Zenger [2] has shown that the basic
manufacturing points for a part-off die are about 9% less than for a blanking die,
while those for a cut-off die are approximately 12% less than for blanking. Note
that this does not represent the differences in die costs since the punch envelope
area LW will be less for cut-off and part-off dies and Xp will also generally be
smaller for these processes.

For die manufacturing, where computer-controlled wire electrodischarge
machining is used to cut the necessary profiles in die blocks, punch blocks,
punch holder plates, and stripper plates, each manufacturing point in Fig. 9.9
corresponds to one equivalent hour of die making. This also includes the time for
cutting, squaring, and grinding the required tool steel blocks and plates. Note
that, as for injection molding, the cost of the die materials is insignificant
compared to the cost of die making.

The estimated point score from Figs. 9.9 and 9.10 does not include the effect
of building more robust dies to work thicker-gage or higher-strength sheet metal,
or to make very large production volumes of parts. To accommodate such
requirements it is usual practice to use thicker die plates and correspondingly
thicker punch holder plates, stripper plates, and larger punches. This allows the
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FIG. 9.10 Area correction factor.

die plate to handle longer-term abuse and also provides additional material for the
greater number of times that the punch and die faces must be surface-ground to
renew edge sharpness. Recommendations on die plate thickness hd given by
Nordquist [3] fit quite well with the relationship

hd = 9 + 2.5 x loge(C//C/ms)ra2 mm (9.3)
where

U = the ultimate tensile stress of the sheet metal to be sheared
[7ms = the ultimate tensile stress of annealed mild steel

V = required production volume, thousands
h = sheet metal thickness, mm

In practice, in U.S. industry the value of hd is usually rounded to the nearest one-
eighth of an inch to correspond with standard tool steel stock sizes.

The manufacturing points in Fig. 9.9 were determined for the condition
(U/Ums)Vh2 = 625 (9.4)

or
hA = 25 mm
Zenger and Dewhurst [1] have shown that the cost of dies changes with die

plate thickness approximately according to a thickness factor/^ given by
/d = 0.5 + 0.02Ad (9.5)
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/d = 0.75
whichever is the larger.

Thus the manufacturing points Mp for a blanking die are given by
Mp =/d/lwMpo (9.6)

where
Mpo = basic manufacturing points from Fig. 9.9
flvi =plan area correction factor from Fig. 9.10
/d = die plate thickness correction factor from Eq. (9.5)

Example
A sheet metal blank is 200mm long by 150mm wide and has plain semicircular
ends with radius 75 mm; see Fig. 9.1 la. It is proposed that 500,000 parts should
be manufactured using 16 gage low carbon steel.

Estimate the cost of a blanking die to produce the part and the percentage of
manufactured scrap that would result from the blanking operation.

If the part were redesigned with 80mm radius ends as shown in Fig. 9. lib, it
could then be produced with a part-off die. What would be the die cost and
percentage of manufactured scrap for this case?

The required blank area is 200 x 150 mm2. If 50mm space is allowed around
the part for securing of the die plate and installation of strip guides, then the
required die set usable area Au is

Au = (20 + 2 x 5) x (15 + 2 x 5) = 750 cm2

and so from Eq. (9.1) the cost of the die set will be given by
Cds = 120 + (0.36 x 750) = $390

For the design shown in Fig. 9.1 la the required blanking punch would have
perimeter P equal to 571 mm and cross-sectional dimensions L, W equal to 150
and 200 mm, respectively. Thus the perimeter complexity index Xy is given by

X = 5712/(150 x 200) = 10.9

15(T

(a) (b)

FIG. 9.11 Sheet metal part (dimensions in mm), (a) Blanking design, (b) Part-off design.
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The basic manufacturing point score from Fig. 9.9 is thus Mpo = 30.5. With plan
area LW equal to 300 cm2 the correction factor from Fig. 9.10 is approximately
2.5. For 500,000 parts of thickness 1.52mm (equivalent to 16 gage), the die plate
thickness from Eq (9.3) is hd = 26.6 mm. The die plate thickness correction
factor from Eq. (9.5) is thus/d =1.03.

Total die manufacturing points are therefore

Mp = 1.03 x 2.5 x 30.5 = 78.5

Assuming $40/h for die making, the cost of a blanking die is estimated to be

Blanking die cost = 390 + 78.5 x 40 = $3530

The area of each part is

Ap = 251.7 cm2

Since the separation between each part on the strip and between the part and the
strip edges should be 3.04mm (equal to twice the material thickness), the area of
sheet used for each part is

As = (200 + 3.04) x (150 + 2 x 3.04) mm2

= 316.9 cm2

Thus the amount of manufactured scrap is given by

Scrap percent = (316.9 - 251.7)/316.9 x 100
= 20.6

For the alternative design shown in Fig. 9.lib, the perimeter to be sheared is the
length of the two 80 mm arcs, which can be shown to be given by

P = 388.9mm

With 3.04mm separating the parts end to end on the strip, the cross-sectional
dimensions L, W of the part-off punch equal 106.5 and 150mm, respectively.

Thus the complexity index Xp, is given by

Xp = 388.92/(106.5 x 150) = 9.5

With the part plan area equal to 300 cm2 as before, the manufacturing points are
the same as for the blanking die.

Since part-off dies are typically 9% less expensive than blanking dies for the
same Cpx value, and the values of /d and flvl are unchanged, the total die
manufacturing hours are

M = 0.91 x 1.03 x 2.5 x 30.5 = 71.4 h
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Assuming $40/h for die making as before, the cost of a part-off die is estimated
to be

Part-off die cost = 390 + 71.4 x 40 = $3,250

The area of each part shown in Fig. 9. lib can be shown to be 257.9 cm2. Since
the edges of the strip now correspond to the edges of the part, the area of sheet
used for each part is

As = (200 + 3.04) x 150 mm2

= 304.6 cm2

Thus the amount of manufactured scrap for the part-off design is

Scrap percent = (304.6 - 257.9)/304.6 x 100
= 15.3

The change in percent scrap between the two designs is somewhat artificial since
the redesign has a slightly larger area than the original one. If the end profile
curves of the new design were designed to cut the edges at approximately 20
degrees and enclose the same area of 251.7 cm2, the percentage of manufactured
scrap would equal 17.4.

9.2.3 Individual Dies for Piercing Operations
A piercing die is essentially the same as a blanking die except that the material is
sheared by the punching action to produce internal holes or cut-outs in the blank.
Thus the die illustrated in Fig. 9.6 could also be a piercing die for punching
circular holes into the center of a previously sheared blank. However, piercing
dies are typically manufactured with several punches to simultaneously shear all
of the holes required in a particular part.

It has been shown by Zenger [2] that with piercing dies, the individual punch
areas have only a minor effect on final die cost. The main cost drivers are the
number of punches, the size of the part, and the perimeter length of the cutting
edges of any nonstandard punches. For cost estimation purposes a nonstandard
punch is one with cross-sectional shape other than circular, square, rectangular, or
obround as illustrated in Fig. 9.12. These standard punch shapes are available at
low cost in a very large number of sizes. Any punch shapes other than those in
Fig. 9.12 will be referred to as nonstandard.

Following the procedure developed by Zenger, a manufacturing point score is
determined for a piercing die from three main components. First, based only on
the area of the part to be pierced, the base manufacturing score is given by

M = 23 + 0.03LW h (9.7)
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FIG. 9.12 Standard punch shapes.

where L, W = length and width of the rectangle that encloses all the holes to be
punched, cm.

Equation (9.7) predicts the number of hours to manufacture the basic die
block, punch retaining plate, stripper plate, and die backing plate. This must be
added to the time to manufacture the punches and to produce the corresponding
apertures in the die block. This time depends upon the number of required
punches and the total perimeter of punches. From a study of the profile machining
of punches from punch blocks and of apertures in die blocks, Zenger [2] has
shown that the manufacturing time Mpc for custom punches can be represented
approximately by

Mpc = 8+0.6Pp + 37Vph (9.8)

where
Pp = total perimeter of all punches, cm
jVp = number of punches

Equation (9.8) is used for estimating the time to manufacture nonstandard or
custom punches and for cutting the corresponding die apertures. For the standard
punch shapes, shown in Fig. 9.12, typical supplier costs for punches and die plate
inserts (called die buttons) can be divided by the appropriate tool manufacturing
hourly rate to obtain the equivalent number of manufacturing hours. With this
approach, Zenger has shown that manufacturing hours Mps for standard punches
and die inserts, and for the time to cut appropriate holes in the punch retaining
plate and die plate, can be given by

Mps = KNp + QANd h (9.9)

where
K = 1 for round holes

= 3.5 for square, rectangular, or obround holes
jVp = number of punches
NA = number of different punch shapes and sizes

Example
Determine the cost of the piercing die to punch the three holes in the part shown
in Fig. 9.13. The rectangle that surrounds the three holes has dimensions
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FIG. 9.13 Part design with three punched holes.

120 x 90 mm, and the nonstandard "C"-shaped hole has a perimeter length equal
to 260mm.

The base manufacturing score from Eq. (9.7) is

Mpo = 23 + 0.03(12 x 9) = 26 h

The number of hours required to manufacture the custom punching elements for
the nonstandard aperture is, from Eq. (9.8),

Mpc = 8 + 0.6 x 26 + 3 = 26.6 h

The equivalent manufacturing time for the punches, die plate inserts, etc., for the
two "standard" circular holes is, from Eq. (9.9),

Mps = 2 x 2 + 0.4 x 1 = 4.4 h

If 50 mm space is allowed around the part in the die set, then the required plate
area is given by

Au = (20 + 2 x 5) x (10 + 2 x 5) = 600 cm2

which gives a die set cost of $336.
Thus the estimated piercing die cost, assuming $40/h for die making, is

336 + (26 + 26.6 + 4.4) x 40 = $2,616

9.2.4 Individual Dies for Bending Operations
Bends in sheet metal parts are typically produced by one of two die-forming
methods. The simplest method is by using a v-die and punch combination as
shown in Fig. 9.14a. This is the least expensive type of bending die, but it suffers
because of the difficulty of precisely positioning the metal blank and a resulting
lack of precision in the bent part. The alternative method, which allows greater
control of bend location on the part, is the wiper die shown in Fig. 9.14b. This
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FIG. 9.14 Basic bending tools (a) v-die. (b) Wiper die.

method is most commonly used for the high-volume production of parts [4]. With
the use of dedicated bending dies it is common practice to produce multiple
bends in a single press stroke. The basic die block configurations for doing this
are the u-die (which is a double-wiper die) shown in Fig. 9.15a and the z-die
(double v-die) illustrated in Fig. 9.15b. It can readily be visualized how a
combination of die blocks and punches using v-forming and wiper techniques
can form a combination of several bends in one die. With the use of die blocks
that can move under heavy spring pressure, a combination of bends can be made
that displace the material upward and downward. For example, the part shown in
Fig. 9.16 can be formed in a single die. In this case a z-die first forms the "front
step." The lower die block then proceeds to move downward against spring
pressure so that stationary wiper blocks adjacent to the three other sides displace
the material upward.

In order to determine the number of separate bending dies required for a
particular part, the following rules may be applied.

1. Bends that lie in the same plane, such as the four bends surrounding the
central area in Fig. 9.16, can usually be produced in one die.

2. Secondary reverse bends in displaced metal, such as the lower step in Fig.
9.16, can often be produced in the same die using a z-die action.

FIG. 9.15 Basic methods of producing multiple bends, (a) u-die. (b) z-die.
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FIG. 9.16 Multiple bends produced in one die.

3. Secondary bends in displaced metal that would lead to a die-locked condition
will usually be produced in a separate die.

For example, consider the part shown in Fig. 9.17. Bends a, c, and d or bends
a, b, and d could be formed in one die by a combination of a wiper die and a

FIG. 9.17 Part design requiring two bending dies.
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FIG. 9.18 Wiper-die arrangement to produce bend b in Fig. 9.17.

z-die. The remaining bend would then require a second wiper die and a separate
press operation. For example, bend b could be produced in the second die using a
tooling arrangement, as shown in Fig. 9.18.

Referring once more to the early cost-estimating work by Zenger [2], the
following relationships were established from investigations of the cost of
bending dies. The system is based on a point score that relates directly to tool
manufacturing hours as before. First, based on the area of the flat part to be bent
and the final depth of the bent part, the base die manufacturing score for bending
is given by:

Mpo = (18 + 0.023LW) x (0.9 + 0.02£>) (9.10)
where
L,W = length and width of rectangle that surrounds the part, cm

D = final depth of bent part, cm, or 5.0, whichever is larger

An additional number of points is then added for the length of the bend lines to be
formed and for the number of separate bends to be formed simultaneously. These
are given by

Mpn = 0.68Lb + 5.8JVb (9.11)
where
Lb = total length of bend lines, cm
Nb = number of different bends to be formed in the die

Finally, the cost of a die set must be added according to Eq. (9.1).

Example
The part shown in Fig. 9.16 is produced from a flat blank 44cm long by 24cm
wide. There are five bends and the total length of the bend lines is 76 cm. The
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final height of the formed part from the top edge of the box to the bottom of the
step is 12cm.

Thus Eq. (9.10) gives

Mpo = [18 + 0.023 x (44 x 24)] x (0.88 + 0.02 x 12)
= 42.3 x 1.12 = 47.4 h

The additional points for bend length and multiple bends are
Mpn = 0.68 x 76 + 5.8 x 5 = 80.7 h

If 5.0 cm clearance is allowed around the part in the die set, then the cost of the
die set is estimated from Eq. (9.1) as

Cds = 120 + 0.36 x (54 x 34) = $780

Finally, assuming $40/h for tool making, the cost of the bending die is given by

Cd = 780 + (47.4 + 80.7) x 40 = $5900.

9.2.5 Miscellaneous Features
Other features commonly produced in sheet metal parts by regular punching
operations are lances, depressions, hole flanges, and embossed areas.

A lance is a cut in a sheet metal part that is required for an internal forming
operation. This may be for the bending of tabs or for the forming of bridges or
louver openings. In producing a lance the cutting edges of the punch are pressed
only partway through the material thickness, sufficient to produce the required
shear fracture.

Depressions are localized shallow-formed regions produced by pressing the
sheet downward into a depression in the die plate with a matching profile punch.
The punch and die surfaces in this case are analogous to the cavity and core in
injection molding, and the "cavity" is filled by localized stretching of the sheet
metal. Patterns of long, narrow depressions, called beads, are often formed onto
the open surfaces of sheet metal parts in order to increase bending stiffness. In a
depression the sheet material reduces in thickness as a result of being stretched
around the punch profile. For example, in the depression shown on the left side of
the part in Fig. 9.19, assume the material is stretched by approximately 15% in
every direction. Because the volume of metal stays constant after forming, the
thickness will have been reduced by approximately 30%. In contrast, the
embossed region shown on the right side of the part in Fig. 9.19 is reduced in
thickness by direct compression between punch and die. In this case the required
punch pressures are much larger than for the material stretching involved in
depression forming. For this reason, embossed areas are usually small, with only
modest reductions in thickness.
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FIG. 9.19 Shallow formed and embossed regions of sheet metal part.

Finally, hole flanges are produced by pressing a taper or bullet-nosed
cylindrical punch into a smaller punched hole. The material is thus stretched
by entry of the larger punch and displaced in the direction of punch travel.
Because of ductility limitations of sheet metals, typically hole flanges can only be
formed to a height of two or three times the sheet metal thickness.

The cost of dies for these miscellaneous operations can be determined from
the equations for the costs of piercing dies given in Sec. 9.2.3. Equation (9.7) is
used to determine the base cost of the die plates, punch blocks, etc. The additional
cost of punch and die machining is then obtained from Eq. (9.8). In this case
parameter Pp is the perimeter of the forming or cutting punches to be used. With
the appropriate rate for tool making and an appropriate die set cost, these
equations can provide an approximate estimate of die cost for lancing, hole
swaging, or the forming of simple depressions or embossed areas. However, if the
required formed areas of a part have surface details or patterns, then the cost of
machining appropriate die surfaces should be added. Empirical equations given in
Chapter 8, for the machining of geometrical details in matching cavities and
cores, can be used for this purpose. Combining Eqs. (8.10) and (8.11) from
Chapter 8, the number Mpx of additional hours of punch and die machining is
given by

Mpx = 0.13JVsp
1.27 (9.12)

where
ff = total number of separate surface patches to be machined on punch faces

and matching die surfaces
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9.2.6 Progressive Dies
For the manufacture of sheet metal parts in very large quantities, the hand-loading
of parts into individual dies at different presses is unnecessarily inefficient. If the
quantities to be produced can justify the additional tooling expense, then it is
usual practice to use a multistation die on a single press. Stations within the die
carry out the different piercing, forming, and shearing operations as the sheet
metal is transported incrementally through the die. To carry out this incremental
movement, the sheet metal is supplied from coil, which has to be purchased in the
required width, and which is fed through the die automatically by coil feeding
equipment mounted at the side of the press. An example of multistation operation
is illustrated in Fig. 9.20. It can be seen that the technique is to produce features
on the part at the different stations and then to separate the part from the strip at
the last one. The illustration in Fig. 9.20 shows the last station as a blanking
operation. However, as described in Sec. 9.2.1, if the part can be designed
appropriately, then the separation from the strip can take place with a part-off or
cut-off operation with reduced scrap and lower die cost. It should be noted that for
complex-shaped parts, the perimeter will usually be sheared in increments at the
different stations with only the final parts of the profile being sheared at the last
station. This allows a more uniform distribution of shearing forces among the
different stations, resulting in balanced loads on the die. It also enables bending

FIG. 9.20 Multistation die operation with strip feed.
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operations to be performed with wiper dies when portions of the perimeter around
the bend have been removed. The two additional holes in the strip skeleton shown
in Fig. 9.20 are punched at the first station and then engaged with taper-nosed
punches at the second station. This pulls the strip into more precise registration
between the stations so that part accuracy does not depend on the accuracy of the
strip feeding mechanism.

The design of progressive dies is an art form with only basic principles of
alignment, required clearances, material ductility, and loading distribution to
guide the tool engineer. Die casting or injection molding tools for the same part
produced by different designers will be almost identical. In contrast, progressive
dies for the same sheet metal part may be entirely different, with different
numbers of stations and different combinations of shearing and forming punches.
Under these circumstances early cost estimating of progressive dies can only be
approximate. For such estimates, at the sketch stage of part design, a rule of
thumb quoted in the literature [5] will be used. This can be stated as

Cpd = 2Cid (9.13)

where
Cpd = cost of single progressive die
Cid = cost of individual dies for blanking, cut-off or part-off, piercing, and

forming operations for the same part

As reported by Zenger [2] the factor 2 seems to agree with tool cost quotes for
other than very simple or very complex parts. For the latter the appropriate factor
can be as high as 3, whereas for very simple parts a factor of 1.5 may be more
appropriate.

9.3 PRESS SELECTION
A selection of typical mechanical presses used for sheet metal stamping
operations is given in Table 9.3. In choosing the appropriate press for a given
part, the main considerations will be the press bed size and the required press
force. For shearing operations, the required force is simply determined from the
shear length, gage thickness, and material shear strength. For metals, the material
strength in shear, S, is approximately half of the strength in simple tension.
Moreover, during shearing, the strains build up rapidly in the narrow shear zone
extending between the punch and die edges; see Fig. 9.21. This means that strain
hardening must be taken into account and that the tensile strength at failure,
denoted by U (ultimate tensile strength), is more appropriate than the initial yield
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TABLE 9.3 Mechanical Presses

Bed

Width
(cm)

50
80

150
180
210

size

Depth
(cm)

30
50
85

120
140

Press force
(kN)

200
500

1750
3000
4500

Operating
cost

($/hr)

55
76

105
120
130

Maximum
press stroke

(cm)

15
25
36
40
46

Strokes
(per min)

100
90
35
30
15

strength. Accordingly, the required force / for such operations as blanking,
piercing, lancing, etc., is given by

f = Q.5UhlskN (9.14)

where
h = gage thickness, m
4 = length to be sheared, m

As an example, circular disks 50 cm in diameter are to be blanked from No. 6
gage commercial-quality, low-carbon steel. From Tables 9.1 and 9.2 the thickness
of 6 gage steel is 5.08 x 10~3 m and the ultimate tensile strength U is
330 x 103 kN/m2. The required blanking force is thus given by

/ = 0.5 x (330 x 103) x (5.08 x 10~3) x (n x 50 x 10~2)
= 1316.6kN

FIG. 9.21 Shearing operation.
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Thus, the 1750kN press in Table 9.3, which can be seen to have sufficient bed
size, would be the appropriate choice.

For bending or shallow forming operations, the required forces are usually
much less than for shearing. For example, for the bending operation illustrated in
Fig. 9.22 assume that the inside bend radius, r, equals twice the gage thickness, h.
Under these conditions, as the material is bent around the die profile, through
increasing angle 6, the length of the outer surface increases to 3h6. The length of
the centerline of the material (the neutral axis in simple bending) remains
approximately constant at 2.5h9. The strain in the outer fibers of the material
is thus

e = (3h8 - 2.5h8)/2.5h8 = 0.2 (9.15)

The strain decreases to zero from the outer fibers to the centerline, and then
becomes compressive, increasing to approximately —0.2 on the inside surface.
The average magnitude of strain in the bent material is thus 0.5e under these
conditions. To obtain an approximate value of the required force we can consider
the energy balance in the process. The work done per unit volume on the material
as it forms around the die is the product of stress and strain. If we assume that the
punch radius also equals twice the thickness, then the 90 bend will be completed
when the punch moves down, while in contact with the part, through a distance of
approximately 5h. At this point the volume of material subjected to bending is

V = n((3h)2 - (2hf)Lb/4 = 5nh2Lb/4 (9.16)

where Lb is the bend length.
The energy balance can thus be represented approximately by

Q.Se x U x 5nh2Lb/4 =/ x 5h (9.17)

III

FIG. 9.22 Wiper die bending operation.
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where/ is the average press force that moves through distance 5h. Thus, under
these conditions, the press force / is given by

f = OMUhLbkN (9.18)
Comparing Eq. (9.18) with Eq. (9.14) shows that under typical bending condi-
tions the required force is only about 15% of the force required for shearing of the
same length and gage thickness. Eary and Reed [4] give an empirical relationship
for wiper die bending as

/ = 0.333ULbh2/(rl + r2)kN (9.19)

where rl is the profile radius of the punch and r2 is the profile radius of the die.
This agrees almost precisely with Eq. (9.18) for the condition rl = r2 = 2h.

For shallow forming, as illustrated on the left side of the part in Fig. 9.19, the
material being displaced downward into the die form is subjected to stretching in
every direction. During this process, the tensile stresses in the stretching material
are transmitted from the perimeter of the depression in toward its center. If the
walls of the depression make angle 6 with the part surface (Fig. 9.19), and the
stress is assumed to be approximately equal to the ultimate tensile stress, then the
vertical resisting force from the walls can be given as

f = Uhsm9LkN (9.20)

where L is the perimeter of the depression. This is equal to the required punch
force. Thus, for a depression with almost vertical walls (sin 9 =1) the required
punch force can approach twice the force required to shear the material around
the same perimeter.

Finally, the region on the right side of the part in Fig. 9.19, which has been
reduced in thickness, is referred to as having been embossed or coined. This type
of bulk forming of sheet metal between punch and die surfaces involves very high
compressive stresses. Because the displaced material must flow sideways across
the face of the die, this introduces constraints that make the process much less
efficient than pure compression. The required force for an embossing operation is
thus

f = <j)UAkN (9.21)
where
A = area to be embossed
<j> = constraint factor > 1

As the size of the embossed region increases, factor <f> increases exponentially.
Because of this, extensive embossing should be avoided whenever possible. The
alternative is to produce required surface patterns through shallow forming,
although much less precise pattern details are possible with this form-stretching
process.
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9.3.1 Cycle Times
When using individual dies for sheet metalworking, the presses must be manually
operated. This involves hand loading of parts into the dies. In the case of shearing
(blanking, part-off, cut-off, or piercing) the part can be automatically ejected from
the die after the press operation. However, for a bending or forming operation, the
press operator must also remove the parts from the die, which increases the cycle
time further.

Ostwald [6] has shown that the time to load a blank or part into a mechanical
press, operate the press, and then remove the part following the press operation is
proportional to the perimeter of the rectangle that surrounds the part. This time
can be given by

t = 3.8 + QM(L+W)s (9.22)

where
L, W = rectangular envelope length and width, cm

For shearing or piercing of flat parts, for which automatic press ejection would be
appropriate, two-thirds of the time given by Eq. (9.22) should be used. Also, for
the first press operation, the material may be supplied in strips that have been
power-sheared from large sheets into the appropriate width. These strips are then
loaded individually into the die and manually indexed forward after each press
operation. The power shearing time per part is typically small, since the strip for
several parts is produced by each shear. It will be assumed that this time is
balanced by the reduced press time per part from strip loading of the first die.

For press working with progressive dies, the cycle time is governed by the size
of the press and its reciprocating speed when operated continuously. Typical
operation speeds for a variety of press sizes are given in Table 9.3.

Example
For the part shown in Fig. 9.20 compare the cycle times and processing costs for
using individual dies to those for progressive die working. The part is to be made
from No. 8 gage stainless steel for which the ultimate tensile stress is
515MN/m2.

The outer perimeter of the part equals 370 mm and the thickness of No. 8 gage
steel is 4.17mm. From Eq. (9.14) the required shear force for blanking the outer
perimeter is

/! = 0.5 x (515 x 103) x (4.17 x 370 x 10~6)
= 397kN

For piercing the obround cutout with perimeter 149mm, the required force is

/2 = 160 kN
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Finally, the force required for bending the tab across an approximate 25 mm bend
line, with assumed 6mm tool profile radii, is given from Eq. (9.19) as

/3 = 0.333 x 515 x 103 x (25 x 1(T3) x (4.172 x l(T6)/((6 + 6) x 1(T3)
= 6.2kN

Referring to Table 9.3, it can now be seen that the blanking operation would
require the 500 kN press, and the piercing and bending operations could be
carried out on the smallest 200 kN press.

Individual Dies
For the blanking and piercing operations, we can assume automatic ejection of the
blanks and scrap. The cycle time for these two operations will thus be
approximated as two-thirds of the time for loading and unloading given by Eq.
(9.22):

^ = 0.67 x (3.8 + 0.11(10 + 11.5)) = 0.67 x 5.4
= 3.6s

For the bending operation, part unloading is required and thus

£2 = 5.4 s

Finally, applying the press hourly rates from Table 9.3 gives the processing cost
per part as

Cp = [(3.6/3600) x 76 + (3.6/3600) x 55 + (5.4/3600) x 55] x 100 cents
= 21.4 cents

Progressive Die
Using a progressive die the required press force will be approximately

/ =/i +/2 +/3 = 563 kN
The space required for the four die stations is

4 x 100 + 3(2 x 4.17) = 418.5 mm

From Table 9.3 the appropriate press has 1750 kN press force, an operating cost
of 105 $/h, and a press speed of 35 strokes/min.

The estimated cycle time per part is thus
t = 60/35 = 1.7s

and the processing cost per part is

Cp = (1.7/3600) x 105 x 100
= 5.0 cents
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9.4 TURRET PRESSWORKING
An alternative to the use of dedicated dies for the manufacture of sheet metal
parts is the numerically controlled turret press. This is a machine, as illustrated in
Fig. 9.23, that contains punches and matching dies in two rotary magazines or
turrets. Depending upon the machine size, turrets may contain as many as 72
different dies for a variety of punching operations.

The lower turret rests in the center of the press bed, the surface of which is
covered with steel balls that freely rotate in spherical sockets and that project just
above the bed surface. For this reason the press bed is sometimes referred to as a
ball table. A large metal sheet placed onto the press bed can thus slide easily to
different positions between the two turret faces. This sliding is accomplished by
gripping an edge of the sheet in two clamps attached to linear (X, Y) slideways.
The slideways are under numerical control, which allows precise positioning of
the sheet under the active punch in the machine turret. The turret is also
controlled numerically so that while the sheet is moving to the next punching
position, the turrets can be rotated to bring the desired punch and die into play.

The advantage of the turret press is that it uses general-purpose punches and
dies, which can be used to manufacture a wide range of different parts. Changing
from the manufacture of one part to another usually involves changing only one
or two of the punches and dies. This is accomplished in a matter of a few minutes.
Moreover, the punches and dies fit into standard holders and can be purchased
from tool suppliers in a large variety of standard profiles or custom-ordered. In
either case, punches and dies typically range from less than $150 for simple
cutting punches and dies up to about $750 for punches and dies for cutting
complex shapes or doing localized forming operations. The disadvantages of

Clamps mounted on
X,Y slideways

Indexing rotary turrets
containing punches
and matching dies

FIG. 9.23 Turret press.
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turret press working are that any forming operations must be shallow enough for
the part to pass between the two turret faces. Moreover, any forming of
depressions, or of lanced areas to produce projections or louvers, must be
made in an upward direction. That is, the forming punch must be in the lower
turret and the corresponding die in the upper one. This is necessary so that the
sheet can continue to slide smoothly over the ball table. Also, formed areas must
be limited in height so that they can still pass between the turret faces. The
limitation depends upon the particular machine but may be of the order of 15 mm.
This height limitation also applies to bends; if parts require bending, this must
usually be carried out as a separate operation after the turret press operations are
completed. Such bending operations are usually carried out on a special press
called a press brake, which will be described later.

The other disadvantage of turret press working is that punching operations are
carried out sequentially, and in consequence the cycle time per part may be much
longer than with dedicated die sets.

Because of these disadvantages, turret presses are most often used when parts
are required in relatively small quantities. In this case the insignificant cost of the
tools easily outweighs the disadvantage of longer cycle times. However, there is
no simple rule for choosing the appropriate process, since the changeover point
from one process to the other depends on the number of features, the type of
features, and the likely cost of dedicated tooling.

A typical turret press manufactured part is shown in Fig. 9.24. The part is laid
out to cover the sheet, usually in a regular array pattern as shown. The turret press
is programmed to punch one of the two hole types first in every row and column
position on the sheet. The turret then rotates to the punch for the other hole and
punches that one in the appropriate position for every part. Finally, cut-off

FIG. 9.24 Layout of parts produced by turret press. (—-—) Subsequent bend lines.
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(a) (b) (c)

FIG. 9.25 Turret press radius tools.

punches are used to shear the outer part perimeters. For straight edges, narrow
cutting punches typically about 6 mm thick are used to separate parts. As shown in
Fig. 9.24, the punching positions are programmed to leave small regions, called
microtabs, still connecting all adjacent parts. This allows the punching to continue
without frequent stoppages for part removal. The sheet can then be removed at the
end of the machine cycle with all of the parts attached. Parts can then be knocked
out of the sheet, or with thin-gauge material separated by simply shaking the sheet.
In industrial jargon the parts are referred to as shaker parts. External radii such as
the two lower corners of the parts shown in Fig. 9.24 are produced with a radius
tool, as shown in Fig. 9.25. For the example part, tool (a) could be used or tool (b)
in a different orientation than shown. It should also be noted that the punching of
the external profile requires a cut-off punch in two different orientations for the
vertical and horizontal edges, respectively. For most turret presses this will be
accomplished by having two different cut-off punches at different turret positions.
However, a more recent innovation is the use of so-called indexers, or tool holders,
which can be rotated under numerical control. These are not currently used on a
widespread basis. However, they open up the possibility of efficient turret press
manufacture of a much wider variety of part geometries.

Turret presses are less efficient when required to produce more complex
curved edges. In this case one method is to use a circular punch to create the
curved edge through successive closely spaced hits. This procedure, known as
nibbling, produces a scalloped edge, as shown on the lower-right corner profile in
Fig. 9.26. The height of the scallops can be reduced by using a larger punch or
reducing the pitch between hits. For the internal curved cutout in Fig. 9.26 the
size of the circular punch is determined by the width of the slot, and both slot
edges are produced simultaneously during the nibbling operation. Most turret
presses have a nibble mode in which the press cycles continuously at high speeds.
This allows rapid incremental moves of the sheet to be used for efficient nibbling.
The nibbling characteristics of a typical turret press are given in Table 9.4.

An alternative to nibbling for curved edges is the use of turret presses
equipped with profile-cutting attachments. Machines are available with either
plasma or laser cutting devices. These are typically affixed to the machine
structure at a precise distance from the center of the active turret punch. This
distance is simply placed in the numerical control file as a coordinate offset prior
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FIG. 9.26 Part geometry that requires nibbling or profile cutting.

to the commencement of profile cutting. The sheet is moved to the appropriate
start point, the cutting torch is switched on, and movement is then continued
around the required profile path. The cutting speed for either laser or plasma
cutting varies with the thickness of material and the curvature of the path being
followed; tighter curves require a slower speed to maintain a given tolerance level.
Table 9.5 gives typical average cutting speeds for 3mm gage thickness of
different metals. Plasma cutting is generally faster than laser cutting, but the
former process produces a somewhat less precise and heat-affected edge. For
thicker gages the speed difference becomes more pronounced, and from cutting
speed data in the literature [7], it appears that the effect of thickness on cutting
speed S can be given by

S = S- x (3/h)0'5 mm/s for plasma cutting
and

S = Se x (3/h) mm/s for laser cutting

(9.23)

(9.24)

TABLE 9.4 Typical Turret Press Manufacturing Characteristics

Machine setup time 20min
Loading plus unloading time per sheet

One 750 x 750mm sheet 24 s
One 1200 x 3600mm sheet 72s

Average speed between punching 0.5m/s
Nibbling speed 120 stroke/min
Maximum form height 6 mm
Machine rate, including programming costs 72 $/h
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TABLE 9.5 Plasma and Laser Cutting
Speeds for 3 mm Thick Material

Typical speed, mm/s

Material class Plasma, Sp Laser, Ss

Carbon steel
Stainless steel
Aluminum alloy
Copper alloy
Titanium alloy

60
60
75
75
50

40
35
15
20
20

where
Sp, Se = plasma and laser cutting speed values, respectively, from Table 9.5 for

3 mm thick material
h = material gage thickness, mm

9.5 PRESS BRAKE OPERATIONS

A press brake is a mechanical press with a bed several feet wide and only a few
inches deep. General-purpose bending tools, usually v-blocks or wiper-die blocks
and matching punches, are mounted at positions along the bed. At each punch
position a back stop is mounted on the rear of the bed in order for the part to be
positioned correctly with respect to the bending tool. The method of operation is
for the press operator to pick up the flat sheet metal part, turn it to the correct
orientation, push it against the back stop at the first tool position, and then operate
the press by pressing a foot pedal. If more bends are required, then the part is
turned and moved to the next punching position and the operation repeated. After
the last bend the part is stacked on a pallet beside the press. The manufacturing
characteristics of a typical press brake are given in Table 9.6.

Example
The part shown in Fig. 9.24 is to be manufactured from 16 gage (1.52 mm thick),
commercial-quality, low-carbon steel in standard sheet size 48 in. (1219.2mm) by
60 in. (1524mm).

The maximum number of parts which can be made from each sheet is 135,
from a pattern of 15 rows with 9 parts in each row and 6 mm separation between
each part. The area of each part is 94.6 cm2. The volume of each part is given by

94.6 x 0.152 = 14.38 cm3
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TABLE 9.6 Typical Press Brake Manufactur-
ing Characteristics

Machine setup time 45min
Time to load, position, brake, and

stack
One 200 mm x 300 mm part 8.50 s
One 400 mm x 600 mm part 13.00 s

Time to position and brake for
each additional bend
One 200 mm x 300 mm part 4.25 s
One 400 mm x 600 mm part 6.50 s

Machine rate 28 $/h

and the volume of material used for each part is

(121.92 x 152.4) x 0.152/135 = 20.92 cm3

Using data from Table 9.2, the cost of material per part is

20.92 x 7.90 x 10~3 x 80 = 13.2 cents

and the resale value of scrap per part is

(20.92 - 14.38) x 7.90 x 10~3 x 6 = 0.3 cents

The number of hits required to produce each part can be estimated as follows:

Internal holes 10 hits
Outside radii 8 hits
Outside edges 11 hits

In estimating the 11 hits for the outside straight edges, account is taken of the
simultaneous generation of adjacent part edges around portions of the perimeter.

A typical sheet movement speed for a modern CNC turret press is 0.5 m/s, so
the time for sheet movement between punching is of the order of 0.1 s. However,
this time does not include the dwell time for punching, the acceleration and
deceleration between stops, and the periodic delays for turret rotation to change
tools. Time studies carried out on a variety of turret press parts [8] suggest that an
average of 0.5 s per hit is appropriate for early cost estimating where hole spacing
is of the order of 50 mm or less. For large parts with significantly greater distances
between holes, extra sheet movement times of 0.1 s for each additional 50 mm can
be added.
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For the example part, the punching time per part is estimated to be

tl=Nh-x. 0.5 (9.25)

where
Nh = number of hits

Thus for the present example

f j = 29 x 0.5 = 14.5 s

From the data in Table 9.4, if the time for sheet loading plus unloading is
assumed to be proportional to the sheet perimeter, it can be expressed as

t2 = 2.0 + OA5(L+W)s (9.26)

where
L, W = sheet length and width, cm

For the sheet size used for the example part, the loading plus unloading time is
given by

t2 = 2.0 + 0.15(121.92 + 152.4) = 43 s

Note that separation of the 135 parts from the sheet can be carried out during
the total machine cycle time of 135 x 14.5 s or 32.6m. During this time
previously punched parts may also be passed between an automatic belt deburring
machine to remove sharp punched edges.

The turret press cycle time per part is thus

t= 14.5 + 43/135= 14.8s

The cost of turret press operations per part, using the machine rate of $72 /h from
Table 9.4, is estimated to be

Q = 14.8 x (72 x 100)/3600 = 29.6 cents

Applying linear interpolation to the press brake data in Table 9.6 gives the
following empirical relationship for brake bending.

t = 2(1 + Nb) + 0.05(2 + Nb)(L+W) (9.27)

where
Nb = number of required bending operations

L, W = length and width of part, cm

For the example part, Nb = 3, L = 15, and W = 7.5 and Eq. (9.27) predicts a
press brake cycle time per part of

t = 8 + 0.05 x 5x22.5 = 13.6s
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The cost for press brake operations per part is thus
C2 = 13.6 x (28 x 100)/3600 = 10.6 cents

Finally, the estimated processing part cost is given by

Cp = 13.2 - 0.3 + 29.6 + 10.6 = 53.1 cents

9.6 DESIGN RULES
In the design of sheet metal stampings the first consideration is the shape of the
external perimeter. As discussed in Sec. 9.2.1, for parts that are to be manu-
factured with dedicated dies, it is advantageous to design the outer profile with
parallel straight edges defining the part width. To allow for satisfactory shearing
in cut-off or part-off operations, the end profiles should meet the straight edges at
angles no less than 15 degrees. Whether or not this is possible, the profile shape
should not contain narrow projections or notches that will require narrow weak
sections in either punches or die plates; see dimensions marked "a" in Fig. 9.27.

Similar considerations for the avoidance of weak tool sections apply to internal
punched holes. That is, small holes or narrow cut-outs that will require fragile
punches should be avoided. In addition, internal punched holes should be
separated from each other, and from the outside edge, with sufficient clearance
to avoid distortion of narrow sections of the workpiece material during punching.
The accepted rule of thumb is that both feature dimensions and feature spacings
should be at least twice the material thickness. With reference to the part shown in
Fig. 9.27, satisfactory blanking and punching will require that dimensions labeled
"a" through "d" should all be greater than or equal to twice the gage thickness.
Note that all profile radii, such as dimension "e," are subjected to the same rule of
thumb. In this case the concern is the associated corner radii in the die plate. Radii

a
FIG. 9.27 Critical dimensions in the design of a sheet metal blank.
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equal to at least twice the gage thickness will minimize the corner stress
concentrations in the die plate, which may lead to crack formation and failure.
Finally, it is good practice to incorporate relief cut-outs dimensioned as "d," at
the ends of proposed bend lines that terminate at internal corners in the outer
profile. These circular relief cut-outs will be part of the die profile for blanking or
will be punched before the adjacent outer profile in turret press working.
However, if for any reason holes that intersect the outer profile must be punched
later, then the diameter should be at least three times the gage thickness to
accommodate the offset loading to which the punch will be subjected.

When formed features are being considered, the principal design constraint is
the maximum tensile strain the material can withstand; this is usually called the
material ductility. Typical ductility values are given in Table 9.2. Thus, if a lanced
and formed bridge as shown in Fig. 9.28 is to be incorporated into a component
made from low-carbon, commercial-quality steel, the ratio of L to H can be
calculated as follows. Assume that the transition or ramp from the surface to the
top of the bridge is 45 degrees. The length along the bridge from end to end is
approximately

Bridge length = L-2H/ tan(45) + 2H/ sin(45)
= L + Q.82H

(9.28)

Assuming uniform stretching of the bridge, the tensile strain along the bridge is
thus

e = Q.82H/L (9.29)
Thus if the maximum permissible strain in tension is 0.22 (as given in Table 9.2),
then from Eq. (9.29) successful forming will be assured if

L>3.7H (9.30)

FIG. 9.28 Lanced and formed bridge.
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This corresponds approximately to a rule of thumb quoted in the literature that the
length of bridges should be greater than 4 times their height. However, such rules
are frequently based on experience with press working of annealed low-carbon
steel. For different materials or varying geometries, such as changing the ramp
angles in the preceding example, the tensile strains must be estimated and
compared to the permissible maximum value.

A common example of a lanced and formed feature in sheet metal parts is the
louver. Louvers are often formed as groups of parallel slots in the sides of sheet
metal enclosures for air circulation and cooling purposes. Figure 9.29 shows a
section through a louver. The length of the front edge of the louver must be
greater than a certain multiple of the louver opening height H, determined by the
material ductility and the end ramp angles exactly as in the bridge calculation.
However, stretching also occurs at right angles to the louver edge where the
material is stretched upward into a circular arc as shown. This will not cause
material failure, since the front edge of the louver will be pulled backward as the
tensile stress develops in the surface. The consideration here, and the choice of
radius R in Fig. 9.29, is more one of appearance and the amount of space taken up
by a single louver.

Another type of feature, which involves stretching along a sheared edge, is the
hole flange. Figure 9.30 shows a sectional view of this feature type. Hole flanging
is often carried out to provide increased local thickness for tapping of screw
threads or for assembly with self-tapping screws. The hole flange is formed by
pressing a taper-nosed punch of diameter D into a smaller punched hole of
diameter d. The tensile strain around the top edge of the formed flange is thus

= (D- d)/D (9.31)

FIG. 9.29 Lanced and formed louver.
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FIG. 9.30 Formed hole flange.

and this value must be less than the permissible material ductility. The limit of the
ratio D/d, due to limited ductility, limits the amount of material displaced and in
turn the height of hole flanges that can be produced. Typical values of flange
height in sheet steel components, for example, range between 2 and 3 times the
material gage thickness.

In the design of beads or ribs used to stiffen open surfaces of sheet metal parts,
the cross-sectional geometry as shown in Fig. 9.31 is important. Ribs may be
circular in section as shown, or are sometimes V-shaped. In any case, for a
required height, H, the width and shape of the rib must be chosen so that the
required amount of stretching across the rib does not exceed the material ductility.
The radius at the base of the rib, in Fig. 9.31, must also be greater than a certain

FIG. 9.31 Cross section of rib.
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value to prevent overstraining the material on the underside of the part. This may
result from the bending effect along the sides of the rib and will be considered
next.

As discussed in Sec. 9.3, the maximum tensile strain in bending is in the outer
fibers of the sheet on the outside of the bend and is governed by the ratio of inside
bend radius, r, to sheet gage thickness, h. For a bend through any angle 9, the
length of the outer surface is

Ls = (r + h)6 (9.32)

and the length of the surface in the center of the sheet, on which lies the neutral
axis of bending, is

L0 = (r + h/2)9 (9.33)

Hence the strain on the outer surface is

e = (Lt- LQ)/LQ = 1/(1 + 2r/h) (9.34)

Radius r is defined precisely by the profile radius of the bending tool: either the
convex radius of the die block for a wiper die or the convex radius of the punch in
a v-die.

In any case the minimum acceptable radius value can be obtained from Eq.
(9.34) and the ductility of the material to be bent. For example, for low-carbon,
commercial-quality steel with ductility 0.22, Eq. (9.34) gives

e = 0.22=

or

r = lllh

A rule of thumb often quoted in the literature is that the inside bend radius should
be greater than or equal to twice the sheet thickness. This is, in fact, the limiting
value for a material with 20% ductility.

An additional consideration with respect to bending is the placing of other
features next to bend lines. For the part shown in Fig. 9.32 the slots would almost
certainly have to be punched after the bending operation. This is because the
small separation, /, of the edges of the slots from the bend line would result in
distortion of the slots during bending if they were punched first. This would give
rise to the need for a more expensive piercing die, since a die block would have to
be machined with a matching step to support the nonflat part. Even worse, if the
part contains other holes or slots that are now on nonparallel surfaces to the one
shown, then two separate dies and operations are needed for punching where one
would otherwise have been sufficient. The rule of thumb in stamping is that the
edge of circular holes should preferably be 2 times the sheet thickness from the
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FIG. 9.32 Punched slots adjacent to a bend.

beginning of a bend. For slots parallel to a bend this clearance should increase to
4 times sheet thickness.

The manufacture of small flat sheet metal parts can be performed with a high
degree of precision. Blanked parts or punched holes with maximum dimensions
up to 10cm can be held to tolerances of approximately ±0.05 mm However, as
part size increases, precision is more difficult to control, and for a part with
dimensions as large as 50 cm permissible tolerances are in the range of ±0.5 mm.
The requirement for tolerances much tighter than these guideline values may call
for features to be machined at greatly increased cost. For formed parts, or formed
features, variation tends to be larger and minimum tolerances attainable are in the
range of ±0.25 mm for small parts. This includes bending when dedicated
bending dies are used. Thus a tight tolerance between punched holes, which are
on parallel surfaces separated by bends, would require the holes to be punched
after bending at greater expense. If the holes are on nonparallel surfaces, then
machining may be necessary to obtain the required accuracy. Finally, in the
design of turret press parts to be bent on press brakes, it should be noted that the
inaccuracies of this bending process are substantially worse than with dedicated
dies. Attainable tolerances between bent surfaces and other surfaces, or features
on other surfaces, range from ±0.75 mm for small parts up to ±1.5 mm for large
ones.

Finally, an important consideration in the design of any sheet metal part should
be the minimization of manufactured scrap. This is accomplished by designing
part profiles so that they can be nested together as closely as possible on the strip
or sheet. Also, if individual dies are to be used, then the part should be designed if
possible for cut-off or part-off operations. Figure 9.33 illustrates the type of
design changes that should always be considered. The cut-off design lacks the
elegance of the rounded end profiles. Nevertheless, the acute sharp corner will be
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FIG. 9.33 Design changes of a three-hole bracket for minimization of manufactured
scrap.

removed during debarring, and for many applications this type of design may be
perfectly functional.
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Design for Die Casting

10.1 INTRODUCTION

The die casting process, also called pressure die casting, is a molding process in
which molten metal is injected under high pressure into cavities in reusable steel
molds, called dies, and held under pressure during solidification. In principle, the
process is identical to injection molding with a different class of materials. Die
casting can, in fact, produce parts that have identical geometries to injection-
molded ones. The reverse is also true, and much of the increase in the use of
injection molding since the mid 1980s has been as a substitute for part types that
were previously die cast. In many cases, this has been a wise substitution resulting
in decreased parts costs. However, for structural parts, particularly those for
which thick-wall injection moldings are required, die casting can often be the
better selection. The analysis of die casting costs in this chapter closely parallels
the early costing procedure for injection molding given in Chapter 8. This is
intended to allow comparisons of the two processes to be made with a minimum
of redundant effort.

10.2 DIE CASTING ALLOYS
The four major types of alloys that are die-cast are zinc, aluminum, magnesium,
and copper-based alloys. The die casting process was developed in the 19th
century for the manufacture of lead/tin alloy parts. However, lead and tin are now
very rarely die-cast because of their poor mechanical properties. A tabulation of
the specific gravity, mechanical properties, and cost of commonly used examples
of the four principal alloy groups is given in Table 10.1.

423
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TABLE 10.1 Commonly Used Die Casting Alloys

Alloya

Zamak(1)

Zamak 5(1)

A13(2)

A360(2)

ZA8(3)

ZA27(3)

Silicon brass 879(4)

Manganese^4-1

bronze 865
AZ91B(5)

Specific Yield strength
gravity (MN/m2)

6.60
6.60
2.66
2.74
6.30
5.00
8.50
8.30

1.80

220
270
130
170
290
370
240
190

150

Elastic modulus Cost
(GN/m2) ($/kg)

66
73

130
120
86
78

100
100

45

1.78
1.74
1.65
1.67
1.78
1.94
6.60
6.60

2.93
aAlloy types: (1) zinc, (2) aluminum, (3) zinc-aluminum, (4) copper, (5) magnesium.

The most common die casting alloys are the aluminum alloys. They have low
density, good corrosion resistance, are relatively easy to cast, and have good
mechanical properties and dimensional stability. Aluminum alloys have the
disadvantage of requiring the use of cold-chamber machines, which usually
have longer cycle times than hot-chamber machines owing to the need for a
separate ladling operation. The distinction between hot- and cold-chamber
machines will be discussed in some detail later in this chapter.

Zinc-based alloys are the easiest to cast. They also have high ductility and
good impact strength, and therefore can be used for a wide range of products.
Castings can be made with very thin walls, as well as with excellent surface
smoothness, leading to ease of preparation for plating and painting. Zinc alloy
castings, however, are very susceptible to corrosion and must usually be coated,
adding significantly to the total cost of the component. Also, the high specific
gravity of zinc alloys leads to a much higher cost per unit volume than for
aluminum die casting alloys, as can be deduced from the data in Table 10.1.

Zinc-aluminum (ZA) alloys contain a higher aluminum content (8-27%) than
the standard zinc alloys. Thin walls and long die lives can be obtained, similar to
standard zinc alloys, but as with aluminum alloys, cold-chamber machines, which
require pouring of the molten metal for each cycle, must usually be used. The
single exception to this rule is ZA8 (8% Al), which has the lowest aluminum
content of the zinc-aluminum family.

Magnesium alloys have very low density, a high strength-to-weight ratio,
exceptional damping capacity, and excellent machinability properties.

Copper-based alloys, brass and bronze, provide the best mechanical properties
of any of the die casting alloys, but are much more expensive. Brasses have high
strength and toughness, good wear resistance, and excellent corrosion resistance.
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TABLE 10.2 Typical Die Life
Values per Cavity

Alloy

Zinc
Zinc-aluminum
Aluminum
Magnesium
Copper

Die life

500,000
500,000
100,000
180,000

15,000

One major disadvantage of copper-based alloy casting is the short die life caused
by thermal fatigue of the dies at the extremely high casting temperatures.

Die life is influenced most strongly by the casting temperature of the alloys,
and for that reason is greatest for zinc and shortest for copper alloys. The typical
number of castings per die cavity is given in Table 10.2. However, this is only an
approximation since casting size, wall thickness, and geometrical complexity also
influence the wear and eventual breakdown of the die surface.

10.3 THE DIE CASTING CYCLE

In the casting cycle, first the die is closed and locked. The molten metal, which is
maintained by a furnace at a specified temperature, then enters the injection
cylinder. Depending on the type of alloy, either a hot-chamber or cold-chamber
metal-pumping system is used. These will be described later. During the injection
stage of the die casting process, pressure is applied to the molten metal, which is
then driven quickly through the feed system of the die while air escapes from the
die through vents. The volume of metal must be large enough to overflow the die
cavities and fill overflow wells. These overflow wells are designed to receive the
lead portion of the molten metal, which tends to oxidize from contact with air in
the cavity and also cools too rapidly from initial die contact to produce sound
castings. Once the cavities are filled, pressure on the metal is increased and held
for a specified dwell time during which solidification takes place. The dies are
then separated, and the part extracted, often by means of automatic machine
operation. The open dies are then cleaned and lubricated as needed, and the
casting cycle is repeated.

Following extraction from the die, parts are often quenched and then trimmed
to remove the runners, which were necessary for metal flow during mold filling.
Trimming is also necessary to remove the overflow wells and any parting-line
flash that is produced. Subsequently, secondary machining and surface finishing
operations may be performed.
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10.4 DIE CASTING MACHINES

Die casting machines consist of several elements: the die mounting and clamping
system, the die, the metal pumping and injection system, the metal melting and
storing system, and any auxiliary equipment for mechanization of such operations
as part extraction and die lubrication.

10.4.1 Die Mounting and Clamping Systems
The die casting machine must be able to open and close the die and lock it closed
with enough force to overcome the pressure of the molten metal in the cavity. The
mechanical or hydraulic systems needed to do this are identical to those found on
injection molding machines and described in Chapter 8. This fact should not be
surprising since injection molding machines were developed from die casting
technology.

10.4.2 Metal Pumping and Injection Systems
The two basic types of injection systems are hot-chamber and cold-chamber. Hot-
chamber systems, in which the pump is placed in the container of molten metal,
are used with alloys having low melting temperatures, such as zinc. Cold-
chamber machines must be used for high-melting temperature alloys such as
aluminum, copper-based alloys, and the ZA zinc alloys, which contain large
amounts of aluminum. The high-melting-temperature alloys used in a hot-
chamber machine would erode the ferrous injection pump components, thereby
degrading the pump and contaminating the alloy. Magnesium alloys, although
they are cast at high temperatures, can be cast in hot-chamber machines as well as
in cold-chamber machines because they are inert to the ferrous machine
components [1].

10.4.3 Hot-Chamber Machines
A typical hot-chamber injection or shot system, as shown in Fig. 10.1, consists of
a cylinder, a plunger, a gooseneck, and a nozzle. The injection cycle begins with
the plunger in the up position. The molten metal flows from the metal-holding pot
in the furnace, through the intake ports, and into the pressure cylinder. Then, with
the dies closed and locked, hydraulic pressure moves the plunger down into the
pressure cylinder and seals off the intake ports. The molten metal is forced
through the gooseneck channel and the nozzle and into the sprue, feed system,
and die cavities. The sprue is a conically expanding flow channel that passes
through the cover die half from the nozzle into the feed system. The conical shape
provides a smooth transition from the injection point to the feed channels and
allows easy extraction from the die after solidification. After a preset dwell time
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FIG. 10.1 Hot-chamber injection system.

for metal solidification, the hydraulic system is reversed and the plunger is pulled
up. The cycle then repeats. Cycle times range from several seconds for castings
weighing a few grams to 30 s or more for large, thick-walled castings weighing
over a kilogram [2]. Specifications for a range of hot-chamber machines are given
in Table 10.3.

TABLE 10.3 Hot-Chamber Die Casting Machines

Clamping
force
(kN)

900
1150
1650
2200
4000
5500
6000
8000

Shot
size

(cm3)

750
900
1050
1300
1600
3600
4000
4000

Operating
rate

($/h)

58
60
62
64
70
73
76
86

Dry
cycle

time (s)

2.3
2.5
2.9
3.3
4.6
5.6
6.2
7.5

Max. die
opening

(cm)

20.0
23.0
25.0
31.0
38.0
45.7
48.0
53.0

Platen
size
(cm)

4 8 x 5 6
56 x 64
66 x 70
70 x 78
78 x 98

100 x 120
120 x 150
120 x 150
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FIG. 10.2 Cold-chamber die casting machine elements.

10.4.4 Cold-Chamber Machines
A typical cold-chamber machine, as shown in Fig. 10.2, consists of a horizontal
shot chamber with a pouring hole on the top, a water-cooled plunger, and a
pressurized injection cylinder. The sequence of operations is as follows: when the
die is closed and locked and the cylinder plunger is retracted, the molten metal is
ladled into the shot chamber through the pouring hole. In order to tightly pack the
metal in the cavity, the volume of metal poured into the chamber is greater than
the combined volume of the cavity, the feed system, and the overflow wells. The
injection cylinder is then energized, moving the plunger through the chamber,
thereby forcing the molten metal into the die cavity. After the metal has solidified,
the die opens and the plunger moves back to its original position. As the die
opens, the excess metal at the end of the injection cylinder, called the biscuit, is
forced out of the cylinder because it is attached to the casting. Material in the
biscuit is required during the die casting cycle in order to maintain liquid metal
pressure on the casting while it solidifies and shrinks.

Specifications for a number of cold-chamber machines are given in Table 10.4.

TABLE 10.4 Cold-Chamber Die Casting Machines

Clamping
force
(kN)

900
1,800
3,500
6,000

10,000
15,000
25,000
30,000

Shot
size

(cm3)

305
672

1,176
1,932
5,397

11,256
11,634
13,110

Operating
rate

($/h)

66
73
81
94

116
132
196
218

Dry
cycle

time (s)

2.2
2.8
3.9
5.8
8.6

10.2
19.9
23.3

Max. die
opening

(cm)

24.4
36.0
38.0
46.0
76.0
81.0

109.0
119.0

Platen
size
(cm)

48 x 64
86 x90

100 x 108
100 x 120
160 x 160
210 x 240
240 x 240
240 x 240
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10.5 DIE CASTING DIES
Die casting dies consist of two major sections—the ejector die half and the cover
die half—which meet at the parting line; see Fig. 10.3. The cavities and cores are
usually machined into inserts that are fitted into each of these halves. The cover
die half is secured to the stationary platen, while the ejector die half is fastened to
the movable platen. The cavity and matching core must be designed so that the
die halves can be pulled away from the solidified casting.

The construction of die casting dies is almost identical to that of molds for
injection molding. In injection molding terminology, the ejector die half
comprises the core plate and ejector housing, and the cover die half comprises
the cavity plate and backing support plate.

Side-pull mechanisms for casting parts with external cross-features can be
found in exactly the same form in die casting dies as in plastic injection molds,
described in Chapter 8. However, molten die casting alloys are much less viscous
than the polymer melt in injection molding and have a great tendency to flow
between the contacting surfaces of the die. This phenomenon, referred to as
"flashing," tends to jam mold mechanisms, which must, for this reason, be
robust. The combination of flashing with the high core retraction forces due to
part shrinkage makes it extremely difficult to produce satisfactory internal core
mechanisms. Thus, internal screw threads or other internal undercuts cannot
usually be cast and must be produced by expensive additional machining

Ejector
pins

Cover
die half

Ejector
die half

Injection
sleeve

FIG. 10.3 Die for cold-chamber die casting machine.
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operations. Ejection systems found in die casting dies are identical to the ones
found in injection molds.

"Flashing" always occurs between the cover die and ejector die halves,
leading to a thin, irregular band of metal around the parting line. Occasionally,
this parting line flash may escape between the die faces. For this reason, full
safety doors must always be fitted to manual die casting machines to contain any
such escaping flash material.

One main difference in the die casting process is that overflow wells are
usually designed around the perimeter of die casting cavities. As mentioned
earlier, they reduce the amount of oxides in the casting, by allowing the first part
of the shot, which displaces the air through the escape vents, to pass completely
through the cavity. The remaining portion of the shot and the die are then at a
higher temperature, thereby reducing the chance of the metal freezing prema-
turely. Such premature freezing leads to the formation of surface defects called
cold shuts, in which streams of metal do not weld together properly because they
have partially solidified by the time they meet. Overflow wells are also needed to
maintain a more uniform die temperature on small castings, by adding substan-
tially to the mass of molten metal.

10.5.1 Trimming Dies
After extraction from the die casting machines, the sprue or biscuit, runners,
gates, overflow wells, and parting-line flash must be removed from the casting.
This is done either manually or, if production quantities are larger, with trimming
presses. The dies used for trimming operations are similar to blanking and
piercing dies used for sheet metal pressworking. They are mounted on mechan-
ical or hydraulic presses, and because the required forces are low, the bed area to
tonnage rating ratio is relatively large. The thickness of the metal to be trimmed is
usually in the range of 0.75 to 1.5mm.

It is desirable, when designing a casting, to locate the main gates from the feed
channels as well as the gates to the overflow wells around the parting line of the
cavity and to design a parting line that is not stepped. This simplifies both the
casting die and the trimming die.

10.6 FINISHING
Following trimming, castings are often polished and/or coated to provide
corrosion resistance and wear resistance, and to improve aesthetic appearance.
Polishing is often the only surface treatment for aluminum castings, or it may be
the preparation stage for high-gloss painting or plating of zinc castings. Before
coating, parts are put through a series of cleaning operations to remove any
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contamination that could prevent the adhesion of these applied coatings. The
cleaning operations usually performed are degreasing, alkaline cleaning, and acid
dipping.

Following cleaning, several coatings are available depending on the type of
alloy cast. These coatings may be separated into three groups: electroplating,
anodizing, and painting. Electroplating is used mainly for zinc alloy castings
because aluminum and magnesium alloys oxidize quickly, which prevents the
electroplate layers from adhering properly. Brass castings, although they may be
electroplated after removal of oxides, are often used unfinished.

The most common type of electroplating is a decorative chrome finish on zinc
die castings, which consists of several layers of applied metal. First, a very thin
layer of copper (0.008 mm) is applied to aid in the adhesion of the subsequent
layers. A second layer of copper is then sometimes added to improve the final
surface finish. Two layers of nickel, 0.025mm thick, are then applied. These
layers aid in corrosion resistance by diverting the corrosion to the outer layer of
nickel because of the difference in electrical potential between the two layers. The
final layer is a thin coat of chromium (0.003 mm), which also helps to prevent
corrosion by serving as a barrier.

Anodizing, used on aluminum, zinc, and magnesium alloy castings, provides
corrosion resistance and wear resistance, and it may also serve as a base for
painting. Anodizing of aluminum is the formation of a layer, 0.005 to 0.030mm
thick, of stable oxides on the surface of the base metal by making the casting the
anode in an electrolytic cell, with separate cathodes of lead, aluminum, or
stainless steel. This surface is usually a dull gray and therefore not ordinarily
applied for decorative purposes.

The most common form of applied coating for aesthetic appearance and
protection is painting. Paint may be applied to bare metal, primed metal, or
surfaces that have additional protective coatings. Paint is often applied by
electrostatic painting, which uses powdered paint sprayed through a nozzle
having an electric potential opposite to that of the castings.

The process of impregnation, while not a surface finishing process, is some-
times performed after the casting and polishing processes have been completed.
Impregnation is used on castings where porosity may produce structural
problems, as when castings are to be used to hold fluids or to contain fluid
pressure. The process of impregnation consists of placing the castings in a
vacuum chamber, evacuating the pores, and immersing the castings in a sealant.
The sealant is then forced into the pores once the casting is in atmospheric
pressure.

The cost of surface treatments is often represented as a simple cost per square
area of casting surface. Typical costs for the more common surface treatments and
for sealant impregnation are given in Table 10.5.
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TABLE 10.5 Costs of Common Finishing Processes

Finishing
process

Cost per 50 cm2 of
surface area (cents)

Sealant impregnation
CU/Ni/Cr plate
Polish
Anodize
Prime cost
Finish paint coat

1.8
4.5
1.3
1.6
2.1
2.4

10.7 AUXILIARY EQUIPMENT FOR AUTOMATION

Several operations in die casting may be automated in order to reduce cycle times
and to produce more consistent quality. These operations, which may utilize
mechanized equipment or simple programmable manipulations, are the removal
of the casting from the die, transfer of castings to subsequent operations such as
trimming, application of die lubricants, and transfer of molten metal to the shot
chamber of cold-chamber machines.

Automatic extraction involves the use of a mechanical manipulator that
simulates the actions of a human operator in removing the part from the die.
The fingers of the manipulator are open upon entry into the die opening; they then
close on the casting, which is usually suspended on the ends of the ejector pins,
pull it out of the die opening, and drop in onto a conveyor belt or into a trim die.
These devices range from simple two-degrees-of-freedom mechanisms to
programmable robots that are capable of multiple-axis motions. Small nonpreci-

Ladle

Pouring
hole

FIG. 10.4 Simple mechanical ladle for cold-chamber machine.
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sion die castings may simply be dropped from the die in the same manner as
small injection moldings.

Die lubricants may be applied automatically by stationary spray heads located
near the die, or by reciprocating spray heads located near the die, or by
reciprocating spray heads that enter the die after the casting has been extracted.
These are sometimes mounted on the back of the extractor arm and are sprayed as
the arm is refracting from the die.

Automatic metal transfer systems are used to transfer molten metal from the
holding furnace to the shot chamber of cold-chamber die casting machines. These
systems may be simple mechanical ladles as shown in Fig. 10.4 or a variety of
more complex systems, some of which fill at the bottom in order to reduce the
transfer of oxides.

10.8 DETERMINATION OF THE OPTIMUM NUMBER OF
CAVITIES

Die casting processing cost is the product of the die casting cycle time and the
operating rate of the die casting machine and its operator. In order to determine
the operating rate, the machine size must be known. This, in turn, can only be
determined if the number of die cavities is known. Since the procedures being
developed in this work are to be used in early design, the number of cavities that
may be used in later manufacturing cannot be determined with certainty. It can
only be assumed that the part will be manufactured in an efficient manner. Thus, a
value for what is likely to be an optimum number of cavities must be used. The
determination of this value is the subject of this section.

The optimum number of die cavities to be used in the die casting die, equal to
the number of apertures in the trim die, can be determined for a particular die
casting task by first calculating the most economical number of cavities, and then
analyzing the physical constraints of the equipment to ensure that the economical
number of cavities is practical. The most economical number of cavities can be
determined by the following analysis, which is almost identical to the one for
injection molding.

Q = cdc + ctr + c^ + cta + cta $ (io. i)
where

Ct = total cost for all the components to be manufactured, Nt, $
Cdc = die casting processing cost, $
Ctt = trimming processing cost, $

On = multicavity die casting die cost, $
Cta = multiaperture trim die cost, $
Cta = total alloy cost, $
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The die casting processing cost, Cdc, is the cost of operating the appropriate
size die casting machine, and it can be represented by the following equation:

Qc = Wn)Cdtd $ (10.2)

where
Nt = total number of components to be cast
n = number of cavities

Crd = die casting machine and operator rate, $/h
fd = die casting machine cycle time, h

The hourly operating rate of a die casting machine, including the operator rate,
can be approximated by the following linear relationship:

CtA = kl+mlF$/h (10.3)

where
F = die casting machine clamp force, kN

kl,ml = machine rate coefficients

This relationship, which is identical in form to the one for injection molding, was
arrived at through examination of the machine hourly rate data. Linear regression
analysis of the data in Tables 10.2 and 10.3 gives the following values:

Hot chamber : ^ = 55.4, ml = 0.0036
Cold chamber : ^ = 62.0, ml = 0.0052

The form of the relationship is supported by the nature of the variation of die
casting machine capital costs with rated clamp force values as shown in Fig. 10.5.
This machine cost data, obtained from five machine makers, shows a linear
relationship between clamp force and machine costs for hot- or cold-chamber
machines up to 15 MN. However, it should be noted that very large cold-chamber
machines in the range of 15 to 30 MN are associated with greatly increased cost.
For these machines, the smooth relationship results obtained in this section
should be applied with caution.

The cost of trimming, Ctt, can be represented by the following equation:

^ $ (10.4)

where
Crt = trim press and operator rate, $/h

fp = trimming cycle time, h

In the present analysis, the hourly rate for trimming is approximated by a constant
value for trim presses of all sizes. This is done because the cost of trim presses is
relatively low due to the small forces required, and therefore only small-capacity
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FIG. 10.5 Capital costs of die casting machines.

presses are necessary in the trimming of die casting alloys. For this reason, CA is
dominated by the hourly rate of the trim press operator rather than by the cost of
the press itself.

The trimming cycle time may be represented by the following equation:

tp = . h (10.5)

where
£p0 = trimming cycle time for a single-aperture trimming operation for a single

part, h
Atp = additional trimming cycle time for each aperture in a multiaperture
trimming die, mainly due to increased loading time of the multicavity casting
into the press

The cost of a multicavity die casting die, C^ relative to the cost of a single-
cavity die, Cdl, follows a relationship similar to that of injection molding dies.
Based on data from Reinbacker [3], this relationship can be represented as the
following power law:

On = (10.6)

where
Cdl = cost of a single-cavity die casting die,

m = multicavity die cost exponent
n = number of cavities
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The decreased cost per cavity resulting from the manufacture of multiple identical
cavities follows the same trend as for the manufacture of injection molds. Thus,
as discussed in Chapter 8, a reasonable value for m is 0.7.
The cost of a multiaperture trim die, Cta relative to the cost of a single-aperture
trim die, Ctl, will be assumed to follow a similar relationship, namely:

Ctn = Canm $ (10.7)

where
Ctl = cost of a single-aperture trim die, $

m = multiaperture trim die cost exponent

It is assumed that the cost exponent for multiaperture trim tools is the same as that
for multicavity die casting dies.

The equation for the total alloy cost, Cta, is

Qa = NtC3 $ (10.8)

where

Ca = alloy cost for each casting, $

Compiling the previous equations gives

Q = (NJn^k, + miF)td

+ (Nt/n)tp0+n&tp)Ctt (10.9)

If full die casting machine clamp force utilization is assumed, then

F = nfkN

or

n=F/f (10.10)

where
F = die casting machine clamp force, kN
f = separating force on one cavity, kN

Substituting Eq. (10.10) into Eq. (10.9) gives
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In order to find the number of cavities that gives the lowest cost for any given die
casting machine size, the derivative of Eq. (10.11) with respect to the clamp
force, F, is equated to zero. This gives

dCJdF = -NJ(k, rd + CAtp0)/F2

+ mF<m-»(Cd + Ct)/fm = 0

Finally, rearranging Eq. (10.12) gives

»(»+!) = Nfa td + Crtipo)/KCd + Q)] (10.13)

as the equation for the most economical number of die cavities for any given die
casting task.

Example
An aluminum die cast component has an estimated die casting cycle time of 20 s
for a single-cavity die and an estimated 7 s trimming cycle time for a single-
aperture trim die. The cost of a single-cavity die for this part has been estimated
to be $10,000 and the trim die has been estimated to be $2000. Determine the
optimum number of cavities for production volumes of 100,000, 250,000 and
500,000 assuming ^ = 62 $/h, Crt = 35 $/h, and m = 0.7.

Using Eq. (10.13), when Nt = 100, 000 components, gives

r$-1} = 100,000(62 x 20 + 35 x 7)/(3600 x 0.7 x 12,000)
MC = 2.6

Similarly, for 250,000 components, wc = 4.4, and for 500,000 components,
MC = 6.6. These numbers indicate that for production volumes of 100,000,
250,000 and 500,000, dies with cavity numbers of 3, 4, and 7, respectively,
would lead to most efficient manufacture. In practice, it is unusual to have an odd
number of cavities, so for these three cases, the likely number of cavities would
be 2, 4, and 6, respectively.

Once the most economical number of cavities has been determined for a
particular die casting task, the physical constraints of the equipment must be
examined. The first consideration is the number and position of sliding cores in
the die.

As with injection molds, sliding cores must be located in the die such that they
may be retracted, and such that there is space for their driving mechanisms. Also,
as with injection molds, cavities that require sliding cores on four sides are
limited to single-cavity dies, while cavities with cores on three sides are limited to
two-cavity dies. Cavities containing core slides on two sides are restricted to
either two- or four-cavity dies, depending on the angle between slides; see Fig.
10.6.
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FIG. 10.6 Restricted number of cavities with two side-pulls.

The remaining constraints are on the die casting machine and trim press to be
used for the task. The die casting machine must be large enough to provide the
required clamp force, as well as to provide a platen area, shot volume, and die
opening large enough for the specified casting arrangement. Similarly, the bed
area of the trim press must be large enough to accommodate the area of the shot.
If the available machines and presses cannot meet all of these constraints, then the
number of cavities must be lowered until the corresponding machine size falls
within the range of available machines. The process of determining the appro-
priate machine size will be covered in detail in the next section.
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10.9 DETERMINATION OF APPROPRIATE MACHINE SIZE

Several factors must be considered when choosing the appropriate machine size
with which to cast a particular die cast component. These factors include the
machine performance, as well as the dimensional constraints imposed by the
machine. The most important machine performance capability to be considered is
the machine clamping force. Dimensional factors that must be considered include
the available shot volume capacity, the die opening stroke length (also called
clamp stroke), and the platen area.

10.9.1 Required Machine Clamp Force
Die casting machines are primarily specified on the basis of machine clamping
force. In order to prevent the die halves from separating, the clamp force, F,
exerted by the machine on the die must be greater than the separating force,/, of
the molten metal on the die during injection:

F>f (10.14)

For a given die casting task, the force exerted by the molten metal may be
represented as follows:

f=PmApt/W (10.15)

where
/ = force of molten metal on die, kN

pm = molten metal pressure in the die, MPa
Apt = total projected area of molten metal within the die, cm

The total projected area, Apt, is the area of the cavities, feed system, and
overflow wells, taken normal to the direction of die opening, and can be
represented by the following equation:

Apt=Apc+Apo+Ap{ (10.16)

where
Apc = projected area of cavities
Apo = projected area of overflow wells
Ap{ = projected area of feed system

Figure 10.7 shows the relative size of a typical casting before and after
trimming. The proportions of Ap{ and Apo to the cavity area, Apc, vary with the
size of the casting, the wall thickness, and the number of cavities. However,
analysis of a wide variety of different castings has failed to establish any logical
relationships between the geometry of the cavity and the area of the feed and
overflow system. One reason for this situation may be, as stated by Herman [4],
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that the relationships between casting geometry and overflow size are not well
understood. The size of overflow wells is thus a matter of individual diemaker
judgment coupled with trial and error modifications during die tryout. The range
of variation of (Apo + Ap{), from examination of actual castings, appears to be
from 50% of Apc to 100% of Apc. The mean value of total casting projected area
can thus be represented approximately by

A . « 1 75^4 QO 17)pt ' pC V,1"-1 ' , /

Equation (10.17) is intended to be used at the sketch stage of design in order to
obtain a first estimate of required clamp force from Eq. (10.15). The pressure at
which the molten metal is injected into the die depends primarily on the die
casting alloy being used. Typical pressures for the main classes of alloys are given
in Table 10.6. It should be noted that the metal pressure is often increased from
the instant that the die is filled in order to reduce metal porosity and surface
defects which can result from metal shrinkage. However, this intensification of
pressure occurs when a skin of solidified metal has already formed from contact
with the die surface. This skin acts like a vessel which helps to contain the
pressure increase, and for this reason machine builders suggest that the unin-
tensified pressure should be used for clamp force calculations. Thus, the values
for£>m in Eq. (10.15) may be taken directly from Table 10.6.

10.9.2 Shot Volume
The shot volume required for a particular casting cycle may be represented by

Vs = Vc + V0 + Vf cm3 (10.18)

where
Vs = total shot volume
K. = volume of cavities

FIG. 10.7 Hot-chamber die casting before and after trimming.
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TABLE 10.6 Typical Cavity Pressures in Die Casting

Alloys

Zinc
Aluminum
ZA
Copper
Magnesium

Cavity pressure
(MN/m2)

21
48
35
40
48

VQ = volume of overflow wells
Vf = volume of feed system

As with the projected area contributions, the volumes of the overflow wells and
the feed system represent a significant portion of the shot volume. The proportion
of material in the overflow and runner system is usually considerably greater for
relatively thin wall castings. Blum [5] analyzed a number of different castings and
has suggested that the volumes of the overflow and feed systems can be
represented by the approximate relationships

F0 = 0.8Fc/AL25cm3 (10.19)
Vf = VJh cm3 (10.20)

where h is the average wall thickness of the part measured in millimeters. The
trend of these relationships is supported in part by Herman [4], who recommends
overflow volumes for die design, the average values of which fit almost precisely
to the curve

Va = Vc/h1^ cm3 (10.21)

For the present early-design assessment purposes, these tentative relationships
will be further reduced to the simple expression for shot size:

Vt=Ve(\+2/h) (10.22)

where again h = average wall thickness, mm. The difference between Eq. (10.22)
and Eqs. (10.18), (10.19) and (10.20) over the range h = 1 mm to 10mm is only
4 to 7%.

It should be noted that the feed system and overflow wells, which are trimmed
from the casting, cannot be reused immediately, as with injection moldings. The
scrap material from die casting must be returned to the material supplier, where
oxides are removed and the chemical composition is recertified. This "condition-
ing" process typically costs 15 to 20% of the material purchase cost. Material
cost per part should, therefore, be estimated from the weight of the part, plus say
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20% of the weight of overflow wells and feed system, using the costs per
kilogram given in Table 10.1.

10.9.3 Dimensional Machine Constraints
For a part to be die cast on a particular machine that has sufficient clamp force
and shot volume, two further conditions must be satisfied. First, the maximum die
opening or clamp stroke must be wide enough so that the part can be extracted
without interference. Thus, the required clamp stroke, Ls, for a hollow part of
depth D, with a clearance of 12cm for operator or mechanical extractor, will be

LS = 2D+ 12 cm (10.23)

The factor 2 is required to achieve separation from both the cavity and core.
The second requirement is that the area between the corner tie bars on the

clamp unit, sometimes referred to as the platen area, must be sufficient to
accommodate the required die. The size of the die can be calculated in the same
way as the mold base for injection molding. Thus, the clearance between adjacent
cavities or between cavities and plate edge should be a minimum of 7.5 cm with
an increase of 0.5 cm for each 100 cm2 of cavity area. Reasonable estimates of the
required plate size are given by allowing a 20% increase of part width for
overflow wells and 12.5 cm of added plate width for the sprue or biscuit.

Example
A 20 cm long by 15 cm wide by 10 cm deep box-shaped die casting is to be made
from A3 60 aluminum alloy. The mean wall thickness of the part is 5 mm and the
part volume is 500 cm3. Determine the appropriate machine size if a two-cavity
die is to be used.

Projected area of cavities is given by

A^ = 2 x 2 0 x 15 = 600 cm2

and so estimated shot area is

A^ = 1.75 x 600 = 1050 cm2

Thus, the die separating force from Eq. (10.15) and Table 10.6 is

Fm = 48 x 1050/10
= 5040 kN

The shot size is given by Eq. (10.22) to be

Vs = 2 x 500(1 + 2/5) = 1400 cm3
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FIG. 10.8 Layout of two-cavity die.

The clamp stroke, Ls, must be at least

Ls = 2 x 10 + 12 = 32 cm

The clearance between the cavities and with the plate edge is likely to be

Clearance = 7.5 + 0.5 x (20 x 15)/100
= 9.0 cm

Thus, the two cavities may be arranged end to end with 9.0 cm spacing between
them and around the edges and with a 20% width increase to allow for the
overflow wells. If an additional increase of 12.5 cm is then applied to the plate
width for the biscuit, a final plate size of 67 x 42.5 cm is obtained. The layout
within this plate is shown in Fig. 10.8. The appropriate machine from Table 10.4
would thus be the one with 6000 kN clamp force, which can accommodate plate
sizes up to 100cm x 120cm.

10.10 DIE CASTING CYCLE TIME ESTIMATION

A die casting machine cycle consists of the following elements:

1. Ladling the molten shot into the shot sleeve (for cold-chamber machines
only)

2. Injection of molten metal into the feed system, cavities, and overflow wells
3. Cooling of the metal in the feed system, cavities, and overflow wells
4. Opening of the die and the safety door
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5. Extraction of the die casting, which is usually held on the projecting ejector
pins

6. Lubrication of the die surfaces
7. Closing of the die for the next cycle

10.10.1 Ladling of Molten Metal
The time for manual ladling of the molten metal shot into a cold-chamber
machine has been studied by Ostwald [6], who presents time standards for
different shot volumes. This can be represented almost precisely by the linear
relationship

ttm = 0.0048 Vs (10.24)

where
^ = manual ladling time, s
Vs = total shot volume, cm

This time does not include the transfer of the ladle to the machine pouring hole,
which occurs while the die and safety door on the machine are closing.

10.10.2 Metal Injection
Metal injection and the resultant filling of feed system, cavities, and overflow
wells occurs extremely rapidly in die casting. This is essential to avoid premature
solidification, which would prevent complete cavity filling or cause casting
defects in which partially solidified streams of metal come together with
incomplete bonding taking place. It is clear that the problem of premature
solidification will be greater for thinner wall die castings since, during filling, a
thinner stream of molten metal, with less heat content, will contact the cooled die
walls. The Society of Die Casting Engineers [7] has recommended that fill time
should be directly proportional to the average casting wall thickness governed by
the following equation:

t{ = 0.0356(7; + 7i + 61)7(7; - Jm) (10.25)

where
t{ = fill time for feed system, cavities and overflow wells, s
7; = recommended melt injection temperature, °C
TI = die casting alloy liquidus temperature, °C

Tm = die temperature prior to shot, °C
h = average wall thickness of diecasting, mm
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TABLE 10.7 Typical Die Casting Temperatures (°C)

Alloy Injection temp.

Zinc
Aluminum
ZA
Copper
Magnesium

440
635
460
948
655

Liquidus temp

387
585
432
927
610

. Die temp. Ejection temp.

175
220
215
315
275

300
385
340
500
430

Typical values of Tit 7^, and Tm for the different families of die casting alloys are
given in Table 10.7. Substitution of these values into Eq. (10.25) yields fill times
ranging from O.OOSh to 0.015 h. It can be seen that fill times in die casting will
rarely exceed 0.1 s and are usually represented in milliseconds. Thus, for the
purposes of estimating cycle times, fill time can simply be neglected.

10.10.3 Metal Cooling
As described briefly above, the casting cycle proceeds when molten metal, at
temperature T-v is injected rapidly into the die, which is at initial temperature Tm.
The casting is then allowed to cool to a recommended ejection temperature Te,
while the heat is being removed from the die through the circulation of cooling
water.

During solidification of the metal, latent heat of fusion is released as the metal
crystallizes. This additional heat can be represented by an equivalent increase in
temperature, AT, given by the following equation:

AT = Hf/Hs (10.26)

where
Hf = latent heat of fusion coefficient, J/kg
Hs = specific heat, J/(kg K)

The equivalent injection temperature, T^, then becomes

Tit = Ti + AT (10.27)

This approach to the inclusion of heat of fusion in cooling calculations has been
used extensively in the literature. The term AT is often referred to as "superheat."

It is accepted in the literature [8] that the main resistance to heat flow from the
casting is the interface layer between the casting and the die. This is in direct
contrast to injection molding, where the resistance to heat flow is provided by the
polymer itself. This is because in injection molding, the thermal conductivity
coefficient of the thermoplastics is of the order of 0.1 W/(mK) whereas die
casting alloys have typical conductivity values of approximately 100W/(mK).
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This leads to a cooling problem in die casting which is entirely opposite to that
existing in injection molding. In injection molding, the goal is to cool the polymer
as rapidly as possible in order to reduce the major component of cycle times. In
die casting, "lubricants" are sprayed onto the die to protect the die surface, but
also to provide a heat resistant coating in order to slow cooling for satisfactory die
filling.

The resistance of the die interface is represented by its heat transfer coefficient,
Ht, which has units kW/(m2K). The rate of heat flow into the die surface is then
given by

W = HtA(T - TJ (10.28)

where
T = alloy temperature adjacent to die face, °C

Tm = temperature of die adjacent to die face, °C
A = area of contact with die surface, m

Ht = heat transfer coefficient, kW/(m2K)
W = heat flow rate, kW

Reynolds [9] has shown that for permanent mold (nonpressurized) casting of
aluminum alloy, the heat transfer coefficient with a polished die surface is as high
as 13kW/(m K). However, with a thin coat of amorphous carbon, the heat
transfer coefficient varies between 1 and 2kW/(m2K). Sekhar et al. [10]
confirmed the pronounced effects on heat transfer of the thin layers of carbon
produced from the die lubricants by the hot metal contact. They also showed that
the heat transfer coefficient is increased by applied pressure on the metal. For
typical die casting pressures between 20 and 50MN/M2, and carbon layers
between 0.05 and 0.2mm thick, Sekhar's results show an average heat transfer
coefficient value of approximately 5 kW/(m2K).

Dewhurst and Blum [11] have shown that, based on the heat transfer
coefficient as the principal heat resistance mechanism, the cooling time may be
represented by the simple equation

tc = PHS loge[(rir - TJ/(Te - TJ]hmax/2Ht (10.29)

where
p = density, Mg/m3

Hs = specific heat, J/(kgK)
TJJ = "superheat" injection temperature, °C
Tm = mold temperature, °C
re = casting ejection temperature, °C

Amax = maximum casting wall thickness, mm
Ht = heat transfer coefficient, W/(m2K)
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Example
Determine typical cooling times for zinc die castings. For a typical zinc die
casting alloy, the following parameter values can be used:

p = 6.6 Mg/m3

#s = 419J/(kgK)
J; = 440°C
re = 300°c
Tm = 175°C
Hf=ll2x 103 J/kg
Ht = 5000 W/(m2K)

Thus, from Eq. (10.26) and (10.27)

103)/419
(10.30)

= 707.3°C

Substituting the preceding values into Eq. (10.29) gives an estimate of nominal
cooling time as

4 = 0.4VaxS (10.31)

where
t'cz = nominal cooling time for zinc alloys

Amax = maximum wall thickness, mm

Similar substitutions into Eq. (10.29) with appropriate parameter values for
other die casting alloys give the following simple expressions for cooling time.

t'c = Ana* S (10.32)

where

P = cooling factor

and

/] = 0.4 for zinc alloys
= 0.47 for aluminum alloys
= 0.42 for ZA alloys
= 0.63 for copper alloys
= 0.31 for magnesium alloys

Equation (10.32) is based on the assumption that there is negligible resistance
to heat flow through the steel die and into the cooling channels. This is a good
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assumption for basically flat castings where cooling channels can be arranged
through the cavity and core blocks to cover the casting surfaces. For complex
casting shapes, however, cooling of the dies becomes less efficient and the
cooling time increases. Herman [4] has suggested that the cooling time increases
with casting complexity in proportion to the ratio of the cavity surface area
divided by the cavity projected area. However, comparisons with industrial case
studies show that this tends to overestimate the cooling time for geometrically
complex castings and that the trend represented by

tc = (A{/Ap)l'2phmax (10.33)

where
A{ = cavity surface area
Ap = cavity projected area

gives a better fit to actual cooling times.
Note that for thin wall castings, the cooling time for the feed system may be

longer than for the casting itself. A rule of thumb, obtained from industrial
sources, is that the tooling time will never be less than for a flat 3 mm thick
casting. Also, in calculating the values for Ap and A{, the overflow wells and feed
systems are neglected.

Example
Determine the cooling time for a 50mm diameter by 100mm deep plain
cylindrical cup, with 3 mm wall thickness, which is to be die-cast from aluminum
alloy.

Cavity area, A{ = 17671 mm2

Cavity projected area, Ap = 1963 mm

Thus, from Eq. (10.33), with the appropriate b value of 0.47,

te = (17671/1963)172 x 0.47 x 3
= 4.23 s

10.10.4 Part Extraction and Die Lubrication
On die opening, the ejector pins protrude through the core and push the casting,
with its feed and overflow system, into the gap between the cavity core plate.
Small nonprecision castings may then be dropped into the gap below the die,
usually into a water tank where a conveyer belt transports the part into a bin.
However, die castings always stick onto the ejector pins because of flashing
around the pin ends in the die, and a secondary ejection mechanism must be
employed to break the casting free. This usually involves putting small rack-and-
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pinion actuators behind a small proportion of the pins, which move these pins
further forward at the end of the main ejector stroke.

For larger or precision parts, the casting must be removed from the ejector pins
by the machine operator or by a pick-and-place device on an automatic machine.
In this case, the time for casting removal depends principally on casting size.
Discussions with die casters suggest that a typical time for unloading a
10cm x 15cm casting is 3 s, and that unloading a 20cm x 30cm casting will
take 5 s. If it is assumed that the unloading time increases linearly with casting
size, then these values give the relationship

tx = 1 + QM(W + L)s fotW + L>25cm (10.34)

and

fx = 3 s otherwise

where
fx = casting extraction time, s

W, L = width and length of the smallest rectangle that will enclose feed system,
cavities and overflow wells, cm

Example
A box-shaped aluminum alloy casting, 8 cm wide by 10 cm long by 2 cm deep, is
to be cast in a six-cavity die. Estimate the time for extraction of the casting from
the die casting machine.

Using the guidelines for casting layout given in Sec. 10.8, the size of each
cavity plus overflow wells will be approximately (8 x 1.2) by 10 or 9.6cm by
10 cm. Assuming a two-by-three pattern of castings with a separation of 8 cm (7.5
plus 0.5 for a cavity area of approximately 100cm ), gives a cavity array size
equal to 28 cm x 44.8 cm. Finally, allowing a 12.5 cm width increase for the sprue
or biscuit gives a total casting size of 40.5 x 44.8 cm.

The time for part extraction, from Eq. (10.34) is thus

fx = 1 + 0.08(40.5 + 44.8) = 7.8 s

The time for die opening and closing is estimated in the same way as for
injection molding. The only difference is that in die casting, the full clamp stroke
is commonly utilized to give adequate access for casting removal. As in injection
molding, the die must be opened at less than full clamp speed to allow safe
separation of casting from the cores. If 40% of full speed is assumed, as discussed
in Sec. 8.6.3, then the die opening plus closing time can be given by

fopen + ' ck«e=l -75f d S (10.35)
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TABLE 10.8 Lubricant Application Times for Die Casting
(Seconds) and Required Cycles per Lubrication

Added time

Part size

Small
(10cm

Medium
(20cm

Large

x 10cm)

x 20 cm)

Basic
time

3

4.5

6

Per
side -pull

1

1

1

Per
extra cavity

1

2

3
(30 cm x 30 cm)

Number of machine cycles per lubrication
Aluminum 1
Copper 1
Zinc-aluminum 2
Magnesium 2
Zinc 3

where

£d = machine dry cycle time

Thus, if the six-cavity die above is operated on the 6000 kN cold-chamber
machine in Table 10.3, the die opening and closing time will be given by

'open +'close = 1-75x5.8= 10.2 S

After part extraction, and before the die is closed, the die surfaces are sprayed
with an appropriate lubricant. The resulting lubricant film serves two purposes. It
forms a barrier to heat flow, as discussed in Sec. 10.10.3, to allow more time for
satisfactory cavity filling. It also protects the die surface from erosion by the high-
pressure wave of hot metal. The time for application of die lubricant depends on
the alloy being cast and on the number of cavities and cavity size. It also increases
with the number of side-pulls, since the slideways require additional lubricant
concentration. Typical times obtained from industrial contacts are given in Table
10.8.

Example
The box-shaped aluminum castings discussed above have a hole in the side wall
that requires one side-pull for each of the six cavities. The average wall thickness
is 4mm and the maximum wall thickness is 10mm. The projected area, Ap, of
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each cavity is 80 cm2 and the cavity surface area, A{, equals 280 cm2. The volume
of each casting is 85cm2. Thus, from Eq. (10.22), the shot volume is given by

Vs = 6 x 85 x (1 + 2/4) = 765 cm3

Referring to Table 10.8, the die lubrication time per cycle is given by

tl = 3 + 1 x (ns x nc) + 1 x (nc - 1) (10.36)

where
ns = number of side-pulls per cavity

= 1
nc = number of cavities

= 6

Thus

t! = 14 S

Note that if the boxes were cast from zinc alloy, then lubrication would occur
every three cycles, so the value for t\ would be 4.67 s.

The cooling time for the box castings is given by Eq. (10.33) as

te = (280/80)1/2 x 0.47 x 10
= 8.8s

The time for ladling of the molten shot into the cold-chamber machine is given
from Eq. (10.24) as

fto = 2 + 0.0048 x 765 = 5.7 s

Finally, from Sec. 10.10.2, it can be shown that the fill time will be approximately
0.05s.

Thus, the complete cycle time for the six-cavity die casting operation is as
follows:

Cooling time = 8.8
Part extraction time = 7.8
Die lubrication time =14.0
Die open/close time = 10.2

Metal ladling time = 5.7
Total = 46.5 s
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10.10.5 Trimming Cycle Time
The need for the trimming operation in the die casting process is an important
factor distinguishing die casting cost estimation from that of injection molding.
The trimming processing cost is the product of the trimming time and the hourly
operating rate of the machine and operator. As previously mentioned in the
discussion on optimum number of cavities, the hourly trimming rate can be
approximated by a constant value for all machine sizes because of the small
tonnages of the machines as well as the relatively small range of machine sizes.
This small press size requirement means that the hourly rate is dominated by the
hourly labor rate of the trim press operator rather than by the cost of the press
itself.

The trimming cycle time, including the time to load the shot into the press, is
similar to punch press loading and cycle times for sheet metalworking, given by
Ostwald [6]. These times vary linearly with the sum of the length and width of the
part and can be represented by the following relationship developed from these
data:

£S = 3.6 + 0.12(L+ W)s (10.37)

where
ts = sheet metal press cycle time, s
L = length of rectangular envelope, cm

W = width of rectangular envelope, cm

Discussion with industrial sources indicates that press loading times of die
casting shots are generally longer than sheet metal loading times. One reason for
this is that die casting shots are oddly shaped and are, therefore, more difficult to
align in the die. Additional time is also required for periodic cleaning of the
trimming die, as flash and other scrap create a buildup of debris.

It appears from data on a limited number of castings that trim press cycle times
are typically 50% higher than manual press operations for sheet metal. Thus, for
early costing purposes, the trim press cycle time can be estimated by

W)s (10.38)

Note that for castings with side holes produced by side-pulls, trimming is
required in both the die opening and side-pull directions. In some cases, these
separate trimming tasks will be carried out with separate trim tools on separate
presses. In these cases, a multiple of the time estimate from Eq. (10.38) would
give the appropriate total trimming cycle time. The cost of trim dies and the effect
on die cost of multiple trim directions are discussed in Sec. 10.10.3.
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10.11 DIE COST ESTIMATION

The tooling used for die casting is somewhat more expensive than for injection
molding. There are three main reasons for this. First, because of the much greater
thermal shocks to which a die casting die is subjected, finer steels must be used
for the die set and cavity and core inserts than are necessary for injection
molding. This gives rise to increased costs for the die set even though it is
identical in basic construction to an injection molding mold base. It also results in
greater costs for manufacturing the cavity and core inserts from the more difficult
to machine material. Second, the overflow wells and larger sprue or biscuit take
up more plate area than in injection molding with the requirement for a larger die
set than the corresponding mold base for an injection-molded part. Third, for
other than the smallest production volumes, a separate trim tool must be
manufactured to remove the flash, feed system, and overflow wells from the
finished castings.

10.11.1 Die Set Costs
A major supplier of interchangeable die sets and mold bases offers them with
three qualities of steel: No. 1 steel (SAE 1030), No. 2 steel (AISI 4130), and No.
3 steel (P-20 AISI 4130). Steels No. 1 and No. 2 are recommended for injection
molding, while steels No. 2 and No. 3 are recommended for die casting. For the
same plate areas and thicknesses, the average cost of mold bases (steel No. 1 or 2)
is compared with the average price of die sets (steel No. 2 or 3) in Fig. 10.9. The
line drawn on the graph has a slope equal to 1.25, which means that for the same
plate sizes, a die casting die set will typically be 25% more expensive than a mold
base for injection molding. Thus, from Sec. 8.7.1 in Chapter 8, the cost of a die
set, Cd, can be represented by

Cd = 1250 + Q.56Ach°p
4 $ (10.39)

where
Ac = area of die set cavity plate, cm2 (which can be estimated from the casting
layout rules given in Sec. 10.9.3)
hp = combined thickness of cavity and core plates in die set, cm.

As with injection molding, typical plate thicknesses should be based on 7.5 cm of
plate material separating the casting from the outer plate surfaces. Thus, a 10cm
plain cylindrical cup would typically have the main core mounted onto a 7.5 cm
thick core plate and the cavity sunk into a 17.5 cm thick cavity plate.

Also, as for injection molding, the plate area should be increased to allow for
any necessary side-pulls; see the description in Sec. 8.7.1.
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FIG. 10.9 Relative cost of die casting die sets.

10.11.2 Cavity and Core Costs
The equations developed for estimating the costs of cavities and cores for
injection molding in Chapter 8 can be applied directly to die casting with only
minor changes. The most important change is the use of a factor to allow for the
more difficult to machine steels and the machining of overflow wells. A survey of
die and mold makers found reasonable agreement that die casting dies are in the
range of 20 to 30% more expensive than equivalent molds for injection molding.
This also agrees with the comparison of die set to mold base costs in the last
section. It seems that typically the cavities and cores will be 25% more expensive
for die casting. The equations in Sec. 8.8.2 of Chapter 8 should, therefore, be
applied with a multiplying factor of 1.25.

The range of tolerances that can be achieved with die casting is approximately
the same as for injection molding, and the effect on cavity and core manufactur-
ing time is as given in Sec. 8.9. However, as opposed to the six different surface
finish and appearance factors applicable to injection molding, only three surface
finish categories are typically used for die casting. These can be represented as:

1. Minimum finish required to achieve clean separation from the die
2. Medium finish that will allow parts to be buffed or polished
3. Highest-quality finish, which is usually reserved for zinc alloy parts that are

to be chrome-plated to mirror standard

The percentage increases that should be used in the point cost system of Sec.
8.9 to account for cavity and core finishing are given in Table 10.9.



Design for Die Casting 455

TABLE 10.9 Surface Finish Effect
on Point Score

Percent
Appearance increase

Minimum finish 10
Medium finish 18
Highest quality 27

10.11.3 Trim Die Costs
The basic trim die performs essentially the same function as a sheet metal
blanking die. However, the trim die construction is less expensive than for
blanking dies because of the smaller forces that are encountered. Examination of
a range of industrial trim dies indicates that the cost of a die to trim a casting with
a flat parting plane and no internal holes is approximately half the cost of an
equivalent sheet metal blanking die. Moreover, if additional punches are required
to trim internal holes in a casting, then the cost is approximately the same as for
the purchase and fitting of standard punches into a sheet metal die set.

Thus, from the equations developed in Chapter 9, the cost of a trim die can be
estimated as follows. Complexity of the outer profile is defined as for sheet metal
parts by

Xp = P2/(LW) (10.40)

where
p = outer perimeter of one cast part, cm

L, W = length and width of smallest rectangle that surrounds outer perimeter of
one cast part, cm

Taking 50% of the basic manufacturing points for blanking dies give

Mto = 15 + 0.125Xp°-75 h (10.41)

Using the average of the curves used in Chapter 9 for area correction of blanking
dies gives

_/Jw = 1+0.04(Z,000'7 (10.42)

Using the sheet metal value of 2.0 equivalent manufacturing hours for the
purchase and fitting of standard punches gives the estimated hours for a basic
trim tool as

Mt=flwMm+2Nh (10.43)
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where
Mt = tool manufacturing time, h
ffh = number of holes to be trimmed

Two additional factors can substantially increase the cost of the basic trim tool.
These are the complexity of the parting line and the existence of through holes,
produced by side-pulls, which require trimming in a nonaxial direction. Data on
trim tool costs obtained from die casters suggest the following approximate
relationships for these added cost factors.

(i) Each additional trim direction will require approximately 40 extra hours of
tool making. This is the time to produce an extra trim tool with one or more
shaving punches, or to incorporate a cam action into the main trim tool for angled
punch action.

(ii) Approximately 17 h of additional tool making are associated with each
increase in parting line complexity. Parting line complexity is defined according
to the levels given in Table 8.8 of Chapter 8. Thus, a casting with parting line
complexity 4 will require approximately 68 extra hours of manufacture for the
trim tool. This time is required to produce a segmented die with cutting edges on
the different levels required to follow the parting line contour.

Example
A die casting has the following defining characteristics:

Outer perimeter, P = 68.6cm
Envelope dimension, L = 24.0 cm
Envelope dimension, W = 13.5cm
Number of holes to be trimmed, A^ = 9
Number of side pulls per cavity, ns = 1
Number of cavities, nc = 2
Parting line factor = 2

Estimate the cost of the required trim tool.

Outer profile complexity, Xp = 68.62/(24 x 13.5)
= 14.5

Area correction factor,./Jw = 1 +0.04(24 x 13.5)0'7

= 3.3
Basic manufacturing points, Mto = 15 + 0.125(14.5) '

= 16

The base manufacturing hours for the trim tool for a single cast part is given
by Eq. (10.43) as

Mt = 3.3 x 16 + 2 x 9 = 70.8h
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Two additional trim directions are required for the side-pull features, which
will require 40 added hours of tool making. The parting line has several steps,
giving a parting line factor of 2 and, thus, 34 added hours to achieve the stepped
trim die surface.

If a typical tool making rate of $40/h is assumed, then the cost of the trim
tool(s) for one cast part would be approximately

Ctl = (70.8 + 80 + 34) x 40 = $7392

In this case a two-cavity die is used, so the trim tool must have two shaving dies
and two sets of punches to accommodate the two-part casting. To allow for the
manufacture of trim tools for multicavity castings, the multicavity cost index is
used exactly as for the cost estimating of multicavity dies and molds. Thus, using
a multicavity index value of 0.7 (as used in Sec. 10.8), the estimated total cost of
the complete trim tool is

Ctn = 7392 x 2°'7 = $12,000

The actual purchase cost for the tool for trimming this casting was $14,000.

10.12 ASSEMBLY TECHNIQUES

Die castings can be produced with a variety of features that assist with assembly.
Alignment features such as chamfered pins, holes, slots, projecting alignment
edges, and so forth, have insignificant cost and yet can ensure frustration-free
quality assembly work. Unfortunately, there is no analogy to the injection-molded
snap fit elements in die casting. The only integral fastening method available
seems to be the cold forming of cast projections to achieve permanent fastening.
The cast alloy must, of course, possess sufficient ductility, and this limits the
assembly method to zinc and ZA alloys. With these alloys, projecting rivet posts,
tabs, or projecting edges can be upset or bent after assembly to achieve strong
attachment.

As with injection molding, the die casting process lends itself to the use of
inserts, which are simply loaded into the die before injection. This practice is
used widely to produce castings with steel screw studs for assembly purposes.
However, unlike injection molding, screw thread bushings are not used since
cored holes in the casting can be tapped to produce high-strength attachment.

Examples can be found of die castings with spring steel inserts where the
spring satisfies a functional requirement in the assembly. This suggests the
possible use of spring steel inserts to produce snap fit die cast parts. However,
the authors are unaware of any such application.
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10.13 DESIGN PRINCIPLES
Die casting and injection molding are closely competing processes, and the detail
design principles to ensure efficient manufacture are similar for both. Generally
accepted guidelines for die casting design are listed below.

1. Die castings should be thin-walled structures. To ensure smooth metal flow
during filling and minimize distortion from cooling and shrinkage, the wall
should be uniform. Zinc die castings should typically have wall thicknesses
between 1 and 1.5mm. Similar size castings of aluminum or magnesium should
be 30 to 50% thicker than zinc, and copper die castings are usually 2 to 3 mm
thick. These thickness ranges result in a fine-grained structure with a minimum
amount of porosity and good mechanical properties.

Thicker sections in a casting will have an outer skin of fine metal, with
thicknesses about half of the preceding values, with a center section that has a
coarser grain structure, some amount of porosity, and poorer mechanical proper-
ties. The designer should, therefore, be aware that mechanical strength does not
increase in proportion to wall thickness. However, large die castings are often
designed with walls as thick as 5mm and sections up to 10mm thick. An
important consideration in these cases is that, compared to injection molding,
little cost penalty is associated with the casting of thick sections. Recall that the
cooling time for die castings is proportional to thickness [Eq. (10.33)], while
cooling time for injection molding is proportional to thickness squared. Thus, a
5 mm thick injection-molded part will typically take about 60 s to cool, while a
5 mm thick die casting may take only about 4 s. Perhaps of greater significance, a
2 mm thick die casting, which may have the same stiffness as the 5 mm injection-
molded part, would only take 2 s to cool. This comparison suggests an economic
advantage for die casting where good mechanical properties or heavy walls are
required.

2. Features projecting from the main wall of a die casting should not add
significantly to the bulk of the wall at the connection point. As with injection
molding, this would produce delayed cooling of the localized thickened section of
the main wall, resulting in contraction of the surface (sink marks) or internal
cavitation. A general rule is that the thickness of projections, where they meet the
main wall, should not exceed 80% of the main wall thickness.

3. Features projecting from the side walls of castings should not, if possible, lie
behind one another when viewed in the direction of the die opening. In this way,
die locking depressions between the features will be avoided which would
otherwise require side-pulls in the die. Projections that are isolated when
viewed in the direction of the die opening can often be produced by making a
step in the parting line to pass over the center of the projection.

4. Internal wall depressions or internal undercuts should be avoided in casting
design, since moving internal core mechanisms are virtually impossible to operate
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with die casting. Such features must invariably be produced by subsequent
machining operations at significant extra cost.

Notwithstanding the preceding guidelines, the power of die casting lies in its
ability to produce complex parts with a multitude of features to tight tolerances
and with good surface finish. Thus, having made the decision to design for die
casting, the most important rule is to get as much from the process as is
economically possible. In this way, the structure of the assembly will be
simplified with all the resulting cost and quality benefits. The main purpose of
the procedures established in this chapter is to help the designer to identify
economic applications of the die casting process and to quantify, if necessary, the
cost of alternative designs.
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Design for Powder Metal Processing

11.1 INTRODUCTION

A variety of structural parts, bearings, gears, and so on, are produced from raw
materials in the form of powders. This area of processing is generally called
powder metallurgy, although parts can also be made from nonmetallic powders,
such as ceramics, by these methods. In the main processing sequence used, raw
material powders are mixed and then compressed into the required shape. The
compact is then heated in a controlled atmosphere (sintered) to bond the particles
together and produce the required properties of the part.

The powder metallurgy process has a number of features that are not found in
other metalworking processes, including [1—4]:

1. Precise control of material and product properties. Through careful control of
the constituent powder materials, compaction levels, and so on, precise
control of the final product properties can achieved.

2. Unique material compositions. Although most powder metallurgy parts are
produced with standard material compositions [5,6], a wide range of
compositions can be produced by the powder metallurgy process, including
combinations impossible by other means. For example, metals and ceramics
can be combined by compaction and sintering.

3. Unusual physical properties. Physical properties can be readily varied by
powder metallurgy from low-density, highly porous filters to high-density
parts with low porosity. Tensile strengths can also be varied from low to very
high. It is possible to compact dissimilar materials in layers to obtain
different properties at various places in the part. The porosity can be

461
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controlled so that impregnation with oil or other lubricants can lead to self-
lubricating properties for bearings.
Net-shape manufacturing. Complex-shaped parts that require no further
processing can be produced by the powder metallurgy process. Many
gears, cams, and so forth, which can require expensive machining to produce
from wrought material stock, can be readily produced from metal powders.
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6.

7.

Counter bores, holes, flanges, and similar features can be formed when the
parts are compacted.
Little material wastage and loss. Material wastage from the powder metal
process is very low, as illustrated in Fig. 11.1, which compares the overall
material wastage for a range of processes [7].
High accuracy and repeatability. Close tolerances and a high degree of
repeatability, particularly in the transverse direction, can be readily obtained.
Low overall energy utilization. The total energy usage by the process is low
compared to other forming and shaping processes (Fig. 11.2) [7].

11.2 MAIN STAGES IN THE POWDER METALLURGY
PROCESS

Unlike some other material shaping processes, such as injection molding or
casting, the powder metallurgy process consists of several independent stages
involving different equipment. The basic processing stages are shown in Fig. 11.3.

11.2.1 Mixing
The initial stage in the powder metallurgy process is blending and mixing of the
powder materials, together with additives such as lubricants, which are included
to aid the compaction process. Metallic stearates, such as zinc stearate, are
commonly used as lubricants for compaction and usually form 0.5 to 1.5% of the

Base powders
Alloying elements ,————, Lubricants, etc.

Filling Pressing Ejection

SINTERING

FIG. 11.3 Main processing stages for sintered powder parts. (Adapted from Ref. 2.)
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mixture. Premixed powders are available direct from suppliers, for some standard
materials, but, in general, mixing from constituent elemental or pre-alloyed
powders within the plant will be necessary. A variety of mixers are available
with different configurations and capacities. The overall purpose of mixing is to
obtain as homogeneous a mixture of powders and lubricants as possible.

11.2.2 Compaction
For the majority of engineering powder metallurgy parts, the next stage is cold
compaction of the mixed powders. This is most often achieved by die pressing,
but other methods are available. Hot compaction, which eliminates the subse-
quent sintering stage, is used for some specialized applications. In this chapter
only cold die pressing is considered in detail as this is the most commonly used
method of compaction. A wide variety of different densities, porosities, and
tensile strengths can be obtained by using different degrees of compaction or
compaction pressures.

During the compaction process, the mixed powders are pressed, usually from
both sides, by a number of separately moving punch elements, depending on the
complexity of the part. The output of the process is a "green" compact, which has
sufficient "green strength" properties to allow handling without damage prior to
sintering. The final material properties are directly related to the compaction
density achieved, as discussed in more detail in Section 11.4.

11.2.3 Sintering
During sintering the compacted parts are passed through a controlled atmosphere
furnace and heated to a temperature below the melting point of the constituent
powders. The individual particles become bonded together by diffusion bonding.
A variety of different furnace types are available. Most commonly, continuous
flow furnaces are used for high productivity, but batch furnaces are also used,
particularly if special atmosphere conditions or high temperatures are required.

11.3 SECONDARY MANUFACTURING STAGES
A number of secondary manufacturing processes can be used in conjunction with
the main processing steps, usually to refine material properties and to produce
features not obtainable from the basic processes. The commonly utilized
secondary processes are shown schematically in Fig. 11.4.

11.3.1 Repressing and Resintering
In order to achieve high component densities, partial sintering, followed by
repressing and a further sintering stage, is usually necessary. The part is
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Secondary processing stages for sintered powder parts. (Adapted from Ref.

compacted to a moderate density and then presintered. Subsequently, the part is
returned to a die set, usually different from the initial compaction die set, and
pressed again. A further final sintering stage follows to achieve the required
material properties. This combination of processes should be used only when
density is critical, because the extra processing stages increase part costs
considerably.
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11.3.2 Sizing and Coining
Secondary pressing operations (sizing) are used to refine dimensional accuracy or
compensate for warpage, and so forth, in the sintered part, with little increase in
density occurring. Coining may also be used to engrave or emboss small features
in the faces of the part. In each case a suitable die set must be designed and
manufactured, in addition to the compaction tools.

11.3.3 Infiltration
For some structural applications it is necessary to eliminate any residual porosity
from the powder metallurgy part and to increase strength properties. This can be
achieved by infiltrating the sintered part with a lower melting point metal, such as
copper, with metal being taken up into the part by capillary action. Infiltration is
often carried out by placing a suitable slug of the lower melting point material on
the base material compact and then heating to a temperature above the melting
point of the infiltrant material. Infiltration can be carried out during the initial
sintering process, but is most often done in a second pass through the furnace. In
both cases a compact of the infiltrant material must be prepared, in addition to the
main part compact, which requires an additional compaction process and
corresponding die set. A range of standard copper-infiltrated steels can be
produced by this process [5]. These materials can only be produced by the
powder metal process in combination with infiltration.

11.3.4 Impregnation
Self-lubricating properties can be achieved by impregnating the porous sintered
parts with oil. The sintered parts are usually submerged in a bath of oil for several
hours, but for the best results vacuum impregnation should be used. A range of
standard self-lubricating bearing materials are used [6], but most moderate
density parts can be given self-lubricating properties by impregnation if required.

11.3.5 Resin Impregnation
Parts can also be impregnated with plastics, such as polyester resins, either to
improve machinability or to remove porosity, which could adversely affect such
finishing operations as plating or interfere with a requirement for gas tightness.
The process is similar to oil impregnation, with the interconnected porosity filled
with resin by capillary action.
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11.3.6 Heat Treatment
Sintered parts may require heat treatment, particularly ferrous-based powder
metal parts and some aluminum alloy parts. The heat treatment processes are
generally the same as those used for wrought parts.

11.3.7 Machining
Machining may be required, in particular to produce features that cannot be
produced, or may be uneconomical to produce, by sintering. However, because
powder metallurgy is a net shape process, the amount of machining required is
generally small. Such machining is usually restricted to undercuts or threaded
holes, for example. The machining properties of sintered materials are similar to
the equivalent wrought materials and can be enhanced sometimes by resin
impregnation.

11.3.8 Tumbling and Deburring
Burrs produced during the compaction process can be removed by tumbling in a
barrel or by vibratory deburring. In this process the parts, after sintering, are
loaded into a container, together with some abrasive particles, and then tumbled
or vibrated together sufficiently to remove burrs and sharp edges.

11.3.9 Plating and Other Surface Treatments
All of the common plating processes and other surface protection treatments,
such as painting, can be used for powder metal parts. Residual porosity can cause
plating solution entrapment; consequently, plating is often preceded by resin
impregnation.

11.3.10 Steam Treating
Steam oxidizing can be used to increase surface wear and corrosion resistance of
iron-based parts. Strength properties and density are also improved. Surfaces are
coated with a hard black magnetic iron oxide (Fe3O4). The process closes some of
the interconnected porosity and all surface porosity. Parts are heated to 480 to
600°C and exposed to superheated steam under pressure. Heat-treated parts
cannot be steam-treated since the properties obtained by heat treatment will be
altered.

11.3.11 Assembly Processes
Joining powder metal parts is not commonly required because complex shapes
can be achieved relative to other forming processes. Should joining of powder
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metal parts be required, many of the commonly used welding processes for
wrought parts can be used. As a result of the residual porosity in powder metal
parts a unique joining process is possible. Parts are assembled and then infiltrated
with a lower melting point metal to effect a bond similar to brazing and soldering.

11.4 COMPACTION CHARACTERISTICS OF POWDERS
During compaction loose powders are poured into a die cavity with the
compaction punches retracted (Fig. 11.5). Then the punches are moved relative
to the die to compact the powder and increase the density. Subsequently, the
"green" compact is ejected from the tooling, prior to transfer to the sintering
process.

TABLE 11.1 Extract from Data on Standard Iron Based Materials

Material
designation
or name

F-0000-10
F-0000-15
F-0000-20
F-0005-15
F-0005-20
F-0005-25

Material
condition

(AS or HT)

AS
AS
AS
AS
AS
AS

Yield stress
(N/mm2)

89.6
124.1
172.4
124.1
158.6
193.1

Ultimate tensile
(N/mm2)

124.1
172.4
262.0
165.5
220.6
262.0

Part density
(g/cc)

6.10
6.70
7.30
6.10
6.60
6.90



Design for Powder Metal Processing 469

The final material properties of the part are largely determined by the
compaction density achieved. For example, Table 11.1 shows an extract from
the data in the Metal Powder Industries Federation (MPIF) standard on materials
[5] and shows the designation and material properties of some standard powder
metal (PM) carbon steels. As can be seen, the composition of some of these
standard materials is the same, but increased strength and modification of other
properties are achieved by compaction to increased densities. For example, see
the group of materials designated F-0005-15, F-0005-20, and F-0005-25, which
are all low-carbon steel with a 0.05% carbon content; the different properties are
achieved by the final density to which the material is compacted. The conse-
quence of this is that for reasonably uniform properties in powder metal parts, it is
necessary to achieve relatively uniform density in the "green" compacts. The
basic mechanics of the powder compaction process influence the ways in which
this can be done.

11.4.1 Powder Compaction Mechanics
The mechanics of powder compaction is governed by friction between the die and
the powder and between the individual powder particles. Friction losses cause
localized reductions in compaction pressure, and as a result stresses are not
distributed uniformly throughout the compact. First, for all but very thin parts
(< 6 mm), it is necessary to compact the powder from both sides. Figure 11.6 [8]
shows the density distribution in a nickel powder compact pressed only from one
side. The highest densities are found in the upper outer circumference, where the
wall friction causes the maximum relative motion of the particles. The lowest
densities occur in the bottom of the compact remote from the moving punch.
Thus, in order to achieve more uniform density, it is necessary to press from both
sides with independently moving punches. However, in this case the lowest
densities are in the middle of the part due to the effects of container wall friction
(Fig. 11.7). Even with double compaction the density gradients impose a limit on
the total length of the compact. Successful compaction becomes difficult to
achieve when the length-to-diameter ratio of the compact exceeds 5 to 1 [1].

Many powder metal parts consist of a number of levels of different thicknesses
in the compaction direction. In order to achieve uniform density in the compact,
and hence uniform properties, these different levels must be compacted by
separately moving punches. For example, Fig. 11.8 shows a cross section through
a part with two levels [8]. If this is compacted with only one lower punch, with a
step machined in the upper face, different compression ratios will be achieved in
the columns of powder associated with each level, resulting in higher densities in
the thinner portion of the compact. In order to achieve more uniform density, it is
necessary to separate independently moving lower punches, with the relative
movements controlled, to obtain the same compression ratio within each level.
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FIG. 11.6 Density distribution in a nickel powder specimen compacted from one side
only (densities in gm/cc). (From Ref. 8.)
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FIG. 11.7 Density variations during two-sided compaction.
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One lower punch

Two lower punches

FIG. 11.8 Density variations in a two-level part. (From Ref. 8.)

From this it can be seen that to achieve uniform properties in a part, the overall
complexity of the tooling must increase with the number of different thicknesses
or levels in the parts produced.

11.4.2 Compression Characteristics of Metal Powders
The loads required during compaction are determined from the pressures required
to achieve a certain density in the parts. Figure 11.9 shows some typical
compaction curves for different materials [8]. Such curves are usually obtained

Compacting pressure, tsl
10 20 30 40 50

30
100 200 300 400 500 600 700

Compacting pressure, MPa

••- Atomized Aluminum
-m~ Atomized Iron
•+• Electrolytic Copper
-*- Sponge Iron

FIG. 11.9 Typical compression curves for metal powders. (From Ref. 8.)
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TABLE 11.2 Typical Compaction Pressures for Powder Materials

Material

Aluminum
Brass
Bronze
Carbon
Carbides
Alumina
Steatites
Ferrites
Iron (low density)
Iron (medium density)
Iron (high density)
Tungsten
Tantalum

Tons/in2

5-20
30-50
15-20
10-12
10-30
8-10
3-5
8-12

25-30
30-40
35-60

5-10
5-10

MPa

69-276
414-687
207-276
138-165
138-414
110-138
41-69

110-165
345-414
414-552
483-827
69-138
69-138

From Ref. !

from standard tests using short, cylindrical specimens. As can be seen, as the
compaction pressure is increased, the density increases rapidly at first and then
slows down, so that the curve eventually becomes asymptotic to a density
somewhat below the wrought density of the material. It is difficult to obtain
high-density parts because at higher densities the applied loads must be increased
by large amounts to obtain even small increases in the part density. For this reason
the maximum density obtained using a single compaction operation and sintering
is usually around 90% of the equivalent wrought density of the material. Typical
compaction pressures for a range of materials are given in Table 11.2.

In order to achieve near full density parts it is necessary to use additional
processing steps. In particular, repressing and resintering can be used. This can be
illustrated by Fig. 11.10, which shows compaction curves for iron powders for
single pressing and for repressing. It can seen that to achieve a part density of,
say, 7.3 g/cc by single pressing, it will be necessary to use compaction pressures
of 65 tons/in. (896 MPa), which will produce high loads and require tooling of
increased strength. By repressing and resintering, the initial compaction can be
reduced to 6.85 g/cc, with moderate pressures of around 35 ton/in.2 (483 MPa).
Repressing is then carried out at the same compaction pressure to achieve the
required density. The total costs of the part will, however, be increased
considerably because of the extra processing stages required and a second set
of compaction tooling for repressing.

Compaction curves for most materials follow the basic configuration shown in
Fig. 11.8, with the precise shape of the curve dependent on the material and shape
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FIG. 11.10 Compression curves for single compaction and repressing of iron powder.

of the raw powder particles among other things. Compaction curves can be
approximated by a power law relationship such that:

P = Apb

where P is the compaction pressure and p is the part density. The constants A and
b can be determined from two values of P and p obtained from suitable tests (Fig.
11.11). Compaction curves are usually obtained from tests on cylindrical shapes
with the height equal to the diameter. Consequently, for thicker parts the load
must be increased for the required density to compensate for the increased
container wall friction. This correction should be around 25% for a part length-to-
diameter ratio of 4 to 1. Thus the required compacting pressure can be obtained
by increasing the value Pl (Fig. 11.11 a), obtained from the basic compaction
curve, by a factor K, obtained as illustrated in Fig. 11.lib; i.e.,

for L/D > 1

K = 0 for L/D < 1

Therefore, the total pressure required is given by
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FIG. 11.11 Correction of compaction pressures for increased part thickness.

For parts that are not cylindrical, an equivalent L/D ratio can be used given by

where V is the part volume and A is the projected area in the compaction
direction.

11.4.3 Powder Compression Ratio
The depth of loose powder (fill height) required to give the final thickness of the
compacted part is determined from the powder compression ratio at the required
density (Fig. 11.12). The compression ratio of the powder is given by

kt = p / p a
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FILL COMPRESSION

FIG. 11.12 Fill height and ejection stroke during powder compaction. (From Ref. 9.)

where pa is the apparent density of the loose powder, which is dependent on the
size and shape of the powder particles in the mixture. The compression ratio
determines the fill height of powder required for any thickness variations in the
final part.

11.5 TOOLING FOR POWDER COMPACTION
The requirement of maintaining relatively uniform densities means that each
separate thickness in powder metal parts must usually be compacted by separately
moving punch elements. Small thickness changes (< 15% of the part thickness)
can be accommodated by steps in the punch faces with little loss of density
uniformity. Various mechanisms are used for achieving the necessary relative
motions in the tooling for successful compaction. The main elements for a typical
tool set for a multilevel part are shown in Fig. 11.13. The tool set consists of a die,
inside which the relative movement of the punch elements to compact the
powders takes place. Any through holes in the part are formed by core rods
which remain at the same relative position to the upper die surface during the
compaction cycle. Other ancillary elements such as punch holder rings, core rod
holders, stops, and so on, are required to complete the tool set.
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FILL
POSITION COMPACTED

POSITION

FIG. 11.13 Typical compaction tool elements for a multilevel part. (From Ref. 9.)

During the compaction cycle, the punches are initially retracted to positions to
accommodate the fill of loose powder. The retracted positions of the lower
punches during filling are determined by the product of the corresponding part
thicknesses and the powder compression ratio, kt. Following filling, the compac-
tion is achieved with the various punches moving relative to each other to give
similar compaction densities in the various thicknesses in the part. Finally, after
compaction, the "green" compact is ejected and the compression cycle is
repeated for the next part.

The complexity and cost of compaction tooling increase as the number of
levels or thickness changes in the part increases, since each separate level must be
compacted by separately moving punch elements. Many presses utilize standard
die sets, with an inserted die held by a suitable tool steel clamping ring. These die
sets may be removable or nonremovable. In either case the die sets must be well
guided because of the small clearances between tooling elements required.
Removable die sets are normally used for press capacities up to around 300
tons, after which the die sets become too large to be readily handled into and out
of the press, but occasionally larger removable die sets are used.
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11.5.1 Compaction Dies
The die controls the outer peripheral shape of the part, which can contain intricate
detail of almost any shape. Compaction dies are usually cylindrical, with the
overall thickness dependent on the part thickness and the fill height of powder
required. Die surfaces must be highly wear resistant, and the preferred material is
tungsten carbide. However, because the cost of carbide is over 10 times that of
tool steel, dies are usually constructed with inner carbide inserts, which are
shrink-fitted into a tool steel ring. This tool steel ring has a standard outside
diameter to suit the recess in the die set or press bed being used. The die insert
size that can be accommodated on a particular press is limited.

The required die insert size for a specific part is dependent on the shape being
compacted. Preferably any core rods should be as near to the center of the press as
possible, and for parts with multiple through holes, positioning the centroid of the
projected area of the part at the die center is usually appropriate. A basic rule for
determining the carbide insert size required is the diameter of the circle enclosing
the part, centered on the centroid, plus an extra amount of material (Fig. 11.14),
which is usually not less than 10 mm. The outer die ring, as a practical rule, has a
diameter at least three times that of the carbide insert.

11.5.2 Punches for Compaction
Separate punches are required for each level or thickness of the part. These
punches move relative to each other during compaction, with the longer punches
passing through the shorter punches. Punches must be carefully lapped to ensure
close fitting with each other and with the die inner profile. Punches are usually
manufactured from cylindrical tool steel stock, by combinations of turning,
milling, profile grinding, and lapping.

11.5.3 Core Rods for Through Holes
Through holes of almost any profile can be achieved in powder metal parts, which
allows features very difficult or costly to produce by other processes to be readily
obtained. Through holes are produced in the part by core rods of the appropriate
cross section. Core rods are the longest elements in the tool set. They may have
very small cross sections, but such small cross-section rods are relatively difficult
and expensive to manufacture. In addition, since core rods are subjected to a cycle
of compressive stresses during compaction and tensile stresses during part
ejection, the fatigue life of small cross-section rods may be severely reduced.
Core rods are produced from tool steel and carbide by similar methods to those
used for punches. In all cases, holes of the appropriate shape must be machined in
the punches through which the core rods pass.
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CARBIDE INSERT DIAMETER

FIG. 11.14 Compaction die insert dimensions.

11.5.4 Die Accessories
All die sets require a number of additional accessories to be produced, including
core rod holders, punch adapters, stops, fasteners and so on. In general, these are
produced from tool and other alloy steels.

11.6 PRESSES FOR POWDER COMPACTION
Powder compaction presses may be mechanically or hydraulically driven and
differ mainly in the number of actions present in the press mechanisms. Presses
are available in a wide range of capacities up to around 25,000 kN (2800 tons).
Single-action presses and tooling, in which parts are compacted from one side
only, are restricted to relatively thin one-level parts. Double-action presses and
tooling systems allow compaction of the part from both sides. Various tool set
mechanisms allow the compaction of multilevel parts to be accommodated,
although two-level parts are most commonly processed. Multiple-action (adjus-
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table stop) presses, which are capable of producing the most complex parts, are
also available.

11.6.1 Factors in Choosing the Appropriate Press
Table 11.3 lists some relevant data for a representative range of compaction
presses. The main items that determine the appropriate press for a particular part
are as follows:

The number of vertical punch motions possible
Load capacity of the machine
Maximum fill height possible
Maximum ejection stroke possible
Maximum die diameter that can be accommodated

TABLE 11.3 Data on a Range of Typical Compaction Presses

Type of
press

SA
DA
SA
DA
DA
SA
DA
DA
SA
DA
DA
MA
DA
DA
DA
MA
DA
MA
DA
DA
DA
MA
DA

Capacity
(kN)

36
45
53
89

134
142
178
267
312
400
534
534
587
890
979

1113
1335
1780
1958
2670
3115
4450
4895

Maximum
stroke rate
(per min)

150
90

150
60
60

100
50
50
60
40
40
40
34
30
30
40
30
30
30
25
25
20
18

Minimum
stroke rate
(per min)

25
15
20
10
10
15
8
8

10
7
7
7

12
7

12
7
7
7

10
7
7
7
6

Maximum
fill height

(cm)

1.524
3.810
1.905
5.080
6.985
1.905
8.255
8.255
1.905

11.430
15.875
15.875
11.430
15.875
15.240
15.875
15.875
15.875
15.240
11.430
15.875
15.875
11.430

Maximum
die insert

diameter (cm)

5.72
7.30
9.52

11.18
15.24
13.34
20.99
20.32
15.24
15.24
20.32
20.32
19.20
20.32
21.74
21.59
21.59
22.86
26.67
25.40
25.40
25.40
50.80

SA, single action; DA, double action; MA, multiple action.
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Punch Motions
Some machines are only capable of pressing from one direction and consequently
can only be used for relatively thin single-sided parts. Other machines can press
from above and below using separate punch actions at the same time, and with
suitable tooling they can be used to produce multilevel parts.

Load Required
The total load required for a part is determined by the product of the pressure
needed to compact the part to the required density and the projected area of the
part in the compaction direction. Determination of the compaction pressure has
been described in Sec. 11.4.2.

Fill Height
The fill height or depth of the fill (Fig. 11.14) is the height of the loose powder
required to give the part thickness after compaction. The value is determined by
the compressibility of the loose powder at the required density. The fill height is
obtained by multiplying the finished part height by the compession ratio of the
material:

Fill height, hf = tkt

where t is the part thickness and kt is the compression ratio.
If the fill height is greater than the maximum that can be accommodated in the

press selected on the basis of the compacting load required, a larger-capacity
machine must be used. This may be necessary for thick parts with a relatively
small cross-sectional area.

Ejection Stroke
The ejection stroke is equivalent to the part thickness plus the penetration of the
upper punch into the die (Fig. 11.12). If a greater ejection stroke is required than
is available on the press selected on the basis of compacting load, then a large-
capacity machine must be used, but often this problem can be overcome by
suitable design of the tooling. Consequently, ejection stroke is not a major
determining factor in press selection.

Maximum Die Diameter
Presses and tool sets have a maximum die size that can be accommodated. The
required die size for a particular part is determined by the procedure described in
Sec. 11.5.1. If the required die size is greater than can be used in the press
selected from the compaction load, it will be necessary to use a press of larger
capacity that can accommodate the required die size. This may be necessary for a
part that has a large circumscribing circle diameter, but a relatively small
projected area in the compaction direction.
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TABLE 11.4 Data on a Range of Typical Coining and Sizing Presses

Type of
press

DA
DA
DA
DA
DA
DA
DA
DA
DA
DA
DA
DA
DA

Capacity
(kN)

30
45
80

134
150
267
300
356
534
890

1000
1780
2500

Maximum
stroke rate
(per min)

112
200

90
200
100
60
60

150
100
60
50
60
30

Minimum
stroke rate
(per min)

47
50
15
50
17
10
22
30
15
10
17
10
5

Maximum
clearance

height (cm)

1.600
1.600
3.000
2.540
4.000
3.810
6.500
4.140
5.080
5.080
7.500
5.080

10.000

Maximum
die insert

diameter (cm)

5.08
5.08
6.35
7.62
8.89

11.43
12.70
15.24
21.59
20.32
20.32
20.32
20.32

DA, double action.

11.6.2 Presses for Coining, Sizing, and Repressing
Presses for secondary pressing operations, including coining, sizing, and repres-
sing, are similar to compaction presses, but the powder fill mechanisms are
replaced by part loading systems. The shorter strokes required for these opera-
tions result in faster cycle times than for compaction presses of similar capacities.
Tool designs are similar to compaction, but punch and core rod lengths are
considerably smaller as a result of the shorter working strokes required. Table
11.4 lists data on a selected range of secondary operation presses. Selection
procedures for these presses are essentially the same as for compaction presses,
and it is normally assumed that the loads required are the same as for compaction.

11.7 FORM OF POWDER METAL PARTS
Parts suitable for manufacture by the powder metallurgy process generally consist
of one or more levels, with each level being effectively an extruded two-
dimensional profile. The profiles at each level may be complex and contain
intricate shape features. For example, finished gear profiles can be readily
produced. Figure 11.15 shows some typical powder metal parts from industry.

The prime objective in compaction is to compress the powder and achieve
relatively uniform density in the compact. Thin (< 6 mm) single-layer parts can
be successfully pressed from one side only with a single punch and require a
relatively simple single-action press. Steps of less than 15% of the part thickness
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FIG. 11.15 Typical powder metal parts.

can be accommodated by steps in the punch faces without too much variation in
density. Thicker single-layer parts require pressing from both sides, with two
punches moving from above and below at the same time. In multilevel parts each
level requires a separate moving punch for successful compaction. Such parts
require more complex tooling and presses capable of multiple-action pressing.
The number of separate moving punches that can be accommodated in a die set is
limited and parts with up to three levels per side of the part can be produced, but
most parts have fewer levels than this (Fig. 11.16). Through holes can be formed
during compaction and each hole requires a separate core rod, which passes
through the punches in the die set.

Tooling costs are increased by the number of levels in the part and the number
of through holes. Small-sized through holes require fragile core rods, and their
presence tends to increase tool maintenance costs.

The MPIF [9] classifies parts into four complexity levels as follows:
Class I—thin one-level parts of any contour
Class II—thick one-level parts of any contour
Class III—two-level parts of any thickness and contour
Class IV—multilevel parts of any thickness and contour

Table 11.5 indicates the pressing requirements of these classes of parts.
However, some consideration of the profile complexity and number of cores is
required to indicate increased tool complexity.
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FIG. 11.16 Levels in powder metal parts.

TABLE 11.5 Press Requirements for MPIF Parts Classification [1]

Part class
Number of

levels Press actions

1
1
1

>2

Single
Double
Double
Double or multiple
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11.7.1 Profile Complexity
Intricate profiles of almost any shape can be obtained in the outside profile of the
part and similarly in the through holes and individual levels. An indication of
increased profile complexity can be determined by a suitable complexity factor. A
relation that indicates the profile complexity is the ratio of the perimeter to the
perimeter of a circle containing the same area; this is the shortest perimeter that
can contain the same area, i.e.:

Fc =

where Fc is the complexity factor, Pt is the profile perimeter, and A is the area
contained within the perimeter.

11.8 SINTERING EQUIPMENT CHARACTERISTICS

Sintering is the process during which the powder particles bond together at
temperatures below the melting point of the major constituent elements. In order
to achieve the required material properties, the compacts must be heated in a
controlled atmosphere to a prescribed temperature (sintering temperature) and
held at this temperature for a prescribed time (sintering time). Normally, a
preheating phase, mainly to burn off lubricants added to aid compaction, is used
prior to the sintering phase. A controlled cooldown period is also required. Table
11.6 shows typical sintering temperatures and times for some of the major
material classes processed.

TABLE 11.6 Typical Sintering Temperatures and Times for Different Materials

Material
type

Bronze
Copper
Aluminum
Brass
Iron-based
Nickel
Stainless steel
Ferrites
Cemented carbides
Molybdenum
Tungsten
Tantalum
Titanium

Sintering
temperature

(°C)

815
870
600
870

1150
1040
1150
1370
1460
2050
2350
2400
1200

Sintering
time
(min)

15
25
20
20
25
38
40

10-600
90

120
480
480
120
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TABLE 11.7 Typical Operating Temperatures for
Sintering Furnaces

Maximum operating
Furnace temperature
type (°C)

Continuous flow
Belt 1150
Pusher 1150
Roller-hearth 1150

Walking beam 1650
Batch type

Bell 2800
Elevator 2800
Vacuum 2800

11.8.1 Sintering Equipment
Furnaces for sintering can be divided into two main types: continuous-flow and
batch-type furnaces. For high productivity continuous-flow furnaces are
preferred, because of the high throughput rates possible. However, when high
temperatures or very pure atmosphere conditions are required, batch-type
furnaces may be necessary (Table 11.7).

Continuous-Flow Furnaces
Four distinct types of continuous flow furnaces are used (shown schematically in
Fig. 11.17): mesh belt furnaces, roller-hearth furnaces, pusher furnaces, and
walking-beam furnaces. Table 11.8 lists the basic features of a range of
commercially available continuous-flow furnaces. Mesh belt furnaces are the
most widely used, particularly for small parts, mainly because of the ease of
maintaining a consistent temperature profile throughout the furnace. Parts are
placed directly on the belt or onto thin ceramic or graphite plates on the belt.
Mesh belt furnaces have limitations on belt load [usually less than 201b/ft2

(73.34kg/m2)] and in maximum temperature (usually 1150°C).
In roller-hearth furnaces parts are carried on trays driven by rollers. These

furnaces can be of large capacity and carry heavier loads than conveyor furnaces.
Maximum temperatures are limited to around 1150°C (2100°F). In pusher
furnaces parts are loaded onto trays or ceramic plates that are pushed through
a stationary-hearth furnace. Throughput rates are generally lower, but these
furnaces can operate at higher temperatures [1650°C (3000°F)]. For walking-
beam furnaces, parts are placed on ceramic carrier plates and moved through the
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MESH-BELT CONVEYOR FURNACE

ROLLER-HEARTH FURNACE

PUSHER FURNACE

WALKING-BEAM FURNACE

FIG. 11.17 Continuous-flow furnaces. (From Ref. 8.)

TABLE 11.8 Data on Typical Continuous Furnaces

Type of
furnace

Belt
Belt
Belt
Belt
Belt
Belt
Belt
Beam
Beam
Beam
Beam
Beam
Pusher
Pusher
Pusher

Maximum
temp.
(°C)

1150
1150
1150
1150
1150
1150
1150
1204
1232
1232
1371
1371
1399
1427
1427

High heat
zone

length
(m)

0.91
1.83
2.44
3.05
3.66
4.57
5.49
2.23
3.05
3.66
4.27
9.14
1.52
2.44
3.05

Overall
length

(m)

4.57
9.14

12.19
14.78
14.78
15.54
17.17

8.03
13.11
15.54
18.59
24.54

4.82
7.32

10.06

Feeder
width
(cm)

15.24
30.48
45.72
60.96
60.96
66.04
60.96
30.48
60.96
43.18
38.10
76.20
20.32
30.48
30.48

Throat
height
(cm)

7.62
10.16
15.24
15.24
15.24
15.24
15.24
15.24
15.24
12.70
10.16
10.16

7.62
10.16
10.16

Load
capacity
(kg/m2)

73.24
73.24
73.24
73.24
73.24
73.24
73.24

244.15
244.15
244.15
244.15
244.15
97.66
97.66
97.66

Operating
cost
($/h)

100
120
144
170
180
216
240
156
192
240
300
300
120
168
240
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TIME

FIG. 11.18 Temperature profile for continuous-flow furnace. (From Ref. 9.)

furnace by a walking-beam mechanism. These furnaces have high load capacities
and can sustain higher maximum temperatures than mesh belt furnaces [1650°C
(3000°F)].

Most continuous-flow furnaces are divided into three zones: a burnoff zone, a
sintering or high-heat zone, and a cooling zone. A typical temperature profile for
parts passing through the furnace is as shown in Fig. 11.18. In the burnoff zone,
moderate temperatures of about 650 to 950°C are maintained. The purpose of this
zone is to remove any lubricants and so on, before final sintering takes place. In
the sintering zone, parts must be maintained at the sintering temperature for a
length of time equal to the sintering time appropriate for the part material.
These two parameters determine the speed at which parts move through the
furnace, which, combined with the number of parts that can be accommodated
across the width of the furnace conveyor, determine the overall throughput of
parts.

In the cooling zone, parts are maintained in a controlled atmosphere until the
temperature is low enough to prevent oxidation occurring if the parts are
discharged into the air.

Batch Furnaces
Batch-type furnaces are generally capable of higher maximum temperatures than
continuous-flow furnaces (Table 11.7), but production rates are relatively low.
The two main types of batch furnace are bell (Fig. 11.19) and elevator furnaces.
In both cases the batch of parts is stacked on the furnace base before being loaded
into the furnace. Most vacuum furnaces are also batch-type furnaces, although
some continuous-flow vacuum furnaces are in use.
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FIG. 11.19 Bell-type batch furnace. (From Ref. 9.)

Cycle times for batch furnaces are long and may extend to 10 h or more.
Figure 11.20 shows a typical heating and cooling cycle for a batch vacuum
furnace. Parts must still be maintained at the sintering temperature and time
appropriate for the material of the part. However, the cycle time is dominated by
the long heating and cooling times required for batch furnaces. Table 11.9 shows
the parameters of a range of commercially available batch furnaces.

Time (H)

FIG. 11.20 Heating and cooling cycle for a vacuum batch furnace. (From Ref. 9.)
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TABLE 11.9 Data for Typical Batch Sintering Furnaces

Heating space dimensions

Type of
furnace

Vacuum
Vacuum
Vacuum
Vacuum
Bell
Elevator
Bell
Vacuum

Maximum
temp. (°C)

1316
1316
1316
1316
1538
1528
1649
1649

Length
(m)

0.36
0.61
0.91
1.22
1.22
1.22
1.22
1.22

Width
(m)

0.20
0.46
0.61
0.91
1.75
1.22
1.22
0.70

Height
(m)

0.15
0.23
0.51
0.61
1.75
1.40
1.22
0.70

Operating
cost ($/h)

96
108
120
168
216
240
216
260

11.9 MATERIALS FOR POWDER METAL PROCESSING

Practically all metals and some ceramics can be made into powder and processed
into parts by using basic powder metallurgy methods. The most widely used
metal material groups are carbon steels, alloy steels, stainless steels, copper
alloys, and aluminum alloys. Table 11.10 lists some basic groups of materials that
are processed by using powder metallurgy methods. The MPIF has established a
range of standard structural materials [5], including iron, carbon steels, copper
steels, nickel steels, low-alloy steels, copper-infiltrated steels, stainless steels and

TABLE 11.10 Main Classes of Powder Materials

Iron and carbon steels"
Iron copper and copper steels"
Iron nickel and nickel steels"
Alloy steels" and tool steel
Stainless steels"
Infiltrated iron, steel, and other metals (with copper," etc.)
Brass, bronze, nickel silver (structural applications)"
Aluminum and aluminum alloys
Refractory metals (tungsten, molybdenum, niobium, tantalum, etc.)
High-temperature super alloys (iron, nickel, and cobalt-based)
Self-lubricating bearing materials"
Other nonferrous metals
Intermetallic compounds (including mixtures with metals)
Nonmetals and metal/nonmetal mixtures

" MPIF Standard Material Classes.
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TABLE 11.11 Data for MPIF Standard Iron and Carbon Steel Powder Metal Materials

Material
designation

F-0000-10
F-0000-15
F-0000-20
F-0005-15
F-0005-20
F-0005-25
F-0005-50HT
F-0005-60HT
F-0005-70HT
F-0008-20
F-0008-25
F-0008-30
F-0008-35
F-0008-55HT
F-0008-65HT
F-0008-75HT
F-0008-85HT

Material
designation

F-0000-10
F-0000-15
F-0000-20
F-0005-15
F-0005-20
F-0005-25
F-0005-50HT
F-0005-60HT
F-0005-70HT
F-0008-20
F-0008-25
F-0008-30
F-0008-35
F-0008-55HT
F-0008-65HT
F-0008-75HT
F-0008-85HT

Material
condition

(AS or HT)

AS
AS
AS
AS
AS
AS
HT
HT
HT
AS
AS
AS
AS
HT
HT
HT
HT

Sinter Theor.
time density
(min) (g/cc)

25 7.87
25 7.87
25 7.87
25 7.87
25 7.87
25 7.87
25 7.87
25 7.87
25 7.87
25 7.87
25 7.87
25 7.87
25 7.87
25 7.87
25 7.87
25 7.87
25 7.87

Yield
stress

(N/mm2)

89.6
124.1
172.4
124.1
158.6
193.1
413.7
482.6
551.6
172.4
206.9
241.3
275.8
448.2
517.1
586.1
655.0

Apparent
density
(g/cc)

2.95
2.95
2.95
2.95
2.95
2.95
2.95
2.95
2.95
2.95
2.95
2.95
2.95
2.95
2.95
2.95
2.95

Ultimate
strength

(N/mm2)

124.1
172.4
262.0
165.5
220.6
262.0
413.7
482.6
551.6
200.0
241.3
289.6
393.0
448.2
517.1
586.1
655.0

Density
(A)

(g/cc)
6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00

Part
density
(g/cc)

6.10
6.70
7.30
6.10
6.60
6.90
6.60
6.80
7.00
5.80
6.20
6.60
7.00
6.30
6.60
6.90
7.10

Pressure
(A)

(N/mm2)

234.4
234.4
234.4
234.4
234.4
234.4
234.4
234.4
234.4
234.4
234.4
234.4
234.4
234.4
234.4
234.4
234.4

Cost
($/kg)

0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84

Density
(B)

(g/cc)

7.00
7.00
7.00
7.00
7.00
7.00
7.00
7.00
7.00
7.00
7.00
7.00
7.00
7.00
7.00
7.00
7.00

Sintering
temp.
(°C)

1121
1121
1121
1121
1121
1121
1121
1121
1121
1121
1121
1121
1121
1121
1121
1121
1121

Pressure
(B)

(N/mm2)

551.6
551.6
551.6
551.6
551.6
551.6
551.6
551.6
551.6
551.6
551.6
551.6
551.6
551.6
551.6
551.6
551.6

From Ref. 5.



TABLE 11.12 Data for MPIF Standard Copper-Infiltrated Steels

Material
Material
designation

FX1 000-25
FX1 005-40
FX1005-110HT
FX1 006-50
FX1008-110HT
FX-2000-25
FX-2005-45
FX-2005-90HT
FX-2008-60
FX-2008-90HT

Material
designation

FX-1000-25
FX-1005-40
FX-1005-110HT
FX-1006-50
FX-1008-110HT
FX-2000-25
FX-2005-45
FX-2005-90HT
FX-2008-60
FX-2008-90HT

Yield
cond. stress

(AS or HT) (N/mm2)

AS
AS
HT
AS
HT
AS
AS
HT
AS
HT

Theor.
density
(g/cc)

7.87
7.87
7.87
7.87
7.87
7.87
7.87
7.87
7.87
7.87

Apparent
density
(g/cc)

2.95
2.95
2.95
2.95
2.95
2.95
2.95
2.95
2.95
2.95

220.6
334.8
827.4
413.7
827.4
255.1
413.7
689.5
482.6
689.5

Density
(A)

(g/cc)

6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00
6.00

Ultimate
strength

(N/mm2)

351.6
530.9
827.4
599.9
827.4
317.2
517.1
689.5
551.6
689.5

Pressure
(A)

(N/mm2)

234.4
234.4
234.4
234.4
234.4
234.4
234.4
234.4
234.4
234.4

Part
density
(g/cc)

7.30
7.30
7.30
7.30
7.30
7.30
7.30
7.30
7.30
7.30

Density
(B)

(g/cc)

7.00
7.00
7.00
7.00
7.00
7.00
7.00
7.00
7.00
7.00

Material Sintering
cost

($/kg)

Pressure
(B)

(N/mm2;

551.6
551.6
551.6
551.6
551.6
551.6
551.6
551.6
551.6
551.6

0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84
0.84

1

Infiltrant
quantity

11.5
11.5
11.5
11.5
11.5
20.0
20.0
20.0
20.0
20.0

temp.

1121
1121
1121
1121
1121
1121
1121
1121
1121
1121

Infiltrant
density
(g/cc)

8.86
8.86
8.86
8.86
8.86
8.86
8.86
8.86
8.86
8.86

Sintering
time
(min)

25
25
25
25
25
25
25
25
25
25

Infiltrant
cost

($/kg)

3.53
3.53
3.53
3.53
3.53
3.53
3.53
3.53
3.53
3.53

w
(Dat
(5'3
o1

•o1
Q.<D
^

1
•o
3o
(D
<n

(Q

(O

From Ref. 5.
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brass, bronze, and nickel silver materials. In addition, there is a range of standard
self-lubricating bearing materials [6]. The MPIF has not as yet established
standards for aluminum alloys, but industry standards exist to help designers in
selecting these materials.

A significant database of material parameters is required for estimating
processing costs for powder metal parts. For the purposes of the discussion in
this chapter the relevant parameters for three important standard materials classes
are given in Tables 11.11 to 11.13. Table 11.11 covers the MPIF standard iron and
carbon steels. The two values of density and compaction pressure given in the
table enable a power law relationship between compaction pressure and density to
be derived, as described in Sec. 11.4.1.

Table 11.12 shows parameters for the standard copper-infiltrated steels
designated by MPIF. In this case the part density listed is the infiltrated density,
but the compaction data is that corresponding to the iron-based skeleton material
prior to infiltration. The percentage of infiltrant material by weight in the final
part is included as a parameter for each material.

Table 11.13 lists relevant parameters for some of the standard self-lubricating
bearing materials. In this case the density given is the wet density after
impregnation with oil, with the oil content by volume also given for each
material. The compaction data again corresponds to the base material prior to
impregnation.

11.10 CONTRIBUTIONS TO BASIC POWDER METALLURGY
MANUFACTURING COSTS

The total manufacturing cost for parts produced by the powder metallurgy
process is determined from the material cost, plus the cost associated with the
operations in the processing sequence. In general, these processes can be treated
independently. Part costs increase with increased geometrical complexity, but also
as increased strength properties and densities are required, which may involve
secondary processing (Fig. 11.21). Discussion of processing costs will focus
initially on basic structural materials, and the modifications necessary for
infiltrated and self-lubricating bearing materials will be discussed later.

11.10.1 Material Costs
The material costs for powder metallurgy parts include the cost of the raw
powders, the costs of lubricants added to the mixture, and an allowance for losses
during processing. Powder losses in industry are generally 2 to 3%. The powder
mixtures can be made up from elemental powders or pre-alloyed powders,
depending on the application. For some standard materials premixed powders
are obtainable from the suppliers. As with most raw materials, the actual costs are



TABLE 11.13 Portion of Data for MPIF Standard Self-Lubricating Bearing Materials

Material
designation

CT-1000-K19
bronze

CT-1000-K26
bronze

CT-1000-K37
bronze

CTG-1001-K17
bronze

CTG-1001-K23
bronze

CTG-1001-K33
bronze

CTG-1004-K10
bronze

CTG-1004-K15
bronze

F-0000-K15 iron
F-0000-K23 iron
F-0005-K20 Fe-C
F-0005-K28 Fe-C

Material
condition

(AS or HT)

AS

AS

AS

AS

AS

AS

AS

AS

AS
AS
AS
AS

Strength
constant
(N/mm2)

131.0

179.3

255.1

117.2

158.6

227.5

68.9

103.4

103.4
158.6
137.9
193.1

Part
density
(g/cc)

6.2

6.6

7.0

6.2

6.6

7.0

6.0

6.4

5.8
6.2
5.8
6.2

Material
cost

($/kg)
3.40

3.40

3.40

3.24

3.24

3.24

3.20

3.20

0.84
0.84
0.84
0.84

Sintering
temp.
(°C)

827

827

827

827

827

827

827

827

1121
1121
1121
1121

Sintering
time
(min)

15

15

15

15

15

15

15

15

25
25
25
25

Theor.
density
(g/cc)

8.71

8.71

8.71

8.69

8.69

8.69

8.63

8.63

7.86
7.86
7.86
7.86
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TABLE 11.13 (Continued)

Material
designation

CT-1000-K19
bronze

CT-1000-K26
bronze

CT-1000-K37
bronze

CTG-1001-K17
bronze

CTG-1001-K23
bronze

CTG-1001-K33
bronze

CTG-1004-K10
bronze

CTG-1004-K15
bronze

F-0000-K15 iron
F-0000-K23 iron
F-0005-K20 Fe-C
F-0005-K28 Fe-C

From Ref. 6.

Apparent
density
(g/cc)

3.40

3.40

3.40

3.40

3.40

3.40

3.40

3.40

2.95
2.95
2.95
2.95

Density
(A)

(g/cc)
5.90

5.90

5.90

5.90

5.90

5.90

5.90

5.90

6.00
6.00
6.00
6.00

Pressure
(A)

(N/mm2)

68.9

68.9

68.9

68.9

68.9

68.9

68.9

68.9

234.4
234.4
234.4
234.4

Density
(B)

(g/cc)

7.65

7.65

7.65

7.65

7.65

7.65

7.65

7.65

7.00
7.00
7.00
7.00

Pressure
(B)

(N/mm2)

413.7

413.7

413.7

413.7

413.7

413.7

413.7

413.7

551.6
551.6
551.6
551.6

Oil
content

(%)

24.0

19.0

12.0

22.0

17.0

9.0

11.0

7.0

21.0
17.0
21.0
17.0

0
B>
•E
(D
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FIG. 11.21 Cost related to increased part material properties. (Adapted from Ref. 2.)

heavily dependent on the quantities ordered. The material cost for each part is
determined from the weight of the part, the cost of the material per unit weight,
and an allowance of, say, 2% for powder losses during processing. The material
costs per unit weight in the database include the cost of mixing and handling. The
overall costs for mixing are generally small, with values in the range of $0.09 to
$0.13 per kilogram being typical. Thus the material cost for basic powder
metallurgy parts is given by

Cm = Vp(\ + /p)Cp

where V is the part volume, p is the part density, /p is the powder loss during
processing, typically 0.02, Cp is the cost per unit weight of material, including
mixing costs, as given typically in Tables 11.11 through 11.13.

Example
Consider the two-level part shown in Figure 11.22. The approximate volume of
this part is 4.97cm3. Assuming the material of the part is F-0005-20, then the
final density of the part is 6.60 g/cc and the material cost is $0.84/kg (Table
11.11). Thus the material cost of this part is

Cm = 4.97 x 6.6(1 + 0.02)0.84/10 cents = 2.8 cents

11.10.2 Compacting Costs
The cost of compaction is largely determined by the tooling required to compact
the part and the press to be used. For each batch of parts a setup cost is also
required. The required press type and capacity are determined by the part
complexity and the compacting pressure needed. Tooling costs are also deter-
mined by the part complexity.
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lower level
1 - 4 separate

areas

lower level
2 - one area

circumscribing
circle - lower

level 1

circumscribing
circle - lower

level 2

FIG. 11.22 Typical two-level powder metal part.

Press Selection
A press must be selected to suit the compaction requirements of the part. The
main features that determine the suitability of compaction presses for a particular
part are:

1. The number of vertical punch motions possible
2. Load capacity of the machine
3. Maximum fill height possible
4. Maximum die diameter that can be accommodated
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The press load required is obtained by multiplying the required compaction
pressure by the projected area of the part. A press with this capacity, plus an
excess allowance of, say, 10%, can be used, provided the required fill height and
die size can be accommodated. If not, a press of larger load capacity may be
required in order to provide the excess fill height or die size requirements.

The compaction pressure is determined directly from the part density, unless
repressing and resintering are required. A basic rule is that repressing should be
used if a density of greater than 89% of the equivalent wrought material density is
required. Initial compaction at a pressure corresponding to 89% of the wrought
density is assumed. This is followed by presintering and repressing. It is generally
assumed that the repressing load is the same as for the initial compaction.

For the selected press, the compaction cost is determined from the product of
the cycle time per part and the operating cost per unit time (Table 11.3), which
includes labor and overhead costs. The cycle time can be estimated from the
following commonly applied rule:

Stroke rate = maximum press rate minus 10% for every level in the part
more than one minus 15% for every 13 mm of fill depth more than 13 mm
minus half of the percentage of the maximum load capacity required,

If this resulting value is less than the minimum stroke rate for the selected press,
then the minimum rate is used. One part is produced for each cycle of the press.

Example
For the part shown in Fig. 11.22, which is assumed to be made of F-0005-20 low-
carbon steel, the following can be determined.

The projected area of the part is 7.02cm . Table 11.11 the compaction
characteristics of F-0005-20 are defined by the following:

Density 6.00g/cc, pressure 234.4N/mm
Density 7.00g/cc, pressure 551.6N/mm2

Assuming the compaction pressure P = Apb, then for these values
P = O.Olp5'558. Thus for apart density of 6.6g/cc the corresponding compaction
pressure is 0.011 x 6.65'558, which gives 395N/mm2. No correction is necessary
for part thickness in this case. The compaction load required is 7.02 x 395/10,
which equals 277 kN. Thus, assuming a safety margin of 15%, the press load
required is 320 kN. From Table 11.3 the smallest press to provide this load is
rated at 400 kN and has the following charcteristics:

Maximum fill height, 11.43 cm
Maximum die insert diameter, 15.24cm
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These must be checked against the part requirements. The fill height required is
given by:

Powder compression ratio = 6.6/2.95 = 2.24
Part thickness = 8.89 mm and the fill height required

= 8.89 x 2.24/10 = 2.0 cm

The die insert size required is given by the following calculation: the enclosing
circle diameter for the part is 4.76cm. Thus, the insert diameter required is
(4.76 + 2.0) 3, which gives 20.3 cm. Thus, a larger press must be used that will
accommodate this size die insert, which from Table 11.3 has the following
characteristics:

Load capacity, 534 kN
Maximum stroke rate, 40 per min
Minimum stroke rate, 7 per min
Operating cost, $63/h

The press stroke rate for this part is then given by
40(1 - 0.1 - 0.05 - 0.5 x 277/534) = 24 strokes/min

Thus, the press cycle time per part is 60/24, which equals 2.54 s, from which the
compaction cost is 63 x 2.54/3600, or 0.04 cents per part.

Setup Cost
As the number of levels and complexity of the part increase, the setup time for
each batch of parts is increased, due to the need for more complex tools that
require more setup time. A rule used for estimating setup time is as follows:

Setup time = 1 h + 1 h for every level more than 1 + 1 hour for thickness
tolerances < 0.25 mm

The setup cost per part is then determined from the product of the setup time
and the press cost per unit time divided by the batch quantity of parts produced.
As an example, consider the part shown in Fig. 11.22. This part has two levels
and, assuming no close tolerances in the compaction direction, the setup time
estimate is 2 h. Thus, assuming a batch size of 24,000 parts, the setup cost per
part is

2 x 100 x 63/24,000 = 0.53 cents per part

11.10.3 Compaction Tooling Costs
The total tooling costs for powder compaction are determined from three
elements:
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1. The initial cost of the dies, punches, and core rods required for the part
2. The cost of tooling accessories, including punch holders, core rod holders,

powder feeding devices, and so on
3. The tool replacement costs, particularly for punches and core rods, which can

have relatively short lives in practice

The life of the die is usually high (> 500,000 parts), but cores and punches
may require replacement more frequently, particularly if they have small cross-
sectional areas. Cores for small-sized through holes and punches that have small
width steps will be relatively fragile and will require more frequent replacement
and increased maintenance.

Each of these three cost contributions is determined primarily by the size and
complexity of the part and secondarily by the press required for compaction of the
part.

Initial Tooling Costs
The costs of the basic tooling elements for compacting a part are divided into the
tool material costs and the tool manufacturing costs.
Tool Material Costs. The tool material costs can be determined from some
general design rules for compacting tooling that have been brought together from
a number of sources [10]. These rules are based upon accepted practice in the
industry and enable the volumes of tool materials required to be estimated. The
basic information required for this determination is as follows:

Fill height, hf
Enclosing diameter of the whole part, DQ

Enclosing diameter of the separate levels, £>l;, where i= 1 , 2 , 3 . . .

The following general rules are then applicable. For dies:

Die thickness T = h{ + 17.8mm
Carbide insert diameter, Dc = DQ + 20 mm
Die case diameter = 3DC or size of corresponding press recess

From these, the volumes of the material required are readily determined.

Carbide insert cost = nD2TCc/4

where Cc is the cost of tungsten carbide per unit volume, typically $1.22/cm .

Cost of the tool steel die case = n(D\ - D2
c)TptCt/4

where DA is the die case diameter for the selected press, pt is the density of tool
steel, 7.86 g/cc (0.283 lb/in.3), Ct is the cost of tool steel, typically $17.6/kg. For
the separate lower punches, the punch lengths are given by

Lj = h{ + 88.9mm



500 Chapter 11

L2 = h{ + 119.4mm
L3 = h{ + 127.0mm

The stock diameter for each punch is Dpi = _DU + 38.1 mm, where £>l; is the
punch face enclosing the circle diameter.

Similarly for the separate upper punches (usually up to two) the lengths are
given by

[/! =0.5/zf + 68.6 mm
C/2 = 0.5/zf + 87.4 mm

Again the stock diameter for each punch is D^ + 38.1 mm.
The following basic rules are applied to determine which punch corresponds

to each level:

1. The longest punch corresponds to the level with the smallest enclosing
diameter and the shortest punch to the level with the largest enclosing
diameter.

2. If two levels have the same enclosing diameter, then the level with the
smallest enclosed area corresponds to the longer punch.

Again, from these values the volume of the punch materials can be estimated.
Punch material costs are given by

nD2
piLiPtCt/4

where Dpi is the punch stock diameter and L{ is the punch length (Ll to L3,
[/!, C/2).

Example. For the sample part under consideration one upper and two lower
punches are required, with six separate core rods passing through the punches.

Fill height, 20mm
Enclosing diameter of whole part, 47.6mm
Enclosing diameter of lower level 1, 47.6mm
Enclosing diameter of lower level 2, 18.1 mm

From these data the following are determined for the die material costs:

Die thickness, 20 + 17.8 mm = 37.8mm
Carbide insert diameter, 47.6 + 20 = 67.6mm
Die case diameter corresponding to selected press, 20.32cm
Cost of the carbide insert material = n x 67.62x 37.8 x 1.22/4000 = $165.5
Cost of die case material = 7i(203.22 - 67.62)37.8 x 7.86/(4 x 106) = $19.18

The following are determined for the punch material costs:
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Length of upper punch, 0.5 x 20 + 68.6 = 78.6mm
Length of lower punch 1, 0.5 x 20 + 88.9 = 98.9mm
Length of lower punch 2, 0.5 x 20 + 119.4 = 129.4mm
Stock diameter for upper punch, 47.6 + 38.1 = 85.7mm
Stock diameter for lower punch 1, 85.7mm
Stock diameter for lower punch 2, 38.1 + 38.1 = 76.2mm

Material costs for these punches are as follows:

Upper punch cost, 7i85.72 x 78.6 x 7.86 x 17.6/(4 x 106) = $62.76
Lower punch 1 cost, 7i85.72 x 98.9 x 7.86 x 17.6/(4 x 106) = $78.92
Lower punch 2 cost, 7i76.22 x 129.4 x 7.86 x 17.6/(4 x 106) = $81.63

Tool Manufacturing Costs
The procedure for estimating the tool element manufacturing costs is to consider
the machining operations required to produce each tool element, and then utilize
estimating procedures developed for machining (Chapter 7), to develop expres-
sions that give the times to machine each element related to the profile complex-
ities and other geometrical features [10]. The manufacturing costs are then
determined by multiplying the manufacturing times by a suitable tool shop cost
rate, $/h (say $45/h).
Dies. The die profiles are assumed to be produced by wire electro discharge
machining (EDM) and then finished and lapped to the punches. Figure 11.23
shows a typical relationship between cutting time and die thickness for wire

MACHINING TIME (min/ln)

80.0

60.0

40.0

20.0

0.0

125 75

0.00

FIG. 11.23
processing (<

O.SO 2.50 3.001.00 1.50 2.00
DIE THICKNESS (In)

Relationship between cutting time and material thickness for wire EDM
, carbide; •*, tool steel). (From Ref. 10.)
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EDM. The following expressions are used to estimate the machining and
finishing times:

EDM cutting time, 1.6 + [^°-5T/25-4+3'>]PI/(60 x 25.4) h
Finishing time, 1.0 + PtFc T/25.42h

where Fc is the complexity factor for the outside profile of the whole part.
As an example for the sample part the following are determined:

Part projected area, 7.02cm2

Part outside perimeter, 13.4cm
Die thickness, 37.8mm
Then the part outside profile complexity factor, Fc = 13.4/2^(717.02) = 1.43.
The EDM cutting time for the die profile = 1.6 + e(0-5x37-8/25-4+3)

x!34/(60x 25.4) = 5.32h. The die finishing time = 1.0 + 134 x 1.43x
37.8/25.42 = 12.23 h. Thus the total die manufacturing time = 16.55 h. There-
fore, assuming a die shop manufacturing rate of $45/h, the die manufacturing
cost becomes 16.55 x 45 = $745.
Punches. Similar expressions have been developed for the machining and
finishing of the external punch profiles and for the holes that must pass through
some of the punches. Holes are required for core rods and for the longer punches
to pass through the next shorter punches as required. In each case the relation-
ships to determine the manufacturing times utilize the perimeters, enclosed areas,
and complexity factors of each separate level and through hole.

The times for machining and finishing the outside profiles of punches are
given by
Machining time (h) = 1.25 + 0.1EPr/25.4 + 0.89(0.6L; + 9.53)

x(nD2
pi/4-At)/25A3 + 0.18L;EPr/25.42

Finishing time (h) = 0.4L;E(FcPr)/25.42

In these expressions EPr is the sum of perimeters of all the separate regions at
the level on which the punch acts. Similarly, At is total area enclosed for all the
separate regions on which the punch acts. For one-level parts EPr will be the
outside perimeter of the whole part and At the total enclosed area. The term
E(_FcPr) is the sum of the product of the perimeter and complexity factor for all
regions at the level on which the punch acts.
Example
For the sample part consider the manufacture of the outside profile of the lower
punch corresponding to level 2. In this case one separate region exists at this
level, so that EPr is the length of the perimeter for this level, which is 119.1 mm.
The following data has been determined previously:
Punch length, I/; = 129.4mm
Enclosing diameter, _DU = 38.1 mm
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The area enclosed by the perimeter at this level is 689mm2. From these the
complexity factor for this level is 119.1/2^(71689) = 1.29. Thus, for this level
EPrFc is 1.29 x 119.1 = 153.6.

The machining time for this punch is given by

1.25 + 0.1 x 119.1/25.4 + 0.89(0.6 x 129.4 + 9.53)(7c38.12/4 - 689)/25.43

+ 0.18 x 129.4 x 119.1/25.42 = 8.16 h

The finishing time for the punch is 0.4 x 129.4 x 153.3/25.42 = 12.3h. Thus
the total punch manufacturing cost is (12.3 + 8.16) x 45 = $920.7.

Holes are required through the punches for core rods to pass through and for
the longer punches to pass through the shorter punches. These holes are produced
by a combination of drilling and EDM for nonround holes. In most cases a hole is
drilled part way through the punch from the back, and then the actual hole profile
is produced by EDM through the remainder of the punch. Finally, these holes
must be finished and lapped to the corresponding punch element or core rod.

For circular holes the processing times are given by

Machining time (h) = 0.006D2,Li/25.43, plus a setup time of 15 min/hole
and finishing time = PrI/;/25.42

where I/; is the length of the punch, PT is the hole perimeter, and Dh is the hole
diameter.
Example. Consider the cost of producing a circular hole through the long
lower punch for the sample part. The hole diameter is 4.76mm, the hole
perimeter 14.95mm, and the punch length 129.4mm. Thus the machining time
is 0.006 x 4.762 x 129.4/25.43 = 0.001 h, and the finishing time is 14.95x
129.4/25.42 = 3h.

For noncircular holes the following assumptions are made: The hole profile
will be machined by EDM for a length of punch given by I/h = 0.5
(T + 12.7) mm. The remainder of the punch length is drilled out to a diameter
equal to the circumscribing diameter of the hole profile, Dh. For larger-sized
holes, the portion of punch length machined by EDM is initially drilled through
with a smaller drill, to reduce the amount of material to be removed by the EDM
process. An equivalent hole diameter can be calculated as Deh = 2(Ah/n)°'s,
where Ah is the cross-sectional area of the hole required. If Deh is less than
19 mm, then the following apply:

Ahol = Ah/3 and Q = 0, otherwise Ahol = Ah and Q = 8^4ll

The machining time (h) for the hole is then given by

0.8 + (0.006^(L; - Lh) + 0.0060 + 12.56^holI1l)/25.43

+ 0.16(4lolLll/25.43)0'5
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The finishing time (h) for the hole is given by

PrFcLh/25.42

These calculations are repeated for all holes required through all punches.
Example. Consider the manufacturing time for one of the crescent-shaped holes
for the sample part in Fig. 11.22. The following data applies:

Die thickness, T = 37.8mm
Hole enclosing diameter, Z>h = 15.08mm
Cross-sectional area of hole, Ah = 53.74mm2

Hole perimeter, Pr = 44.5 mm
Punch length, I/; = 129.4mm

Thus, Lh = 0.5(37.8 + 12.7) = 25.25mm and Deh = 2(53.74/7i)°'5 = 8.27mm,
which is less than 19mm. Thus, Ahol + 53.74/3 = 17.91 and Q = 0. The hole
machining time is then given by

0.8 + (0.006 x 15.082(129.4 - 25.25) + 12.56 x 17.91 x 25.25)/25.43

+ 0.16 x (17.91 x 25.25/25.43)0'5 = 1.177 h

The hole complexity factor is 44.5/2(7i53.74)°'5 = 1.71, and hence the hole
finishing time is given by 44.5 x 1.71 x 53.74/25.43 = 0.25h. Thus the total
hole manufacturing time is 1.43 h.
Core Rods. From an examination of the costs of a number of core rods [10], the
equivalent processing time (including an allowance for material) can be deter-
mined from the following relationship:

(4.375£>eh/25.4 + 2.7)Fc,

where Deh is the equivalent hole diameter corresponding to the core rod as
determined above and Fc is the hole profile complexity. If the hole area is less
than 6.45 mm , then it is assumed that the processing time is doubled, to account
for increased difficulty of manufacture.
Example. The part in Fig. 11.22 requires six core rods in all. Consider first the
rods for the circular holes. In this case the complexity factor is 1, the equivalent
hole diameter is 4.775 mm, and the cross-sectional area of the hole is 17.42 mm2.
Therefore the core rod manufacturing time is 4.375 x 4.775/25.4 + 2.7 =
3.52h, which at $45/h gives an equivalent cost of $158.

Similarly, for the crescent-shaped holes the following data applies:

Hole equivalent diameter = 8.27mm
Cross-sectional area = 53.74mm2

Hole complexity factor = 1.71
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Thus the core rod manufacturing time is (4.375x8.27/25.4 + 2.7)1.71 =
7.05h, which gives an equivalent core rod cost of $317.
Total Tool Manufacturing Costs. At the end of this procedure, the total time
involved in machining and fitting all tooling elements is obtained. This result is
multiplied by a suitable tool manufacturing rate ($/h) to determine the total
tooling manufacturing costs. These costs are added to the tool material costs,
determined as described above, to give the total tool costs.

11.10.4 Tool Accessory Costs
In addition to the dies, punches, and core rods required for a part, various tooling
accessories are needed, including filling mechanisms, punch and core rod holders,
and so on. Examination of data from powder metal processing companies has
shown that tool accessory costs increase with the size of the press required for the
part. The procedure adopted in this analysis is to relate the cost of the different
tool accessories to the press capacity through the following relationships.

1. Basic cost for one level part without through holes (includes filling
mechanism, one upper and one lower punch holder, etc.)

Cost ($) = 0.4C20(CAPf3

2. Core rod holder
Cost ($) = 0.04C20(CAP)a3

3. Additional lower punch holders (each lower level over one)

Cost ($) = 0.16C20(CAP)a2

4. Additional upper punch holders (each upper level over one)
Cost ($) = 0.2C20(CAP)°-3

In these expressions C20 is the cost of the tool accessories for a one-level part
for a typical 20 ton (178 kN) compaction press, and this value is supplied by the
user to calibrate these relationships. The parameter CAP is the required press
capacity in tons (kN/8.896).

Example
For the sample part shown in Fig. 11.22, the press selected has a capacity of
534 kN (60 tons), a second lower punch holder is required and a core rod holder is
required also. Thus assuming C20 is $500, then the tool accessory costs become:

Basic cost = 0.4 x 500(60)a3 = $683

Core rod holder = 0.04 x 500(60)°'3 = $68
Lower punch holder = 0.16 x 500(60)°'2 = $181
giving a total tool accessory cost of $932.
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11.10.5 Tool Replacement Costs
The estimating procedure also allows for tooling replacement costs and main-
tenance. In general, the dies for compaction can be expected to last for the order
of half a million parts before replacement is necessary [10]. For punches the
useful life can be 200,000 to 300,000 parts [10], but this may be severely reduced
for punches with sections of reduced area or thickness. Core rods are subject to
considerable stress and friction during the compaction cycle, with the stress
changing from compressive to tensile during each cycle. Thus thin-section core
rods often break before wear becomes significant, whereas thicker core rods have
longer lives and replacement is required when excessive wear has occurred. A
simple model for tool replacement and maintenance has been built into the
estimating procedure, which increases the frequency of punch and core rod
replacements for small-section tool elements. The life of the die is usually high
(> 500,000 parts), but cores and punches may require replacement more
frequently, particularly if they are fragile. Cores for small-sized through holes
and punches that have small width steps are relatively fragile and require more
frequent replacement and increased maintenance.

By assuming a logarithmic relationship for the life of the various tooling
components and fitting some life data, the following expressions can be obtained.
For core rods Ln(/f) = 14.5 — Ln(25APt/Ah), where /f is the life in number of
parts produced, Pt is the hole perimeter, and Ah is the area enclosed by the
perimeter. For punches, for each separate region on which the punch acts then
Ln(/f) = 14.9 — 1.2Ln(25.4Pr/^4h). When the punch has more than one separate
region, the lowest life determined in this manner is taken as the punch life.

Tool replacement costs are obtained by first determining the number of
replacement items required as follows:

No. of replacement items, NT = integer part of (Pv/l{), where Pv ig the
production volume required. This is then multiplied by the original tool element
costs to determine the tool replacement costs.

Example
For the sample part in Fig. 11.22, the tool life for circular core rods is given by

Ln(/f) = 14.5 - Ln(25.4 x 14.96/17.41)

which gives a life of 90,846 parts, and therefore, assuming a required production
volume of 200,000 parts, the number of replacement items is given by:

Integer part of (200,000/90,846), or 2 additional rods per hole

Similarly for the punch for lower level 1, the individual regions at this level are
considered separately to determine the punch life as follows:
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1. Circular central region punch life is given by

Ln(/f) = 14.9 - 1.2Ln(25.4 x 32.41/84.52), or 192,630 parts

2. For the three outer regions, the punch life is given by

Ln(/f) = 14.9 - 1.2Ln(25.4 x 29.69/63.23), or 151,065 parts

Thus, the lowest life from these separate regions determines the punch life and the
number of replacement punches becomes the integer part of (200,000/151,065),
or one replacement punch in this case. Similar calculations are carried out on the
other punches and core rods to determine the total number of replacement tooling
elements.

11.10.6 Validation of the Tool Cost Estimating Procedure
The reliability of this tool cost-estimating procedure has been validated by
application to a number of parts manufactured by the powder metallurgy industry.
Figure 11.24 compares the tooling costs estimated by this procedure, with
estimates of the corresponding costs obtained from industry for the parts
shown in Fig. 11.15. Only the die, punches, and core rods are considered. A
similar comparison for a wider range of parts is illustrated in Figure 11.25.

11.10.7 Sintering Costs
During sintering the compacted parts are passed through a furnace in a controlled
atmosphere. Sintering costs are determined from the operating cost of the furnace
used and the throughput rate of parts. The furnace operating costs per unit time

C D E F G H

SAMPLE PARTS
FIG. 11.24 Comparison of tooling cost estimates with industry values for a range of
powder metal parts.
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FIG. 11.25 Comparison of tooling cost estimates with industry values for a larger range
of powder metal parts.

include the atmosphere costs, labor, and an allowance for maintenance. The rate
of throughput of parts is given by the number of parts per unit area of belt and the
area of belt passing through the furnace per unit time. The number of parts per
unit area for a given furnace is dependent on the part material, the projected area
of the part, and the belt width. Several basic rules can be applied:

1. For iron containing < 4% alloying elements, parts can be stacked up to the
recommended load capacity of the belt or furnace handling system.

2. For bronze, brass, and aluminum, a gap of 3 mm must be left between parts.
3. For iron containing over 4% alloying elements, a gap of 3 mm must be left

between parts.

Continuous-Flow Furnaces
A suitable continuous-flow furnace is normally selected based on the sintering
temperature required for the part material. However, mesh belt furnaces are most
commonly used. The selected furnace will have certain dimensional character-
istics that determine the sintering costs per part. These items include:

Furnace overall length, LFL
Sintering zone length, LHT
Width of belt or feeder, WF
Height of furnace opening, HF

Maximum weight of parts per unit area, Wma^

The belt or feeder speed, VF is determined from the sintering time, rs,
appropriate to the material and the length of the sintering zone of the furnace:
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The throughput rate of parts is determined from the manner in which parts can
be stacked or placed on the belt or feeder. For pusher, roller-hearth, and walking-
beam furnaces, parts must be placed on trays or plates, and some allowance for
the thickness of these plates, say about 1 cm, should be made. The number of
parts, Nfy,, which can be placed across the width of the furnace, limited by the
height of the furnace opening, is dependent on whether the parts can be stacked
or must be spaced out on the belt or feeder. Allowance for any nesting of parts
possible should also be made. From A^ the length of furnace that the batch of
parts will take up is determined as,

where Bs is the batch size and L is the part length. Therefore, the time for the
batch of parts to pass through the furnace is (BL + LFL)/vF and the throughput
time per part is given by

%L = (£L+£FL)/(VF£S)
From this the sintering cost per part is determined as £FCLF, where CLF is the cost
of operating the furnace per unit time, including labor and atmosphere costs.
Example. Assume that the following belt furnace is selected from Table 11.8,
which has the following characteristics:

High heat zone length, 1.83m
Overall length, 9.14m
Furnace width, 30.48 cm
Throat height, 10.16cm
Load capacity, 73.34kg/m2

Operating cost, $120/h

The sample part is made from the standard material F-0005-20, which has a
sintering temperature of 1121°C and a sintering time of 25min. In addition, the
dimensions of the part are as follows:

Part length, 47.625mm
Part width, 47.625mm
Part thickness, 8.89mm
Part weight, 0.033 kg

The belt velocity in this case is given by 1.83/25 m/min = 0.0732m/min. The
material of the part will allow stacking of the parts and therefore the number of
parts that can be placed across the furnace width is the integer part of
304.8/47.625 = 6 parts, and the number of parts that can be stacked vertically
is the integer part of 101.16/8.89 = 11 parts. Thus the number of parts in each
row will be 66, and the load per unit area becomes 66 x 0.033/
(0.3048 x 0.047) kg/m2 = 147 kg/m2, which considerably exceeds the allow-
able load of 73. 34 kg/m2. Therefore, the number of layers of parts must be
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reduced to five to meet this constraint. Thus the number of parts that can be
placed across the belt is 30.

Assuming a batch quantity of 24,000 parts, then the length of the batch in the
furnace is 47.625 x 24,000/30 mm = 38.1 m. From this the throughput time per
part is

(30.1 + 9.14)/(0.0732 x 24,000) = 0.022 min

From this the sintering cost per part becomes 0.022 x 120/60 = $0.04 per part.

Batch Furnaces
For batch furnaces the number of parts that can be placed inside the furnace is
determined from the part dimensions and the dimensions of the heating chamber.
Allowance should be made for any plates required between the layers of parts.
This number or the batch size, whichever is smaller, will be the furnace load, jVBF.

In order to estimate the time necessary to process the parts in the furnace an
approximation to the heating and cooling cycle as shown in Fig. 11.26 can be
used. Assuming a constant heating rate R^ (°C/h) and a constant cooling rate R2,
if the sintering temperature is Os, the sintering time Ts, the burnoff temperature,
9b, and the burnoff time, TB, then the furnace cycle time is given by

%B = Ss/Rl + TB + TS + 8S/R2

From this the sintering cost per part for batch furnaces is

\
I
UJ

SINTERING
TEMPERATURE

TIME

FIG. 11.26 Approximate heating and cooling cycle for batch sintering furnaces.
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11.10.8 Repressing, Coining, and Sizing
The secondary pressing operations of repressing, coining, and sizing must be
treated similarly to the cold compaction process. The appropriate press load is
determined and the corresponding machine selected. From the operating costs of
the machine and the estimated cycle time, the cost per piece is determined. For
repressing, the same load as for the initial compaction is used, and for sizing, 80%
of the compacting load is used. It is reasonable to assume that the tooling costs
for these operations are 80% of the initial compaction costs.

11.11 MODIFICATIONS FOR INFILTRATED MATERIALS

Infiltration can be carried out during the initial sintering process or as a separate
process after the initial sintering. In either case a compact of the infiltrant
material, usually copper, must be prepared. The required amount of copper must
be estimated and the compaction cost determined in a similar manner to the
compaction of the main part, except that the compact will be a simple one-level
part. For the separate infiltration operation, the cost of a second pass through the
furnace must be estimated, together with some additional handling costs for the
infiltrant compacts.

11.11.1 Material Costs
For infiltrated materials, such as the copper-infiltrated steels listed in Table 11.12,
the material costs are determined as follows:

Compaction density of the skeleton material, p = pw(l — <?i)pp
Weight of infiltrant, Vp-q^

The total material cost for the part is therefore:
Cm = Vp(\ + /p)Cp + Fpp(l + Jp)fcQ,

where pw is the equivalent wrought density of the skeleton material, q^ is the
percent by weight of the infiltrant material, pp is the part density including
infiltrant, p; is the infiltrant material wrought density, and Q is the cost per unit
weight of the infiltrant material. These values can be obtained from Table 11.12.

11.11.2 Compaction Costs
The part prior to infiltration is compacted to the density p determined above. The
cost of this compaction is determined in the same manner as discussed in Sec.
11.10. An additional compaction operation is required for the compact of
infiltrant material. For this purpose the compaction of a one-level part in
the infiltrant material is assumed. If it is assumed that the projected area of the
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infiltrant compact is, say, 80% of the part projected area, then the height of
the infiltrant compact can be obtained from the volume determined as described
in the previous section. Assuming that the infiltrant compact density is 80% of the
equivalent wrought density of the infiltrant raw material, then the procedures for
press selection, tool cost calculation, and so on, for processing the one-level
compact proceed as described previously for part compaction. Compaction of the
main part is determined as for noninfiltrated parts.

11.11.3 Sintering Costs
The sintering operation for infiltrated parts is carried out in a similar manner to
that for noninfiltrated parts, with the infiltration step done either as a separate
operation after sintering or during the initial sintering process. In both cases,
when infiltration is being done, only a single layer of parts can be passed through
the furnace and the extra height and weight from the infiltrant compact must be
allowed for in any furnace selection procedures. Otherwise, estimates of sintering
costs are determined largely as described previously.

11.12 IMPREGNATION, HEAT TREATMENT, TUMBLING,
STEAM TREATMENT, AND OTHER SURFACE
TREATMENTS

11.12.1 Processing Costs
Costs for secondary processes are largely independent of the shape complexity of
the final part. Consequently, for early cost-estimating purposes, a simple cost per
unit weight of part, or per unit part surface area, is sufficient to estimate the
processing costs. Table 11.14 gives a list of typical processing cost for these
operations.

11.12.2 Additional Material Costs
Some parts are impregnated with oil for self-lubricating properties or with
polymers or resin to seal the surface-connected porosity in the sintered compact.
The costs of the impregnant material must be allowed for, together with the actual
cost of the impregnation operation.

Self-Lubricating Bearing Materials
For standard self-lubricating bearing materials, such as those listed in Table
11.13, the following relationships apply:

Part compaction density, p = pp — p0qQ

Volume of oil in the part, VQ = qQ V
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TABLE 11. 14 Typical
ary Processes

Secondary process

Tumbling
Impregnation
Steam treatment
Quench and tempering
Carburizing
Nitriding
Precipitation hardening
Annealing

Costs for Second-

Cost
($/kg)

0.22
2.22
4.41
2.31
1.54
2.31
2.31
1.54

Cost
Secondary process (cents/50 cm2)

Cadmium plate 0.54
Hard chrome plate 1.55
Copper plate 0.70
Nickel plate 0.78
Zinc plate 0.39
Anodize 0.93
Chromate 0.39
Prime and paint 1.40

Therefore, total material costs Cm = Vp(\ + /p)Cp + qQVCQ where p0 is the
density of oil, typically 0.875 g/cc, qa is the percent by volume of the impregnant
oil, CQ is the cost of the oil per unit volume, typically $1.10/liter.

Compaction and sintering costs for the parts are then determined in the same
manner as for nonimpregnated parts described previously, but using the compac-
tion density determined as outlined in this section.

Materials Impregnated with Oil or Polymer
For powder metal parts impregnated with other materials, such as oil, resin, or
polymer, the basic powder material cost is determined as given in Sec. 11.10.1.
The extra material costs are determined as follows:

Volume of polymer or oil, VQ = V(l — p/pw)
Hence the impregnant cost, Ct = V(l — p/pw)CQ

where C0 is the cost of oil or polymer per unit volume. This cost must be added to
the basic powder material cost of the part.
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FIG. 11.27 Design recommendations for minimum level widths. (From Ref. 1.)

11.13 SOME DESIGN GUIDELINES FOR POWDER METAL
PARTS

The complexity of powder metal parts increases with the number of levels in the
part and with the number of through holes in the part, since these require separate
tooling elements in the tool set, which increase tooling and other costs. Intricate
profiles, including those with significant detail, can be readily produced. How-
ever, features that result in thin sections in the compaction tooling elements,
which may have a detrimental effect on their life, should be avoided if possible.
For example, in multilevel parts, small step widths in the part can result in very
thin punch elements that are prone to premature failure and reduced tool life (Fig.
11.27). Thus minimum step widths for all level changes should be specified.
Similarly, changes in thickness of the part that result in weak punch sections
should be avoided. For example, the compaction of a near spherical shape can be
achieved by suitable redesign, as shown in Fig. 11.28. Also the shape of the
individual level profiles can result in very fragile punch profiles (Fig. 11.29),
particularly where edges meet tangentially. Small changes in the level profiles that
avoid very thin punch sections should be made where appropriate.
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FIG. 11.28 Design modifications to reduce weak punch sections. (From Ref. 1.)

Avoid Preferred

FIG. 11.29 Design modifications to eliminate small punch sections. (From Ref. 1.)
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12
Design for Sand Casting

12.1 INTRODUCTION

Sand casting is a process in which molten metal is poured into sand molds, which
are broken away from the cast part after the metal has solidified. The sand molds
are made of two halves in which impressions are made by a pattern. When the
two halves are assembled, the impressions form a cavity into which the molten
metal is poured. The pattern resembles the part but is slightly larger to
accommodate for the metal shrinkage that occurs during cooling. Patterns may
contain multiple impressions, to form multicavity sand molds, for the economical
production of large quantities of castings.

A mixture of sand and a binding agent is compacted around the pattern to form
the two mold halves in separate metal flasks. Historically, the lower mold half is
named the drag, and the upper mold half is referred to as the cope. Channels are
formed in the drag to feed the molten metal to the cavity, or cavities in a
multicavity mold. The opening of a feed channel to its cavity is the gate, but often
the complete set of feed channels is referred to as the gating system. A pouring
cup and vertical tapered channel in the cope are used to deliver molten metal to
the feed channels. Two additional features may sometimes be required in a sand
mold. First, one or more separate sand cores may be placed in formed locations,
called core prints, during assembly of the mold halves. Second, an additional
cavity, called a riser, may be formed in the cope to supply molten metal pressure
during solidification and shrinkage of the casting.

Sand cores are used in sand casting to produce internal cavities or undercuts.
Since the cores are broken out of the casting after solidification, complex internal
cavities are readily producible. The main requirement is that the internal surfaces

517
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• Pouring cup

Flask

FIG. 12.1 Assembled cope and drag mold.

be accessible for the subsequent cleaning processes to remove adhering sand
particles. An assembled cope and drag mold, with both a sand core and a riser, is
shown in Fig. 12.1. After metal solidification and cooling in this mold, the casting
is broken out of the sand, the gating system is removed, and the cast part is
cleaned of adhering sand particles.

Sand castings can be produced singly on the foundry floor with weights
measured in tons, or small castings can be produced on high-speed automated
lines in quantities measured in hundreds of thousands. The latter type of casting
production is a central part of automobile manufacture for such items as pump
housings, flywheel blanks, crankshafts, and so on. Small brass castings are
produced in a similar manner in large volumes for the plumbing and associated
industries.

Sand castings can be made with extremely complex outer shapes. For
economical high-volume production the shape should contain a parting line
around its perimeter, each side of which has taper, called draft, for separation
from the sand mold. This is required not for separation of the finished casting
from the mold, but rather for removal of the pattern after the mold sand has been
compacted around it. Castings without draft may be produced by the use of
multipiece patterns. In these cases the pattern pieces can be disassembled for
removal in different directions from the compacted mold. This is a labor-intensive
and slow process used only for limited production of very complex parts. When
reviewing the economics of sand casting later in this chapter we will focus on
economical batch production in modern automated foundries.
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TABLE 12.1 Commonly Used Sand Casting Alloys

Generic alloy

Ductile iron
Gray iron
Malleable iron
Carbon steels
Stainless steel
Aluminum
Magnesium
Bronze
Nickel alloys

Tensile yield
strength,
MN/m2

515

310
345
515
95
95

345
600

Elastic
modulus,
GN/m2

165
130
180
175
200
70
45

115
195

Castability

Excellent
Excellent

Good
Fair
Fair

Excellent
Excellent

Good
Fair

Cost,
$/kg

0.29
0.22
0.35
0.73
2.53
1.87
4.00
1.65

11.00

Scrap
value,
$/kg

0.07
0.07
0.07
0.09
0.40
0.50
1.00
0.55
2.20

12.2 SAND CASTING ALLOYS

Almost any metal alloy can be sand cast, although specific alloying elements are
used to increase the metal fluidity and to improve characteristics for feeding to the
mold. Table 12.1 gives generic casting alloys. Each of these generic alloys
represents a long list of available alloys designed for specific applications. For
example, approximately 20 different aluminum alloys are commonly cast for
different applications [1].

The castability rating in Table 12.1 is related to fluidity, amount of shrinkage,
and the temperature range over which the alloy solidifies. Steels, for example, are
not as suitable as irons for casting because of the wider temperature range, called
the freezing range, over which they solidify. This results in greater difficulty in
mold filling and in avoiding cavities in the solidified casting.

The cost of metal ingots for casting varies substantially with the quantity to be
purchased. The typical costs given in Table 12.1 are the costs likely to be paid by
a small to medium-sized foundry. Large, automated foundries involved in mass
production will obtain lower prices. Also included in Table 12.1 are typical scrap
values of the different alloys. These values are needed to calculate the material
cost of cast parts, as shown later in this chapter.

12.3 BASIC CHARACTERISTICS AND MOLD PREPARATION
A mold is produced for each casting, or set of castings with multicavity molds.
Thus the cost of sand castings is driven, more than by any other factor, by the
efficiency of mold preparation. This involves multiple operations from the mixing
of mold sand to the inclusion of extra mold features to control cooling and to
avoid defects resulting from the metal shrinkage. These will be described in the
following sections.
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12.3.1 Sand Preparation
The sand must be carefully controlled to ensure consistency, thereby providing
each mold with the same properties. Typical molding sand consists of 88% silica,
9% clay, and 3% water. The sand is mixed to evenly disperse the clay additive and
to provide uniform coating of the sand grains. This serves to bind the sand grains
during compaction, thus providing the required mold strength.

Most foundry sand may be reused. However, the sand must be conditioned
before it can be used again, since the sand removed from castings contains
impurities and tends to remain in large chunks. Lump breakers, screens, and
magnetic separators are used to break up sand clumps and remove metal particles.
Some new sand is constantly being added to help maintain the sand quality. This
is necessary since the used sand still contains some burned clay even after
conditioning. Although only a small portion of sand is lost in the foundry
operation, this can still involve the disposal of a large amount of material. In
recent years, because of the increasing expense of landfill disposal and environ-
mental concerns, foundries have made increasing efforts to reclaim as much sand
for reuse as possible.

12.3.2 The Gating System
The gating system in a sand mold consists of a series of channels and reservoirs
designed to feed molten metal to all parts of the mold cavity. The design of the
gating system influences a number of factors that can affect the casting's quality
and ease of finishing. The common parts of a gating system are shown in Fig.
12.2. Molten metal enters the mold through the pouring cup. It then travels down
the tapered sprue and into the sprue well. From there, runners deliver the metal to
gates, which open into the mold cavities. Runner extensions and wells capture the
early metal flow. This is important because the flow picks up any loose particles
in the gating system, and these degrade the metal properties.

The design of the system determines the rate at which the metal will flow and
the amount of cooling that will take place before it reaches the mold cavity. The
liquid metal may solidify in the feeding passages if it loses too much heat during
its journey to the mold cavity. This can block passages (this condition is called a
cold shut) and cut off the supply of liquid metal to parts of the mold, resulting in
an incomplete casting.

The gating structure must also keep the molten metal from becoming
turbulent. Turbulence can lead to excessive absorption of gases into the liquid
metal, creating a more porous casting. Turbulence also increases oxidation of the
metal and may erode the mold wall.

Another way to prevent mold particles from entering the mold is by using
filters. Two types of ceramic filters can be inserted into the runner system. One



Design for Sand Casting 521

Pouring cup

Sprue Gates

Sprue well

Runner well-

FIG. 12.2 Typical gating system.

type of ceramic filter looks like a rectangular sponge. It is used to capture foreign
particles in the molten metal passing through it. A simpler, less expensive type of
filter consists of a group of holes in a rectangular ceramic brick. Both types of
filters reduce erosion of the mold and gas absorption in the metal by creating a
more laminar flow.

12.3.3 Mold Risers and Chills
To understand pattern and gating system design, it is important to appreciate the
effects on the casting of metal shrinkage. Three types of metal shrinkage may
occur during the casting process.

Liquid shrinkage results from the molten metal losing volume as its tempera-
ture drops and it approaches the solidification temperature. The shrinkage that
occurs in the liquid metal does not affect the process or the design of the feed
system. This is because new metal is constantly flowing to fill the mold cavity.
Solidification shrinkage occurs as the metal continues to cool and the liquid metal
changes to a higher-density solid. This will occur at a single temperature for pure
metals but will take place over a range of temperatures (called a freezing interval)
for alloys. Metals and alloys with short freezing ranges, like pure metals and
eutectic alloys, have a tendency to form large cavities as they shrink. Directional
solidification can be used to combat this problem. This is accomplished by
designing the feed system so the metal furthest away from the feed gate freezes
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first and solidification continues toward the feed point, allowing the shrinkage
void to be continuously filled as it is formed. The final void ends up in the gating
system and not as a defect in the casting.

Alloys with a wide freezing range result in a mixed-state metal (partially solid
and partially liquid) that does not flow so readily in the mold. As the cooler areas
solidify, it is more difficult for new liquid metal to fill in the voids that form,
which results in castings with a large number of small defects. This type of
shrinkage is extremely hard to control through the design of the gating system,
and a porous casting may be unavoidable. If an air-tight casting is required, then
the metal may be impregnated with another material in a secondary operation.

Solid shrinkage, also called patternmaker shrinkage, occurs as the solid
casting cools from its solidification temperature to room temperature. It is
accounted for by making the pattern for the casting slightly larger than the
desired product.

Sometimes, as mentioned in the introduction, an extra cavity is formed in the
sand mold to hold a reservoir of molten metal. This cavity, called a riser, is
located in the gating system of a casting to feed metal into voids that form during
metal shrinkage. In order to accomplish this, the riser must solidify after the
casting. Ideally, the mold cavity begins to solidify at the part that is farthest away
from the riser and then continues toward the riser, so that liquid metal will always
be available to fill in shrinkage voids. However, sometimes this is not possible,
and multiple risers are needed. In this case, different sections of the casting
solidify in the direction of their respective risers [2-6].

In addition to risers, elements called chills are sometimes used to produce
sound castings. Chills are used to assist in directional solidification and may
reduce the number of risers required to feed the casting. This is accomplished by
increasing the speed at which parts of the casting solidify. External chills are
made up of material that has a high heat capacity and high thermal conductivity.
When these materials are placed next to the mold cavity, they promote directional
solidification and thereby extend the distance that a riser may effectively feed.
Internal chills are pieces of metal placed within the mold cavity to absorb heat
and assist in increasing the solidification rate. They are usually more effective
than external chills, but care must be taken since they will ultimately become part
of the casting.

12.3.4 Pattern Types
The patterns used to form sand molds may be made of wood, metal, or plastic.
Draft, or taper, must be added to the vertical edges of the pattern so that it may be
withdrawn from the sand mold without causing damage. The amount of draft
depends on the type of pattern or type of sand mold. Patterns may have core
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prints (recesses in the mold to accommodate cores), runners, and risers included
on the pattern plates so that these will not need to be formed separately.

The material used for patterns depends on the number of molds to be created
from the pattern. Hardwood or plastic patterns may be used for a few thousand
molds, while cast iron patterns may produce more than 100,000 molds [7]. For
the highest-volume production automated casting lines, patterns are often made
from stainless steel.

Patterns are commonly made in two pieces, or two halves, split along the
parting line of the casting. The parting line is determined by the geometry of the
part and must be chosen so that each pattern half may be withdrawn from the
mold.

Alternatively, patterns may be mounted to opposite sides of a common board.
This arrangement is called a match-plate pattern and provides consistency in
mold making from a single former, since the board surfaces define the mold
parting surface. A match-plate pattern has the advantage of being a single piece of
tooling. It has the disadvantage that the two mold halves cannot be made
simultaneously (see Fig. 12.3).

Cope

Cope •

Drag

V///////S/////////////////A

V////////////7////////////A
<b)

FIG. 12.3 (a) Match-plate pattern; (b) separate cope and drag pattern plates.
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12.3.5 Sand Compaction Methods
A sand mold is created by compacting sand around the pattern. It is necessary to
pack the sand as densely and homogeneously as possible to obtain good detail
and tight tolerances. For this reason, it is very uncommon for a mold to be
compacted (rammed up) without some type of machine assistance. Molding
machines greatly increase the quality of the mold produced and decrease the skill
required of the operator [8]. These machines usually involve a combination of
jolting and squeezing actions. Cope and drag machines, for example, begin by
pouring sand into flasks mounted over the separate pattern halves. The flasks are
then lifted and dropped several times to produce the jolt action. Then a squeeze
head is used to further compress the sand. Next, the patterns are removed from
the cope and drag. Finally, the cope is lifted, rotated 180 degrees so that the cope
impression is facing the drag impression, and then the cope is located onto the
drag half by pins and bushings.

Note that the jolt action tends to compress the sand most tightly nearest to the
pattern. Squeezing has the opposite effect of compressing the sand most near the
outside of the flask. The combination of these two actions thus produces more
uniform sand density.

The most modern automated casting systems are referred to as vertically
parted flaskless. Vertically parted flaskless molding is a break from traditional
mold-making methods. As the name implies, no flask is used to contain the sand
during molding. The machine uses hydraulic rams to simultaneously squeeze the
cope pattern on one side of a sand block and the drag pattern on the other side.
The block is then pushed out of the machine. A new block is then formed and
mated to the original block (cores are inserted before closing if needed), creating
a complete mold cavity at the interface. The molds form a long, rectangular block
of sand coming out of the molding machine. A pouring station is located close to
the molding machine. The interconnected molds then travel down a conveyer. The
length of the conveyer depends on how long the castings need to cool before
being broken out of the molds. A station at the end of the conveyer breaks the
mold up, and the castings are separated from the sand. This process is more
efficient because a complete mold cavity is formed in each block of sand. Other
methods, whether bench or molding transfer line, require separate cope and drag
sections to produce one mold. Vertically parted flaskless molding is normally
used for relatively simple castings, to be produced in large quantities, with few, if
any, cores.

12.4 SAND CORES
One of the most powerful aspects of sand casting is its ability to create internal
cavities or exterior undercuts. This is done by using sand shapes, called cores,
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placed within the mold cavity. Coring allows forms to be produced that cannot be
made using any other process. However, a casting designer needs to be aware that
cores can significantly increase the cost of a casting, and their use should be
avoided if possible.

When developing tooling for a casting, it is always more desirable to create a
single large core instead of a number of smaller ones. This is because the labor
involved increases proportionally with the number of cores, as does the likelihood
of dimensional inaccuracies.

Modern core-making systems use air pressure to blow the sand, mixed with a
resin or oil binding agent, from a hopper down into the core-making dies (called
core boxes). In a typical core-making process, the cores are removed immediately
from the core boxes and put on dryer plates. The cores are then baked in ovens
until they attain the required strength. Alternatively, with the so-called hot box
process, heated tooling is used to cure the cores in the die cavities. The hot box
process may also be combined with subsequent baking in ovens to achieve final
cured strength.

12.5 MELTING AND POURING OF METAL

The equipment used for melting the metal ingots varies from large cupolas for
producing iron in bulk, to a variety of crucibles, electric furnaces, and induction
furnaces [9]. The choice is simply a matter of economics and required production
rates. Whichever method is used, the end result is liquid metal at the correct
temperature for pouring. The soundness of a casting is largely determined by how
the metal enters the mold and solidifies. Therefore, the pouring and handling of
the molten metal is an extremely important stage in the casting process.
Inefficient handling can lead to excessive heat loss, resulting in premature
solidification within the mold and incomplete filling. This is referred to as a
cold shut. Faulty pouring can result in air entrapment producing cavities in the
casting. This occurs most commonly if the sprue is not kept full during pouring.
Short pours are another common example of faulty pouring technique [10].

The pouring operation may be done manually, with mechanical assistance, or
automatically. In the case of a manual pour, the worker physically transports a
ladle containing liquid metal to the mold and pours it into the mold. The amount
of metal poured is limited by the individual's strength. Because of this limitation,
hand pouring is usually reserved for low production quantities of small castings.

With mechanical assistance, a much larger cylindrical vessel (still called a
ladle) is usually suspended from an overhead monorail system. The metal is
poured by turning a handwheel, or by pulling a lever that causes the container to
tilt until the metal runs out into the mold. Many more castings may be filled than
with the manual method.
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High-production foundries pour metal automatically. Instead of transporting
the metal to the molds, the molds are transported to the pouring station. A
predetermined amount of metal is then poured into the mold. This method allows
for the most control over the delivery of the metal into the molds and, if initially
designed and executed correctly, it produces castings with a high degree of
consistency.

12.6 CLEANING OF CASTINGS
Once the casting has cooled, it must be cleaned before any final operations may
be performed. Cleaning consists of the removal of all adhering sand from the
casting together with the removal of the gating system and any fins of metal
around the parting line. The techniques employed in cleaning, or shakeout, are
described in the following section [11,12].

Shakeout is the first stage of cleaning. Shakeout is a foundry term referring to
a mechanical operation used to separate the casting from its mold. This should
occur without damaging the casting and while keeping noise and dust emissions
to a minimal level. An ideal shakeout should achieve the following:

Separate the sand, casting, and flask
Remove as much adhering sand from the casting as possible
Clean the flask of all adhering sand
Break up large mold lumps

It is desirable to remove the casting from the mold as soon as possible, because
the sand cores are harder to remove from the casting once they have cooled.
However, in some cases the casting is left in the mold to keep it from cooling too
quickly. In most modern foundries, shakeout is accomplished by using either
vibratory or rotary drum systems.

Shakeout is usually followed by shot blasting. The shot blasting machine is
used to provide the casting with a good surface finish and to remove any interior
sand that is still adhering to the casting. It is often the most expensive piece of
cleaning room equipment in the foundry and is expensive to maintain. For this
reason it is important that as much sand be removed from the casting as possible
before it is shot blasted. Adhering sand wears the wheel vanes and cups, shot blast
liners, and dust collection systems and creates a less pleasant working environ-
ment for the workers.

The abrasive metal shot is focused at concentrated areas, using either spinning
wheels or concentrated air pressure to project it. The casting is moved through the
shot blast streams on a conveyor, rotated on a fixture, or tumbled through the
machine.
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After the first stage of cleaning, called finishing, the next operation is to
remove the gating system and any fins from the castings. Optimizing the finishing
process of a casting is very important, because up to 40% of the direct labor
content of the casting can be accounted for in these final manual process steps.

Castings sometimes have to go through a grinding operation after being shot
blasted. This is done to remove unwanted surface protrusions such as the base of
removed fins and gating system contact areas. Grinding operations may be done
manually or by using automation. Manual grinding is usually done with hand-
held grinders on larger castings. Small castings may be ground using stand
grinders and hand manipulation of the castings.

Fixed automation may be possible, depending on the part geometry and the
nature of the material being removed. Using fixed automation, the part is held in a
fixture and can be touched by several grinding wheels simultaneously. Well-
designed coring for the casting can increase the feasibility of using automation. If
the flash to be removed grows out from the casting surface, then grinding wheels
can easily remove it. Flash growing sideways below the boundaries of the casting
surface is very difficult to remove with automation. Such removal is almost
always done manually. However, robots with small grinders can be programmed
to follow the contour of the pocket being cleaned.

For steel, cast iron, and some copper-based castings, chipping is still a
common operation performed to remove the fins and flash. Chipping is performed
using pneumatic chisels to quickly cut away unwanted metal. A line of operators
equipped with chippers is able to handle a wide variety of castings at the same
time. This provides a great deal of flexibility because several different castings
can pass down the same line to be cleaned, but this flexibility is gained at the
expense of more manual labor.

12.7 COST ESTIMATING
Determining the cost of producing a sand casting is a very complicated
procedure, because of the large variations possible in the casting process.
Accurate cost estimation is hindered by the amount of equipment involved, and
the different combinations in which the equipment and processes may be linked.
The cost estimation procedure presented here is divided into three main
categories: metal cost, tooling cost, and processing cost.

12.7.1 Metal Cost
The melting department of a foundry represents a very important stage in the
casting process. The foundry's ability to manufacture sound castings depends
greatly on the chemistry of the metal produced in the melting department. Besides
being the cornerstone of the casting process, the melt department also represents a
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very substantial percentage of the cost of the finished casting. The melt
department generates as much as 30 to 50% of the processing costs involved
in sand casting.

The first step in determining the total metal cost is to calculate how much
material is needed to produce the casting. An examination of a wide variety of
castings was carried out [13] to determine the minimum risering and feeding
requirements. Variations in casting size were found to occur due to differences in
the feeding requirements for different metals and to differences in the arrange-
ment of impressions on the pattern plates.

It is not uncommon to produce Siamese castings, where two symmetrical parts
are produced as a single piece and are later separated (cut apart). Ideally, the
combined dimensions of the Siamese casting should be used in the feed
calculations. However, this is an example of a foundry technique of which the
part designer is unlikely to be aware. For such situations the model used here will
overestimate the size of the gating system and thus give a small cost overestimate.

It was found that the total casting weight could be predicted using only the
final part envelope dimensions with an accuracy within 15% of actual values [13].
The relationship for the poured casting weight is

Wp = pVfc[\ + l.9((L + W)/D)-°-lm} (12.1)

where

p = metal density, kg/m3

Vfl. = volume of metal in finished casting, m3

L = part length, mm
W = part width, mm
D = part depth, mm

Once the poured weight is estimated, the cost of the metal must be determined.
The cost of the metal must include the cost of the raw material, the cost of the
energy to raise the metal to the required pouring temperature, and the cost of
operating the furnace and ancillary equipment. The sum of these costs is often
referred to as the cost of metal "at the spout." The steps involved in calculating
the cost of metal at the spout are presented below.

Furnace energy cost, measured in dollars per kilogram, is given by

(12.2)

where

£;t=cost of electricity, $/(kW-h)
Mme = minimum melt energy, (kW-h)/kg
Fs= furnace efficiency
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TABLE 12.2 Furnace Cost Data for Sand Casting
Alloys

Generic alloy

Ductile iron
Gray iron
Malleable iron
Carbon steels
Stainless steel
Aluminum
Magnesium
Bronze
Nickel alloys

Density, Minimum melt energy
kg/m3 (kW-h)/kg

7110
6920
7280
7830
7750
2710
1800
8800
9250

0.391
0.390
0.395
0.393
0.405
0.326
0.332
0.185
0.341

Values of 0.035 for Ect and 80% for _Fff can be used for typical U.S. foundry
operations. Mme values for a range of typical casting metals are given in Table
12.2.

In addition to the cost of energy, a fixed furnace cost is usually applied to cover
the capital investment. This cost can be given by

C& = Ffc/p (12.3)

where

Ffc = fixed furnace cost, $/(m3 of metal)

For a 1000kg furnace a value for F{c of $284/m3 represents a reasonable value
for current calculations in the United States.

Finally, the labor cost for furnace operation, per kilogram of poured metal
(Qk), must be accounted for. This can be estimated for a foundry on a per shift
basis—i.e., the cost of furnace workers for one shift divided by the weight of
metal poured per shift. A typical value for the furnace labor cost for a midsize
automated U.S. foundry is $0.02/kg.

The cost of metal at the spout can thus be represented by
Cms = Cm + Cen + Cft + Cfc (12.4)

where

Qm =cost of raw material (given in Table 12.1), $/kg

For example, using the values of Cm, Mme, and p from Tables 12.1 and 12.2 for
gray iron gives

Cms = 0.22 + 0.035 x 0.39/0.8 + 284/6920 + 0.02
= 0.30 $/kg
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The cost of metal in a finished casting is higher than this value because of the
wasted metal in the feed system as defined by Eq. (12.1), and which has scrap
value as given in Table 12.1. With this adjustment the cost of metal in a finished
casting is given by

Cmf = (CmsWp - CCT(^p - pKfc))/(l - Sg/100) (12-5)

where

Cms = cost of metal at the spout, $/kg
Wy = weight of poured metal, kg

p = density of metal, kg/m3

yfc = volume of finished casting, m3

Ccv = metal scrap value, $/kg
Sg = percentage of scrap castings

If, in cost-estimating procedures, the cost of metal ingot, Cm, is used instead
of Cms in Eq. (12.5), then the costs of energy and furnace operations are added to
the costs of the other casting operations discussed in Section 12.4.7.

12.7.2 Sand Costs
The cost of new mold sand can range from $13/ton up to $35/ton depending on
the fineness of the grain. This cost does not include the shipping cost, which is the
major source of variation between supplier's prices. Transportation cost is
important because the characteristics of the sand can vary depending on the
site at which it was mined.

Foundries are often willing to pay more for sand from the Midwest because it
has better grain characteristics than the angular sand from New Jersey, which
requires more binding agents. The need for more binding agents adds expense
and creates pollution problems that may justify the higher transportation costs
from the midwestern site. Treated sand is considered a hazardous waste and
disposal costs can vary from $300 to $500 per ton.

Sand must be properly conditioned with the appropriate additives to give it the
desired molding properties. The sand must then be transported to the molding
area to be used. After use, the sand is separated from the finished casting,
transported back to the sand area, is cooled, and any impurities are removed
before it can be reconditioned and used again. New grains, as well as binder
additives, are added to the recovered sand before it is used again in the system.

Since the influence of the mold sand cost on the casting's manufacturing price
is very slight, often less than 3% of the total manufacturing cost, a simple
procedure determined from a survey of U.S. foundries will be used. Based on this
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data [13], it appears that mold sand cost can be approximated as 0.018 $/kg of
metal poured. Thus the cost of mold sand per part can be represented by

Cmsd = 0.018^p (12.6)

Core sand is considerably more expensive than mold sand. This is because
finer sand is necessary to produce cores strong enough to withstand the pressures
of pouring metal. From the same foundry data [13], an average cost for core sand
was determined to be 0.084 $/kg.

Cores are frequently damaged during processing, and the scrap rates can vary
from 4 to 40%, depending on how delicate the core configuration is and on the
type of core-making process being used. For the majority of cases a scrap rate of
8% will provide a reasonable estimate. The cost of the core sand for producing a
casting is then

(12.7)

where

pcs= density of core sand, kg/m3 (= 1387)
Vc= volume of core, m3

Sc = core scrap rate, %
Ccs=cost of core sand, $/kg (=0.084)

12.7.3 Tooling Costs
The cost of tooling is usually determined in industry through comparisons with
similar tools made in the past. The estimator, a tooling expert, then adjusts the
cost of the new tooling depending on how much easier or harder the job being
estimated is compared to the one previously completed. This is an unacceptable
method for the present purposes because the users of the model developed here
should not have to be experts in the costing process. Therefore, an alternative
method is presented for determining the cost of the tooling.

The first step in determining the cost of the tooling is to determine the
equipment on which the tooling will be used. This information is needed to
determine the size of the tooling and the number of castings that may be produced
per hour. If the casting requires cores, then the cost of core boxes required to
support the mold line's core requirements must also be calculated.

To determine the cost of the required pattern it is necessary first to review
some of the principles of pattern design. Pattern design is an art and cannot be
easily broken down into a few rules of thumb. The rules presented in this section
provide a conservative method for locating patterns on a base plate. However,
these rules are not absolute and an expert may be able to violate them with
impunity.
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The first step in pattern layout is to decide where the pattern line will be on the
casting. This determines the geometries that will be mounted to the cope and drag
plates and is needed to determine the proper spacing between the patterns for
multicavity molds. The designer also needs to remember that a feed system is
necessary. While casting designers cannot be expected to design this system, they
should leave room in areas that they would expect the feed system to pass
through. Additional space must also be left for risers when necessary. Finally,
core prints should be designed and located so that the cores may be held securely
in place. The following rules are suggested in determining the layout of the
pattern plates.

For thicker castings, pattern spacing should be equal to the adjacent section
heights of the casting. For example, a 20 cm high casting may taper down to
10cm at the edge adjacent to the location for another pattern. The spacing
between the patterns should be 10 cm. For shallower castings, those less than 5 cm
high, the spacing rule is increased to 2 times the adjacent section height. The
spacing should never become less than 1.5 cm between two sections.

A distance of 2.5 to 10 cm should be kept between the pattern and the edge of
the plate. The spacing varies depending on the size and type of equipment being
used. For the purposes of this model, a distance of 5 cm is recommended. There
should also be approximately 5 cm of spacing between the end of a core print and
the edge of the plate.

The main arteries of the gating system should have 2.5 cm of sand surrounding
them. However, it is allowable for the runner system to come closer to, or even to
contact, a core print.

The layout of the core box cost is simpler than for the pattern plate. The
cavities should be laid out so that the shallowest dimension is in the vertical
plane. The recommended core box design rules are provided below.

Include the core prints when developing the layout of the die cavities.
Keep a 2 cm wall between cavities.
A border of approximately 5 cm is required on the sides of the box.
A border of 5 cm is required on the top of the core box and 2 cm on the bottom.

For larger-volume production, the plates, on which the pattern impressions are
mounted, are usually produced as iron castings. If the parting surface of the mold
is flat, then the top and bottom plate surfaces are machined accordingly and flask
pins and bushings are added. Anything other than a flat parting line on the cast
part requires more complex mounting plate castings. These in turn require more
extensive machining, which can significantly increase the cost of the tooling.

The cost of the mounting plates for the pattern impressions, or for the core box
cavity inserts, can vary from $1.30 to $4.40 per kilogram depending upon the
quantity to be made [13]. For the purpose of this costing model, it will be
assumed that the plates are manufactured in large quantities and a figure of $2.00
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per kilogram is used. The cost of machining and rigging a simple mounting plate
costs about 0.025 $/cm2 for a medium-sized pattern plate. With these values, the
typical cost for a pair of mounting plates can be represented by [13]

Cpm = 0.58^pl (12.8)

where

Ayl = plate area, cm2

Once the cost of the pattern base plate is known, the next step is to calculate
the cost of the pattern impressions. This is done by rating the complexity of the
casting outer surface, based on the number of surface patches. A surface patch is
defined as a segment that is either planar or has a constant or smoothly changing
curvature. The intersection of two surface patches appears as a rapid change in
slope or curvature. The counting procedure is described below.

Count all of the surface patches that are formed by the pattern but ignore any
that are created by a core. When multiple identical features are located on the
surface of a part, a power index of 0.7 can be used to estimate the savings in
machining identical features. For example, for a boss with 6 surface patches that
appears 10 times on a casting, the total number of surface patches for all of the
bosses would be calculated as 6 x 10°'7 = 30 instead of 60. This index is also
used in the equation for determining the reduced cost of machining multiple
identical impressions. The cost of a set of identical pattern impressions is then
given by

Cpi = 7?t(0.313A^27 + 0.0854'2)A^7 (12.9)

where

Rt = toolmaking (pattern shop) rate, $/h
Nsp = number of surface patches
AV= projected area of impression, cm2

jVpj = number of identical impressions

Pattern shop rates in the United States are typically between $35 and $40 an hour.
For high- volume production the gating system is formed by additional pattern

impressions. The cost of the gating system appears to be based on several factors.
The first is the type of metal being fed. For example, gray iron generally does not
require risers, so its gating system is easier to design and build than for other
metals. Another factor is the number of cavities that must be fed and the distances
between the cavities. A survey of pattern costs for an automated casting line [13]
revealed that the cost of gating system impressions typically adds 20 to 35% to
the cost of the pattern tooling. The more inexpensive the impressions, the higher
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the percentage of the final cost the gating system will be. Using a mid-range value
of 25%, total pattern cost can be represented by

Cpt = Gf (Cpm + Cpi) (12.10)

where

Gf = gate factor
= 1 for a manual casting process
= 1.25 for an automated casting line

The cost of a core box can be calculated by using a method that is similar to
the method for estimating injection molding dies. Like an injection molding die, a
core box contains cavities that are formed by the closure of two plates. An
extensive amount of machining is required beyond the machining needed to
produce the cavities. Ejection pins are located in the lower half to allow for the
quick removal of the core. The upper plate contains passages for the sand to flow
through as it is blown into the core chamber. Small holes must be drilled into the
plate to allow for air to escape the cavity as the sand is blown in to replace it.

The cost of producing a cavity insert is based on the cavity complexity and the
projected area (parting line area) of the part. The number of surface patches is
determined using the same procedure previously discussed. The cost of the cavity
insert for a core box can be represented by Eq. (12.9). The total cost of a core box
is thus

Cbox = Cpi + Cpm (12.11)

where

Cpm = the cost of the mounting plates [given by Eq. (12.8)]

Most high-production tooling is made of iron. However, some foundries use
stainless steel for producing critical tooling for high-production volumes. For
smaller production quantities tools may be made of wood or plastic. The costs for
producing tooling from alternative materials can be approximated using the
relative tooling costs in Table 12.3. Estimates of tool costs using Eqs. (12.10) and
(12.11) are simply multiplied by the appropriate value of the relative tool cost
factor Rt{.

Table 12.3 provides information on the number of cycles for which a piece of
tooling may be used before it is replaced. The data are for one pattern impression
or one core box cavity. For example, the predicted production life of a four-cavity
cast iron core box is 600,000 cores.
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TABLE 12.3 Tool Life and Relative Costs

Pattern or core box
material

Wood
Plastic
Cast iron
Stainless steel

Relative cost
factor, Ry

0.25
0.40
1.00
1.18

Tool life per cavity

2,500
5,000

150,000
180,000

12.7.4 Processing Costs
Processing costs are broken down into three main categories: the cost of
producing the cores, the cost of producing the molds and pouring the metal,
and the cost of cleaning the castings.

There are a large number of variables in determining the cost to produce a
core. The cost of the core is affected by its size, which determines the number of
cavities possible per box and, therefore, the core machine production rate. The
production rate of the machine largely depends on the type of core-making
process being employed. The type of core-making process and the design of the
core influence the scrap rate. The core scrap rate can vary from 4% for a simple
core to 40% for a very delicate core.

Some cores call for a refractory coating, which requires equipment and
manpower to coat the cores and then bake them to dry the coating. All of
these factors combine to form a formidable challenge to obtaining accurate
estimates of individual core costs. It is typical, for estimating purposes, for the
average weight of cores produced by the core shop per hour to be divided into the
number of core process workers. This gives a production rate for the core shop
expressed in core kilograms per worker hour. The cost of processing a particular
core is then given by

Ccore = Pcs^cm/^cm(l - Sc/100)(Pff/100)] (12.12)

where

pcs = density of core sand, kg/m3

Vc = volume of core, m3

Pff = plant efficiency, % (actual production time/total available time) x 100
Rcm = worker rate for core making, $/h
Pcm = core production rate, kg/h

For U.S. corporations, a typical value for plant efficiency is 85%.
From a survey of several large foundries [13], an average production rate for

cores was found to be approximately 53 kg/worker-hour, with an associated
burdened labor rate of 50$/h. The cost advantage of multicavity core boxes is not
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as significant as for other molding processes because of the secondary operations
involved in removing flash or fins, adding coatings, and curing. For approximate
cost estimating, Eq. (12.12) can be used irrespective of the configuration of the
core box. As discussed earlier, when considering the cost of core sand, a scrap
rate Sc of 8% is reasonable for early costing purposes.

The molding area costs are easier to determine than those of the core area,
because there are fewer variations in the processing system. This is because the
molding machine can be modeled as a transfer line. The mold area contains a
variety of operations. However, since the majority of the operations take place on
the mold line, the processing cost is based on the number of castings produced
per hour, the number of workers required to support the line, and a burdened
labor rate per worker. A typical cope and drag casting line in the Midwest
requires 21 workers to achieve a production rate of 285 molds per hour. The
burdened rate per worker on this line is $208 per hour. The casting scrap rate, like
the core scrap rate, can vary widely depending on the geometry of the part and the
type of metal being poured. From a survey of a number of foundries [13], it was
found that a value of 2% is reasonable for early cost estimating. The mold line
processing cost per casting can be given by

Cmp = NmwRmp/(NcPmp(l - Sm/100)(Pff/100)) (12.13)

where

jVmw = number of line workers
7?mp= worker rate for molding line production, $/h

Nc = number of mold cavities
Pmp= molding line production rate, molds/h
Sm= casting scrap rate, %
-Pff= plant efficiency, %

It should be noted that the rate, Rmp, of 208$/h is for a large midwestern
foundry capable of supplying large castings, such as engine blocks, at high
production rates. The large capital equipment to provide this capability results in
the very high burdened labor rate. A survey of smaller automated foundries in
other parts of the United States [13] suggests that an appropriate rate for7?mp for
high-volume production of small to medium-sized castings is approximately
95 $/h.

The final operation on the mold line is to remove the castings from the mold.
This is usually accomplished by using a ram to push the sand mold out of the
flask and to break the mold apart. The mold sand is reclaimed, and the castings
are transported to the cleaning department.

The cost of cleaning a casting is mainly based on size and the geometry of the
part. However, the type of material cast and the process employed also affect the
ease with which the casting may be cleaned.
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Cleaning a casting is the most labor-intensive job in the foundry. Even with the
aid of automation to remove the gating system and scale from the casting, there
can still be a substantial amount of manual work. Chippers and grinders are used
to remove the flash and feed system contact area. Of course, the level to which
this is done depends on how important the flash removal is. In some cases, the
level of finish of the casting is not critical and cost savings can be realized.

The major cost driver in the cleaning process is the casting's geometry. The
length of the parting line determines the amount of flash that must be removed. If
the part is cored, then the flash formed around the cored openings in the casting
must also be removed. However, other factors also affect the cleaning time. Some
castings require more reorientations to clean the flash lines than others do, and the
time to carry out these reorientations is based on the dimensions and the weight of
the casting.

Deep pockets and small openings in a casting also create cleaning problems. A
casting with large internal cavities and small holes can create very difficult
problems. This is because the sand inside the casting is often not completely
broken down and cannot, therefore, be easily removed.

A survey of a large number of castings suggests that the total labor time for
cleaning castings (including sand removal, runner system and flash removal, and
shot blasting) is approximately proportional to the square root of the casting
weight. Regression analysis of casting data from a midsized automated foundry
provided the following relationship for cleaning labor time.

rcl = 88.4 x W^M s/casting (12.14)

The cleaning cost is then given by
Ccl = 7?drd/3600 (12.15)

where

Tcl = total cleaning time, s
Rcl = worker rate for cleaning room, $/h

Cleaning room burdened labor rates vary from approximately $25/h for small
automated foundries in the United States to more than double that value for large
foundries supplying major castings to the automobile industries.

12.8 DESIGN RULES FOR SAND CASTINGS
A report written for the North Atlantic Treaty Organization (NATO) [14] states
that the primary factor in the selection of sand casting is cost reduction. However,
the most important factor in determining the cost of a casting is the design. The
study states that the cost of a casting can "easily be doubled by factors controlled
by the designer."
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The following design rules are taken from industry handbooks [15-17].
Castings certainly can be produced that do not adhere to these design rules.
However, this will always be at the expense of increased scrap and possibly large
increases in production cost.

Avoid Sharp Angles and Multiple-Section Joints
Metal structure is affected by the shape of the casting section. Solidification of the
molten metal begins at the mold face, from which crystals grow into the casting at
right angles. A straight section of constant thickness (see Fig. 12.4a) results in
uniform cooling, which will in turn produce uniform material properties. On the
other hand, sharp angles can cause large temperature variations in the casting,
which often lead to casting defects. Hot spots result where the free cooling of the
casting is interrupted as parts of the sand are loaded with more energy than other
areas. Also, chilled areas arise on external corners from being exposed to two
cooling planes (see Fig. 12.4b). The resulting grain structure is not homogeneous
and, in particular, weak areas in the casting are created in the areas where the
cooling rate is excessive.

A well-designed casting brings the minimum number of sections together at
intersections and avoids acute angles. Wherever a number of sections converge,
the appropriate solution is to create a large hole like the center of a web.
Examples of good and bad section configurations are shown in Fig. 12.5.

Design Sections of Uniform Thickness
Design the casting so that all of the section thicknesses are as consistent as
possible. This promotes even cooling of the casting, reducing the likelihood of
defects. If larger masses of metal are unavoidable, the designer should make them
accessible for feeding either directly or with a riser.

Designing for uniform thickness also reduces the amount of material in a
casting, saving weight and reducing machining, and results in a stronger casting.
However, if section thicknesses are too small, then feeding problems may occur.
The increased cost of scrap caused by incomplete feeding (caused by metal
freezing and blocking the section from being completely filled) will normally be
higher than the material savings in a lighter casting. The economical minimum
section thicknesses of different metals to be sand cast are listed in Table 12.4.

Proportion Inner Wall Thickness
Inner sections in a casting cool more slowly than a section exposed to the mold
face. If a complex geometry is necessary, the designer should reduce the inner
section thickness to 80% of the outer wall thickness. Also, core section
thicknesses should always be greater than the section thickness of the surrounding
metal. If the core is too small, it will become overheated and slow down the
solidification rate of the surrounding metal, leading to the possibility of defects.
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Mold face

(a) Simple section

Mold-
face • Chilled area

Hot spot

(b) Connecting sections

FIG. 1 2.4 (a) Constant casting thickness with uniform cooling; (b) effects of non-
uniform cooling caused by abrupt section changes.

Consider Metal Shrinkage in the Design
Almost all alloys shrink as they solidify. While the patternmaker is the one
affected by the shrinkage, the designer must still compensate for it in the design.
In a good design, the section thicknesses decrease as the distance from the feed
system or riser increases. In order to accomplish this, the designer must be
familiar enough with the casting process to be able to visualize how the casting
will be fed and adjust the casting's dimensions to assist the metal flow. The
greater the shrinkage of the metal, the more the designer must consider it when
designing the casting. Table 12.5 lists the shrinkage of several of the commonly
cast alloy groups. The amount of shrinkage depends upon the precise carbon
content for irons and steels and varies over the ranges shown.
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Bad
6 ribs intersect

Better
4 ribs intersect

Best
3 ribs intersect ggnnn

FIG. 12.5 Examples of good and bad section configurations. (From Ref. 17.)

TABLE 12.4 Minimal Economical Section Thicknesses for Different
Section Lengths, SL

Generic
alloy

Ductile iron
Gray iron
Malleable iron
Carbon steels
Aluminum
Magnesium

Thickness for
section length
2.5cm or less

(mm)

4.8
4.0
3.3
8.0
4.0
4.0

Thickness for
section length

between
2.5 and 15 cm

(mm)

12.5
9.5
6.4

12.5
8.0
8.0

Thickness for
section length

greater
than 15cm

(mm)

19.0
19.0
14.0
25.0
16.0
16.0
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TABLE 12.5 Shrinkage Allow-
ances of Casting Alloys

Linear
shrinkage

Generic alloy (%)

Gray iron
Malleable iron
Carbon steels
Aluminum
Magnesium

0.83-1.3
0.78-1.0

1.6-2.6
1.3
1.3

Use a Simple Parting Line
A flat plane, known as a straight parting line, separating the two mold halves,
results in more economical casting than a tiered or contoured separating surface.
More complex parting lines often result in fewer parts per mold, more costly
patterns, less accuracy, and increased scrap. Also, the parting line should be
positioned so that it has minimal effect on the functional characteristics of the
part.

Locating the parting line in less critical parts of the casting is desirable for two
main reasons. First, dimensions around the parting line are the hardest to control.
Additionally, flash occurs at the parting line. If the surface around the parting line
is not critical, then flash removal costs will be lower.

Define Appropriate Machining Allowances
The machining allowance is material added to the casting to compensate for
dimensional and surface variations in the as-cast part. The amount of stock added
is a function of the size of the surface to be machined and to a lesser degree the
machining method and the final accuracy required. Minimal additional material is
needed if only flatness, possibly with some unmachined surface areas, is desired.
A larger allowance is required if the full surface is to be machined without any
imperfections. Normal machining allowances vary from 0.25cm for small
castings (< 15 cm) to as much as 2.5 cm for large castings (>250 cm).

Use Economical Tolerances
The tolerances achievable by a foundry vary depending on the types of processes
employed at the facility. For example, automated molding machines are capable
of producing molds with tighter tolerances than might be produced by hand.
Conservative tolerances, which are readily achievable by most foundries and are
therefore the most economical, are used in the following discussion.
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Tighter tolerances may be obtained by machining, which significantly
increases the cost of the casting.

The most basic tolerance is the linear tolerance. It refers to how precisely the
distance between two points can be produced. Linear tolerances of ±1.0 mm are
readily achievable for small castings. An additional factor of ±0.03 mm should be
added for every centimeter over 15 cm for larger parts.

An additional tolerance must be added to the linear tolerance of a dimension
that passes through or originates from the parting surface. These additional
tolerances reflect variations caused by expansion and contraction of the mold, the
metal during solidification, patternmaking tolerances, and vibration of the pattern
during removal from the mold. The size of the additional tolerance depends upon
the projected area of the casting at the parting surface. The typical tolerance
assignment is ±0.25 mm for each 10cm2 of projected area.

Cores create tolerance variation because of the clearance that is necessary for
their placement into the mold. The features produced by the core surface can be
held to a tighter tolerance than the features produced by the mold surface, because
cores are stronger and able to be produced to tighter tolerances than the mold.
However, the surface produced by the core may be displaced from the surface
created by the mold because of core shift. The additional tolerance for core shift
varies with the protected area of the core normal to the dimension being
considered. The recommended value is the same as for the additional parting
line tolerance given above.

The following list shows the tolerances that must be applied to the different
dimensions for the part in Fig. 12.6.

A: linear tolerance
B: linear ± core location tolerances
C: linear ± core location tolerances
D: linear tolerance
E: linear ± parting line tolerances

12.9 EXAMPLE CALCULATIONS

A concept sketch of a pump body is illustrated in Fig. 12.7. It is to be
manufactured from cast carbon steel, and a total of 10,000 are required. It is
proposed that the bodies be made on a cope and drag casting line using single-
cavity molds. The equations in Sec. 12.7 are used to provide initial estimates of
the part cost and required tooling investments.

Values of the part and production variables to be used in these calculations are
listed below.

Finished part volume V{c = 438 cm3
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FIG. 12.6 Appropriate tolerances for a cored casting.

(b)

(a)

FIG. 12.7 (a) Pump body casting; (b) casting core.
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Part projected area Ap = 222 cm2

Part length L = 250 mm
Part width W = 150 mm
Part depth D = 50 mm

From Table 12.2, the density of carbon steel is 7833 kg/m3 and substituting
into Eq. (12.1), with appropriate unit conversion, gives the weight of poured
metal per part

Wp = 7833 x (438/106)(l + 1.9(400/50)"°-701)
= 4.95 kg

The minimum melt energy from Table 12.2 is 0.393 (kw-h)/kg, and using the
suggested values of Ect = 0.035$/(kw-h) for electricity cost and E{{ = 80% for
furnace efficiency, gives furnace energy cost from Eq. (12.2) as

Cen = 0.035 x 0.393/0.8 = 0.017 $/kg

The fixed furnace cost to cover capital investment is given by Eq. (12.3), using
fcFfc =284$/m3,

Cfe = 284/7833 = 0.036 $/kg

Together with an ingot cost Cm = 0.73 $/kg (from Table 12.1), and the
suggested furnace labor cost C^ = 0.02 $/kg, the cost of molten carbon steel at
the spout is estimated to be

Cms = 0.73 + 0.017 + 0.036 + 0.02 = 0.80 $/kg

The weight of the finished casting, after removal of the feed system, is

Wfc = pVfc = 7833 x (438/106) = 3.43 kg

Thus the cost of metal per finished part, from Eq. (12.5), using steel scrap
value Ccv = 0.09 $/kg and scrap rate S& = 2%, is

Cmf = (0.80 x 4.95 - 0.09 x (4.95 - 3.43))/(l - 0.02)
= 3.90 $/part

The estimated cost of mold sand per part is given by Eq. (12.6):

Cmsd = 0.018 x 4.95 = 0.09 $/part

Now turning our attention to the material cost of the cores, the volume of the
single core illustrated in Fig. 12.6 is Vc = 683 cm3. Using the cost of core sand
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Ccs = 0.084$/kg, core sand density pcs =1387 kg/m3, and a core scrap rate
Sc = 8%, then Eq. (12.7) gives the estimated cost of core sand per part to be

Ccsd = 1387 x (683/106) x 0.084/(1 - 0.08)
= 0.09 $/part

We next estimate the core and molding processing costs in order to determine
the likely part cost. The weight of each core to be used in casting a pump body is

Wc = 1387 x (683/106) = 0.95 kg

Using the typical values for core production given in Sec. 12.7'.4, the
processing cost per core is given by Eq. (12.12):

Ccore = 0.95 x 50/(53 x (1 - 0.08) x 0.85)
= 1.15$

It will be assumed that the pump bodies are to be made at a medium-sized
automated foundry in the United States for which an appropriate rate Rmp will be
95 $/h. Equation (12.13) then gives the process cost per casting as

Cmp = 21 x 95/(285 x (1 - 0.02) x 0.85)
= 8.40 $

Finally, the cost of cleaning the casting, and for removal of metal flash and the
runner system, is given by Eqs. (12.14) and (12.15). Using the recommended
valueof7?d = 25$/h

Ccl = 25 x 88.4 x 4.95°'44/3600
= 1.24 $/casting

The piece part cost for the cast part comprises the total material and processing
costs. From the preceding calculations these costs have been estimated to be:

Material cost = 3.90 + 0.09 + 0.9
= 4.08 $

Processing cost = 1.15 + 8.40 + 1.24
= 10.79 $

Piece part cost = 10.79 + 4.08 = 14.87 $

We now proceed to estimate the cost of the required tooling. Using a spacing
of 5 cm between the impressions and the edge of the pattern plates, as
recommended in Sec. 12.7.3, the area of the pattern plates is given by

Apl = (25 + 2 x 5)(15 + 2 x 5) = 875 cm2
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Thus from Eq. (12.8) the cost of the pattern mounting plates is estimated to be
Cpm = 0.58 x 875 = 508 $

The number of surface patches, which make up the pump body, equals 12; 5
for the main body, 3 for each side hollow projection, and 1 for the bottom
cylindrical hole. Using Ap = 111 cm2 (the value given at the beginning of this
section), and Rt = 40 $/h, the cost of manufacture of the pattern impressions is
given by Eq. (12.9) as

Cpi = 40(0.313 x 12L27 + 0.085 x 222L2) = 2518 $

Thus the cost of the two pattern plates, for the cope and drag flasks,
manufactured from cast iron, is given by Eq. (12.10) as

Cpt = 1.25(508 + 2518) = 3783 $

The core, illustrated in Fig. 12.7, has a projected area in the vertical direction
of 175cm2. The length and width of the core are 25 and 13.4cm, respectively.
The area of plates required to mount the cavity and core inserts is given by

Apl = (25 + 2 x 5)(13.4 + 2 x 5) = 819 cm2

Thus from Eq. (12.8) the cost of core box plates is estimated to be
Cpm = 0.58 x 819 = 475$

The number of surface patches, which make up the core, equals 6; 3 for the
pmain body and 2 for each side projection. Using Av = 175 cm2 in Eq. (12.9), the

cost of cavity and core inserts is estimated to be

Cpi = 40(0.313 x 6L27 + 0.085 x 1751'2) = 1793 $

Thus the cost of the core box, manufactured from cast iron, is estimated to be
Cbox = 1793 + 475 = 2268 $

Finally, the tooling investment may be amortized over the total number of
pump bodies to be produced to give

Ctc = (3783 + 2268)/10000 = 0.61 $

where Ctc is the tooling cost per casting.
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13
Design for Investment Casting

13.1 INTRODUCTION
The investment casting process is capable of producing complex castings with
tight tolerances and superior surface finish and can meet the highest performance
standards, such as in aircraft jet engine applications. Other advantages of the
process include the ability to cast materials that are impossible to forge and
difficult to machine and to produce prototypes through direct machining of wax
patterns.

Investment casting is a uniquely flexible process for making parts of high
complexity, and it is therefore ideally suited to reduced part count designs—one
of the main objectives of design for manufacture and assembly (DFMA).

There are two types of investment casting processes: solid mold investment
casting and ceramic shell mold investment casting. The two processes differ
primarily in the way the mold is formed. In the "solid" mold process, the wax or
plastic pattern is placed into a container, and mold material is poured around the
pattern, solidifying into a solid block. In the "shell" process, the pattern is dipped
or "invested" in the mold material, leaving a coating of uniform thickness. The
coating is allowed to dry and the dipping process is repeated. The multiple coats
form a hard ceramic shell mold. The ceramic shell mold process described in this
chapter is the major form of investment casting for engineering applications.

13.2 PROCESS OVERVIEW
A simplified representation of the ceramic shell mold investment casting process
is shown in Fig. 13.1. The process starts with the fabrication of a wax or plastic

549
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FIG. 13.1 Simplified ceramic shell mold investment casting process.
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pattern. The pattern has the same shape as the final cast part, but with
dimensional allowances for the shrinkage that occurs during the casting process.
Usually a number of patterns are then assembled into a cluster. The cluster
includes all the necessary gates and runners for providing metal flow to each
pattern in the assembly. The completed cluster is invested (dipped) into a ceramic
slurry, removed, and then covered with a stucco material. Investing and stuccoing
is repeated a number of times. The investing and stuccoing build up a shell
around the pattern cluster. Once the ceramic shell mold is completely dry, the
pattern is melted out leaving cavities in the shape of the parts. The mold is fired to
reach its final strength and, while the mold is still hot, molten metal is poured into
the cavity and allowed to solidify. The mold material is then knocked off the
casting and the parts are separated.
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13.3 PATTERN MATERIALS

Patterns for investment casting are injection-molded of either wax or plastic.
Paraffin and microcrystalline waxes are the most common base materials for
patterns [1].

Their low melting points and low viscosity make waxes easy to mold into
patterns, assemble into clusters, and melt out of shell molds without damaging the
mold. Since waxes can be injected at low pressure and temperature, and have low
abrasiveness, tooling costs are low.

The strength and toughness of pattern waxes can be improved by the addition
of plastics; solidification shrinkage of the patterns is reduced by the addition of
resins and powdered solid fillers. Other additives are used in wax blends for
various purposes. Dyes are added to allow different wax formulations to be
distinguished by color. Antioxidants are added to help reduce thermal degrada-
tion. Oils and plasticizers are added to adjust injection properties [1].

After wax, plastic is the next most favored material for patterns—polystyrene
being the most common. Plastics patterns are strong and resist damage when
extremely thin sections are required in the cast part. However, the tooling for
plastic patterns is more expensive than for wax.

13.4 PATTERN INJECTION MACHINES

Investment casting patterns are usually made by injecting wax or plastic into
metal molds. Wax is injected in a liquid, slush, paste, or solid form. Typical
injection temperatures range from 43 to 77°C (110 to 170°F) and injection
pressures from 275 kPa to 10.3 MPa (40 to 1500 psi). Liquid wax injection takes
place at the higher temperature and lower pressure ends of the ranges, while solid
wax injection is done using lower temperatures and higher pressures. Simple
equipment for wax injection consists of a pneumatic unit with a closed, heated
tank of wax, as shown in Fig. 13.2. The tank has a thermostat, pressure regulator,
heated valve, and nozzle. Shop air provides the pressure needed. A metal mold is
held to the nozzle with one hand, while the other hand operates the valve. Units of
this type are usually limited to less than 690 kPa (100 psi) and only inject liquid
wax. Equipment like this is used on a large variety of small parts [1].

Patterns that cannot be made on simple equipment because of size, complexity,
dimensional requirements, or quantity, are made on hydraulic machines (Fig.
13.3). Hydraulic machines can use higher injection pressures that improve
injection time and quality. They allow the use of larger molds and higher
injection pressures and are readily available in a range from 9.1 to 363 Mg (10
to 400 tons) clamping force [1].

Hydraulic machines with manual or semiautomatic modes of operation
typically have horizontal platens. The lower platen is stationary and holds the
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Hand valve

Injection nozzle

Wax mixer

Shop air pressure

Wax reservoir

FIG. 13.2 Simple investment casting pattern injection equipment.

lower half of the mold. The other platen moves vertically, holding the upper mold
half, and is forced down to clamp the mold shut prior to injection of the wax.
With semiautomatic machines the operation is automatic except that the pattern is
removed manually. Automatic hydraulic machines typically have vertical platens.
One platen is fixed while the other slides back and forth to open and close the
mold, and the pattern is automatically ejected.

Hydraulic press cylinder

Control unit

Injector
nozzle

Lower platen

Upper movable platen
Wax mixer

Wax reservoir

Injector unit

FIG. 13.3 Hydraulic pattern injection machine.
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Hydraulic machines usually have a reservoir for liquid and slushy wax. The
wax must be continuously mixed to keep it uniform and to keep any solids in
suspension. Some facilities have central wax supplies. Machines used for paste
wax injection receive their supply of wax from a removable metal cylinder
containing preconditioned wax. The wax is injected as a piston forces the wax out
of the cylinder. Solid wax injection uses preconditioned wax billets loaded into
the machine. Both paste and solid injection machines require separate baths or
ovens for preconditioning or pretempering of the wax cylinders or billets.

Polystyrene patterns are produced using standard plastic injection molding
machines as described in Chapter 8.

13.5 PATTERN MOLDS

Most molds for molding patterns are manufactured by machining the part form
directly into the mold. Aluminum is the most widely used material for wax
injection molds, whereas tool steel is most frequently used for plastic injection
molds. Molds for wax patterns will last indefinitely but those for plastic patterns
will wear and require replacement after 1 million cycles or so.

13.6 PATTERN AND CLUSTER ASSEMBLY
The majority of patterns are injected in one piece with gates attached. Large size
or complexity can require a pattern to be made up of several pieces. The pieces
may be all wax, all polystyrene, or a combination of the two. When small, delicate
details are required on parts too large to be made as one-piece plastic patterns,
fine plastic details may be assembled to a larger wax pattern.

Once the individual pattern assembly is complete, the metal feeding system
made up of the required runners, sprue, and pouring cup is added. Smaller parts
are processed in clusters when a number of patterns share the same feeding
system. The number of patterns on a given cluster varies according to part size
and process limitations.

Most assembly of patterns, feeding systems, and clusters is done by hand. Wax
components are assembled by wax welding. This is done by melting the joining
surfaces with a hot iron, spatula, or small gas flame. The two wax pieces are
pressed together until the wax solidifies, welding the two components together.

Once the cluster, or individual part, is fully assembled it must be cleaned. The
cluster must be free of dust, loose wax, and mold lubricant. The cluster is
sometimes lightly etched to promote adhesion of the ceramic mold slurry.



Design for Investment Casting 555

13.7 THE CERAMIC SHELL-MOLD

The cluster or single pattern assembly is dipped into ceramic slurry and then
covered with stucco particles. The ceramic slurry contains very small particles
and is capable of reproducing the fine detail and smooth surface finish from the
pattern. The slurry also contains a binder that gives strength to the mold. The
stucco particles prevent the slurry from cracking and pulling away when drying;
they also help to provide adhesion between coats and help build mold thickness.
Each mold layer, consisting of one slurry application followed by one stucco coat,
is allowed to harden prior to adding the next layer. Layers are added until the
required thickness or mold strength is reached.

The three most commonly used refractories for ceramic shell molds are silica,
zircon, and aluminum silicate, and they are usually used in combination [1].

Silica is used in the form of silica glass or fused silica. It is made by melting
natural quartz sand, solidifying it into glass, and then crushing it into various size
particles for stucco and into fine powder for slurry mixes. Since it can be readily
dissolved, it can be easily cleaned from those cavities of finished castings that
cannot be cleaned by mechanical methods. Zircon is natural sand, ground into
powder for slurry mixes, and is usually used in combination with fused silica.
Where used for stucco, zircon is used only for primer coats. It does not come in
sizes large enough to be used as a backup coat stucco. Aluminum silicates contain
42 to 72% alumina, with the balance being silica.

Slurries require the addition of a binder to give them strength. The most
common binders are hydrolyzed ethyl silicate, colloidal silica, and sodium
silicate [1].

Dipping, draining, and stuccoing of patterns or clusters can be done manually,
robotically, with hard automation, or by a combination of the methods. Robots are
increasingly being used for making shell molds [1]. They increase productivity,
provide the ability to process larger parts or clusters, and produce more uniform
coatings.

When dipped into the primer slurry, the cluster is manipulated in the slurry
tank to guarantee that all surfaces and cavities are coated with slurry. The cluster
is continually rotated and manipulated to make sure the slurry coats the cluster
evenly. After the excess slurry has drained off, the cluster is covered with stucco
particles to stop any further runoff of slurry.

Stucco particles are applied by either dipping the cluster in a fluidized bed or
rotating the cluster under falling particles from an overhead screen. Primer
slurries have a finer refractory powder and are stuccoed with finer particles
than the following backup layers. This is to provide as smooth and as detailed a
representation as possible of the pattern surface and to help resist metal
penetration. The primary function of backup coats is to provide the necessary
strength in the mold to survive pattern meltout and metal pouring. Usually one or
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two primer coats in addition to the first coat are applied. The total number of
primer and backup coats is within the range of 5 to 15 [1].

13.8 CERAMIC CORES
Cores are widely used in investment casting. The two basic categories of cores are
self-forming cores and preformed cores.

Self-forming cores are formed by the mold-making process. The internal
passages are already present in the wax pattern. The self-forming core is
produced when the pattern is dipped into the ceramic slurry that fills the internal
passages. The cavities for self-forming cores are produced by two different
methods. One method is the use of core pulls in the pattern mold. The other is by
using soluble wax cores placed in the pattern mold prior to wax injection. After
wax is injected around the soluble wax core, the pattern is removed from the mold
and the soluble core is dissolved out of the pattern. Soluble wax cores are made of
solid polyethylene glycol with sodium bicarbonate or calcium carbonate used as a
filler powder. The cores are usually dissolved out in an aqueous acid solution that
will not attack the base wax used for the pattern body [1]. When openings are
large enough to allow ceramic molding slurry complete access to internal cavity
features, self-forming cores are preferred. They are used extensively in small
hardware castings [1]. When access to internal features is restricted, preformed
cores must be used.

Preformed ceramic cores require their own molds and are usually injection-
molded in a process in which fine refractory powder is mixed with an organic
vehicle and injected into hardened steel molds. The injected mixture is very
abrasive and limits mold life. After forming, cores are heat-treated in a two-stage
process. In the first stage, the organics are removed and in the second stage the cores
are sintered to achieve their final strength and dimensions [1]. Preformed ceramic
cores are usually placed in the pattern mold and wax is injected around them.

13.9 PATTERN MELTOUT

The thermal expansion of the waxes used for patterns is many times that of the
mold materials. To reduce the tendency for mold cracking, molds are heated very
quickly, so that the surface of the pattern melts before the temperature of the main
body of the pattern rises appreciably. As the pattern heats up and expands, the
melted surface layer is squeezed out of the mold, making room for the expanding
pattern and preventing the mold from cracking [1].

The primary methods used for melting patterns from molds are steam
autoclave dewaxing and high-temperature flash dewaxing, with steam autoclave
dewaxing being the most common method. Saturated steam with rapid pressur-
ization to 550 to 620 kPa (80 to 90psi) is used. Full pressure is attained in 4 to 7
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seconds [1]. Molds are dewaxed in about 15 minutes depending on the size of the
mold. The wax can be recovered for reuse.

In flash dewaxing, the mold is placed in a furnace at 870 to 1095°C (1600 to
2000° F). The furnace has an open bottom to allow the wax to collect outside of
the furnace as it pours out of the mold. Some of the wax burns as it falls from the
furnace. This means that wax reclaimed by this method is somewhat deteriorated.
Polystyrene patterns are also removed from molds by this method [1].

13.10 PATTERN BURNOUT AND MOLD FIRING
After pattern meltout, the mold is fired to remove any remaining free or
chemically bonded moisture and to burn out any remaining pattern material.
Any organic material used in the slurry is burned off and the mold is sintered.
Sometimes the mold is allowed to cool for inspection and a separate preheat cycle
is done just prior to metal pouring. Batch- or continuous-type gas furnaces are
most often used for mold firing, burnout, and preheat. Burnout and sintering
temperature is between 870 and 1095°C (1600 and 2000°F) [1].

13.11 KNOCKOUT AND CLEANING

After the casting has cooled, it must be freed from the mold. This is referred to as
knockout. The mold is usually broken off using a vibrating pneumatic hammer.
Shot blasting is used to remove any mold material stuck to the part surface. The
blasting operation is done both manually and on automatic cycles [1].

If cores need to be removed, the entire cluster is dipped into a molten caustic
bath where the cores are dissolved out.

13.12 CUTOFF AND FINISHING

After the mold has been cleaned, risers and gates must be removed. For a cluster
of parts, each part must be cut from the cluster at its gates; then any separate risers
need to be cut off. Materials such as aluminum, magnesium alloys, and some
copper alloys are cut off using band saws. Abrasive wheels are used to cut off
other copper alloys, steels, ductile iron, and superalloys. Brittle alloys may be
knocked off with a hammer if notches were provided in the gates. Cutting torches
are used when gates are not accessible to the other methods. After cutoff, abrasive
wheels and belts are used to grind the gate stubs flush.

13.13 PATTERN AND CORE MATERIAL COST

There are hundreds of different wax pattern and core materials available. Table
13.1 lists material properties and costs for polystyrene and for some typical wax
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TABLE 13.1 Pattern Material Properties

Chapter 13

Pattern material

Polystyrene
Wax 1: liquid
Wax 2: liquid

paste
solid

Wax 3: liquid
Wax 4: liquid

paste
solid

Wax 5: liquid

Density
(g/cm3)

1.59
0.99
0.97
0.97
0.97
1.00
1.13
1.13
1.13
1.00

Thermal
diffusivity
(mm2/s)

0.090
0.092
0.092
0.092
0.092
0.092
0.092
0.092
0.092
0.092

Inject
temp.
(°C)

218
65
67
60
49
68
64
58
51
64

Eject
temp.
(°C)

77
50
50
50
48
50
50
50
50
50

Mold
temp.
(°C)

27
25
25
25
25
25
25
25
25
25

Inject
pressure

(MN/m2)

96.5
1.4-3.4
1.4-3.4
1.4-3.4
2.7 min
1.4-3.4
1.4-3.4
1.4-3.4
2. 7 min
1.4-3.4

Cost
($/kg)

1.12
3.09
2.87
2.87
2.87
3.17
2.45
2.45
2.45
4.74

Compiled from an industry source of pattern materials and Chapter 8.

blends used for patterns. Table 13.2 lists the common applications for these
pattern materials, and Tables 13.3 and 13.4 present the same information for core
materials. The material costs given in these tables include allowances for typical
order quantities and for conditioning of waxes before delivery to the wax
injection machine.

TABLE 13.2 Pattern Material Applications

Material Description

Polystyrene Plastic. For use in very small or fragile parts required in large
quantities.

Pattern wax 1 Nonfilled. Liquid injection. For thin-walled parts. Good in applications
requiring cores. Good for aircraft castings requiring superior surface
finish.

Pattern wax 2 Nonfilled. Liquid, paste, or solid injection. For thin-walled parts. Low
brittleness. Good where pattern tooling has many loose or moveable
pieces. Commonly used in commercial applications.

Pattern wax 3 Filled. Liquid injection. Good for patterns with fragile cores. Can be
used in thin- or thick-section patterns. Good for aircraft castings
requiring superior surface finish.

Pattern wax 4 Filled. Liquid, paste, or solid injection. For parts with heavy sections,
or thick as well as thin walls. Commonly used in commercial
applications.

Pattern wax 5 Nonfilled. Liquid injection jewelry wax. Superior surface finish. Easy
to repair. Very flexible. May be milled or filed without chipping.

Compiled from an industry source of pattern materials and Chapter 8.
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TABLE 13.3 Core Material Properties

559

Core material

Soluble: liquid
solid

Silica ceramic

Density
(g/cm3)

1.00
1.00
1.60

Thermal
diffusivity
(mm2/s)

0.092
0.092
0.110

Inject
temp.
(°C)

67
52

232

Eject
temp.
(°C)

50
51
52

Mold
temp.
(°C)

25
25
27

Inject
pressure

(MN/m2)

1.4.-3.4
2.7min

140

Cost
($/kg)

3.66
3.66
1.00

Compiled from an industry source of core materials and Chapter '

TABLE 13.4 Core Material Applications

Material Description

Soluble wax For liquid or solid injection. Dissolved out of cluster prior to investing
in ceramic slurry.

Silica ceramic Fused silica-based. For most applications. Silica can be leached out of
the casting. Assumed to have a polyethylene or wax-based organic
vehicle for injection.

Compiled from an industry source of core materials.

The material cost for a pattern or core, Cpm ($), is given by

C m = cpF(l +Sa)/1000 (13.1)

where

Dpm = density of pattern or core material, g/cm3

Mcp = pattern or core material cost per unit weight, $/kg
V = volume of the part, cm3

S3 = volume shrinkage allowance for the cast metal

Typical metal shrinkage allowances, S3, are presented in Table 13.5. It is assumed
that the material in the gate and runner systems is formed from recycled wax.

Example
The part shown in Fig. 13.4 is to be cast in phosphor bronze. It has a volume of
3.326cm3 and two holes perpendicular to the direction of forming. These holes
could be formed by side-pulls in the mold — one on each side. The cost for the
type 2 liquid wax material in the pattern is

C = 0.97 x 2.87 x 3.326(1 + 0.04)/1000 = $0.00963
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TABLE 13.5 Volume Allowances for Solid Contraction of Metals

Metal or alloy

Aluminum alloys
Aluminum bronze
Yellow brass
Grey cast iron
White cast iron
Tin bronze
Lead
Magnesium
Magnesium alloys (25%)

Shrinkage
(%)

3
6
4
3
6
5
8
6
5

Metal or alloy

Magnesium bronze
Copper nickel
Nickel
Phosphor bronze
Carbon steel
Chromium steel
Magnesium steel
Tin
Zinc

Shrinkage
(%)

6
6
6
4
5
6
8
6
8

Adapted from Ref. 4.
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!
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o
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FIG. 13.4 Sample part (dimensions in mm).



Design for Investment Casting 561

13.14 WAX PATTERN INJECTION COST

The first factor to be determined is the size of the injection molding machine and,
hence, the rate. The clamp force is a key factor in this determination and its
estimation is covered in Chapter 8 for plastic injection molding. The data for wax
injection machines is given in Table 13.6.

For plastic injection molding it was assumed that because of the restrictions of
runners and gates, the pressure in the mold is about 50% of the injection pressure.
With wax injections these restrictions do not cause a significant pressure drop, so
the pressure in the mold will be assumed equal to the injection pressure.

The total projected shot area As, (cm2), is given by

As = npdAp(\ + Pn) (13.2)

where

«pd = number of patterns (cavities) per mold
Ap = projected area of one part in the molding direction, cm2

Pn = proportion of runner volume

The shot size and proportion of runner volume will be assumed to be the same
as that for plastic injection molding. Approximate values are given in Table 8.2.

Example
(i) The projected area for our example part is 8.88 cm2 and roughly extrapolating
the data in Table 8.2, the proportion of runner volume would be about 60%.
Assuming two parts (cavities) per mold, Eq. 13.2 gives a total projected shot area
of

As = 2 x 8.88 x (1 + 0.6) = 28.42 cm2

TABLE 13.6 Wax Injection Machine Data

Clamping
force
(kN)

107
311
445
890
1,334
2,670

Shot size
(cm3)

1,885
1,885
1,885

18,275
18,375
37,697

Opening
speed
(cm/s)

2.54
2.54
2.54
3.81
2.54
2.54

Closing
speed
(cm/s)

2.54
2.54
2.54
3.18
2.54
2.54

Maximum
clamp stroke

(cm)

38.1
51.1
51.1

863.6
1,371.6

863.6

Maximum
flow rate
(cm3/s)

82
82
82
82
82
82

Compiled from 1994 industry supply literature.
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(ii) The recommended injection pressure P; for liquid wax 2 is, on average,
2.4 MN/m2 and thus the maximum separating force, F, is given by the shot area
times the injection pressure.

F = (28.42 x 1(T4) x 2.4 x 106 N = 6.82 kN

If the available wax injection machines are those listed in Table 13.6, the
smallest machine is easily large enough for our example part. This machine
would take a shot size of 34 cm3, has a clamp stroke of 20 cm, and is more than
adequate.

13.15 FILL TIME

Liquid wax flows easily under very low pressure; even when solidified in the
mold it will flow by shearing with relative ease. Unlike plastic injection, we can
assume that the flow rate remains at the maximum value of 82cm3 /s (Table 13.6).
The mold fill time, t{ (s), is given by

tf = VJQm (13.3)

where

Vs = required shot size, cm3

2mx = maximum wax injection flow rate, cm3/s

Example
The shot size for our two-cavity mold would be about three times the pattern
volume, or roughly 10cm3. Thus the estimated fill time would be

tf= 10/82 = 0.122s

13.16 COOLING TIME
Unlike plastic injection molded parts, which are generally thin- walled, patterns
for investment casting may also be thick-walled or cylindrical. For a thin-walled
pattern, the approximate cooling time given by Eq. (8.5) can be used where it is
assumed that heat flow is perpendicular to the part wall.

Figure 13.5 shows the three different conditions considered here. In Fig. 13. 5 a,
the thin-wall section, heat flow is perpendicular to the section, in Fig. 13.5b heat
flows perpendicular to the length and width of the section, and in Fig. 13. 5c heat
flows radially from the surfaces of the cylindrical section.

The following equations will be used for the cooling time, tc (s):
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FIG. 13.5 Cooling sections.

for thin-walled sections:

Amax i.273(r;-rm)
tc = ̂ -.^ " ' , (13.4)

for thick-walled sections:

. = /X , i.62(7;-rm)
c - l '

_/br 5o/iW cylindrical sections, where L/D > 1

where

Amax= maximum wall thickness, mm
/s= section length, mm

ws= section width, mm
rfmax= maximum section diameter, mm

y. = thermal diffusivity, mm2/s
r;= injection temperature, °C

Tm= recommended mold temperature, °C
T"x= recommended pattern or core ejection temperature, °C

The cooling times given by these equations can be used without correction for
plastic, liquid wax, or paste wax injection. For solid wax injection, the equations
will overestimate the cooling time, and correction factors of 0.46, 0.6, and 0.49
should be applied to Eqs. 13.4, 13.5, and 13.6 respectively.
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Example
Our example part is thin-walled with a maximum thickness of 1.5 mm. Thus the
cooling time is given by

te = [1.52/(9.87 x 0.092)] ln(l.273(67 - 25)/(50 - 25)) = 1.884 s

13.17 EJECTION AND RESET TIME

The ejection and reset time for semiautomatic wax injection is handled differently
for wax patterns than for plastic injection molding. The machine open and close
times, toc (s), can be estimated by dividing the required stroke distance by the
respective speeds given in Table 13.6 and adding a 1 s dwell time. Thus

toc = (cfhd + ch)(\/vc + 1/«0) + 1 (13.7)

where

cf = pattern clearance factor
hd = pattern depth, cm
ch = hand clearance, cm
vc = press closing speed, cm/s
va = press opening speed, cm/s

The pattern clearance is from one to two times the thickness of the pattern and the
hand clearance is about 10cm.

For semiautomatic mold operation, the wax pattern is usually removed
manually by reaching into the opening mold halves. The ejection time is the
time it takes the operator to reach into the mold, pick up the wax pattern, remove
the pattern, place it on the work bench, and press buttons to initiate the next cycle.
It is assumed that the operator is reaching into the mold as the mold is still
opening. It takes about 2 s for an operator to remove the pattern and initiate the
machine cycle by pressing the palm buttons. If a core needs to be placed in the
mold, it takes about 3 s per core of additional time. About every ten cycles the
mold is sprayed with a release agent such as silicon. This operation takes about
4 s, or 0.4 s per cycle.

The total reset time, tT (s), for semiautomatic pattern injection can now be
determined by adding the ejection time to the open and close time.

tT = toc + 0.4 + (3«c + 2)wpd (13.8)

where

nc = number of cores per pattern to be placed in the mold
«pd = number of patterns (cavities) per mold
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Example
From Table 13.6 the press closing and opening velocities are 2.54cm/s. We will
assume a pattern clearance factor of 2 to remove the 2.2 cm deep pattern from the
mold. Thus the machine open and close time is

toc = (2 x 2.2 + 10)(l/2.54 + 1/2.54) + 1 = 12.34 s

and since there are two patterns and no cores in the mold, the total reset time is
tT = 12.34 + 0.4 + (3 x 0 + 2)2 = 16.74 s

For manual molds the ejection time and reset time is slightly different. The
mold is assumed not to be fastened to the injection machine platens. The mold is
slid into place on the lower platen and against the injection nozzle. Then the
operator hits the buttons to activate the injection cycle. The upper platen need
only travel about a centimeter to allow the mold to slide. The open and close time
is then

toc = 0.5(l/t>c + 1/«0) + 1 (13.9)
Ejection of the pattern is accomplished manually for manual hand molds. First the
mold halves must be separated. Any side-pull-type cores or inserts must be
removed and the mold reassembled. The palm buttons can now be hit to initiate
the next cycle.

To estimate the time to accomplish manual mold ejection, 15 s is allowed for
sliding the mold in and out of the press, separating and replacing the mold halves,
removing the part from the mold, and pressing the palm buttons. The time to
remove and replace each side-pull insert is estimated at 4 s per insert. If there is a
lifter type device, 6s is allowed. An unscrewing device is given 10s. Silicon
spray mold release is applied about once every five cycles. Equation 13.10 can be
used for estimating the total reset time, tT (s), for a manual mold with one pattern

tT = toc + 15.8 + 3«c + 4nsp + 6«! + 10«ud (13.10)

where

nsp= number of side-pulls per pattern
HI = number of lifters per pattern

«ud = number of unscrewing devices per pattern

Example
For a hand mold, the open and close time will be

toc = 0.5(1/2.54 + 1/2.54) + 1 = 1.4 s

and the total reset time, for one pattern per mold and two side-pulls, is
tT = 1.4 + 15.8 + 3x0 + 4x2 + 6 x 0 + 1 0 x 0 = 25.2 s
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13.18 PROCESS COST PER PATTERN OR CORE
The total cycle time, tt (s), can be found by adding together the three times:
injection time, cooling time, and reset time. Thus,

tt = tf + tc + tt (13.11)

Finally, the process cost per pattern or core, Cip ($), is the cycle cost divided by
the number of patterns per mold.

Cip = M;ft/(3600«pd) (13.12)

where

Mj =machine and operator rate, $/hr (obtained from Tables 13.7 or 13.8)

The combined machine and operator rates in Tables 13.7 and 13.8 were
calculated by assuming machine and operator overheads of 100%. The hourly
labor rate was taken to be $11.50/hr.

TABLE 13.7 Wax Injection Machine Rates

Clamping
force
(kN)

107
311
445
890

1334
2670

Machine Combined operator
cost and machine rate
($)

31,000
43,000
51,000
83,000

143,000
220,000

($/hr)

30
31
33
38
47
58

Compiled from 1994 industry supply literature.

TABLE 13.8 High Pressure Ceramic Core
Injection Machine Rates

Clamping Machine Combined operator
force cost and machine rate
(kN) ($) ($/hr)

667 90,000 39
1423 160,000 49

Compiled from 1994 industry supply literature.
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Example
The total cycle time for semiautomatic operation is

tt = 0.122 + 1.884 + 16.74 = 18.75 s

and for a machine and operator rate of $30/hr, the process cost per pattern is

Cip = 30 x 18.75/(3600 x 2) = $0.078

13.19 ESTIMATING CORE INJECTION COST
The cost to inject soluble wax cores is the same as for wax patterns. Ceramic
cores are different. They require higher pressures and the machines are more
expensive. Machine rates are given in Table 13.8. Reset and ejection time should
be handled like wax patterns. Cooling and injection times are similar to those for
plastic patterns and should be estimated using the techniques for the injection of
plastic parts. Ceramic cores require additional processing after injection before
they can be used in a wax pattern. They must undergo a two-stage heat treatment.
The first is a potentially lengthy process to remove the organic injection vehicle.
The second stage is a sintering process to give the core its final strength. Ceramic
cores can also have a high scrap rate. A scrap rate of between 10 and 15% can be
assumed. They can break at ejection from the mold, during heat treatment, or
during handling.

13.20 PATTERN AND CORE MOLD COST

Methods for the estimation of the cost of plastic injection molds are presented in
Chapter 8. Molds for wax pattern and cores are similar to plastic injection molds.
However, because of the lower pressures and temperatures required for wax
patterns and because aluminum can be used for the molds instead of steel, the
cost is very much lower than that for plastic injection molds.

Wax patterns can be made using semiautomatic molds or manual hand molds.
For the purposes of estimating the mold base cost for wax pattern injection using
semiautomatic molds, it will be assumed that the mold base consists of two sets of
plates made of aluminum. The mold base cost Cb ($) can be estimated using the
following equation:

Cb = Cvp + Cfp (13.13)

where Cvp ($) is the cost of the plates containing the core and cavity and is given
by

Cvp = 0.0215Mc +0.4284.H-! + 14.27AP + 32.18«pl (13.14)
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and where C{y ($) is the cost of the ejector, riser, and stripper plates, whose
thickness does not depend on the depth of the pattern:

Cfj, = 0.664. + 366 (13.15)

where

Ac = projected area of the mold base, cm2

«pl = number of core and cavity plates
Ap = combined thickness of the core and cavity plates, cm

Hand molds require only the variable plates and therefore C{y is zero.
The area of the mold base, Ac, is determined by adding appropriate clearances

to the length and width of the part measured in a plane perpendicular to the
forming direction. We can use the same clearance value of 7.5 cm used for plastic
injection molds. This clearance allows the cavity and core details to be inserted in
the mold base plates. However, additional space is not required for side-pulls.
These features are usually operated by pneumatic cylinders mounted on the outer
mold surface. When a hand mold is used, it will generally have only one cavity.
Clearance at the edge of the mold will be assumed to be 2.5 cm. The combined
thickness of the core and cavity plates, hp (cm), is equal to the sum of the depth of
the part and the clearance required to the outer surfaces of the plates. The
following equation for hp will account for all types of wax dies.

hf = hd + ndhd (13.16)

where

hd = depth of the part, cm
«d = number of clearances required
hcl = minimum clearance, cm

Normally the number of clearances will be 2, and the minimum clearance is
2.5 cm for hand molds and 7.5 cm for semiautomatic wax injection.

Example
The depth of our sample part is 2.2cm. From Eq. 13.16, the combined thickness
of the core and cavity plates for semiautomatic wax injection is

hp = 2.2 + 2 x 7.5 = 17.2 cm

The length and width of the part are 3.5 and 2.7cm respectively. The area of the
mold base is therefore

Ac = (3.5 + 15)(2.7 + 15) = 327.5 cm2
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The cost of the ejector, riser, and stripper plates (Eq. 13.17) is

Cfj, = 0.66 x 327.5 + 366 = $582

and, assuming two cavity and core plates, the cost of these (Eq. 13.16) is

Cvp= 0.0215 x 17.2 x 327.5
+ 0.428 x 327.5 x 2 + 14.27 x 17.2 + 32.18 x 2 = $711

The total cost of the mold base (Eq. 13.13) is
Cb = 582 + 711 =$1293

The total thickness or height of the mold base, hpt (cm), is equal to the sum of the
combined thickness of all of the plates:

hpt = hp + hfp (13.17)

where
hfp = thickness of the ejector, riser and stripper plates, cm

The thickness of each ejector, riser, and stripper plate averages about 10cm for
semiautomatic wax dies if an ejection system is required and is zero for hand
molds.

Example
For semiautomatic wax injection the ejector, riser, and stripper plates will have a
total thickness of 20 cm and the height of the mold base will be

Apt = 17.2 + 20 = 37.2 cm

Once the required size of the mold base and its cost have been established, the
custom work cost can be estimated. For semiautomatic wax injection, this
includes the preparation of electrical connections, an ejection system, and
pneumatic connections. For aluminum semiautomatic dies this cost is only
about 10% of the mold base cost. The cost of the mold base with custom
work, Cab ($), is now given by

C a b=l. lCb (13.18)

Example
The cost of the mold base with custom work is

Cab = 1.1 x 1293 = $1422

The cost of forming the mold base into a finished mold depends on the time it will
take to perform each of the required operations. The first operation to be
considered is making the shape details. This is done in a similar way to that
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for plastic injection molds. The following equation gives the manufacturing hours
Mx required to generate the shape.

Mx = 0.1«s (13.19)

where

ns = number of surface patches on the part

To account for the size of the part and the removal of material the following
equation can be used for the manufacturing hours

Mpo = 5 + 0.0144p
2 (13.20)

where At (cm2) is the total projected area of all parts in the mold and is given by
ApnpA, the projected area for one part multiplied by the number of patterns in the
mold.

Additional manufacturing hours are required for retractable side-pulls, internal
lifters, and unscrewing devices. For semiautomatic wax molds, side-pulls require
an average of about 16hr each. Since they are actuated by external pneumatic
cylinders, construction is simple. There is, however, a cost for the pneumatic
cylinder of about $30. For hand molds, the manufacturing time is about 8 hr with
no pneumatic actuator.

Internal lifters and unscrewing devices are rarely used in investment casting
wax pattern molds. If they are used, it can be estimated that they require about
40 hr for semiautomatic molds and 8hr for hand molds. It is estimated that
actuators for lifters will cost about $30 and for unscrewing devices about $50.

An ejection system is generally used for wax injection molding. When an
ejection system is required, the quantity of pins is much less than that used for
plastic injection. The aluminum mold material is also easier to prepare for ejector
pins. The time in hours, Me, required to make these pins and fit them to the mold
is as follows:

Me = 0.5^5 (13.21)

The adjustment factor of 0.5 is for semiautomatic wax injection.
The manufacturing hours required for different appearances or surface

finishes, for required tolerance levels, and for texturing will be assumed to be
the same as for plastic injection molding and will be estimated using the factors
presented in Tables 8.6 and 8.7 and by adding 5% of the complexity and material
removal hours for textured surfaces.

For investment casting patterns, the surface finish required will rarely be better
than standard opaque.
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The final feature to impact manufacturing time is the shape of the parting
surface. The time to make a nonflat parting surface in an aluminum die Ms (hr) is

MS=0.2/X,5 (13.22)

where

fp = parting surface adjustment factor

The total manufacturing hours for mold making, Mtot, is now obtained by adding
together all of the individual contributing factors. The mold-making cost, CAm ($),
can be determined by the following equation:

Cdm=RAsMm (13.23)

where

Rfc = mold-making rate, $/h

and the final cost of the mold, Cd ($) is

Q = CAm + Cab + Cac (13.24)

where

CAm = mold manufacturing cost, $
Cab = cost of the mold base, $
Cac = cost of standard mold components or actuators, $

Example
The sample part has 30 surface patches and therefore the complexity manufactur-
ing hours (Eq. 13.19) are estimated to be

Mx = 0.1 x30 = 3h

The total projected area of all parts in the mold is

A^ = 8.88 x 2 = 17.76 cm2

and the manufacturing hours for removal of material (Eq. 13.20) are

Mpo = 5 + 0.014 x 17.761'2 = 5.44 h

The two side-pulls require 32 hr and, for the ejection system

M, = 0.5 x 17.760'5 = 2.1 h
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From Tables 8.6 and 8.7, a tolerance of ±0.25 mm will result in additional hours
equal to 10% of (Mx +Mpo) and a standard opaque surface finish will give
additional hours equal to 15% of (Mx +Mpo), i.e.,

Tolerance hours = 0.1 x (3 + 5.44) = 0.84 h
Surface finish hours = 0.15 x (3 + 5.44) = 1.27 h

Finally, since we have a flat parting surface there are no additional hours and the
total manufacturing hours are

Mtot = 3 + 5.44 + 32 + 2.1 + 0.84 + 1.27 = 44.65 h

with a mold-making rate of 40 $/h this gives a mold-making cost (Eq. 13.23) of

Cdm = 40x 44.65 = $1786

The cost (Cac) of two side-pulls and actuators is $60 and the final cost of the mold
(Eq. 13.24) is

Cd = 1786 + 1422 + 60 = $3268

13.21 CORE MOLD COST
Soluble cores are basically wax patterns, and the cost of the molds can be
estimated by using the preceding equations. Ceramic core molds are similar to
plastic injection molds. The ceramic core material is injected under high pressures
and temperatures. Ceramic core material is also extremely abrasive and usually
requires steel molds. The cost of ceramic core molds may be estimated using the
methods described for plastic injection molding in Chapter 8.

13.22 PATTERN AND CLUSTER ASSEMBLY COST

Complex patterns may require assembly of separate pattern pieces before the
pattern is complete, and this may require the use of special fixtures. These fixtures
vary greatly in size and complexity depending on the pattern to be assembled.
The cost of these fixtures is beyond the scope of this text, but a crude estimate can
be made. It is estimated that a pattern assembly fixture costs $300 for a small two-
piece pattern and $100 per additional piece. Sometimes features can be designed
into the pattern pieces that will align them for assembly, and a fixture may not be
required.

The assembly operation starts with the placing of the main body of the pattern
into the assembly fixture. A hot spatula is applied to the mating surface of the
loose piece and the pattern piece, which is then pressed onto the main body of the
pattern and held in place until the wax sets. Pattern assembly is delicate precision
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work. For this reason a time of 20 s per piece is allowed. It is also assumed to take
about lOmin to set up the work bench for each different type of pattern.

The pattern assembly cost, Ctpa ($), is given by

Qpa = (^pafpa/3600) + WpaSpJBs + Caf/Pv (13.25)

where

Wp3 = operator rate for pattern or cluster assembly, $/h
Sp3 = setup time for pattern assembly, h
Bs = number of parts in production batch

Caf = cost of assembly fixture, $
Pv = total production volume for a part

and where the time required for pattern assembly, £pa (s), is given by

fpa = 20(»pa - 1) + 5 (13.26)

where «pa is the number of pattern pieces to be assembled.
Occasionally, plastic pattern pieces will need assembly, but this will be

assumed to cost the same as a wax welding operation.

Example
In our sample part only one pattern piece would be required. However, we can
estimate the pattern assembly time for a three-piece pattern by way of illustration.
Using an operator rate of $23.00 per hour ($11.50 plus 100% overhead), a batch
size of 1000, and a life volume of 10,000, Eq. 13.26 would give a pattern
assembly time of

fpa = 20(3 - 1) + 5 = 45 s

and Eq. 13.26 gives a cost of

Ctpa = 23 x 45/3600 + 23(10/60)/1000 + 400/10000 = $0.3313

Once each pattern is complete, it is ready for assembly to the metal feeding
system. This includes the gate (if not already part of the pattern), down runners or
sprues, and a pouring basin. Large parts are often cast singly. Medium-sized and
small parts are typically cast in clusters of two to hundreds of parts, all sharing the
same feeding system.

Since the components of the feeding system are made of recycled wax, it will
be assumed that there is no raw material cost. There is some cost associated with
the recovery and reprocessing of the meltout wax, but it is assumed to be small
and can be included in the general operation overhead. In addition, since the
feeding system component shapes are standard and wax injection molds last
almost indefinitely, it will be assumed that the cost of the molds used to make the
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standard wax extrusions and cluster bases can be spread over millions of parts and
will be negligible when compared to the processing cost.

Assembly fixtures will be assumed standard and used for many different
casting patterns. The assembly operation includes the wax welding of all the
patterns to the cluster base runners and the wax welding of a ceramic pouring cup
or ring to the cluster base pouring basin. A minimum of two reorientations is
required during the assembly. It is estimated that a wax welding operation in
cluster assembly takes about 10 s and each reorientation of the cluster base about
the same. The cost of a cluster base is about $1 and a ceramic pouring cup $0.5.
The time to set up the workstation for each new type of part is estimated at 7 min.
With these assumptions the total cost for cluster assembly, Ctea ($), is given by

Qca = (^pafca/3600) + 1.5 + Wp3Sc3 (13.27)

where

5ca = setup time required for the cluster to be assembled, h

and where fca (s) is the time to assemble a cluster and is given by

ta = lO^ + 3) (13.28)

where

npc = number of parts per cluster

13.23 NUMBER OF PARTS PER CLUSTER

The more patterns or parts that can fit onto a cluster, the less the cluster
processing cost per part. The number of parts per cluster is limited by the
maximum weight and size of the cluster that can be handled.

When the cluster must be manually handled, the total weight should not
exceed 18 kg (40 Ib), which is the maximum weight that a person can be required
to handle on a regular basis. If robotic handling is used, the weight limit can be
exceeded. However, for the purposes of early cost estimating, it will be assumed
that the weight of the dry shell mold filled with metal must not exceed 16 kg
(35 Ib).

In order to estimate the number of parts per cluster it is necessary to have
values for two ratios:

1. The casting yield, 7d, which is the ratio of the weight of finished castings per
cluster divided by the total poured weight of metal.

2. The shell mold yield, 7sm, which is the ratio of the weight of finished castings
per cluster divided by the weight of the dry shell mold.
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Empirical formulas based on industry data for these ratios are

7d = 0.0483(ln W) + 0.455 (13.29)
ysm = 0.148(lnFT) + 0.843 (13.30)

where

W = weight of part, kg

The number of parts per cluster, «pc, is now given by

) (13.31)

Example
The volume of our sample part is 3.326cm3. With a density of 8. 94 g/ cm3 the
weight of each part will be 0.0297 kg.

The yields are

7d = 0.0483 In 0.0297 + 0.455 = 0.285
7sm = 0.148 In 0.0297 + 0.843 =0.323

and the number of parts per cluster is

Mpc = 16/(0.0297/0.285 + 0.0297/0.323) = 81

The time to assemble a cluster, fca, is given by Eq. 13.28 as
fca = 10(8 1 + 3) = 840s

and the total cluster assembly cost, Ctea from Eq. 13.27 is
Ctca = 23 x 840/3600 + 1.5 + 23 x 7/60 = $9.55

Finally, the cost per part for cluster assembly, Cpca ($), is
Cpca = 9.55/81 =$0.118

13.24 PATTERN PIECE COST

The total cost per pattern piece, C^ ($), will be the sum of the cost of injection,
pattern material, setup, and the cost of the die amortized over the total product
volume.

Ctp = (Cjp + Cpm)/(l - Ppsr) + MiSk/B, + Cd/Pv (13.32)

where

Cip = process cost per pattern piece, $
Cpm = cost of wax per pattern piece, $
Ppsr = pattern piece scrap rate
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M; = injection machine and operator rate, $/h
5ds = time to set up the mold on the injection machine, h
Bs = batch size
Cd = pattern piece mold cost, $
Pv = total production volume

The setup time will be estimated at 15 min for a semiautomatic mold and 5 min
for a hand mold. These figures include the time to fasten the mold to the injection
machine if necessary, adjust the shot size and injection pressure, and remove the
mold from the machine.

For estimating purposes an average scrap rate of 5% will be assumed for
patterns without cores and 8% for patterns with cores.

Example
Our sample part has only one pattern piece and no cores. With semiautomatic
operation the total pattern cost is

Ctp = (0.078 + 0.00963)/(1 - 0.05) + 30 x 0.25/1000 + 3268/10000
= $0.4265

13.25 CLEANING AND ETCHING
Prior to investing the wax cluster in slurry, it must be cleaned and it is usually
etched to provide a good surface for the slurry to adhere to. If there are soluble
cores, these must be dissolved. For estimating purposes it will be assumed that
these operations can be done in one step with a single loading and unloading of
the wax cluster. It will be assumed that the costs of the cleaning and etching
solutions and equipment are small. With a load and unload time of 8 s and an
average labor rate of $23/hr, including overhead, the cost will be about $0.06 per
cluster.

13.26 SHELL MOLD MATERIAL COST

After cleaning and etching the assembled pattern cluster, it is dipped with the first
primer slurry coat, stuccoed, then allowed to dry before application of the next
primer coat. For the purposes of cost estimation three zircon-based primer coats
will be assumed, followed by four silica-based backup coats and one fused-silica
seal coat, all manually applied.

The shell mold yield, 7sm, was defined as the ratio of the weight of the cast
parts from the cluster to the weight of the dry shell-mold. Thus, the dry weight of
the shell mold, Wsm (kg), is given by

(13.33)
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where

wpc = number of parts per cluster
W = weight of a single part, kg

A detailed estimate of the material cost for a shell mold would involve a
knowledge of the number of primary and backup coats, the thickness and area
for each, the density of the materials, and their cost per unit weight. However, for
quick estimates we can assume a cost of $1.00/kg for shell mold material.

Example
The weight of our sample part is 0.0297 kg, the shell mold yield is 0.323, and the
number of parts per cluster is 81, giving an estimated shell mold weight of

Wsm = 81 x 0.0297/0.323 = 7.45 kg

and the shell mold would cost $7.45.

13.27 INVESTING THE PATTERN CLUSTER

The cost, Cpr ($), to apply the primer coats to a cluster is given by
Cpr = Mpr[fcl + (»cp - l)fcp]/3600 (13.34)

where

Mpr = machine and operator rate for primer coat application, $/h
tcl = time to apply the first primer coat, s
fcp = time to apply each subsequent primer coat, s
«cp = number of primer coats

The application of the first coat is done with the most care and is estimated to take
about 20 s for slurry and stucco. This includes the time to remove the cluster from
a rack, dip it into the slurry tank, remove and manipulate it for even coverage, dip
it into the stucco tank, and place it in the drying rack. The following two coats of
slurry and stucco take about 15s each to apply. Using these values and an
operator rate of $31.20 per hour gives a cost to apply three primer coats of

Cpr = 31.20 x (20 + (3 - 1) x 15)/3600 = $0.43

The application of backup coats is assumed to be carried out robotically. The cost,
Cbu ($), is given by

Cbu = «cbMbufcb/3600 (13.35)

where

ncb = number of backup coats
Mbu = machine and operator rate for backup coat application, $/h
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fcb = time to apply a backup coat, s

Assuming a value of $35.15 per hour for the robot, the conveyor and 50% of an
operator, and a cycle time for each backup coat application of 10 s, the cost for a
single backup coat is about $0.10. If an average of five backup coats is used, the
total cost for applying backup coats is

Cbu = 5 x 35.15 x 10/3600 = $0.49

13.28 PATTERN MELTOUT
The cost of wax pattern meltout includes the labor cost of loading and unloading
the clusters into the autoclave or furnace, the cost of using the meltout unit, and
the energy consumed.

The time for load and unload is estimated at about 8 s. Using an average
operator rate including overhead of $23 per hour, gives a cost per cluster for load
and unload of $0.05.

The machine rate for a $10,000 dewaxing furnace with an average capacity of
ten clusters is about $ 1.52 per hour, assuming 100% machine overhead, a ten-year
depreciation, and a 10% interest rate on the machine purchase. The cost per
cluster for a 15min cycle is, therefore, about $0.04 per cluster. Flash dewaxing
with gas furnaces is reported to be only 5 to 10% efficient [2]. Assuming specific
heats of 840 J/kgK and 2890 J/kgK for silica and paraffin respectively, melting
the wax from an average size cluster will require about 10,200,000 J. With a cost
of $0.60 per therm for a high-volume user (1 therm = 105,500,000 J) the average
energy cost per cluster will be $0.06.

13.29 BURNOUT, SINTER, AND PREHEAT
Burnout, sinter, and preheat are assumed to form a single operation taking about
one hour for a group often clusters in a sintering furnace. The machine rate for a
sintering furnace will be comparable to that for a dewaxing furnace. Therefore,
the cost per cluster will be about $0.15 per cluster.

The operator loads the clusters into the furnace. The unload operation is done
in the foundry and is accounted for as part of the metal-pouring operation. The
time to load a single cluster is estimated to be 4 s, giving a cost of $0.03 using our
typical operator rate.

With a furnace efficiency of 15% and the specific heat of silica, it will cost
about $0.43 per cluster to bring an average size shell mold to a temperature of
1090°C. Combining the labor, machine, and energy costs, we have a total cost per
cluster of $0.61 for burnout, sinter, and preheat.



Design for Investment Casting 579

13.30 TOTAL SHELL MOLD COST

The following summarizes the costs for the shell mold:

Assemble cluster 9.55
Clean and etch pattern cluster 0.06
Apply three primer coats 0.43
Apply five backup coats 0.49
Pattern meltout (dewax) 0.05
Burnout, sinter, and preheat 0.61
Shell mold material 7.45
Total $18.64

Example
For our sample part with 81 patterns per cluster, the shell mold cost per part,
including cluster assembly, would be

18.64/81 = $0.23

13.31 COST TO MELT METAL

The cost to melt an alloy or metal has three components: energy, equipment, and
labor.

Most investment casting facilities use induction furnaces to melt metal.
Induction furnaces are relatively environmentally clean and efficient, do not
add contaminants from combustion of fuel to the melt, and have low material
losses.

For the purposes of estimating, it will be assumed that induction furnaces are
being used. The cost of the energy used is the cost of the electricity supplied by
the power company. For 1994 in the northeastern United States, the cost of power
Cp for users with a demand of 500 kW or more was $0.035 per kilowatt hour
($/kWh) during peak hours. Equation 13.36 gives a relation for determining the
cost per kilogram, Ce ($/kg), to melt an alloy.

Ce = CpEJne (13.36)

where

Cp = cost of electricity, $/kWh
Em = minimum energy required to melt a metal, kWh/kg
ne = efficiency of the induction furnace

The efficiency of an induction furnace is dependent on the material to be melted
and the frequency at which the furnace operates. For the purposes of cost
estimating, the efficiencies given in Table 13.9 will be used. The cost of the power
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TABLE 13.9 Approximate Efficiency
of Induction Melting for Various Materials

Approximate
Material group furnace efficiency

Ferrous 0.80
Aluminum 0.60
Other Nonferrous 0.70

Source: Industry supplier of induction furnaces.

to melt the metal forms a relatively small portion of the material cost, so these
approximate values will be adequate for estimating purposes.

The minimum energy requirements to bring a material to pouring temperature
are given in Table 13.10. These figures are only approximate. Pouring tempera-
tures may be different from one operation to the next, and differences in material
composition will also have an impact.

Example
The alloy for our sample part is phosphor bronze. The furnace efficiency, we, from
Table 13.9 is 0.7 and the minimum energy for melting, Em, is 0.185kWh/kg.
Thus the cost of energy to melt the metal ready for pouring is

Ce = 0.035 x 0.185/0.7 = 0.00925 $/kg

The equipment cost, Cf ($), for a complete induction melting unit, including
furnace, power supply, and installation, can be determined from Eq. 13.37. This
equation should only be used for furnaces with a capacity range of from 100 to
4000kg.

Cf = 100,000 log(^'64/851) (13.37)

where

Sz = size of the furnace in kilograms of capacity for iron, kg

Example
If the furnace for our sample part has an iron capacity of 250kg, then the cost of
the furnace is

Cf = 100, 000 log(250L64/851) = $100, 269

The costs given by Eq. 13.37 are for high-quality coreless induction furnaces.
They are more expensive than some of the cheaper units used by many small
investment casters but they meet strict European guidelines for shielding, have a
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TABLE 13.10 Minimum Energy Required to Melt Alloys

581

Metal

Aluminum bronze
Aluminum alloy (general)
Aluminum (pure)
Brass (58% copper)
Brass (63% copper)
Brass (73% copper)
Brass (85% copper)
Brass (90% copper)
Bronze
Copper (pure)
Gold (pure)
Gray iron
Iron (pure)
Lead (pure)
Magnesium (pure)
Malleable Iron (black)
Malleable Iron (white)
Cu 70%-Mn 30%
Nickel (pure)
Silver (pure)
Spheroidal iron
Steel (general)
Stainless steel
Zinc (pure)
Tin (pure)

Final
temperature

(°C)

1200
750
750

1030
1030
1080
1120
1140
1100
1200
1150
1500
1600
450
700

1550
1550
1030
1600
1050
1550
1600
1650
500
400

Energy
required

(kWh/kg)

0.237
0.326
0.326
0.173
0.177
0.183
0.170
0.194
0.185
0.204
0.066
0.390
0.391
0.023
0.332
0.395
0.405
0.193
0.341
0.107
0.400
0.393
0.405
0.093
0.037

Energy
required
(Btu/lb)

367
505
505
268
274
283
263
300
287
316
102
604
605
35.6

514
612
627
299
528
166
620
609
627
144
57.3

Source: Industry supplier of induction furnaces.

high initial purchase price, but have longer life with lower overall maintenance
and operating cost.

It has been estimated that a furnace can be charged manually at about 1500 kg
of iron per hour. Induction furnaces can be set with automatic melting cycles and
require only about 4 min an hour to set up and monitor.

Some additional labor is required to check and certify the composition of the
melt. Many investment casters purchase certified alloy from suppliers in the form
of billets, bars, or ingots. Induction melting allows them to melt this metal with
little compositional change in the material. However, if scrap runners and gates
are to be remelted, the metal composition will change after repeated melting. If
the foundry does not have the capacity to test metal composition, readjust it to



582 Chapter 13

within specification, and certify it, then they must sell their scrap after a limited
number of melts. Sometimes only one melt can be allowed for critical applica-
tions. It will be assumed here that a metallurgist is available and can test, adjust,
and recertify the metal composition in about lOmin per melt. This assumption
allows the recovery of all gates and runner scrap for remelting an unlimited
number of times.

The national average labor rate for foundry workers is about $13.50 per hour.
The rate for the metallurgist is assumed to be about $18 per hour. Labor
overheads are estimated at 100%. The amortization period for the furnace is
assumed to be 10 years at an interest rate of 10%. Machine overheads are
estimated at 100%. Machine overhead in this case includes maintenance such as
changing the refractory liner and power cables. It does not include power, as that
is determined separately by material type.

The data in Table 13.11 are for iron. Different materials have different
densities, and the weight of each material that a furnace can hold will vary.
Each furnace can hold a certain volume. The volume capacity is assumed
constant for a given furnace. The weight of a particular material that a furnace
can hold can be determined by comparing its density with iron. The machine cost,
Cmf ($/kg), for a particular alloy can be determined by multiplying the cost per
kilogram of iron by the ratio of the density of iron to the desired alloy as shown in
Eq. 13.38:

Qif = (13.38)

where

Cm; = cost of the furnace per kilogram of iron, $/kg
Pi = density of iron, g/cm3

pa = density of alloy, g/cm3

TABLE 13.11 Machine Rates for Induction Furnaces

Furnace
size
(kg of iron)

2000
1000
500
250
150

Furnace
cost buy

and install
($)

250,000
200,000
150,000
100,000
64,000

Machine rate
with

overhead
($/hr)

38
30
23
15
10

Furnace
cycle time

(hr)

1.6
1.4
1.2
1.2
1.1

Machine
cost

per cycle
($/cycle)

61
51
28
18
11

Machine
cost

per kg iron
($)

0.031
0.041
0.056
0.072
0.073
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TABLE 13.12
Furnaces

Furnace
size
(kg of iron)

2000
1000
500
250
150

Operator Rates

Labor cost
per melt cycle

($)

34
21
15
12
11

for Induction

Labor cost
per kg iron

($/kg)
0.017
0.021
0.030
0.048
0.070

Most investment casters use furnaces under 500 kg capacity. If it is assumed that
the average furnace size is 250kg, Eq. 13.38 reduces to Eq. 13.39 for a density of
iron of 7.08 g/cm3.

Cmf = 0.51/p, (13.39)

Example
If an average-sized furnace of 250 kg capacity for iron is used and the density of
phosphor bronze is 8.94 g/cm3, Eq. 13.39 gives the cost of using the induction
furnace per kg of alloy:

Cmf = 0.51/8.94 = 0.057 $/kg

The data in Table 13.12 are also for iron. It is assumed that the pouring rate is
relatively constant, so differences in density will have less effect on the labor time
required for pouring. Density differences should also not affect the monitoring
and certification of the melt. Charge time may be affected. If it is assumed that the
same number of equally sized billets of different weights are handled, then the
labor time to charge a furnace should not be dramatically different for different
alloys. For the purposes of estimating, it is assumed that the labor time to charge a
furnace per cycle is the same regardless of the material. The values in Table 13.12
for the cost per cycle for iron can, therefore, be used for all materials. The typical
furnace size for investment casting is about 250 kg. The labor cost per kilogram
for any material will be estimated as $0.048/kg.

13.32 RAW BASE METAL COST

Because investment casters often handle many different alloys, they often do not
have the volume to refine metal from raw scrap. They usually buy their metal in
the grade in which they intend to cast the final part. Some investment casters do
have the capacity to make adjustments to the melt and bring the melt within
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specification for certain materials, but for the purposes of estimating it will be
assumed that an alloy is purchased from a supplier already certified to the final
part material specification. The raw metal cost is therefore the purchase price of
the alloy from the supplier.

13.33 READY-TO-POUR LIQUID METAL COST

The cost of liquid metal that is ready to pour may be found by adding together the
melting cost and the raw alloy cost. The molten metal cost, Cm ($/kg), is the sum
of the cost of energy, the cost of the machine, the cost of the labor, and the cost of
raw material:

Cm = Ce + Cmf + Cml + Cm (13.40)

where

Ce = energy cost per kilogram for melting metal, $/kg
Cmf = cost of the furnace per kilogram of alloy, $/kg
Cml = cost of labor per kilogram of alloy, $/kg
Cm = cost of the raw alloy, $/kg

Since labor cost is assumed constant regardless of alloy and the furnace size is
estimated as 250kg, Eq. 13.40 can be written as follows:

Cm = Ce + Cmf + Cm + 0.048 (13.41)

Example
For a raw material cost of phosphor bronze of 1.764$/kg, the cost of ready-to-
pour liquid metal is

Cm = 0.00925 + 0.057 + 1.764 + 0.048 = 1.878 $/kg

13.34 POURING COST
For the purposes of estimating, it will be assumed that pouring is a four-worker
operation and that they can pour about 1500 kg/hr. Using an average foundry rate
for foundry workers of 27 $/hr, including 100% overhead, gives a cost per
kilogram for pouring of

Cmp = 0.072 $/kg

13.35 FINAL MATERIAL COST

The final material cost is the cost of the poured material less the value of the scrap
recovered after cutoff. Gates and runner are assumed returnable to the melt. When
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returned in this fashion they replace raw purchased material kilogram for
kilogram. When material cannot be returned to the melt and must be sold back
to the supplier, it will be sold back at a reduced value. For the purposes of
estimating, unless it is known to be otherwise, it will be assumed that scrap is
returned to the melt.

Only a portion of the total weight poured goes to making the final part. Some
of the material is lost during melting and some during cutoff. During melting with
an induction furnace losses are often less than 1%. For the purposes of estimating
it will be assumed that total metal losses are about 2%. The remainder of the
metal that does not go into the part weight is taken up by the gates and runners for
return to the melt. The ratio of part weight to poured metal weight is defined as
the casting yield. Casting yield for investment casting can be as low as 10% to as
high as 90%.

Equation 13.42 gives the relation for final part material cost per kilogram,
Cmat, given the preceding assumptions and simplifications.

Cmat = [Cm + Cmp - Fsc(l - Pl - 7d)]/7d (13.42)

where
(13.43)

and where

Cm = unpoured liquid metal cost, $/kg
CmP = pouring cost, $/kg
7SC = value of scrap, $/kg
PI = metal loss rate
7d = casting yield

«pc = number of parts per cluster
W = weight of a single part, kg

W = weight of material poured into a single mold, kg
Casting yield can vary greatly from part to part. Casting yield varies because of
part weight and shape. Two parts of the same weight can have different casting
yields due to their shape. One part may require extra gates, longer runners, and
multiple risers. In investment casting, the casting yield can also be affected by the
number of parts per cluster and the particular type of process used. Material can
also have an effect on casting yield. A material such as aluminum with a broad
freezing range may require more risering and gating than an identical part made
from a ferrous alloy.

Equation 13.29 was developed for estimating casting yield, 7d, as a function of
part weight only. This relation does not take into account the shape of the part.
Also, the data available was for steel alloy parts and for traditional shell mold
investment casting.
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Example
Equation 13.29 gave a casting yield of 0.285, or 28.5%.

If the value of scrap is 0.7 $/kg, the final part material cost is

Qiat = (1-878 + 0.072 - 0.7 x (1 - 0.02 - 0.285))/0.285 = 5.14 $/kg

giving a metal cost per part of 5.14 x 0.0297 = $0.153

13.36 BREAKOUT

At this point in the process, the shell mold has lost much of its strength and is
often cracked and fragmented. Breaking out the solidified metal cluster from the
shell mold is usually accomplished with a pneumatic hammer. The cluster is
placed in a fixture that contacts the top of the cluster at the pouring cup and the
bottom of the cluster at a central down runner or sprue. The machine cycle is
started with the pressing of palm buttons. The pneumatic hammer strikes the
cluster at the pouring cup, and the shell mold breaks away.

The cost of pneumatic breakout will be assumed to include a setup cost to
adjust the machine to the specific size cluster and a labor cost for the operation of
the machine. The machine for this operation is relatively inexpensive, and the cost
of the machine will be assumed small when compared to the cost of the operator.
The cost of the machine will be included in the general overhead. The cost per
cluster, Cbo ($), for pneumatic breakout is given by Eq. 13.44.

Cbo = Oft + CKnvJBs (13.44)

Cnh = WW3600 (13.45)

C^ = S^R^ (13.46)

where

C^ = operator cost per cluster for a cycle of the pneumatic hammer, $
Cns = cost of setting up the pneumatic hammer for the correct size of cluster, $
wpc = number of parts per cluster, $
Bs = number of parts per production batch
fnh = cycle time for pneumatic hammer breakout, s

R^ = operator rate for breakout, $/h
S^ = setup time for a pneumatic hammer, h

The setup time for the breakout machine is estimated at about 5 min. The cycle
time includes a load and unload time for a cluster of about 10s and a machine
cycle of 3 s for a total cycle time of 13 s. If the burdened operator rate is estimated
at $25.00 per hour, assuming a base wage of $11.50 per hour with 100%
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overhead and accounting separately for vacations, holidays, and sick days, Eq.
13.44 can be reduced to Eq. 13.47:

Cbo = 0.09 + 2.08»pcAgs (13.47)

Example
We have 81 parts per cluster and a batch size of 1000. Thus the cost per cluster for
breakout is

Cbo = 0.09 + 2.08 x 81/1000 = $0.259

13.37 CLEANING
Most of the shell mold is removed during breakout. Some mold material will
remain trapped in crevices and holes. This remaining material is removed either
by blasting equipment or by being dissolved off by a caustic bath. If ceramic
cores were used or deep holes are present, leaching out of the ceramic in a caustic
bath will probably be required.

The costs for batch cleaning in a blasting cabinet and cleaning using a caustic
bath are handled similarly. The operator is assumed not to have to be present
during either cleaning cycle. The machines are assumed to run unattended during
their operation, and the cycle is controlled by a simple timer. The material cost for
blast media or caustic is assumed small and is included in the general overhead
along with the cost of the blasting cabinet and the leaching tanks. No setup of any
kind is assumed necessary for these operations. This reduces the cost estimate of
these operations to a simple loading and unloading of a cluster. Using the
preceding wage rate and a cycle time for loading and unloading of 10 s, the cost
for either a blast-cleaning operation or a leaching operation is estimated to be

Ccl = $0.07 per cluster

13.38 CUTOFF
The cutoff cycle is assumed to include a setup cost, a material (or tool wear) cost,
and an operator cost. The cost of the machine, usually either a band saw for softer
nonferrous materials or an abrasive cutoff wheel for harder materials, is assumed
small and will be included in the general overhead. A detailed cost analysis taking
into account the life and cost of the specific cutting tool, the part material and
size, and the gate cross section should be possible, but the data for such an
analysis were not available. Given the lack of available data, only a crude estimate
for cutoff cost can be attempted. Equation 13.48 gives an estimate for the cost,
Cco ($), of cutoff per cluster. The type of material is not taken into account in the
cutoff time estimate even though this would have an effect. The cost of wear on
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the band saw blade or abrasive cutoff wheel will be roughly estimated as equal to
the labor cost of the operation.

Cco = Ccf + C^ + C{snpc/Bs (13.48)

Crf = tcoRco/36QQ (13.49)

Cfi = SCQRCQ (13.50)

tco = tcl + (teg + fgp)»gp»pc + fee + fsoKo (13.51)

where

Cco = total cost per cluster of cutoff, $
Ccf = operator cost per cluster for cutoff, $
Ctw = cost of cutoff tool wear per cluster, $
Cfs = cost of setting up the cutoff machine for a specific cluster, $
wpc = number of parts per cluster
Bs = number of parts per production batch
tCQ = cycle time for cutting off all the parts from a cluster, s

RCQ = operator rate for the cutoff operation, $/h
SCQ= setup time for a cutoff operation, h
tci = time to load a cluster for cutoff, s
fcg = time to cut through a single gate, s
t = time to reposition the cluster from one gate to the next, s

Wgp = number of gates per part
tsc = time to make a supplemental cut through runner or sprue, s
tso = time to reposition cluster from one supplemental cut to the next, s

nso = number of supplemental cuts per cluster

The same operator rate of $25.00 per hour used for breakout is assumed for
cutoff. The setup time, SCQ, is also estimated at about 5 min. The time to load the
cluster, fcl, is estimated at 4 s. The time to cut through a single gate, fcg, is crudely
estimated by Eq. 13.52

rcg = w2/mlc (13.52)

where

mlc = cutoff rate, cm2/s
w= thickness of the gate, cm

An average removal rate will be estimated at 0.2cm2/s.
Although size and weight of the part will probably have an effect, it will be

estimated that it takes about 2 s for the operator to position the cluster between
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gate cuts. This is actually a conservative number, since the parts are often in a
straight line making positioning between gate cuts very fast.

Supplemental cuts will be defined as those cuts that do not free a part from the
cluster, but make access to the gates for the cutoff saw possible or just easier.
These cuts are usually through the runners in the cluster, which are usually thicker
than the gates. It will be estimated that a supplemental cut takes three times as
long as it takes to cut through a gate stub. Since the cluster will be more difficult
to handle before these cuts are made, positioning the cluster between each
supplemental cut will also be assumed to take three times as long as positioning
the cluster for a gate cut. Equation 13.53 can now be written by combining Eqs.
13.51 and 13.52 and substituting estimated values for cutting and positioning
time.

tco = 4 + (Sw2 + 2)0VV + 3«so) (13.53)

The number of supplemental cuts can only be crudely estimated since very little
data was available. The number of these cuts is in part dependent on the process
envelope, size of part, and other process specific factors. It will be assumed here
that the number of supplemental cuts can be estimated from the part weight alone
and will be between one and six cuts. Equation 13.54 assumes a simple linear
relation between part weight and the number of supplemental cuts.

nso = INT(-0.7FF + 6.5) if W > 7, then nso = 1 (13.54)

where

«so= number of supplemental cuts (rounded off to nearest whole number)
W= weight of a single part, kg

Example
Equation 13.54 gives an estimate for the minimum number of supplemental cuts:

MSO = INT(-0.7 x 0.0279 + 6.5) = 6

Assuming a single gate thickness of 0.5cm, Eq. 13.54 gives the cycle time for
cutting off all the parts from the cluster:

tco = 4 + (5 x 0.52 + 2)(1 x 81 + 3 x 6) = 325.8 s

giving an operator cost per cluster of

Ccf = 325.8 x 25/3600 = $2.26

The cost of setup is

Cfe = (5/60) x 25 = $2.08
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and the total cost per cluster for cutoff is

Cco = 2.26 + 2.26 + 2.08 x 81/1000 = $4.69

Summing the costs per cluster for breakout, cleaning, and cutoff we get
0.259 + 0.07 + 4.69 = $5.02, with a cost per part of 5.02/81 = $0.062.

Finally, the total cost of the part, rounded to three decimal places, can be
summarized as follows:

Metal 0.153
Wax 0.010
Shell mold 0.230
Pattern processing 0.078
Breakout, clean, cut off 0.062

and the piece part cost is $0.533
The cost of the mold is $3268 and for a total production quantity of 100,000,

this would result in a mold cost per part of $0.033, giving a total part cost of
$0.566.

It should be noted that this analysis has not included the costs of grinding the
gate stubs flush, straightening (if required), inspection, or heat treatment.

13.39 DESIGN GUIDELINES
Investment casting offers greater freedom in design than any other metal forming
operation. Accurate and intricate castings can be made from alloys that melt at
high temperature. Parts can be cast to such close tolerance that little or no
machining is required [3].

The investment casting process was previously known as the "lost wax"
process and has been in use for thousands of years. Its advantage over other
casting processes is its ability to produce very complex castings with fine details.
However, except for very small production quantities, the wax or plastic patterns
will be produced by injection molding. Therefore, guidelines similar to those for
injection molding will apply. These guidelines apply to the pieces of the pattern
that will be used to make up the final pattern shape. Thus the pattern piece must
be easily removable from its mold and the main wall should have a uniform
thickness, which will minimize distortion by facilitating even cooling throughout
the pattern piece.

In addition, the principles of good sand casting design also apply to investment
casting. For example, nonfunctional mass should be minimized to assist in
providing sufficient gating to "feed" the part. Also, uniform wall sections with
generous radii and fillets will assist in metal flow and reduce stress concentra-
tions.
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Separate cores can add significantly to the cost, as well as bosses and
undercuts. The minimum section ranges from 0.25 to 1 mm depending upon
the metal to be cast. The maximum section is approximately 75 mm.

Castings range from 0.5g to 100kg in weight, but the investment casting
process is best for parts that weigh less than 5 kg.

A flat parting plane for each pattern piece will help to minimize the cost.
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14
Design for Hot Forging

14.1 INTRODUCTION

Hot forging, also referred to as drop forging, is a process that can be used to
produce a wide variety of parts in most metals. Forgings are produced in sizes
ranging from a few millimeters maximum dimension up to 3 m or more in some
cases. The principles and practices of hot forging have been established since the
last century, but improvements have obviously been made in equipment,
lubricants, and the ability to process the more difficult to forge materials since
that time. The basic procedure for hot forging is relatively straightforward. Metal
stock in the form of either a bar or a billet is first heated into the hot working
temperature range to improve ductility. Then the material is squeezed or
hammered in a series of tool steel dies to convert the stock into the finished
shape. Excess material in the form of flash is produced as a necessary part of
forging, and the final processing stage is to remove the flash to yield the finish
forged part. Hot forging is a near net shape process, but all forgings require some
subsequent machining, in particular for surfaces that must locate with other
surfaces during the final assembly of a product.

14.2 CHARACTERISTICS OF THE FORGING PROCESS
Most forgings require a series of forming stages, called preforms, to convert
the initial stock material into the finish-forged shape. The number of pre-
forms required depends on several factors, including the overall shape, shape
complexity, and material of the part. Forging complexity is increased by several
features, including:

593
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FIG. 14.1 Forging requiring a cranked parting line.

The presence of thin sections in the part
Large changes in cross-sectional area of the part
Part shapes that require the die parting line to be cranked (Fig. 14.1)

14.2.1 Types of Forging Processes
The main types of basic forging processes are referred to as open-die and closed-
die forging. In open-die forging a series of relatively simple dies is used to form
the final forging incrementally with a large number of blows. This process is
largely a more automated version of the old blacksmith-type operations that have
been used for centuries. The discussion in this chapter will not include open-die
forging, since the process is used to form relatively crude final shapes, but
discussion will be devoted to closed-die forging, which is used for the manu-
facture of a wide range of part shapes.

In closed-die forging a series of shaped dies is used to convert the initial stock
into the finish-forged shape. The term "closed-die" forging is something of a
misnomer, as the die cavities are not completely closed and material in the form
of flash flows out at the die parting line during the final stages of forging. This
flash is a critical part of the forging process, and proper control of the flash is
essential to ensure die filling. Within closed-die forging two other terms are used:
blocker forgings and precision forgings. Blocker forgings, compared to conven-
tional forgings, have thicker sections and more generous radii. They are termed
blocker forgings because the performing shape prior to the finishing impression is
traditionally called a blocker.

Blocker forgings are easier to form than equivalent conventional forgings,
requiring fewer forming stages and lower loads. They are used sometimes when
small quantities of parts are required, to reduce die costs, or in difficult-to-form
materials, when it is hard to obtain thin sections or there are other problems.
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Blocker forgings require more subsequent machining to reach the final part shape
than conventional forgings.

Precision forgings are parts formed with thinner sections and closer tolerances
than equivalent conventional forgings, i.e., nearer to net shape. Such forgings
require careful processing, and peak loads during the final forming stages are 2.5
to 3 times higher than those experienced for equivalent conventional forging (see
Sec. 14.7). Thus larger equipment and more precise die-to-die positioning is
required. Although the term precision forging implies closer precision than is
normally obtained for any material, in practice precision forgings are more often
produced in light alloys (aluminum alloys, magnesium alloys, etc.) than in other
materials.

14.3 THE ROLE OF FLASH IN FORGING
The flash produced during closed-die forging is scrap material and may in many
cases have a volume that is more than 50% of the final part volume. The amount
of flash produced increases with the complexity of the part. However, the
production of flash is a necessary part of the process, and its control is essential
to ensure good die filling, particularly for tall, thin shape features. Figure 14.2
shows the deformation that takes place during the forging of a relatively simple
axisymmetrical forging. At the start of deformation the initial stock material

Upsetting

Filling

End

(a)

] Workpiece

| Die
motion

Dies closed -

Cavity filled completely

Dies contact
(b) workpiece

Forging
completed

FIG. 14.2 (a) Forging of a simple axisymmetric part, (b) Load variation during the
stroke for forging the part. (From Ref. 1.)
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(billet) is being upset, and the corresponding forging load is relatively low.
Upsetting-type deformation is the most natural form of deformation between dies
and the material flows sideways, to form a flattened shape. However, if material is
to be forced to move into the extremities of the die cavity, this sideways material
flow must be restricted. This is the role of flash formation. A narrow flash land
around the split line of the dies restricts the sideways flow of the material. In the
final stages of die closure material is extruded through the flash land into the flash
gutter around the forging cavity. As the deformation proceeds, the narrowing gap
between the flash lands begins to restrict the sideways flow of material, through
increased friction and other forces. The forging load begins to rise and the
pressure inside the die increases. This increased pressure causes material to flow
backwards in the direction of die closure and into the extremities of the die cavity.
At the final stage of die closure, the forging load reaches its peak and this
corresponds to complete die filling. At this point the last part of the flash is being
squeezed through the flash land. The selection of appropriate values for the flash
land geometry (gap and width) is critical to good die filling during forging,
without excessive forging loads and cavity pressures.

14.3.1 Determination of the Flash Land Geometry
Figure 14.3 shows a typical arrangement for the flash land and the flash gutter on
a forging. The gutter must be large enough to accommodate the flash produced.
The choice of the appropriate width and thickness of the flash land is an
important part of the forging process design. If the geometry is wrong, the dies
may not fill completely or the forging loads may become excessive. In addition,
the projected area of the flash in the flash lands is usually included in the total
projected area of the part for estimation of the forging loads required and

Flash Top d ie Forging

Gutter

Flash land

FIG. 14.3 Flash land and flash gutter configuration.



Design for Hot Forging 597

TABLE 14.1 Selected Empirical Formulas for Flash Land Geometry

Reference

Brachanov and
Rebelskii [3]

Voiglander [4]
Vierrege [5]
Neuberger and

Mockel [6]
Teterein and

Tarnovski [7]

Flash thickness, T{ (mm)

p

0.016D + 0.018^ 5

0.017£>+l/(£> + 5)°-5

1.13 + 0.89ff°-5 -0.017ff

2W°-33 - 0.01 W - 0.09

Flash land ratio, Wf/T{

—

63D05

30/[£>{1 + 2D1/(h(2r + £>))}]°'33

3 + 1.2e~1-09fr

0.0038ZD/rf + 4.93 /W12 - 0.2

Ap, forging projected area (mm2); W, forging weight (kg); D, forging diameter (mm); Z, forging
complexity factor.

therefore is a determining factor in equipment selection for processing. Determi-
nation of the flash land dimensions has been based on experience with forgings of
a similar type. As a result there are a number of empirical formulas available for
the flash land geometry, and a selection of these is given in Table 14.1 [2].

The first two formulas take no account of the forging complexity and the third
formula is based on a limited number of axisymmetric forgings. The fourth and
fifth formulas are based on statistical analysis for a large number of forgings and
have been shown to be reliable [2, 8], each giving similar results. The fourth
formula is used here for the cost estimation procedures described below, because
it is simpler to evaluate. This formula is based on data for steel forgings, but it is
assumed to be applicable to all materials and is used in the following form in
which the main input variable is part volume, V, as opposed to part weight.

Flash thickness, Tf = 1.13 + 0.0789 V0'5 - 0.0001347 (14.1)
Flash land ratio, Wf/Tf = 3 + i.2e-ao°85W (14.2)

This formula is used to determine the area of the flash during forging. The land
width, Wf is multiplied by the length of the flash line of the finish forging die
(perimeter of the part, PT).

Example
Figure 14.4 shows a simple steel forging that will be used to illustrate the
subsequent calculations in this Chapter. The basic data for this part are as follows:

Part volume V = 49.9 cm3

Projected area Ap = 78.6 cm2

Perimeter P, = 31.4 cm
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FIG. 14.4 Steel forging for sample calculations.

For this part the flash parameters can be obtained from Eqs, 14.1 and 14.2.
Tf = 1.13 + 0.0789 (49.9)0'5 - 0.000134 (49.9) = 1.68 mm
W{/T{ = 3 + i.2e-0-00857(49-9) = 3.78

From this W{ is 3.78 x 1.68 = 6.35 mm, and the projected area of the flash land
is 0.635 x 31.4= 19.9cm2.

14.3.2 Amount of Flash
Costs for the material in forging are determined by the weight of the finished
forging and any material wasted in processing the part. Material losses result
mainly from the flash produced during forging, but further losses may occur due
to scale formation for those materials that oxidize significantly during heating
and, for hammer forgings, due to bar ends, and so on. Estimation of the flash for a
particular forging is difficult and is usually based upon experience with the
manufacture of forgings of a similar type. The amount of flash produced varies
with the shape of the part, and there are two basic systematic approaches to
estimating the amount of flash that have been utilized.

1. Statistical data giving average ratios of the gross to net weight of forgings for
different classes of part and weight are used. This approach has been utilized
in different forms by Morgeroth [9], Kruse [10], and the FIA [11] for steel
forgings.

2. The use of average values of the flash amount per unit length of the flash line
for different weights of forging (e.g., Refs. 8 and 12).

For the estimating procedures described in this chapter, the second of these
approaches has been used. Table 14.2 shows data relating the flash weight per
unit length of flash line for different weights of forging. This data has been
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TAB L E 14.2 Flash Weight per Unit Length of Flash Line
for Steel Forgings

Forging weight (kg)

Less than 0.450
0.450-2.273
2.273-4.545
4.545-6.818
6.818-11.364
11.364-22.727
22.727^5.455
Above 45.455

Flash weight (kg/cm of periphery)

0.0047
0.0063
0.0098
0.013
0.0168
0.0223
0.0324
0.0477

Source: Ref. 8.

recommended by the United Kingdom National Association of Drop Forgers and
Stampers (NADFS) and has been found to be reliable by companies who use it
for flash estimation [7]. This data is for the forging of steel and it has been
assumed that the equivalent volume is produced in other materials. This
equivalent volume of flash can be obtained by dividing by the density of steel.
An expression has been fitted to this data to enable the volume of flash per unit
length of flash line to be estimated, and this relationship is as follows:

The volume of flash per unit length of flash line, V&, is given by

V& = 0.1234F0'5 cm3/cm (14.3)

Example
For the part shown in Fig. 14.4 the volume of flash per centimetre of flash line
from Eq. 14.3 is Va = 0.1234 (49.9)0'5 = 0.87 cm3/cm or the total volume of
flash generated is 0.87 x 31.4 = 27.3 cm3.

14.3.3 Webs in Forgings
Webs are thin sections with a large projected area in the direction of die closure.
Webs are often designed into the parts for strength and other reasons, often
accompanied by peripheral ribs. These webs add considerably to the load
requirements during forging operations because of the large die contact areas,
which increase cooling rates, friction, and so on. If the finished part has through
holes to be forged in, then these must be filled with webs at the die parting line
and then these webs are removed by shearing (piercing) during the flash removal
process. The material in these webs is additional waste material and add to the
material cost per part.
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FIG. 14.5 Web thickness related to projected area. (From Ref. 2.)

The appropriate thickness of the webs is dependent on the projected area of the
holes to be filled, as shown in Fig. 14.5, from which the following relationship is
obtained:

Web thickness Tw (mm) = 3.54 A°H
221, (14.4)

where AH is the area of the holes in square centimeters.

14.4 FORGING ALLOWANCES
Parts produced by hot forging require machining on surfaces that will locate with
other parts in a final product. Thus the detailed shape features of a forging are
developed from the required-machined part by adding various allowances to the
machined surfaces, although some of these allowances also form part of the
forging design for surfaces that will not be machined. Figure 14.6 shows the cross
section of a simple forging, which is assumed machined all over. The first
allowance added to the machined surface is a finish or machining allowance. This
amount is in addition to any dimensional tolerances and must be sufficient to
result in a clean surface after finish machining. The allowance for machining is
dependent on several factors, but particularly on the amount of oxidation that will
result from heating the part up to the forging temperature. The level of oxidation
will be dependent on the material type and on the overall size of the forging.
Figure 14.7 shows typical finish allowances for different materials [13].
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TABLE 14.3 Draft Allowances for Forgings

Hammer dies Press dies

Materials External Internal External Internal

Steels
Aluminum alloys 5-7° 7-10° 3-5° 5-7°
Titanium alloys
Ni-based alloys

Tolerances in all cases ±1° ±1° ±1° ±1°

Source: Ref. 2.

Draft is an angle allowance added to surfaces parallel to the direction of die
closure to facilitate release of the part from the die after forging. In general, draft
allowances on inside surfaces are greater than those on outside surfaces, because
of the tendency of the part to shrink onto projections in the die as cooling takes
place. Table 14.3 gives recommended values of draft angles for both presses and
hammers [2].

Finally, all edges and corners in the part must have radii added. These radii are
necessary to aid material flow and ensure good die filling. In addition, sharp
corners in dies can lead to premature die failure due to fracture as a result of
associated stress concentrations, high stresses and so on. Table 14.4 shows typical
recommendations for edge and fillet radii for different materials. In general, larger
radii are recommended for the more difficult-to-forge materials.

TABLE 14.4 Typical Minimum Edge and Fillet Radii for
Rib/Web Type Forgings

Corner radius
Material (mm)

Aluminum alloys
Low alloy steels
Titanium alloys
Nickel-based superalloys
Iron-based superalloys
Molybdenum

2.3
3.0
4.8
6.4
4.8
4.8

Fillet radius
(mm)

9.7
6.4

12.7
19.0
17.0
12.7

Source: Adapted from Ref. 13.
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14.5 PREFORMING DURING FORGING
In practice very few forgings are produced in the one stage indicated in Fig. 14.2.
This will usually result in excessive amounts of flash to ensure die filling and/or
large die loads. Thus in most cases a series of preforming operations are
necessary to gradually bring the stock material closer to the finished shape
before the last forming stage in the finishing die cavity (finisher). The number and
type of preforming operations depend largely on the finished forging shape.
Figure 14.8 shows a typical sequence for a simple connecting-rod forging [1].

In most cases the starting point of forging is a simple shape—either a length of
round or square section bar or a billet cut off from bar stock. The object of

Blank

Edging

Blocking

Finishing

Trimming

FIG. 14.8 Typical forging sequence for a connecting rod. (From Ref. 1.)
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preforming is to redistribute the stock material to correspond more closely to the
finished shape. The design of preforms is still something of a "black art," relying
heavily on the skills of experienced personnel. Progress has been made in the
application of finite element and upper-bound plasticity analyses to the design of
preforms, but this is still the subject of some research [14, 15].

Most flat or compact forgings start from billets and can usually be produced in
two to four forming stages. The first forging stage is usually a simple die, which
may just be flat faces, called a buster or scale-breaking die. The purpose of this
die is to do some initial flattening of the billet, largely to remove the scale
produced by oxidation during heating. For simple shapes the material may then be
forged in the finishing die. However, for most parts one or two more preforming
stages will be necessary. The preform prior to finishing is called a blocker
(sometimes called a semifinisher or in the United Kingdom a molding impres-
sion). The blocker is essentially a smoothed-out version of the finisher with
thicker sections and larger radii. There are some well-accepted design rules for
blocker cross sections [16]. Figure 14.9 shows some typical blocker sections
relative to finisher cross sections. If the final part has thin and/or tall features
(thin ribs and webs), then a preblocker may also be required and this will have
thicker sections and larger radii than the blocker.

For long parts, the starting point is usually the heated end of a bar of material
of constant cross section. The initial preforming stages are relatively simple open-
die forging operations, the purpose of which is to distribute the material along the
length of the forging to correspond more closely to the mass distribution of the
finished part. This is achieved by using relatively simple dies called fullers,
followed by a die called an edger (or in the United Kingdom a roller die). Figure
14.10 shows a typical sequence for forging a connecting rod. Fullers are used to
elongate and draw down the bar stock as appropriate. Fullers have crowned faces
and the stock is placed between the dies, with one or two blows taking place. The
stock is then rotated through 90 degrees and the process is repeated. Usually only
one fuller stage is used, but if there are two or more major changes in cross-
sectional area along the length of the part, more than one fuller may be used.
After fullering, the edger or roller die is used to smooth out the stock material and
to further elongate it somewhat.

For the connecting-rod example in Figure 14.10, after two fullering stages and
one edger die, the result is a dumbbell shape, with approximately round cross
sections and with an axial mass distribution similar to the finished shape. These
initial mass-distribution-preforming stages can be done on reducer rolls, which use
a series of shaped rolls to elongate and draw down the bar stock. Reducer rolls are
sometimes used in conjunction with mechanical presses for higher productivity.

Following these initial mass-distribution-preforming stages, the cross sections
of the part are then formed to correspond to the finished shape. For simple shapes
this may be done directly in the finishing cavity, but usually a blocker die is used,
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p/l.

(b)

FIG. 14.9 Typical blocker cross sections compared to the finish forging cross sections,
(a) General design procedure, (b) Sample cross sections. (From Ref. 17.)

and for forgings with very thin sections a preblocker may also be required. The
usual reason to include a blocker forging stage is to increase the life of the
finishing-die impression before resinking is necessary. Whether a blocker die is
required is usually decided based on experience with similar parts and on the total
quantity of forgings required. For simple forgings no blocker impression may be
needed. Chamouard [16] gives recommendations for the use of blocker impres-
sions for rib/web type forgings, based on the rib height to rib thickness ratio. A
blocker impression is recommended when this ratio exceeds 2.5.

Blocker forging cross sections are essentially smoothed-out versions of corre-
sponding sections in the finished forging, with thicker sections and larger radii. The
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FIG. 14.10 Forging sequence design for a connecting rod. (a) Mass distribution stages,
(b) Blocker cross sections. (From Ref. 17.)
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blocker sections are designed by modifying the corresponding finished sections,
using empirically established design rules. For a connecting-rod forging several
transverse sections along the length of the part would be selected, together with
radial sections at the ends (Fig. 14.10). From these sections corresponding blocker
sections are developed, and these define the shape of the blocker die impression. For
rib/web-type cross sections, blocker sections have been developed using logarith-
mic curves, based on the recommendations of Chamouard [16].

If the final forging has bends in the longitudinal axis, a bending operation will
be added to the sequence. In this case the mass-distribution-preforming stages
(fullers and edgers) will be developed with the axis of the part straightened out,
followed by the bending impression. Any blocker stages will be carried out on the
bent stock, and again the corresponding die will be developed from cross sections
of the finishing impression.

14.5.1 Die Layout
As seen above, several die impressions will be needed to process a hot forging
completely. For small and medium-sized hammer forgings these impressions will
be laid out on a single die block. Figure 14.11 shows two typical examples [18].

Finisher
Fuller Edger

Blocker Finisher
Bender

(b)

FIG. 14.11 Typical multi-impression hammer forging dies. (From Ref. 18.)
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For larger forgings the various stages may be carried out on separate machines
with reheating of the forging stock between stages. For press forgings the various
die impressions may be machined into one die block or into separate die inserts
attached to the machine bed.

For multiple impression dies the various impressions must be laid out on the
die surface to enable successful forging with a minimum-sized die block. The
die block depth should be sufficient to enable several resinks of the cavities as
wear occurs. A number of factors must be taken into account in the layout of
die impressions, including the minimum spacing between cavities, which
depends among other things on the cavity depth. In general, the finisher and
blocker impressions are placed in the center of the die block, with the fullers to
one side and the edger and/or bending die to the other (Fig. 14.12). The
finisher is positioned such that the center of loading corresponds to the dowel
pin that is used to position the dovetails on the back of the die on the hammer
bed. If more than one forging is to be made at once, the finisher and blocker
impressions can sometimes be nested to conserve space. The fuller dies are
usually inclined at 10 to 15 degrees across the left-hand corner of the die block,
again to conserve space. For the purposes of estimating die block size the
following cavity-spacing rules, derived from data provided by Thomas [2], can be
used.

Dowel pin
CL

Fuller \ \
No.1 Fuller

No.2
Dovetail
CL

Roller
die

FIG. 14.12 Die layout for hammer forging die. (From Ref. 17.)
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FIG. 14.13 Typical die lock configuration. (From Ref. 2.)

Cavity depth dc = 0.5 T, where T is the part thickness
Cavity spacing Sd = 3.1(rfc)°'7
Cavity edge distance Se = 3A(dc)°'16

Die block depth = 5 dc

Die locks or registers are provided on some dies to prevent mismatch during
forging for parts with cranked parting lines. Die locks absorb the side loads
produced, but add to the size of the die block and increase the machining costs of
the die blocks. Figure 14.13 shows a typical die lock configuration. To be
effective the die lock must engage just before the top die comes into contact with
the forging stock. An overlap of 10 to 12mm is recommended, and to allow
adequate strength the width of the lock should be at least 1.5 times the depth [1].
If the die parting line is only marginally cranked, a die lock may not be required,
but for the purposes of the classification of forgings below it will be assumed that
locked dies will be necessary for forgings with cranked parting lines.

14.6 FLASH REMOVAL

The final stage in hot forging is the removal of the flash to yield the finish forging.
The flash removed is scrap material and can be more than 50% of the material
used for some forgings. The flash is usually removed with a trimming die, which
shears the flash off at the parting line of the forging. The webs in any through
holes will also be pierced out at the same time. Flash trimming will usually be
done on a mechanical press adjacent to the main forging machine, with the
forging still hot. In some cases flash trimming may be done later when the part is
cold. The operation and the dies used are similar for both hot and cold flash
trimming, but the press loads are higher for cold flash trimming. The flash may
also be removed by a machining operation, such as band sawing, but this is slow
and relatively expensive. Consequently, band sawing should only be considered
for small quantities of parts or for some larger forgings.
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Trimming and piercing dies have a shearing edge corresponding to the parting
line of the forging. The complexity is therefore increased by the need for a
cranked parting line. The corresponding punch forces the forging through the
trimming die to remove the flash, and the design of the punch must be such that
this can be achieved without distortion or damage to the forged part.

14.7 CLASSIFICATION OF FORCINGS
A number of classification schemes for forgings have been developed over the
years [19]. These range from relatively simple pictorial systems to quite complex
numerical coding schemes. The general objective has been to indicate forging
complexity in some way in order to relate this difficulty to different aspects of the
forging process design. Several early systems were proposed to systematically
provide data on typical gross to net weights for different forging types for
estimating purposes [9-11].

A relatively complex classification and coding scheme was used in a Design
for Forging Handbook [20] in order to indicate general forging costs [21]. This
classification scheme covered the presence of individual shape features of the
forging such as holes, depressions, bosses, ribs, and so on. Parts were allocated to
different classes dependent on the presence of these features. For the purposes of
the current procedure a more simplified approach based not on the presence of
specific features, but on numerical evaluations of complexity, is used [12]. Parts
are first divided into main classes determined by the overall dimensions of the
rectangular envelope that encloses the part (Fig. 14.14). For long forgings with a
bent axis this envelope is determined after the part has been straightened out. This

First
_EML_

0

1

2

3

Description

Compact Parts,
L/W <= 2, L/T <= 2

Flat Parts, L/W
<= 2, L/T > 2

Long Parts,
L /W>2

Main Axis
Straight

Main Axis
Bent

L = Envelope Length
W= Envelope Width
T = Envelope Thickness
L >= W >= T

FIG. 14.14 Forging classification, allocation of first digit.
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initial broad classification divides parts according to the basic sequence of
operations required for processing.

Class 0: Compact Parts (L/W < 2.0, L/T < 2.0)
The basic sequence of operations for this class is

Scale break (buster)
Blockers (one or two)
Finisher
Clip and pierce to remove flash and webs for through holes

The forging complexity for this class is increased by the presence of

Thin sections
Cranked die split lines
Forged in side depressions

Class 1: Flat Parts (L/W < 2.0, L/T > 2.0)
The basic sequence of operations for this class is

Scale break (buster)
Blockers (one or two)
Finisher
Clip and pierce to remove flash and webs in through holes

The forging complexity for this class is increased by the presence of

Thin sections
Ribs and webs
Cranked die split lines
Forged in side depressions

Second
Digit

0

1

2

3

Description

Parting Line
Flat

Parting Line
Not Flat

Parting Line
Flat

Parting Line
Not Flat

No Side
Depressions

Side
Depressions

FIG. 14.15 Allocation of second digit for compact and flat parts.
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Second
Digit

0

1

Description

Parting Line Flat

Parting Line Not Flat

FIG. 14.16 Allocation of second digit for long parts.

Classes 2 and 3: Long Parts (L/W > 2.0)
The basic sequence of operations for these classes is

Fullers (one or two)
Edger (roller)
Bender (for bent parts)
Blockers (one or two)
Finisher
Clip and pierce to remove flash

In some cases, passes through reducer rolls may replace the first two stages.
The forging complexity for these classes is increased by the presence of

Large changes in cross-sectional area
Thin sections
Ribs and webs
Cranked die split lines

Example
For the part shown in Fig. 14.4, L = W = 100 mm and T = 20 mm. Thus
L/W = 1 and L/T = 5. The first digit is 1 (flat part). There are no side
depressions and the parting line is flat, so the second digit is zero.

14.7.1 Forging Complexity
Two numerical indications of forging complexity are used: the shape complexity
factor and the number of surface patches in the part.

Shape Complexity Factor
This factor is a modification of that used in the European tolerancing standards
for forgings to indicate complexity [23], i.e.

volume of rectangular envelope for part LWT
Complexity factor F^ = ——————————————————————— = ———

part volume V
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For bent parts, the axis is straightened before this complexity factor is calculated.
This factor indicates in a general way the amount of deformation necessary within
specific classes of forging, as the presence of thin sections and large changes in
cross-sectional area result in increased values of this complexity rating. For the
example part shown in Fig. 14.4, F{c = 4.00.

Number of Surface Patches in the Part
This rating is similar to the counting procedure for surface patches used for cost
estimation for injection molded parts as outlined in Chapter 8. The number of
surface patches that make up the shape in the upper and lower cavities are
counted up. All standard surface elements, such as planes, cylinders, cones, and
so on, are given equal rating, but free form or sculptured surface elements are
counted equal to four standard surface patches. This number is a measure of the
forging complexity that indicates the presence of more complex shape features.
For example, a multiribbed part will have increased numbers of surface elements
present relative to a simpler forging.

14.8 FORGING EQUIPMENT
Hot forgings can be produced on a variety of equipment, including mechanical
and hydraulic presses, friction screw presses, and hammers. This forging
equipment can be divided into two basic types: work-restricted and stroke-
restricted machines. In work-restricted machines the amount of deformation that
can be achieved during each stroke or blow of the machine is limited by the
energy or maximum force available. If the energy or force capacity is less than is
required to deform the part, then more than one stroke or blow is needed.
Machines that fall into this category are hammers, friction screw presses, and
hydraulic presses. In stroke-restricted machines the amount of deformation that
can be done is fixed by the stroke of the machine. If sufficient force or energy to
carry out the operation is not available, then the machine will stall and a larger
machine should be used. Mechanical presses fall into this category, as a crank or
eccentric determines the amount of ram movement.

Hammers are the most common types of machine used [23], and the basic
technology of forging hammers was developed in the last century. The choice of
forging equipment depends on a number of factors, including part size and
complexity, material, and the quality of the parts to be produced. Hammers are
often preferred for small to medium batches because of quicker tool setups and
lower overheads. They are also used for elongated and branch-type forgings because
die areas can be provided for the larger number of preform dies required for such
shapes. Additionally, mechanical presses are not available in very large load
capacities, so, for large forgings, hammers or large hydraulic presses must be used.
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14.8.1 Gravity Drop Hammers
Gravity drop hammers [18] are the oldest type of forging equipment available.
The principle of operation is that the moving die block (tup) is raised by a lifting
mechanism and then released, so that it falls onto the fixed die attached to the
anvil. The amount of deformation that can be carried out is determined by the
potential energy of the moving die block at its maximum height. This potential
energy is converted into kinetic energy as the die block falls and is then dissipated
in deformation of the workpiece. Various lifting mechanisms are used, including
frictional means with boards, band brakes or belts, or a lifting cylinder employing
steam, compressed air, or hydraulic fluid (Fig. 14.17). These machines are
available in a range of blow energies from 0.6kNm (60kg-m) to 400 kNm
(40,000 kg-m).

14.8.2 Double Acting or Power Hammers
These machines [18] are similar to gravity hammers in that a lifting cylinder
raises the moving tup, but power is also applied to the downward-moving tup to
increase the energy capacity. Energy ratings for similar tup weights are consider-
ably more than for gravity hammers, and the die closing speeds are higher also.
Power comes from double-acting steam, compressed air, or hydraulic cylinders.
Double-acting hammers are manufactured in a range of energy ratings from
3 kNm (300 kg-m) to 825 kNm (82,500 kg-m).

Forging
stock

(d)

Chain Air
(also stream

or oil)

FIG. 14.17 Schematic of various types of drop hammer, (a) Board hammer, (b) Belt
hammer, (c) Chain hammer, (d) Airlift hammer. (From Ref. 1.)
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14.8.3 Vertical Counterblow Hammers
In these machines two tups with nearly equal masses are driven by double-acting
cylinders toward each other and impact in the center of the machine. More energy
is dissipated in the workpiece than in the foundations and subsoil compared
to single-acting hammers. Very high energy capacities are available in the
largest machines, with ranges from 30 kNm (3 0,000 kg-m) to 2000 kNm
(200,000 kg-m).

14.8.4 Horizontal Counterblow Hammers
These machines are also called impacters and two rams are actuated by double-
acting cylinders. Heated stock is positioned vertically between the dies by an
automatic transfer mechanism. Energy ranges from 4 kNm (400 kg-m) to 54 kNm
(5400 kg-m) are typical.

14.8.5 Mechanical Presses
In mechanical presses [18] a crank, knuckle joint, scotch yoke, or moving-wedge
mechanism is used to apply a vertical squeezing motion between the upper
moving die and a lower fixed die. Figures 14.18a and b show typical mechanical

(a) Crank (b) Knucklejoint

(c) Screw

Friction
drive
Screw

Ram

(d) Hydraulic

FIG. 14.18 Schematic of various types of forging press mechanisms, (a) Crank press, (b)
Knuckle joint press, (c) Friction screw press, (d) Hydraulic press. (From Ref. 1.)
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press mechanisms. In general, guidance of the two dies is better than in hammers,
so improved die matching is possible. Press ratings from 3 MN to 140MN
(300-14,000 tons) are available. Thus, mechanical presses are not available for
the largest of parts processed by forging.

14.8.6 Screw Presses
In screw presses [18] the upper ram and die are connected to a large vertical
screw that can be rotated by a flywheel, so that the ram can move up and down
relative to the fixed die in the bed of the machine (Fig. 14.18c). The ram has a
limited amount of energy for each stroke; thus multiple blows are usually
employed similar to hammers. Screw presses are available in ratings from
0.63 MN to 63 MN (63-6300 tons).

14.8.7 Hydraulic Presses
Hydraulic presses [18] are available in a wide range of sizes up to the largest at
50,000 tons or more capacity. The moving die is attached to a ram actuated by a
large hydraulic cylinder (Fig. 14.18d). Various strokes, forces, and closing speeds
can be obtained on hydraulic presses. In some cases hydraulic presses are fitted
with auxiliary horizontally moving rams, and these enable side depressions to be
forged into some parts, although this is not done to a great extent.

14.8.8 Choice of Forging Machine Type
In general, whether to use hammers or presses depends on a number of factors,
but some guidelines exist [23].

Circular or ring forgings in steels are particularly suited to crank presses until
the dimensions of the forgings result in loads in excess of the range of
mechanical presses, when power or counterblow hammers become necessary.

TABLE 14.5

Hammers

Gravity drop
Power drop
Counterblow
Impacter
Presses
Mechanical
Screw
Hydraulic

Some Comparative Data for Forj

Maximum blow energy (kJ)

47-120
1150
1220
34

Force (MN)
2.2-143
1.3-280
2.2-623

;ing Equipment

Die closing speed (m/s)

3-5
4.6-9
4.6-9
10-17

—
0.06-1.5
0.5-1.2
0.03-0.8

Source: Ref. 24.
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Asymmetrical and branched forgings tend to be produced on hammers, as
more total die area is required than is available on mechanical presses of
appropriate load capacity.

Large circular forgings are manufactured using hammers because of the large
force requirements.

Close-to-form blade-type forgings tend to be made using screw presses or with
wider tolerances on hammers.

Thin-plate-type forgings with edge ribs, together with light alloy precision
forgings are usually produced on hydraulic presses.

Smaller batch sizes tend to be made on hammers rather than presses.

14.8.9 Comparisons of Forging Equipment
Table 14.5 [24] shows some comparative data for the different types of forging
equipment. As can be seen, die-closing speeds are significantly higher for
hammers compared to presses. This has relevance for the forging of strain rate
sensitive materials. Table 14.6 shows the ranges of the different types of forging
equipment available. The different machines are compared based on their
maximum deformation energy capacity. However, this comparison is not related
to the energy available per blow or stroke of the machine, but is based on the
energy requirements for parts typically processed on the size of machine
indicated. The relative comparisons between machines are derived from ratios
presented in Dallas [24] and other reports. The ratings at the top of each column
are those normally used in industry, with hammers usually rated by the weight of
the tup and presses by the load capacity in tons. As can be seen, mechanical
presses are not usually available above 14,000 tons capacity; thus large forgings
must be produced on either hammers or hydraulic presses, with the very largest
restricted to counterblow hammers or large hydraulic presses.

Figure 14.19 shows typical average usable blow or stroke rates for forging
equipment. This data is largely based on data from Scott and Wilson [23], with
some supplementary calculations from Dallas [24]. These blow rates are not the
maximum obtainable from the equipment, but are typical usable blow rates,
which reflect such factors as the time taken to manipulate the part between
impressions. As can be seen, mechanical presses are capable of the highest usable
blow rates for smaller parts, which is why they are preferred for higher
productivity situations for parts that are appropriate. For large parts the usable
blow rates become comparable for the various types of equipment, because the
time taken to manipulate the forgings between blows becomes dominant rather
than the blow rate capabilities of the machines. These curves enable estimates
of the forging cycle times to be made once an appropriate machine has been
chosen.
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TABLE 14.6 Equivalent Capacities of Presses and Hammers

Maximum

ft-lb

3,850
5,870
8,830

11,000
11,320
14,200
16,700
19,400
21,700
22,500
24,700
26,200
28,500
30,000
34,400
41,600
46,000
52,000
58,000
70,000
86,800
94,000

118,000
138,000
142,000
173,000
220,000
240,000
300,000
361,500
425,000

484,000
546,800
610,000
694,400
738,000
868,000

1,280,000

energy

kg-m

533
812

1,200
1,540
1,570
1,960
2,310
2,690
3,000
3,120
3,420
3,630
3,950
4,160
4,770
5,770
6,370
7,200
8,030
9,700

12,000
13,000
16,000
19,100
19,600
23,900
27,120
32,200
41,500
50,070
59,000
60,330
67,036
75,500
84,500
95,800

102, 00
120,200
172,000

Hydraulic
presses,
rating
(tons)

170
260
400
400
550
680
750
900
935

1,000
1,125

1,250
1,350
1,500
1,800
2,000
2,250
2,500
3,000
3,700
4,000
5,000
5,850
6,000
7,300
8,300

10,000
12,500
15,000
17,500
18,000
20,000

25,000

30,000
35,000
50,000

Counterblow
hammers,

rating
(kg-m)

450
650

1,000

2,000

2,500

3,000

3,500
4,000

5,500
6,000

8,000
10,000

13,000
16,000

20,000
25,000
32,000
13,650
40,000

50,000
63,000

80,000

100,000
144,000

Power
hammers,

rating
(Ib)

455
680
910

1,000
1,130
1,360
1,500
1,800
1,870
2,000
2,250

2,500
2,700
3,000
3,600
4,000
4,500
5,000
6,000
7,400
8,000

10,000
11,700
12,000
14,600
16,600
20,000
25,000
30,000
35,000
36,000
40,000

50,000

Mechanical
presses,
rating
(tons)

210
320
475
600
660
820
900

1,080
1,120
1,200
1,350

1,500
1,620
1,800
2,160
2,400
2,700
3,000
3,600
4,400
4,800
6,000
7,000
7,200
8,700

10,000
10,600
13,650

Gravity
drop

hammers,
rating

(Ib)

1,000
1,500
2,000
2,200
2,500
3,000
3,300
4,000
4,100
4,400
5,000

5,550
6,000
6,600
8,000
8,800

10,000

Friction
screw

presses,
rating
(tons)

170
250
390
490
500
620
730
850
950
990

1,050
1,150
1,250
1,520
1,600
1,830
2,020
2,290
2,590
3,080
3,800
4,180
5,000
6,060
6,220
7,590
9,650

10,220

From Ref. 20, with data from several sources (Refs. 24, 25).
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FIG. 14.19 Average usable blow rates for forging equipment. (From Ref. 12.)
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FIG. 14.20 Operating cost per operation relative to 1000-lb power hammer. (From
Ref. 25.)
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Figure 14.20 shows data on the cost per operation for different types of forging
equipment relative to the cost of a 1000 Ib power hammer [25]. In this context,
operation means forging stage (i.e. blocker, finisher, etc.). The data have been
collected from a variety of industry sources and also reflect the fact that on
average hammers utilize two or three times the number of blows per forming
stage as is used on presses, for which only one per operation is assumed. Figure
14.21 [26] shows some combined curves for the data in Fig. 14.20. The curve for
hammers is a combination of the data for all types of hammers. In the upper range
of energy capacities the curve corresponds to counterblow hammers and at the

200

5 0 0 1(T 2 3 5 10"

E N E R G Y C A P A C I T Y , E (kgnO

FIG. 14.21 Relative operating cost per operation for forging equipment (From Ref. 26.)
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lower ranges to power hammers. The curve for mechanical presses ends at the
point of intersection with the curve for hydraulic presses. These curves can be
used to estimate forging processing costs once the number of forging stages has
been established.

TABLE 14.7 Classification of Forging Materials

Class

0

1
2

3

4

5

6
7
8
9

Source:

Materials

Aluminum alloys
Group A
Group B

Magnesium alloys

Copper and copper alloys

Carbon and alloy steels
Group A
Group B
Group C
Group D

Ferritic and martensitic stainless
steels

Tool steels
Maraging steels

Austenitic stainless steels
PH stainless steels
Nickel alloys of iron

Titanium and titanium alloys
a and a//? alloys
P alloys

Iron-based superalloys

Cobalt-based superalloys

Nickel-based superalloys

Niobium (Columbium) alloys
Molybdenum alloys
Tantalum alloys
Tungsten alloys
Beryllium

Ref. 20.

Load factor,
am(kg-m/mm2)

0.054
0.087
0.065
0.065

0.065
0.076
0.087
0.098
0.109

0.109
0.109
0.130
0.141
0.130

0.163
0.195
0.152
0.195
0.220
0.195
0.217
0.124
0.260
0.065

Die life
factor,

An

1.0
1.0
1.0
1.0

1.0
0.8
0.7
0.6
0.3

0.3
0.3
0.3
0.3
0.3

0.2
0.2
0.2
0.2
0.1
0.1
0.1
0.1
0.1
0.5
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14.9 CLASSIFICATION OF MATERIALS

A wide variety of materials can be used for forging, but by far the largest
proportion of parts produced is from carbon and alloy steels, with a significant
number also made from light alloys. Table 14.7 shows a general classification of
materials used in hot forging [11, 20]. These material classes are arranged
roughly in increasing order of forging difficulty. However, there is considerable
overlap in these class. For example, many high-strength aluminum alloys are
more difficult to process than steels. Increase in forging difficulty is represented
by increased forging load requirements and usually reduced die life. In addition,
for the more difficult to deform materials it may be impossible to obtain very thin
sections (ribs and webs), and consequently the end product must be less close to
net shape than for the easier to forge materials. Thus so-called precision forgings
are usually associated only with light alloy materials.

Table 14.7 contains two factors that are used in cost estimating procedures
described later. The first of these is a load factor am that gives the approximate
deformation energy per unit area required for a relatively simple shape in the
specific material. The second factor is a material die life factor /?m, which
represents the approximate reduction in die life for the forging of similar shapes
in different materials.

14.10 FORGING COSTS
Figure 14.22 shows the breakdown of the average forging costs for hot forgings
found in industry [27]. Material costs usually make up around 50% of forging
costs, and of this material, a significant proportion is waste material in the form of
flash, scale losses, and so on. Die costs represent about 10% of forging costs and
the remainder includes direct labor, equipment operating costs and overhead
costs. For the purposes of early cost estimating, three main cost elements are
considered.

1. Material costs, including flash and scale losses
2. Equipment operating costs, including labor, heating costs, ancillary equip-

ment, and overhead
3. Die costs, including initial tooling costs and maintenance and resinking costs

Each of these will be considered in more detail in the following discussion. The
early costing procedure described for hot forging is currently restricted to parts
produced on hammers and forging presses using conventional dies. Preforming
carried out on forging rolls is not considered, nor are such processes as ring
rolling and hot upset forging.
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WE stage (flash)

FIG. 14.22 Breakdown of average costs for hot forging. (From Ref 27.)

14.10.1 Material Costs
The material costs for a forged part are determined as follows:

Material cost Cmat = Cmp[(V + PTV& + AHTW)(\ + S^/lOO)],

where
Cm = cost per unit weight of material

p = part density
V = the part volume

Pt = length of the flash line (perimeter of part)
Fa = flash volume per unit length of flash line (Eq. 14.3)

AH = area of through holes
Tw=web thickness recommended (Eq. 14.4)
Ssi = scale loss for material, %

Example
For the part shown in Fig. 14.4 the following data are available:

Part volume V = 49.9 cc

(14.5)
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Flash volume per length of flash line V& = 0.87 cc/cm
Length of flash line Pt = 31.4 cm
There are no through holes

Assuming that Cm = l.l$/kg, p = 7.86 gm/cc, and Ssi = 5%, then

Cmat = 1.1 x 7.86[(49.9 + 31.4 x 0.87) 1.05]/1000 = $0.43 per forging

14.10.2 Equipment Operating Costs
The production cost per piece is basically expressed as

Cpr = M/Rp (14.6)

where M is the operating cost per unit time of the equipment and Rp is the
production rate (pieces per unit time). The operating cost per unit time, M,
includes direct labor, ancillary equipment for handling and heating, and not just
the operating cost of the main press or hammer used for the forging. It is usual for
a separate press to be used for the trimming of the flash and piercing, and this is
usually a mechanical press. The costs for this are determined separately. Thus the
operating cost of the equipment used is given by

Cpr = MNb/Bt (14.7)

where Nb is the number of blows or strokes required to form the part and Bt is the
effective blow or stroke rate of the press or hammer used. It should be noted that
the number of strokes is usually equal to the number of operations if a mechanical
or hydraulic press is used. For work-restricted machines such as hammers, several
blows per operation are usually used, the average being between two and three
blows per operation in general. This assumption has been used for generating the
data in Fig. 14.21.

Thus, the operating costs of the equipment are dependent on the equipment
selected for the forging and its effective stroke or blow rate. The required
equipment must be selected based on the load or energy required for shaping
the part. A variety of methods are available for estimating the load needed for a
specific forging [18, 24, 28-32], including some relatively complex plasticity
analyses. For the purposes of early cost estimation, it has been decided to modify
the procedure outlined in the ASM handbook [18]. The plan area of the forging
(including area of the flash in the flash lands) is multiplied by a material factor to
give the energy capacity of the hammer required to forge the part. Variations of
this approach are generally used by estimators in industry to determine the
appropriate equipment to be used. However, the load or energy required for a
forging is influenced by the shape complexity of the part in addition to the
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Forging Data:
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Second Digit

0

1

2

3

Forging Shape Complexity Factor, Ffc

<=1.5

1.6 0.95

2

1.6 0.7

2

1.6 2

2

1.6 0.65

2

>1.5and<:=2.5

1.7 0,9

3

1.7 0.6

3

1 .7 0.6

3

1.7 0.5

3

> 2.5 and <- 5.0

1,9 0.75

3

1,9 0,5

3

1.9 0.5

3

1.9 0.45

3

>S.O

2.2 0.55

4

2.2 0.3
4

2.2 0.3

4

2.2 0.25

4

Key: Shape Load Factor, <xs, upper left
Shape Die Life Factor, (5S, upper right
Number of Forging Operations, Nop, lower left

Forging Operations Required:

Scale break, nsb

Blocker, nhlk

Semifinisher, n,,-

Finisher, nfl.

Number of Forging Operations, Nop

Z

1

0

0

1

3

1

1

0

1

4

1

1

1

1

Bender, Hbnd = 0; Edger, n^g = 0; Fuller stage 1, nn =0; Fuller stage 2, no = 0

FIG. 14.23 Data for compact forgings, Shape Class 0.

material being forged. Thus, for the purpose of this early cost-estimating system,
the following is used:

Energy capacity Ef = Apa.ma.s (14.8)

where
Ap = the projected part area including flash
y.m = material load factor (Fig. 14.7)
as = shape load factor

Once the energy capacity of the required equipment is known, a specific piece of
equipment can be selected from Table 14.6 and the relative operating cost per
operation determined from Fig. 14.21.
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Forging Data:

Chapter 14

Second Digit

0

1

2

3

Forging Shape Complexity Factor, Fft

<=1.5

1.0 1.0

2

1.05 0.9

2

1.0 1.0

2

1.05 0.9
2

>1.5and<=3.0

1.25 0.75

3

1.3 0.7

3

1.25 0.75

3

1.3 0.7

3

> 3.0 and <= 6.0

1.4 0.45

3

1.45 0.4

3

1.4 0.45

3

1.45 0.4

3

>6.0

1.6 0.3

4

1.65 0.3

4

1.6 0.3

4

1.65 0.3

4

Key: Shape Load Factor, as, upper left
Shape Die Life Factor, PS, upper right
Number of Forging Operations, Nop, lower left

Forging Operations Required:

Scale break, nsb

Blocker, nbt

Semifinisher, nsr

Finisher, nfn

Number of Forging Operations, N«n

2

1

0

0

1

3

1

I

0

1

4

1

1

1

1

Bender, nbai - 0; Kdger, ne(jE = 0, Fuller stage I , nn = 0; Fuller stage 2, nc = 0

FIG. 14.24 Data for flat forgings, Shape Class 1.

The material load factor is obtained from the material classification given in
Table 14.7. The shape load factor reflects the increased load required to finish-
forge more complex shapes. This factor is obtained from the classification
scheme described above (Figs. 14.14 to 14.16). Figures 14.22 to 14.26 show
the data associated with the classification. The appropriate shape load factor, as, is
given in the upper left of each classification block. The other data include the
shape die life factor, as (upper right), and the number of forging operations
required, Nop (lower left). Shown in the lower part of these figures are the specific
operations required for each value of Nop.
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Forging Data:

Second Digit

0

1

Forging Shape Complexify Factor, Fjc

<=2.0

1.0 0.9

3

1.2 0.65

2

>2.0 and <= 5.0

1 . 1 0.85

4

1.3 0.6

3

> 5.0 and <= 10

1.2 0.75

5

1.45 0.5

3

>10

1.3 0.6

6

1.7 0.35

4

Key; Shape Load Factor, as, upper left
Shape Die Life Factor, p.,, upper right
Number of Forging Operations, Nop, lower left

Forging Operations Required:

Fuller stage 1, nfl

Fuller stage 2, an

Edger, ne)l6

Blocker, iit,h

Semifinishcr, n,r

Finisher, nrn

Number of Forging Operations, Nop

3

0
0
1
1
0

1

4

1

0
1
1
0

1

5

1

1

1

1

0

1

6

1

1

1

1

1

1

Bender, nbnd = 0; Scale break, nsh = 0

FIG. 14.25 Data for long straight forgings, Shape Class 2.

14.10.3 Examples of Equipment Selection
Figures 14.27, 14.28, and 14.29 [12] show comparisons of the forging equipment
capacities determined by this procedure, compared to the actual equipment used
for a range of forgings in different classes. As can be seen, the correlation is
generally good, except for the case of precision forgings in light alloy materials,
where a factor of 2 to 2.5 is necessary to give the required result (parts F and M in
Fig. 14.27). Thus, for the purposes of early cost estimating, the basic calculation
is applied to conventional forgings and this value increased by 2.5 for precision
forging and multiplied by a factor of 0.9 for blocker-type forgings, to reflect the
lower loads required in this case.
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Forging Data:

Chapter 14

Second Digit

0

1

Forging Shape Complexity Factor, Fjc

<=2.0

1.05 0.9

4

1.25 0.65

4

>2.0 and <= 5.0

1.15 0.85

5

1.35 0.6

5

>S.Oand<= 10

1.25 0.75

6

1.5 0-5
6

>10

1,4 0.5

7

1.7 0.35

7

Key: Shape Load Factor, as, upper left
Shape Die Life Factor, ps, upper right
Number of Forging Operations, Nop, lower left

Forging Operations Required:

Scale break, nsi, = 0

FIG. 14.26 Data for long bent forgings, Shape Class 3.

Fuller stage 1, nn

Fuller stage 2, nn

Bender, nbnd

Edger, n,ds

Blocker, nL,t

Semifmisher, nsf

Finisher, nrn

Number of Forging Operations, IV0p

4

0

0

1

1

1

0

1

5

1

0

1

1

1

0
1

6

1

1

1

1

1

0

1

7

1

1

1

1

1

1

1

14.10.4 Forging Processing Costs
Once the appropriate forging equipment type and size and the forging complexity
have been determined, the processing cost for the forging can be estimated.
Equation 14.7 can be modified to the form:

cpr = (14.9)
where
Cop = the forging equipment cost per operation
N = the number of operations required
Nc = the number of identical forgings per cycle

The forging equipment operating cost per operation, Cop, is obtained from

Cop = CroC;1000 (14.10)
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FIG. 14.27 Comparison between predicted and actual forging equipment capacities for
flat, round forgings. (From Ref. 12.)
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FIG. 14.28 Comparison between predicted and actual forging equipment capacities for
flat, nonround forging. (Forgings F and M are precision forgings in aluminum alloy.) (From
Ref. 12.)
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Chapter 14

10,000 •

1000-

100-
M N

FIG. 14.29 Comparison between predicted and actual forging equipment capacities for
long forging. (From Ref. 12.)

where Cro is the relative cost per operation compared to a 1000 Ib power hammer,
obtained from Fig. 14.21, and C1000 is the operating cost per operation of a
lOOOlb power hammer.

Example
For the sample part shown in Fig. 14.4 the following data are available:

Projected area = 78.6 cm2

Projected area of flash land = 19.9 cm2

Material load factor = 0.065 kg-m/mm2 (Table 14.7)
Shape classification number =10
Forging complexity factor = 4
Shape load factor = 1.4 (Fig. 14.23)
Number of operations = 3 (Fig. 14.23)

The equipment energy capacity required, E{, is given by Eq. 14.8:

Ef = (78.6 + 19.9) x 100 x 0.065 x 1.4 = 896 kg-m

From Table 14.6 this part will require a power hammer rated at just below 1000 Ib
or a mechanical press of about 450 tons. From Fig. 14.21, the relative operating
cost per operation for a hammer of this size is 0.95. Thus, assuming the
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processing cost per operation for a 1000 Ib power hammer is $0.15, then the
processing cost per forging will be

Cpr = 0.95 x 0.15 x 3 = $0.42 per forging

14.10.5 Forging Machine Setup Costs
The forging press or hammer must be set up prior to each batch of forgings
produced. The setup cost per forging is given by

Cset = TsetM/Bs (14.11)
where Tset is the setup time and Bs is the batch size. Based on data available for
average setup times for forging equipment [31] , a relationship between setup
time and forging equipment capacity of the following form can be found:

Tset = 0.3925CEV)0'28 h (14.12)
where E{ is the energy capacity in kg-in determined from Eq. (14.8).

Example
For the sample part in Fig. 14.4 the required energy capacity has been determined
to be 896kg-m. Thus the corresponding setup time from Eq. (14.12) is
0.3925(896)°'28 = 2.6 h. Assuming an operating cost rate, M, of $85/hr and
a batch size of 10,000 forgings, the setup cost per forging becomes
85 x 2.6/10000, which gives $0.02. This is small, but will increase significantly
for small batch quantities.

14.11 FORGING DIE COSTS
Several factors contribute to the die cost per piece, including:

1. The initial tooling costs
2. The total number of forgings to be produced or the expected life of the tools
3. The costs of tool refurbishing and/or resinking, together with the number of

resinks possible.

These factors are influenced by the complexity of the forging and the material
used.

14.11.1 Initial Die Costs
The approach adopted for estimating the initial die cost is as follows:

1. Determine the die material costs.
2. Estimate the number of hours required for machining the tooling and dies,

including all hand finishing and other factors.
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There is one die cavity for each operation in the forging sequence, but some of
the initial dies are relatively simple in form. There is a difference in practice
between the use of presses and hammers in forging. For hammer forgings it is
most usual to utilize multi-impression die blocks manufactured as one piece. In
some circumstances the finishing cavity may be inserted into the die block, but
this is often a result of resinking after the initial cavity becomes worn. Hammer
forging preforming operations include fullering, edging, bending, etc. On presses,
it is more normal to use separate die inserts for each operation, which are
mounted into standard die containers on the press bed. The preforming stages are
busters, preblockers, etc. Thus, the tool material requirements are different for
presses and hammers, but the complexity considerations for machining the main
cavities are similar.

14.11.2 Estimation of Costs for Multi-Impression Forging
Dies

The procedure adopted for determining the initial die costs is a modification of
that given by the Forging Industry Association (FIA) for forging estimating [11].
Based on the plan area of the forging, the type of forging, and complexity as
expressed as the number of surface patches in the cavity shape, the number of
hours to machine each die type required is determined. The size of the die blocks
can be estimated based upon the guidelines used in industry.

Die Material Costs
The die material costs are determined from the number of die cavities required
and the dimensions of the part, using industry guidelines for such factors as the
spacing between die impressions [2]. The number of forging impressions Nimp is
given by

^imp = »bd + »bk + »sf + »fm + »sb (14.13)

where the appropriate values are obtained from the forging classification data
given in Fig. 14.23 to 14.26.

Similarly, the number of fuller dies

(14.14)

The equivalent bar diameter for long parts or for other types of part when more
than one forging per cycle are produced, Dbat, is given by

Dbx = (4daveWplt/7i)0'5 (14.15)

where rfave is the average cavity depth and Wplt is the platter width. The average
cavity depth, rfave, is given by rfave = V /Ay. The platter width is equal to the width
of the part if only one forging per cycle is to be produced. Otherwise, the platter
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width and length need to be determined taking into account any nesting of the
part shapes that may be possible.

The width of the die block, W^, is given by

^blk = «edg(A« + 19) + (Nimp - l)Sd

+\9)CoS^{l (14.16)

where Wplt is the platter width and i//fl is the angle of the fullers to the die face,
usually 15°. The length of the die block, Lbik, is given by

Lblk = Lph + 2Se (14.17)

but if locked dies are required to counteract lateral forces from cranked parting
lines, then a further Se is added to the die block length to accommodate the
counter lock. The length and width of the platter, Lplt and JFplt are equal to the
part length, L, and the part width, W, respectively, if only one part per cycle is
produced. However, if more than one part per cycle is produced, then appropriate
values of Lplt and Wplt should be assigned, taking into account any nesting of the
part profiles that may be possible.

The die block depth, T"blk, is assumed equal to 5 times the cavity depth, dc.
Then the cost of the die block material, C^^, is given by

(14.18)

where Ct is the cost of tool steel per unit weight and p, is the density of tool steel.

Example
For the part shown in Fig. 14.4, the calculations of die material costs are as
follows. For this part, nbd = 0, wbl = 1, wsf = 0, nfm = 1, wedg = 0, «sb = 1, and
wfll = wnfl2 = 0 (Fig. 14.24). Therefore, N^ = 3 and N& = 0. The width of the
platter is equal to the width of the part = 100mm, if only one part per cycle is
produced. For the part, the cavity spacing Sd = 3.1(10)°'7 = 15.5 mm and the
cavity edge distance, Se = 3.4(10) °'76 = 19.6 mm (Sec. 14.5). Consequently, the
width of the die block is given by Eq. (14.16) as

Wbik = 2 x 15.5 + 3 x 100 + 2 x 19.6 = 370 mm

The length of the die block is 1̂  = 100 + 2 x 19.6 = 140 mm and the block
thickness rblk = 100 mm. Assuming the cost of tool steel is $20 per kilogram and
the density of tool steel is 7.9gm/cc, then the die material cost for this part is

Qmat = 2 x 20 x 7.9(5 x 14 x 37)/1000 = $818.

Multi-Impression Die Manufacturing Costs
The cost of manufacturing multi-impression dies is determined by estimating the
number of hours required to manufacture the dies and then multiplying this by a
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die manufacturing hourly rate. The procedure used is modification of the FIA
estimating procedure [11]. The total time to manufacture the die set is the sum of
the times corresponding to the various steps in the procedure.
i. Block Preparation Time. The time for initial preparation of the die block is
given by

Tprep = Tbt + 0.0078 WblkLblk h (14.19)

where Tbt is the base time, which is equal to 4 h if the forging complexity factor
Ffc is less than 2.0, 5h for Ffc between 2.0 and 6.0, and 6h for Ffc greater than
6.0. The die block width and length are given in centimeters.

Example: For the sample part in Fig. 14.4 Tbt = 5 h as Ffc = 4. Then rprep is
determined as 5 + 0.0078 x 37 x 14 = 9 h.
ii. Layout Time. The time for laying out the die block is given by

rlay = O.OOSAf ApF^A h (14.20)

where Nc is the number of forgings per cycle, Sc is the cavity standard, S^ is the
lock standard, and m is the multicavity index — usually taken as 0.7. The lock
standard, <S\k, is 1.0 for parts for which the die split line is in one plane and 1.5 if
the split line is not in one plane. The cavity standard, Sc, is

Sc = 0.6(nfo + «sf) + 0.4(wsb + nblk + nbnd + nedg + nfl + MG) (14.21)

Example: For the sample part Slk = 1, as the split line will be flat. In Eq.
(14.21), Mfe = nsb = nblk = 1 and all other terms are zero; thus Sc becomes 1.4.
The projected area of the part is 78.6 cm2. Therefore, the layout time is given as

rlay = 0.008 x 78.6 x 4 x 1.4 = 3.52 h

Hi. Milling Time. The time for milling the die cavities is obtained from

rmill = 0.155AfVmi^ik (14.22)

where <S"mi is the milling standard given by

Sml = K(6A5Ms)b or 0.2, whichever is greater (14.23)

Here Ms is the number of surface patches per unit projected area, Nsp/A and

K = 0.9(1 - exp(-0.0098rfave))
b = 0.4 + 0.7 exp(-0.0039rfave)
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Example: For the sample part the following data are available: Number of
surface patches, Ns, is 7 and therefore Ms = 7/78.6 = 0.089. The average
depth, rfave, is given by V/Ap and equals 49.9/78.6 or 6.35mm. Thus K =
0.9[l-exp(-0.0098x6.35)] = 0.0543 and b = 0.4+0.7exp(-0.0039 x 6.35) =
1.083. These give a milling standard of 0.03, which is less than 0.2; thus
Sml = 0.2. Thus, the milling time rmill = 0.155 x 78.6 x 0.2 x 1.4 = 3.41 h.
iv. Bench Work Time. The bench work time, fbw, on the dies is given by

Tbw = N?SbnSA, (14.24)

where Sbn is the bench standard, which depends on the forging complexity and
average cavity depth. The benchwork factor, Fins = (^4p/6.54 + 0.5jVs) and
Sbn = B0 + 0.26(Fills — 15). The constant B0 depends on the average depth,
rfave, as follows:

4,ve < 12.7 mm B0 = 0.056rfave
rfave > 22.86 mm B0 = 4.5 + (0.04rfave - 0.9)2.19
rfave > 12.7 and < 22.86 B0 = 0.5 + (0.04rfave - 0.35)7.27

Example: For the example part rfave = 6.35 mm. Thus B0 = 0.056 x 6.35 =
0.356. Also, Ap = 78.6 cm2 and Ns = 1. From this F^ = (78.6/6.6.54 +
0.5 x 7) = 15.52 and Sbn = 0.356 + 0.26(15.52 - 15) = 0.49. Thus the bench-
mark time is 0.49 x 1.4 = 0.69 hours.
v. Planing Time. The block planning time

Tpl = 0.0087^ (14.25)

where the cavity time Tcav = Tlay + T^ + Tbw.

Example: The block planing time for the example part Tpl =
0.008(5.3 + 3.41 + 0.69)1'5, or 0.23 h.
vi. Dowel Time. The dowel time, Tdl, is 3 h if the die material volume is less
than 4260 cm2, or else is 4h.

Example: For the example part the total volume of the die material is
10,350 cm3, thus T& = 4 h.
vii. Flash Gutter Time. The time to machine flash gutters on the die cavities,

Tfi, = NcPt/635 or 0.8 h whichever is the larger (14.26)

In this expression Pt is the forging outside perimeter in millimeters.
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Example: For the example part, T& = 314/635 = 0.49 h and therefore T& is
0.8 h.
viii. Edger Time. If an edger die is required, the time for manufacture is redg
and is given by

7kg = «edg£(A«r/25.4 + 1)0.005 (14.27)

No edger is required for the example part.
ix. Finish-Polish Time. The time to finish-polish the dies cavities, T"pol, is given
by

Tp>\ = Nc[\ + (Ffc - 1)0.6] (14.28)

Example: For the example part Fc = 4, and therefore rpol = (1 +
(4 - 1)0.6) = 2.8 h.

The total die manufacturing time is the sum of the above times and
consequently the die manufacturing cost is

Qlman = QnanUprep + ^lay + ^mill + ^bw + ^pl + ^dl + ^ifl + ^edg + ^pol)

(14.29)

The total initial die manufacturing costs are thus
Q)IE = Qlmat + C^an (14.30)

Example: Assuming a die manufacturing cost rate of $45 per hour, then
for the example part C^^ = 45(9 + 3.51 + 3.41+0.69 + 0.23+4+ 0.8 +
0 + 2.8) = $1100.

Thus the total initial die cost is CDIE = $1100 = $1918.

14.12 DIE LIFE AND TOOL REPLACEMENT COSTS

The life of hot forging dies is relatively short, and therefore it is necessary to
include in the estimating procedure a consideration of the expected tool life and a
general strategy for tool replacement and refurbishing. The life of the finishing
cavity particularly is determined by the complexity of the forging and the material
being forged. For example, the same shape produced by different materials will
result in different die lives. This can be accommodated by the use of the material
die life factor, /?m, and typical values for these are given by the FIA [12], as
shown in Table 14.7.

Similarly, the life of the tools is reduced as the complexity of the forging
(thinner sections, ribs, etc.) is increased. This reduction is accommodated by the
shape die life factor, /?s, which is obtained from the classification of forgings
described above. Using these factors, die costs are determined by specifying a
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typical die replacement and refurbishing strategy for a relatively simple forging in
low carbon steel. For such a part, the die life would be, say, 40,000 pieces, with
up to five resinks of the main die cavity possible. Subsequent to this, a new tool
set is assumed necessary. For other parts it is assumed that this basic tool life and
the periods before refurbishing will be reduced by the die life factors for material
and shape complexity. The die resink quantity, QIS, is determined by

Qa = Q*Wm (1431)
where Qtb is the basic resink quantity (say 40,000), /?s is the shape die life factor,
and /?m is the material die life factor. Thus the total die life, LD, is given by

LD = (Nts + l)QtsNc, (14.32)

where NIS is the number of resinks possible, say 5.
The cost of each resink, Crs, is assumed to be equal to
cman[o.9(rmill + rbw + rfl) + rpol] (14.33)

If the total number of forgings required (life volume), Qlv, is greater than the total
die life, then the forging die cost per part, CD, is given by

CD = (CDIE + (Nts + l)Crs)/LD (14.34)

However, if the life volume is less than the total die life, then the number of
resinks required, nts, will be Qiv/(QtsNc) and then the forging die cost per part
will be

CD = (Com + nISCK)/Qlv (14.35)

Example
For the part /?s =0.45 (Fig. 14.24) and /?m = 1.0 (Table 14.7). The resink
quantity, Qts = 40,000 x 0.45 x 1.0 = 18,000. From this the total die life will
be, from Eq. (14.32), LD = (5 + 1) 18,000 = 108,000 parts. The cost of each
resink is CB = 45[0.9(3.41 + 0.69 + 0.23) + 0.2.8] = $301. Thus, assuming a
total required quantity of 25,000 forgings, then from Eq. (14.35), the die cost per
part is (1918 + 301 x 25,000/18,000)/25,000 = $0.09 per forging.

14.13 COSTS OF FLASH REMOVAL

14.13.1 Flash Removal Processing Costs
After the main forging processes the flash must be removed to yield the finished
forging. This is usually carried out on a mechanical press, with a purpose-built
trimming die and punch. If possible, any webs in through holes are pierced out at
the same time. For small quantities of parts and for large forgings the flash may be
removed by a bandsaw or a similar machining method, but this is generally time-
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consuming and more expensive. In order to determine the processing costs for
flash trimming, the required size of the trimming press must be estimated, and this
is determined from the load needed to shear the flash at the parting line. The
trimming load, Ft[m, is given by

F^ = (TfPT + rwPw)7s7Vc1.15 (14.36)

where Pw is the perimeter of the through holes and 7S is the equivalent shear
stress of the material of the forging. The constant of 1.15 is used to give a factor
of safety of 15%. The equivalent yield stress is usually taken to be 70% of the
UTS of the material. For cold trimming the room temperature UTS should be
used and for hot forming the UTS should be assumed to be the material flow
stress at an appropriate strain rate.

Once the trimming load is known, the energy equivalent for the mechanical
press can be determined as

Et = 0.096JC" kg-m (14.37)

From this the relative cost per operation can be determined from Fig. 14.20, and
multiplying this by the operating cost per operation for a lOOOlb hammer gives
the trimming cost, which should be divided by the number of forgings per cycle
to result in the trimming cost per part.

There is a small setup cost for flash trimming. This can be determined in the
same manner as for the main forging equipment, following the procedure outlined
in Sec. 14.10.5.

Example
For the example part the perimeter of the part is 31.4 cm and the flash thickness is
1.68 mm. For hot trimming of mild steel the material flow stress is approximately
97MPa. Thus from (14.36) the trimming load, FtTm, is given by

TV, = 314 x 1.68 x 0.7 x 97 x 1.15 = 41,191 N

From this equation, (14.37) gives E{ = 3197 kg-m, which from Fig. 14.21 results
in a trimming cost relative to the cost per operation of a 1000 Ib hammer of 0.73.
Thus, assuming that the cost per operation of a 1000 Ib hammer is $0.15, then the
trimming cost per part is 0.73 x 0.15 = $0.11.

14.3.2 Tooling Costs for Flash Removal
The procedure for determining the tooling costs for trimming is modified from
the FIA estimating procedure [11]. First, the material required for the tools is
estimated. The trimming die material volume, VtiA, is given by

VM=L2LpltWpltT/2 (14.38)
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The trimming punch material volume, VtTp, is given by

V^=LpltWpltT (14.39)

From these the trimming tool material cost, Ctrm, is determined as

Qm = (^d+FtIp)ptCt (14.40)

Example
For the example part Lplt = Wplt = 10 cm and the part thickness is 2cm. From
these Vft& =120 cm3 and VtTp = 200 cm3. Assuming the cost of tool steel is
$20/kg and the density is 7.9 gm/cc, then the material cost of the trimming tools
is

Ctm = 20 x 7.9 x 320/1000 = $50.6

The time to manufacture the trimming die, T^, is given by

TM = Tfr + (A0 + MpAtb + Tlk)Nc h (14.41)

where
Tfat = initial time allowance hours (4 for cold trim and 5 for hot trim)
A0 = base time, h
M = block area factor, cm2

Atb = die block area, cm2

7jk = addition for locked forging dies, h

The values of A0, Mp, and T"lk are obtained from Table 14.8, for different values
of the parting line profile complexity factor, Fc, where this is determined by

Fc = Pt/2(7iAp)°'5 (14.42)

The number of hours required for the trim punch manufacture is estimated from

T9 = (Q.QQ4Apb + 0.33) + 0.05 + ppb - ApNc)/6.56]
+ [(Pt ~ Av)A54 + 14FC - 13]7VcFlck + Q.QQ5NcApF{c

TABLE 14.8 Data for Estimating Trim Die Manufacturing Times

Profile
complexity, Fc

1.0 to 1.5
1.5 to 1.8
>1.8
>1.8 + die lock

Base time,
4)00

0.62
2.52
5.08
8.86

Block area
factor, Mp (h/cm2)

0.0143
0.0146
0.0168
0.0203

Locked die addition, rlck

(h)

2
3
0
0
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where Apb is the punch block area, given by I/plt W^ and Flck is a lock factor
equal to 0.06 unless the die split line is cranked, in which case the factor is 0.065.

The total initial trim tooling cost is

Ctrim = (71d + VCman+C tm (14.44)

The trim die life, LtTm, is given by Lt[m = Ltbasl]mNc, and from this the trim tool
cost per part is C^^/L^^ or Ctrim/glv if the life volume required, Qlv, is less than
Amr

Example
For the example part the profile complexity factor, Fc, is 1.0 as the forging profile
is circular. Thus, from Table 14.8, A0 = 0.62 h, Mp = 0.0143 h square centi-
meters and the forgoing dies are not locked so Tlck = 0. From these, assuming hot
trimming, the manufacturing time for the trimming die is

T^ = 5 + (0.62 + 0.0143 x 78.6) = 6.74 h

The value of Flck is 0.06 and hence the time for manufacturing the trimming
punch becomes

Ttp = (0.004 x 100 + 0.33) + 0.05 + [(100 - 78.6)/6.56 + 14 - 13]0.06
+ 0.005 x78.6 x 4 = 2.61 h

Thus the total cost of the flash trimming tools is

Qnm = 45[6.74 + 2.61] + 50.6 = $472

Assuming a lifetime production quantity of forgings, Qh, of 25,000, then the
trimming tool cost per part $472/25,000 = $0.02 per part.

14.14 OTHER FORGING COSTS
There are some additional small costs associated with forging.

14.14.1 Billet Preparation
For most forging operations there will be a small additional cost for billet
preparation. For long parts the forging may be made directly from the heated end
of an appropriate length of bar stock. For other types an appropriate billet must be
cut off from bar stock. This can be achieved by several methods, including
sawing, abrasive cutoff, and cold shearing, which involves the least waste
material. Cold shearing will usually be carried out on a mechanical press, and
the cost of processing can be calculated following a procedure similar to that for
flash trimming described in Sec. 14.13.1. Since standard tools will be used the
tool cost per part is very small.
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14.14.2 Billet Heating Costs
The costs for heating the billet or bar end to the appropriate forging temperature
can be estimated by determining the energy costs for heating. These can be
obtained by multiplying the billet weight by the material specific heat and the
required temperature rise. For small forgings this cost will be relatively small, but
for large forgings that may require several reheats between operations the heating
costs may become significant.
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15
Design for Manufacture and
Computer-Aided Design

15.1 INTRODUCTION

The use of computer-aided design (CAD) systems, computer graphics, and
computer-aided drafting has become widespread in industry, to the extent that
they are now an integral part of the product design process in most companies. As
a result, there is obvious interest in closer integration of the design for
manufacturing and assembly (DFMA) analysis procedures described in earlier
chapters into this CAD-based design environment. In particular, some of the
information required for DFMA analysis is geometric and may be available
directly from the CAD part data. However, even with current CAD systems,
considerable time and effort is still required to enter and design all parts and
subassemblies of a product. If the initial DFMA analysis is left until all or most of
these data have been entered into the CAD system, it may be too late, as there will
then be a considerable reluctance to implement any substantial design changes in
the product. An important consideration is how to integrate the DFMA analysis
early enough in the design process to have the most benefit.

15.2 GENERAL CONSIDERATIONS FOR LINKING CAD AND
DFMA ANALYSIS

In considering the possible links between CAD systems and DFMA analysis it is
useful first to review the manner in which these systems currently operate, in

643
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particular if the purpose is to impact the concept stages of the design of new,
rather than modified, products.

15.2.1 DFMA Analysis
Analysis of a product for manufacture and assembly consists of two main stages:
design for assembly (DFA) and early assessment of component manufacturing
costs (DFM).

Design for Assembly Analysis
DFA analysis is aimed at:

Product structure simplification and part count reduction
Detailed analysis for ease of assembly

An essential feature of DFA methodology is analysis of the proposed product
by multidisciplinary teams. The analysis process is used as a means for promoting
discussion and the generation of alternative design concepts and product
structures. Product simplification and part count reduction are achieved by
analyzing the existing or proposed product structure and applying simple criteria
for the necessary existence of separate parts in the assembly to meet the basic
functional requirements of the product. The detailed geometry of each item is a
somewhat secondary consideration in this context.

The analysis of detailed DFA is realized by considering certain geometric
features of each part, together with a subjective assessment of assembly difficulty.
Although not a strict requirement, detailed DFA analysis is most conveniently
applied by analyzing a prototype or existing product, with each item actually
assembled during the analysis process. In this case the objectives of product
structure simplification and detailed DFA are considered at the same time. This is
a very beneficial process, but in considering the application of DFA at the early
concept design of a new product a modified procedure may be more applicable.

Early Assessment of Component Manufacturing Costs
DFM is aimed at:

Appropriate process/material selection based on realistic cost estimates
Establishing or highlighting the relationships between part features and manu-

facturing costs for a given process

The early cost estimation procedures are perhaps more logically used by
individuals, to justify and evaluate the alternative design concepts developed as a
result of DFA analysis and also when more detailed features of the individual
parts are being considered. Most of the information required for these procedures
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is geometric, and the potential for integration into a CAD environment is easier to
visualize and developments in this direction are described later.

15.2.2 Computer-Aided Design Systems
It is important to note that all current CAD systems have been devised basically to
be used by an individual designer operating at his own workstation, as opposed to
being used by groups of people. Each workstation largely takes the place of the
drafting machines used previously. Such CAD workstations represent a more
efficient way of creating geometric and other information, including drawings, of
the individual parts of a product. The archiving of the data on each item has
essentially been done in the same way as the drawing files used previously, but the
images and data are stored electronically rather than physically. However,
integrated product data management (PDM) systems have been developed for
the organization and sharing of all product data.

The way in which a CAD workstation is used is somewhat at odds with the
emphasis in DFA on analysis by multidisciplinary groups, and it is important to
consider this aspect when links between CAD systems and DFMA software are
proposed. There is a more obvious relationship between the geometry creation
process carried out in a CAD system and detailed DFA or the early estimation of
part manufacturing costs. Considerations of product structure simplification and
part count reduction can to some extent be treated independently of the detailed
geometry of the items being analysed. The manner in which the parts and
subassemblies are related to each other in the CAD system data structure is of
more significance. Much of this information is available in a bill of materials
and/or assembly structure chart of the product.

15.3 GEOMETRIC REPRESENTATION SCHEMES IN CAD
SYSTEMS

There are a number of different geometry representation schemes or models used
in CAD systems [1-4] (Fig. 15.1), the main schemes being:

1. Wire frame representation
2. Various surface modelling schemes
3. Solid modelling schemes, including:

a. Constructive solid geometry (CSG) modelling
b. Boundary representation solid modeling
c. Sweep representations

Recently, feature-based models and symbolic or object-oriented representations
have received considerable attention.
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FIG. 15.1 Geometric modeling schemes, (a) Wire frame model, (b) Surface model,
(c) Constructive solid geometry (CSG) model, (d) Boundary representation (B-rep) model,
(e) Sweep representations. (Adapted from Refs. 3 and 4.)
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Representation in this context refers to the data used to model or represent the
object in the system and the manner in which these data are organized. Each of
the alternative geometry representation schemes has advantages in certain
situations, and most CAD systems support more than one of these modeling
schemes. Conversion from one scheme to another may not always be possible.
For example, deriving a unique CSG model from a given boundary representation
is generally not possible. However, it is straightforward to obtain a wire frame
representation from the other geometric models in common use, and this is
generally done as a matter of course in most systems for rapid visualization of the
design during the geometry creation process.

Which representation scheme is supported in any CAD system is an important
consideration, because this has an effect on how each item can be visualized and,
more important perhaps, determines which information can be derived automati-
cally from the CAD system data. It is usually important for a given CAD system to
support several different models, since each may be the most suitable for describing
particular items or tasks. For example, there is little point in trying to represent a
sheet metal part as a solid model, when a surface model, with a specified thickness,
is more suitable. However, a solid model representation will be the most useful for
many mechanical parts, particularly as it usually allows the direct determination of
such attributes as part volume, weight, and so on, if required.

An important consideration in the use of a combined CAD/DFMA system at the
concept stages of design is the scale of the task or ease of use of the system in
creating the geometry of each item. Specifically, it is desirable to have a rapid means
of initially capturing the rough geometry of an item—in particular, if this can readily
be more fully developed at a later stage. A significant problem in the use of current
CAD systems is the total effort required to capture the complete geometry of a
product, which tends to limit the desire to make significant changes in product
structure once this has been fully carried out. However, modern CAD systems
usually allow approximate geometry to be created initially and refined subsequently.

Some further details of the different modeling schemes will now be discussed.

15.3.1 Wire Frame Models
Many CAD systems use wire frame models to define geometry [1 ]̂ (Fig. 15.la),
and even those systems that use other methods for defining the basic geometric
entities utilize wire frames for rapid visualization, in particular as wire frames are
readily derivable from other representations. Wire frame representations contain
only vertices (points) and edges (lines), which are the intersections of the surfaces
of the object. No other information about the surfaces of the object is carried, and
thus wire frame models lack the surface definition for many of the analyses that
might be required on the defined objects. Visualization of complex wire frame
models can be confusing, as automatic hidden line removal and surface rendering
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are not possible. A major disadvantage is that a unique object representation is
not achieved, and wire frame models can often be interpreted in a number of
different ways [1—4]. Thus the identification of manufacturing-related features is
usually not possible and interpretation of the model into its manufacturing
requirements is generally impossible to do automatically.

15.3.2 Surface Models
With surface models (Fig. 15. Ib) the geometry of the object is represented by its
bounding surfaces. Several different types of surface representation are available.
In general, the problem in using surface models is that often different parts of the
overall surface of an object may be modeled separately, sometimes by different
methods. Thus a surface model may be a collection of surfaces that do not
completely define a physical object. Information concerning the inside or outside
of the object may not be available; thus attributes such as the object's volume or
mass properties cannot be determined. Two main types of surface model are
commonly used:

1. Face or tessellated models
2. Sculptured surface models

With face models [1-4] (Fig. 15.2), the surface of the object represented is
approximated by a number of faces (usually planar). This is a very simple
representation, and the data used to define the object is a set of face, edge, and
vertex tables. This type of model is very commonly used for visualization of the
object described, since this approximation enables fairly efficient algorithms for
hidden detail removal and surface rendering to be used, which are the basis for
realistic computer-generated images of objects. However, such face models may

FIG. 15.2 Face model of an object (From Ref. 2.)



DFM and CAD 649

be inadequate for other purposes, such as the automatic generation of numerically
controlled (NC) programs, unless a large number of faces are used to represent
the object's surfaces. A specific form of face model is now usually available as
output from CAD systems and these are called STL files, which stands for
stereolithography tessellation language. In this case the geometry is represented
by a set of triangular faces, together with the direction of the outwardly facing
normal to each face. This very simple representation is utilized as input to rapid
prototyping equipment such as for stereolithography and selective laser sintering.
The widespread availability of this form of output has led to the development of
software for object visualization from STL files, together with estimates of
parameters such as part volume, surface area, and so on. Files for STL
representations are large for complex objects if good accuracy is required.
There is also a significant amount of redundant information since each triangle
is represented separately; thus each corner (vertex) will be stated two, three, or
more times on adjacent triangles. The STL file format is also sensitive to
topological corruption, leading to such errors as gaps between triangles, overlap
of triangles, and so on. Some software is available for the repair of STL files that
become corrupted in this manner.

In sculptured surface models (Fig. 15.3) various mathematical surfaces,
usually based around three-dimensional parametric curve definitions, are blended

FIG. 15.3 Sculptured surface model of an object (From Ref. 2.)
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to conform to specified boundary curves. Several different mathematical repre-
sentations have been used. Systems based around these modeling schemes are
very suitable for free-form surfaces such as those found in automobile body
structures, ship's hulls, aircraft skin structures, and so on. They may be difficult to
use for objects that have abrupt changes of surface direction. Since a mathema-
tical description of every point within a surface is readily available, integration
with NC machining is usually possible with relative ease.

15.3.3 Constructive Solid Geometry Models
In constructive solid geometry (CSG) models [1-4], the geometry (Fig. 15.Ic) is
stored as a binary tree of Boolean operations (union, difference, and intersection)
applied to a limited set of fundamental shape primitives. The initial range of
primitives available limits the range of objects that can be described. A distinct
advantage is that impossible objects cannot be created by this modeling scheme,
and consequently CSG modeling is well suited to the initial definition of the
object geometry. This form of representation is also well suited to certain
analytical operations, but considerable computational complexity is required for
graphics, NC processing, and so on. Thus CSG models must usually be supported
by a boundary evaluator to facilitate these processes.

15.3.4 Boundary Representation Models
In boundary representation (B-rep) (Fig. 15. Id) models, the object geometry is
represented by a collection of faces, together with the connectivity (topology)
between them. Such representations are not well suited to analytical operations,
such as center of gravity determination or mass properties calculation. However,
processes involving the surfaces of the object are readily carried out. For
example, high-quality surface rendering is comparatively straightforward.
Design changes may be difficult to accommodate, and careful control of the
part data is necessary to avoid creating impossible objects.

15.3.5 Sweep Representations
Sweep representations (Fig. IS.le) use an entity of lower order, such as a closed
profile or curve, plus sweeping information (rotation or translation) to describe a
volumetric object. Sweep models are easily stored and are particularly useful for
symmetrical objects, but are less useful for asymmetrical geometries. Sweep
models are not generally used for internal representations, but may be part of the
procedures available for initial description of the geometry. Boundary representa-
tion models are readily derived from sweep models.
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15.3.6 Feature-Based Models
The terms "feature" or "feature-based" have become commonly used in relation
to CAD systems recently. This stems from a desire to be able to consider an
object in the CAD environment in terms of something more immediately
meaningful or useful, often in a manufacturing sense, than the points, lines,
circles, surfaces or solid primitives that are currently the basis of geometry
definition within most CAD systems.

It is unfortunate that, in common with most new developments, the terms
"feature" and "feature-based" have different meanings to different people. In
addition, what is meant by these terms in the marketplace may in fact be even
more confused, as CAD vendors feel the necessity to introduce this terminology
to describe the latest developments of their particular systems.

A number of significant questions can be raised in connection with so-called
feature-based systems, including (1) What is meant by a feature, (2) Does all the
geometry of an object appear as features, and (3) Is all of an object going to be
described using features?

1. What is meant by a feature? Many different definitions of the term
"feature" exist, and Shah [5] gives a comprehensive discussion of this topic.
Some definitions of the term, include the following:

Features represent shapes and technological attributes associated with manufac-
turing operations and tools [5].

Features are groupings of geometric or topological entities that need to be refer-
enced together [5].

Features are elements used in generating, analyzing, and evaluating design [5].
A feature is a classification of object characteristics, which has a significance in

a domain [6].

A common thread is often that features represent the engineering meaning of
the geometry of a part or assembly. Feature-based models possess additional
information levels not found in conventional geometric models. Thus features
have a specific meaning in connection with a particular technology and as such
become technology specific. For example, it may be useful to be able to describe
parts of an injection molding in terms of ribs, bosses, gussets, and so forth; the
direct relationship to mold design and manufacturing cost estimates is readily
obvious. This certainly has more apparent meaning than the point, lines, circles,
and so forth, that generally make up the underlying geometry. However, these
features then have much less meaning in the context of, say, machining, when
items such as grooves, holes, pockets, slots, and so forth, would appear to be
more useful. This is well illustrated by Fig. 15.4, which shows four different
possible feature representations of the same object for different technological
domains [6].
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FIG. 15.4 Alternative feature models of the same object, (a) Example part.

2. Does all of the geometry of an object appear as features? That is, is the
entire object covered with features? Can a particular piece of geometry appear in
more than one feature? This implies that a feature model and a geometric model,
in the conventional sense, do not completely overlap in what they describe.
Feature models and a geometric model will both be necessary. Then features may
describe or connect to only some or all of this underlying geometry model.
Certainly, if not all of the geometry is described as features, or geometry appears
in more then one feature, then an underlying conventional geometry model will
be required to enable such things as overall size, volume, and so forth to be
determined. Several different application specific feature models may be required.

Three main alternatives for creating feature models in geometric modeling
exist [5,7]:

A. Interactive feature definition (Fig. 15.5): A geometric model is created first
and then features are defined by the user by picking entities from a displayed
image of the part.

B. Automatic feature recognition or extraction (Fig. 15.6): A geometric model
is created and then a computer program processes the database to auto-
matically extract features. This aspect of feature modeling has received
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FIG. 15.4 (continued) Alternative feature models of the same object, (b) Design
features.

considerable attention in relation to computer-aided process planning
(CAPP). The ease with which this may be achieved is influenced directly
by the type of geometric modeling scheme used for the initial object
definition.

C. Design by features (Fig. 15.7): The part geometry is defined directly in terms
of features; i.e., the geometric model is created from features. Features are
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FIG. 15.4 (continued) Alternative feature models of the same object, (c) Machining
features.
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FIG. 15.4 (continued) Alternative feature models of the same object, (e) Inspection
features. (Adapted from Ref. 6.)
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FIG. 15.5 Interactive feature definition. (From Ref. 5.)
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FIG. 15.6 Feature extraction. (From Ref. 5.)

incorporated in the part models at the creation stage. Parameterized generic
features from a library are utilized to define the geometry. This enables a
richer definition of products to be made at the design stage and facilitates the
automation of downstream activities, in particular CAPP.

3. Is all of an object going to be described using features? Will a feature-based
language replace current geometry-based descriptions for designing parts? There
is certainly not yet available a universally applicable feature language or
description system. In view of question (1) above, this may be difficult to
conceive. When dealing with a specific manufacturing process, the availability
of a suitable feature description language will be of benefit to the type of DFM
analysis described previously, particularly if this allows data required for this
analysis to be captured at the initial input stage, rather than having to develop

USER FEATURE
MODELER

t

SOLID
MODELER

PRODUCT DATA BASE

FIG. 15.7 Design by features. (From Ref. 5.)
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specific procedures to interpret this information from an existing CAD database
describing the parts.

15.3.7 Object-Oriented Programming
In an object-oriented programming environment [8], the basic unit of information
is the object, which is defined by a name and a set of attributes that describe the
object. The object can be a physical entity, such as a tube with inner diameter,
outer diameter, and height (Fig. 15.8).

X.

OUTER DIAMETER

HEIGHT

FIG. 15.8 Object-oriented description of a tube. (From Ref. 8.)
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A useful aspect of this environment is that one object can be related to or
"inherit" the attributes of another. For example, a colored tube can inherit the
attributes and properties of another object that is of the type tube. The values of
the colored tube would be the same as the object of the type "tube" unless it is
desired to override these values. By allowing inheritance from one object to
another, the amount of information needed to describe an object is minimized.

The values of the attributes of an object can be functional relationships, such
as arithmetic equations, database look-up values, or the if-then relationships
characteristic of expert systems.

One main advantage of using object-oriented programming is that the knowl-
edge about the part is easy to maintain. The information is not scattered around
the program structure, but can be stored in objects that can be inherited numerous
times. Another advantage is that with objects inheriting from one another, a
change in a value of one object will change all other objects and parameters
relating to the first object. This is similar to the way one cell can inherit from
another cell in a spreadsheet program such as Excel.

15.3.8 Data Transfer Between and from CAD Systems
From the preceding discussion it can be seen that there are a number of ways of
representing or modeling the geometry of objects in CAD systems. In addition,
different systems will support different sets of geometric entities for the modeling
objects. Thus there is no standard way to represent the geometry. This means that
the transferring of data between dissimilar CAD systems and to other applications
packages, such as those for NC processing, can be problematic. The usual
approach to this is through a neutral file format, so that the developers of different
CAD systems need only provide translators to process the data into and out of this
neutral file format. Several different neutral file formats have been developed, but
the format most commonly used is the Initial Graphics Exchange Specification
(IGES) [3,4]. This format is particularly used for 3-D line and surface data
translation. More recently, exchange formats based on solid model representa-
tions have been developed, including Product Data Exchange Specification
(PDES), which has been further subsumed into the international Standard for
the Exchange of Product Model Data (STEP). While these neutral file formats
partially solve the problems of data transfer between systems, it is still not
possible to fully transfer data between systems that support different geometric
entitles in their modeling schemes.

Other standard formats have been developed to transfer geometric data
between CAD systems and other applications. Included in this category are
STE files for rapid prototyping systems, as described in Section 15.3.2.
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15.4 DESIGN PROCESS IN A LINKED CAD/DFMA
ENVIRONMENT

The overall conclusion from the preceding discussion is that there are different
methods for the description and geometry creation of objects. The main
consideration is the manner in which CAD/DFMA analysis should be incorpo-
rated into the design sequence for a new product, with the way in which the part
geometry is handled being a somewhat secondary consideration.

A considerable amount of design is an evolution or modification of
existing designs, and thus the original design may already have been captured
in a CAD system database. In addition, actual products and prototypes will be
available for analysis. It is relatively easy to envisage ways in which this
information can be accessed by DFMA analysis procedures, although this may
not be easy to achieve. The more interesting situation to consider is how the
design process for the conception of a new product may be influenced in the CAD
environment—in effect, starting from a blank sheet of paper or workstation
screen.

It is still improbable that a CAD system will be utilized significantly during the
discussions at the very early stages of product conception. Initial discussions will
focus largely on function, layout, and so forth, and will most likely still be done
by sketching on pieces of paper. The first thing to be established will probably be
an initial product structure—i.e., a tentative listing of subassemblies, parts, and so
on, with only an approximate consideration of the geometry of each item, perhaps
limited to the overall dimensions and approximate shapes. However, the modeling
interface for many CAD systems has now been developed in such a way that
approximate geometry can be put in initially and then easily modified as the
design develops. In addition, there have been considerable developments in
product data management (PDM) systems that are aimed at capturing and storing
all data on a product as the design develops.

It is at the early stage of product design that a DFA analysis should first be
applied and the product structure simplified as much as possible, before great
effort has been expended in generating all of the geometry of the proposed
design. The current DFA analysis software [9] incorporates a facility for
capturing the product structure, i.e., the relationship between subassemblies,
parts, and so on. Thus a logical way to Integrate DFA analysis in the CAD
environment is as a front end to a CAD system into which the product structure is
initially entered, and the DFA system essentially drives the CAD system. The
product structure is then used as the basis for the CAD file structure for creating
the geometry of each item in the assembly. This will allow simplification of the
initial product structure to be done before too much detailed geometry creation
has occurred. It is envisaged that the geometry of each item will be created by
selection from the DFA product structure in turn, which then gives access to the
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CAD system geometry creation window. In this manner different ways of creating
the geometry of each part can be readily accommodated. For example:

1. For standard parts, direct retrieval from a database of parameterized standard
parts

2. For some families of parts, from a parametric geometry model
3. Using appropriate modeling systems—solid, surface, features, and so on

As the geometry of a particular part is created with a specific process in mind,
integration with early cost estimation procedures that utilize the geometric
information being generated directly should also be considered.

15.4.1 Example Scenario of CAD/DFMA Integrated System
Utilization

The integration of DFA/CAD could have the following basic features: A DFA
analysis program is utilized along the lines described in previous chapters, but
with the CAD program driven from the DFA program in a separate application
window. All graphics and geometry creation facilities should reside in the CAD
program (they already exist there). Creation of geometry, drawings, and so on, in
the CAD program should be driven and accessed from the product structure
charts in the DFA application window.

In order to illustrate how a combined system would operate, consider the
following example:

1. Initial concept discussions lead to proposals for a motor drive assembly, as
sketched in Fig. 1.8.

2. This proposed product is captured in the DFA analysis software applications
window, as shown in Fig. 15.9.

3. Minimum part count criteria can be applied to this product structure and the
subsequent discussions lead to several simpler product structure concepts,
such as that shown in Fig. 1.9.

4. These modified product structures are captured in the DFA analysis software
window, as shown, for example, in Fig. 15.10.

5. These product structures then form the basis for building up (and subse-
quently accessing) the geometry of each item in the CAD system window.
The structure diagram in the DFA window effectively becomes the menu for
the file structure set up in the CAD system. Selecting each item in turn allows
the geometry to be created by an appropriate method within the CAD
application window (Fig. 15.11).

6. As the geometry of each part is created, integration with cost estimation for a
selected process could also occur, with the estimators utilizing the geometric
data as it is created, although this latter stage is not easy to achieve.
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FIG. 15.10 Structure chart of modified design of motor drive assembly.
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FIG. 15.11 Use of product structure to access CAD system.

15.5 EXTRACTION OF DFMA DATA FROM CAD SYSTEM
DATABASE

Some of the information required for DFA analysis for each part is geometric and
as such may be derivable from the CAD system part data if suitable algorithms
for determination of the required attributes are available. Consequently, there is an
obvious interest in the possibility of extracting the required information directly
from a CAD system database, although it should be stressed that if DFA analysis
is initially delayed until a design has been completely modeled in a CAD system
it may be too late to overcome the natural resistance to implement design
changes. However, extraction of the required data from a CAD system database
is not straightforward and requires specific software routines developed for this
purpose. This overall problem is a specific application of automatic feature
recognition because assembly-related features must be determined from the CAD
system database.

The overall difficulties with feature recognition procedures discussed
previously apply equally to this case. During design for assembly analysis, the
designer is asked to provide information relevant to the handling and assembly of
each item in the assembly. For manual handling analysis the geometric informa-
tion required includes:

Certain dimensions (size, thickness, etc.)
The axis of insertion of the part.
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The rotational symmetry of the part or subassembly about and perpendicular to
the axis of insertion (referred to as alpha and beta symmetry).
For large items, the weight

In addition, information of a more subjective nature is required, including, for
example,

Can the part be grasped in one hand?
Do parts nest or tangle?
Are parts easy or difficult to grasp and manipulate?
Are handling tools required?

Some of these items are determined by geometric features of the parts. It may
be possible, although very difficult, to formulate specific rules so that these
questions may be answered automatically from information contained in a
geometric database, although the complexity of achieving this may make this
task not worthwhile. The user must still supply many of the more subjective
answers.

For manual insertion, additional subjective information is required, including,
for example,

Is access for part, tool or hands obstructed?
Is vision of the mating surfaces restricted?
Is holding down required to maintain the part orientation or location during

subsequent operations?
Is the part easy to align and position?
Is the resistance to insertion sufficient to make manual assembly difficult?

Again, several of these items could be related to geometric features of the assembly,
but complex rule-based decision routines and geometry modeling will be required
for these questions to be answered automatically. For example, obstructed access
could be related to the closeness of items in an assembly modeled in the CAD
system, but automatic determination of this degree of closeness would be very
difficult in most systems. Some attention has been paid to problems of this type in
relation to the determination of disassembly sequences from CAD models (e.g.
[10]), but overall this remains a largely unsolved problem.

Some attention has been given to extracting from CAD system databases some
of the information required for DEA analysis, for example [11—13]. Algorithms
can be made to work that evaluate such features as part size and symmetry, but the
computational efficiency of these procedures is generally low. In addition, since
DFA analysis is a concurrent engineering activity there is considerable value in
having system users evaluate such items as part symmetry because of the
discussion that is generated, which may be lost through automatic evaluation of
these features.
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Algorithms have been developed that determine the size and symmetry of
objects from a wire frame geometric database, by Rosario [11,12], who worked
specifically with the AutoCad database. The main algorithms work on the wire
frame model stored in the parts database, as described in detail elsewhere [11,
12]. The first of these algorithms determines the smallest rectangular envelope
that encloses the part when viewed from each of the orthogonal directions.
Evaluation of the rotational symmetry involves modified orthogonal view of the
part, which are modeled as graphs. All closed paths on each view are found and
then three-dimensional "palindrome" checks of these closed paths and the
arrangements between them are made. The word palindrome here means a
string of symbols with the property that, regardless of the direction from which
it is read, yields the same string. The evaluation of the rotational symmetries of a
part consists of calculating the rotational symmetry from each plane view. The
whole symmetry evaluation procedure is repeated for the three views of the
object, and values of the end-to-end symmetry, alpha, and about axis of insertion
symmetry, beta, are assigned according to these values and the insertion axis. For
example, if the Z-axis is the insertion axis, then beta is the rotational symmetry
about the XY plane. The value of alpha will be the smaller of the two symmetries
in the other two planes, since the usual procedure is to reorient the object by
rotation about the axis that involves the least effort.

Some success has also been reported by Tapadia [13] in determining alpha and
beta symmetries and overall dimensions from the database of a B-rep solid
modeler, Romulus. In this case algorithms written in Prolog were used to evaluate
these parameters from the part data. One specific link between DFA software and
the ProEngineer CAD package has been developed [14]. This package is called
ProDFA and extracts some data from the ProEngineer database into the DFA
analysis. Specifically, the product structure (list of items) and overall item
dimensions are determined from the CAD system database. The order of items
in the resulting DFA analysis is initially in the order in which items appear in the
ProEngineer assembly lists. The users of the DFA package must still consider the
more subjective responses and the minimum parts criteria to complete the
analysis. However, much of the repetitive information such as item names and
dimensions is transferred automatically.

15.6 EXPERT DESIGN AND COST ESTIMATING
PROCEDURES

Expert systems are being applied to CAD. By utilizing an on-line expert system
in a CAD environment, major judgments and decisions in the design process can
be automated. One of the most important tasks of an intelligent CAD system
would be to make useful and relevant manufacturing knowledge available to
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designers early in the design process. This would allow on-line design checking
and analysis that could warn the user that the design does not conform to
manufacturability specifications and perhaps suggest suitable changes to improve
manufacturability. For example, some developments in this connection have been
made for injection molding design [15]. For a limited class of box-like moldings,
with bosses, ribs, and holes, a procedure was developed with design rules
incorporated so that feature dimensions and other characteristics appropriate to
the selected polymer are added automatically as the part design is built up on a
graphics screen. At the same time, cost estimates for the part are determined
automatically as the design progresses.

Integration of the type of early cost estimation procedures described in earlier
chapters into the CAD process for component parts is a very powerful concept,
since this will provide immediate feedback to the designer of the cost impact of
component design features. Achieving this by interrogating the CAD system
database is possible, but this involves the use of algorithms that identify the part
features that influence costs from the CAD system part data. An initial procedure
for sheet metal stampings produced on turret presses and press brakes has been
developed [16]. For this system the number of punch hits, bending operations,
and so on, is determined from the neutral file of the ProEngineer CAD system
[17]. From this information the part costs are estimated using the methods
outlined in Chapter 9.

A more powerful approach is to determine costs as the part geometry is built
up in the CAD system, using a design-with-features approach. This may,
however, require the availability of a number of process-specific feature-based
CAD modules such that the part design is achieved through features that relate
directly to the manufacturing cost contributions for the specific process. The basic
ProEngineer system is well suited to this approach for machined parts, because
part design is basically achieved by defining a base part and then subtracting user-
defined features such as holes, grooves, slots, and so on.

More recently, the availability of STL file outputs from CAD systems has
enabled some of the geometric data required for various models for early cost
estimation to be obtained automatically [18]. The link between CAD systems and
the DFM software is the SolidView program that has been developed for the
visualization and measurement of objects defined in STL and other formats [19].
Specific routines can be used to determine the following:

Overall envelope dimensions
Part volume (weight)
Projected area in the direction the die or mold closure where appropriate
Number of surface elements or patches.

This means that cost estimates for manufacture by various manufacturing
processes can be obtained from an initial CAD description of an object. Figure
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FIG. 15.12 Thin-walled part visualized in SolidView. (From Ref. 19.)

15.12 shows a typical part visualized from a STL file representation using Solid-
View. Table 15.1 shows the cost breakdown for manufacturing this part by
injection molding and die casting, obtained directly from this model using the
cost-estimating methods described in Chapters 8 and 10. Since STL files are
available as output from all of the major solid modeling CAD systems in common
use, this link allows the initial cost estimates for processing by a variety of
processes to be readily obtained, independent of the CAD system used to initially
define the geometry. In addition, programs such as SolidView will accept other
standard input formats, such as IGES.

TABLE 15.1 DFM Cost Estimates for Part Shown in Figure 15.12

Life volume = 100,000 —————

Material

CAD Part— Injection 0.23
Molding in ABS

CAD Part— Hot Chamber 1.24
Die Casting in ZA-8
Zinc Alloy

CAD Part— Cold Chamber 0.79
Die Casting in A356
Cast Aluminum

Cost per Part, $
Initial

Piece tooling
Setup Process Part Tooling Total investment

0.01 0.62 0.86 0.08 0.94 $8,993

0.02 0.37 1.63 0.16 1.79 $15,561

0.05 0.62 1.45 0.16 1.61 $15,561
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Nomenclature

A area contained within perimeter; length of the rectangular envelope
enclosing a nonrelational machined component

A0 base time allowance for trim die manufacture
Ac area of cavity plate; projected area of mold base; cross-sectional area

of the undeformed chip
A{ cavity surface area
AH area of through holes in forging
Ah cross-sectional area of hole
Ahol hole-modified area = Ah/3
Am area of machined surface
Ap projected area of one part or pattern piece
Apb trhn punch block area
Apl area of sand casting pattern plate
As area of sheet metal used for each part; projected shot area
At total area enclosed for all regions at a level in a powder metal part
AA trim die block area
Aty total projected area of all parts or pattern pieces in the mold
Au usable die set plate area
ad depth of groove to be machined
ae depth of cut in horizontal milling; width of cut in vertical milling
flp depth of cut in turning, vertical milling, and grinding; width of cut in

horizontal milling
ar rough grinding stock on radius of a rotational workpiece
at total depth of material to be removed

669
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B small batch size; width of the rectangular prismatic envelope
enclosing a nonrelational machined component

B0 basic bench standard value for forging dies
BL batch length in furnace
Bt effective blow rate of forging equipment
Bs batch size of parts
b reduction exponent; index for cavity milling standard equation
bw width of surface to be machined
C thickness of the rectangular prismatic envelope enclosing a non-

rotational machined component
Cl cost of one pair of cavity and core inserts
Qooo cost Per operation for a 1000 Ib power hammer
C20 tool accessory cost for 20 ton (178 kN) press for one-level part
Cab cost of mold base with custom work
Cac cost of standard mold components or actuators
Caf cost of pattern assembly fixture
CAP press capacity
Cb cost of mold base
Cbo cost per cluster for breakout
Cbox cost of core box for sand casting
Cbu cost to apply backup coasts
Cc cost of tungsten carbide per unit volume; grinding cost when

recommended conditions are used
Ccl cost of single-cavity mold
Ccf operator cost per cluster for cutoff
Ccl cost per cluster for cleaning or leaching; sand casting cleaning cost
Ccn cost of w-cavity mold
Cco cost per cluster for cutoff
Ccore core processing cost
Ccsd cost of core sand for one casting
CD forging die cost per part
Cd mold cost
CDIE total forging die cost
Cdl cost of single-cavity die
Cjnj mold-making cost
Oman forging-die manufacturing cost
Qmat material cost for forging die block
C^ cost of w-cavity die
Cds cost of die set
Ce cost of energy to melt metal
Cen furnace energy cost
Cf cost of feeding each part; cost of induction melting unit
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CF cost of feeder
Cfe fixed furnace cost per weight of metal
CFL furnace operating cost per unit time
Cfp cost of mold base fixed plates
Cfs cost of setup for cutoff
Cg production cost for a grinding operation
Q cost of automatic insertion per part; cost per unit weight of infiltrant

material
Cjp process cost per pattern or core
Clk furnace labor cost per weight of metal
Cm cost of polymer material per part; material cost; cost of metal ready

to pour
Qian forging die manufacturing cost rate
Qnat cost °f Part material
Cmf cost of furnace for alloy; cost of metal in finished sand casting
Cmi cost of furnace for iron
Cmin minimum production cost (minimum value of Cpr)
Cml cost of labor to melt metal
Cmp pouring cost; process cost for sand casting
Cms total cost of metal at the furnace spout
Cn cost of n identical pairs of cavity and core inserts
Cjfo operator cost per cluster for pneumatic hammer
Cns cost of setup for pneumatic hammer
C0 cost per unit volume of impregnated oil; resin or polymer
Cop cost per operation of forging equipment
Cp cost of powder per unit weight; grinding cost when maximum power

is used; processing cost of one part; cost of electricity
Cpca cost per part to assemble cluster
Cpi cost of set of pattern impressions
Cpm cost of wax material; cost of pattern mounting plates
Cpo production cost when maximum power is used
Cpr production cost per machined component; cost to apply primer coats

to cluster; production cost per piece in forging
Cpt cost of sand casting pattern
Cpx complexity factor for sheet metal stamping
Cr relative feeder cost
Cm cost of raw alloy; cost of raw material for sand casting
Crs cost of a resink for forging dies
Cro cost per operation of forging equipment relative to lOOOlb power

hammer
Cset setup cost per part for forging
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Ct cost of providing a new or freshly ground tool; cost of tool steel per
unit weight; total handling and insertion cost per part

Ctca cost to assemble one cluster
Cti cost of single-aperture trim tool
Ctn cost of multiaperture trim tool
Ctp total cost of pattern piece
Ctpa pattern assembly cost
Ctrim total cost of trimming tools
Ctrm material cost for flash trimming tools
Ctw cost of cutoff tool wear per cluster
Cvp cost of mold base variable plates
Cw wheel wear and wheel changing costs in grinding
c dimensionless diametral clearance between peg and hole; "indivi-

dual" reduction exponent
cf pattern clearance factor
ch hand clearance
D diameter of hole; diameter of the circular cylinder enclosing a

rotational machined component; part diameter; depth of part
£>a probability of a defective product
Z>bar equivalent bar diameter for forging
Dc carbide insert diameter
DA die case diameter
De equivalent part diameter
Deh equivalent hole diameter
Dh hole diameter or circumscribing circle diameter for hole
£>; average probability of assembly defects per operation
£>u circumscribing circle diameter for level i,i= 1, 2, 3 , . . .
D0 circumscribing circle diameter for whole part
-Dpi punch stock material diameter, punch i= 1, 2, 3 , . . .
Dpm density of pattern material
d diameter of peg; depth
d& outer diameter of surface machined by facing
rfave average cavity depth for forging
db inner diameter of surface machined by facing
dc cavity depth in forging
dg grip size
dm diameter of the machined surface
^max maximum section diameter
dt diameter of cutting tool
dw diameter of the work surface
E orienting efficiency of a part
Ect cost of electricity
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E{ required energy capacity of forging equipment
Em overall efficiency of machine-tool motor and drive systems; mini-

mum energy to melt a metal
Ema manual assembly efficiency
E0 equipment factory overhead ratio
e eccentricity of force on peg; strain in sheet metal forming
F press force; maximum separating force
Fc profile complexity factor
Ffc fixed furnace cost per volume of metal; forging complexity factor
F{{ furnace efficiency
Ffa benchwork factor for forging dies
Flck trim punch lock factor
Flw plan area correction factor
Fm maximum feed rate for standard feeder
F^j load required for flash removal by trimming press
Ft required feed rate
/ displacement of the tool relative to the workpiece, in the direction of

feed motion per stroke or per revolution of the workpiece or tool;
separating force on die or mold; factor increase in output

fd die plate thickness correction factor
fp parting surface adjustment factor
Gf gate factor for sand casting pattern
H height of feature
H{ latent heat of fusion
Hf height of furnace opening
Hs specific heat
Ht heat transfer coefficient
h wall thickness or gage thickness
hcl minimum clearance
hd die plate thickness; depth of part or pattern piece
hf fill height of powder
hfp thickness of ejector, riser, and stripper plates
^max maximum wall thickness
hp combined thickness of core and cavity plates
hpt height or thickness of mold base
K compaction pressure correction factor; distance traveled by a point

on the tool cutting edge relative to the workpiece during the
machining time; coefficient for cavity milling standard equation

kl constant representing wheel wear and wheel-changing costs per unit
metal removal rate in grinding; coefficient of machine hourly rate

k2 constant representing rough grinding time multiplied by the metal
removal rate
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kT powder compression ratio
L length of part or feature; length of peg in section in hole; depth of

insertion; length of the circular cylinder enclosing a rotational
machined component

I/blk length of forging die block
Lb total length of bend lines
Z/o total life for forging dies
Le equivalent part length
Z/FL furnace overall length
Lh length of hole machined by EDM
LHT sintering zone length of furnace
Z/i lower punch length for punch i,i= 1, 2, 3 , . . .
Lplt platter length for forging
Ls clamp stroke
Z/tbas basic trimming tool life quantity
Z/tnn trimming tool life quantity
Z/w length of wire
/ overall length of part in direction of feeding
/f life of tool element
/p length of pathway between machine tools; powder loss during PM

processing
/rd distance forklift truck travels to respond to request
4 section length
/t length of broach
/w length of machined surface
M total machine tool and operator rate; equipment operating cost per

unit time
Mbu machine and operator rate for backup coat application
M^ pattern or core material cost
Me manufacturing point score or hours for the ejector pin system
M; machine and operator rate
Mme minimum melt energy
Mp sheet metal die manufacturing points; block area factor for trimming

die
Mpc manufacturing points for custom punches
Mpn manufacturing die points for number and length of bends
Mpo basic sheet metal die manufacturing points; manufacturing hours for

part or pattern piece size
Mpr machine and operator rate for primer coat application
Mps manufacturing points for standard punches
Mpx manufacturing points for geometrical complexity
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Ms manufacturing hours for nonflat parting surface; surface patches per
unit projected area for forging dies

Mt manufacturing points for trim tool
Mto basic manufacturing points for trim tool
Mtot total manufacturing hours for mold making
Mx manufacturing hours for geometrical complexity
m multicavity cost index, usually 0.7
ml coefficient of machine hourly rate
mlc cutoff rate
N! normal force at point 1
N2 normal force at point 2
Nb number of bends to be formed in one die; number of blows or strokes

required for a forging
Nc number of contacts in a connector; number of impressions or cavities

in sand casting; number of identical forgings produced per cycle
NA number of different punch shapes or sizes; number of assembly

errors in one product
Ne number of ejector pins
N& number of fuller dies for a forging
Nfy, number of parts across furnace width
Nh number of hits with turret press
Nbd number of holes or depressions
Nimp number of forging impressions
jVmin theoretical minimum number of parts
jVmw number of line workers for sand casting
Nop number of operations required for a forging
jVp number of custom punches
jVpj number of identical impressions on pattern plate
Nt number of replacement tool items
NIS number of resinks possible for forging dies
jVsp number of surface patches to be machined
Nst number of stitches in the lacing of a wire harness
jVw number of wires assembled simultaneously onto a wire harness jig
n number of workpieces; number of cavities; Taylor tool life index (or

exponent) in machining; number of assembly operations
nbd indicator for bending die required (1 or 0)
«bk indicator for blocker die required (1 or 0)
nc number of cores per pattern piece
wcb number of backup coats
Mcl number of clearances required
ncp number of primer coats
ne efficiency of induction furnace
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Medg indicator for edger die required (1 or 0)
«fm indicator for finishing die required (1 or 0)
Wfli indicator for first fuller die required (1 or 0)
WfE indicator for second fuller die required (1 or 0)
Mgp number of gates per casting
MI number of lifters per pattern piece
«pa number of pieces per pattern
«pc number of parts per cluster
Mpd number of patterns (cavities) per mold
«pl number of core and cavity plates
wr frequency of cutting strokes
nls number of resinks required for forging dies
ns number of surface patches on the part or pattern piece
nsb indicator for scale-breaking die required (1 or 0)
nsf indicator for semifinishing die required (1 or 0)
wso number of supplemental cuts per cluster
nsp number of side pulls per pattern piece
nt rotational speed of cutting tool
wud number of unscrewing devices per pattern piece
MW rotational speed of workpiece on worktable
P compaction pressure; force on peg; perimeter length to be sheared on

sheet metal part
Pb payback period
Pcm core production rate for sand casting
Pe electrical power required for machining
Ps sand casting plant efficiency
P; recommended injection pressure; uncorrected compaction pressure
PJ injection power
Pl metal loss rate
Pm power required in machining
Pmp sand casting production rate
Pp perimeter of custom punches
Ppsr pattern piece setup rate
Pt perimeter of projected area
Pn proportion of runner volume
Ps specific cutting energy—power required to remove unit volume of

material in unit time
Pv production volume
Pw perimeter of through holes in forging
Q hole machining factor
Q flow rate
Qlv life production volume for forgings
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Qmx maximum wax injection flow rate
Qtb basic resink quantity for forging dies
QIS resink quantity for forging dies
qc proportion by weight of infiltrant material
qQ proportion by volume of impregnated oil
RI batch furnace heating rate
R2 batch furnace cooling rate
R3 arithmetical mean surface roughness
Rci worker rate for cleaning sand castings
RCQ operator rate for cutoff
Rds mold-making rate
Rf cost of using feeding equipment
7?; cost of using automatic workhead per part
7?mp worker rate for sand casting line
R^ operator rate for breakout
Rp production rate (parts per unit time)
Rt tool making rate for sand casting
r inside bend radius; tool profile radius; average time for a factor

increase in output divided by the time for the first output expressed
as a percentage

rt cutting tool corner radius
S profile cutting speed
<S"a volume shrinkage for metal
Sbw bench standard for forging dies
Sc cavity standard for forging dies
5ca setup time for cluster assembly
SCQ setup time for cutoff
SA cavity spacing in forging
SAs time to set up the mold on the injection machine
Se cavity edge distance in forging
Sfc die lock standard for forging dies
Sg percentage of scrap for sand castings
Sm scrap rate for sand casting
<S"ml milling standard for forging dies
Sn number of shifts worked per day
8^ setup time for pneumatic hammer
Sp3 setup time for pattern assembly
Ssi scale loss in forging (%)
Sz capacity of furnace
T part thickness; die thickness; temperature
TI time of production for the first unit
Tj 100 assumed basic DFA time value
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TI B adjusted DFA time for batch size B
7\ x average time of production for x units
TB burn-off time
T"blk thickness of forging die block
rbt base time for forging die block preparation time
T"bw bench-working time for forging dies
rcav cavity time for forging dies
rcl sand casting cleaning time
T"dl dowel machining time for forging dies
redg edger machining time for forging dies
Tf flash land thickness in hot forging
Tfl flash gutter time for forging dies
^ initial time allowance for trim die manufacture
7; injection temperature
rlay forging die layout time
Tfc additional time for trimming die manufacture for locked dies
Tm mold temperature
Tmill cavity milling time for forging dies
Tp! block planing time for forging dies
7p0l cavity polishing time for forging dies
Tprep forging die block preparation time
Ts sintering time
Tset setup time for forging equipment
T1^ time to manufacture flash trimming punch
TM manufacturing time for flash trimming die
Tw web thickness in forging
Tx ejection temperature; time to produce the xth unit
t machine cycle time; part thickness; tool life (machining time

between regrinds or between cutting edge replacements)
£a basic assembly time for one part
tb basic time to insert peg through stack of parts
tc nonproductive time in grinding including wheel dressing time and

time to load and unload the workpiece; tool life giving minimum
cost machining; cooling time

tcl time to apply first primer coat
fca time to assemble cluster
tcb time to apply one backup coat
fcg time to cut through single gate
tci time to load cluster for cutoff
tco time to cut off all parts from cluster
fcp time to apply each subsequent primer coat
tct tool changing time
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fd time to dress a wire
t{ mold fill time; transportation time for a roundtrip by a forklift truck
£FB batch furnace batch sintering time
%L furnace throughput time per part
fgc grinding time for recommended conditions
tgf finish grinding time
£gp grinding time when maximum power is used; time to reposition

cluster from one gate to next
fgp corrected value of t^ to allow for wheel costs
tp time for rough grinding
th basic time for handling a "light" part
f; manual insertion time for peg in hole; average assembly time per

operation
?! nonproductive time incurred each time the workpiece is clamped and

undamped or loaded and unloaded in the machine tool
tm machining time—time between engagement and disengagement of

feed motion; time to assemble jVw wires attached to a connector
onto a wire harness jig

fma total assembly time for product
fmc machining time when cutting speed for minimum cost is used
tmp machining time when maximum power is used
tn time to assemble jVw wires simultaneously onto a wire harness jig
£„!! breakout cycle time for pneumatic hammer
toc open and close time
£p time penalty for insertion of peg through stack of parts; time to

assemble wires with crimped contacts into a connector
fpa time for pattern assembly
fpw additional part handling time due to weight
tt total reset time; tool life for a cutting speed of vt
ts spark-out time in grinding; time to assembly a connector having

soldered contacts
tsc time for supplemental cut through runner or sprue
tso time to reposition cluster for supplemental cuts
tst time to lace a wire harness
tt total cycle time
ttT transportation time per workpiece
U ultimate tensile strength
C/i upper punch length; punch i, i = 1, 2, 3 , . . .
V part volume; required production volume
Vfc volume of metal in finished casting
Vft volume of flash per unit length of flash line
Vm volume of material to be removed by machining
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Vs shot size
rsc value of scrap
Vft& material volume for flash trimming die
VtTy material volume for flash trimming punch
v cutting speed—relative velocity of the tool relative to the workpiece
vw average cutting speed
vc cutting speed giving minimum cost machining; press closing speed
v{ feed speed in milling
v-f belt or feed speed for furnace
u,^ maximum cutting speed
va press opening speed
upo cutting speed giving maximum power
vr cutting speed for a tool life of fr
Vftn traverse speed in grinding
W weight of part; width of part or feature
W heat flow rate
^bik width of forging die block
Wc workhead cost
Wf width of flash land in hot forging
^max maximum weight per unit area for furnace
Wp poured weight of casting
JFpa operator rate for pattern assembly
JFpit platter width for hot forging
Wpt weight of material poured into a single mold
WT relative workhead cost
Wsm dry weight of the shell mold
w thickness of gate
Wj width of chamfer on peg
w2 width of chamfer on hole
WF belt or feeder width for furnace
ws section width
wt width of grinding wheel
Xi inner complexity value
XQ outer complexity value
x number of identical units
7d casting yield
7S equivalent shear yield stress of material
7sm shell mold yield
Zpw metal removal rate when maximum power is used in grinding
Zw metal removal rate
Zwc metal removal rate for recommended conditions in grinding
Zwmax maximum metal removal rate
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y. thermal diffusivity; alpha symmetry of part
am material load factor for hot forging
a.s shape load factor for forging
/? beta symmetry of part
/?m material die life factor for hot forging
/?s shape die life factor for hot forging
6 angle of force on peg; angle of bend of sheet metal part
6b burn-off temperature
9S sintering temperature
9l semiconical angle of chamfer on peg
62 semiconical angle of chamfer on hole
/.( coefficient of friction
p part density
pa density of alloy; powder apparent density
Pi density of iron; infiltrant material wrought density
P0 density of impregnated oil
pp part density, including infiltrant
pt density of tool steel
pw equivalent wrought density of material
tj/fi angle of fuller dies on die block
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