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1. This handbook was developed by the Army Materials and Mechanics Research Center in accordance
with established procedures.

2. This publication was approved on 5 April 1984 for printing and inclusion in the military standard-
ization handbook series.

3. This document provides the design engineer with information to assist him in reducing or eliminat-
ing design features that would make producibility difficult to achieve.

4. Beneficial comments (recommendations, additions, or deletions) and any pertinent data that may be
of use in improving this document should be addressed to: Commander, Army Materials and Mechanics
Research Center, ATTN: DRXMR-LS, Watertown, MA 02172 by using the self-addressed Standardization
Document Improvement Proposal (DD Form 1426) appearing at the end of this document or by letter.
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FOREWORD

Basically the task of the design engineer is to design a product that satisfies the requirements for
functioning, i.e., insure that it works. Implicit in this design is the fact that the technology and materials
exist to fabricate the design. Onlv later—during production engineering—is thought given to modifying
the basic design m permit ease and efficiency in production. This sequential approach is at best a
“band-aid” approach, i.e., curing problems that were unconsciously designed into the product initially.
The consideration of producibility in the initial design would reduce the possibility of altering its
functional characteristics as a result of a change to satisfy producibility and would eliminate, or reduce,
the incorporation of a design feature making producibility difficult to achieve.

The importance and impact of producibility surfaced with the industrial mobilization occasioned by
World War Il. The need to re-engineer a particular design to permit ease of manufacture by multiple
producers gave testimony that problems existed. Also, the emergence of new skills, technologies, and
materials emphasized the need to consider producibility in the initial design phase and thereby avoid or
eliminate frequently encountered design problems. In order to keep abreast of rapidly changing technol-
ogies that impact producibility, Appendix A, “Information Sources”, is presented. Appendix A provides
extensive references, data sources, and other sources of information—each broadly categorized by the
technical sources that they cover.

Comments relative to the detail associated with data in the handbook follow:

a. Product brand names are used only as illustrations or examples; their use does not constitute an
endorsement by the US Government.

b. The display of a dual dimensional system, i.e., the conversion of English to metric units, indicates
“soft metric”, a single dimensional unit, “hard metric”.

c. Rounding off of units—except for approximate temperatures—was made in accordance with the
procedures in pat-. 4-2.4, Engineering Design Handbook, DARCOM-P 706-470, Metric Conversion
Guide. Approximate temperature conversions were rounded to the nearest 5 degrees.

Except for Chapters 5 and 6, this handbook was prepared by IIT Research Institute. Chapters 5 and 6
were prepared by the Plastics Technical Evaluation Center (PLASTEC), the Defense Department’s
specialized information center on plastics.
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CHAPTER 1
BASIC CONCEPTS OF PRODUCIBILITY

in this chapter the subject of producibility is introduced and defined, and the factors that determine whether or not
an item is acceptable from a producibility point of view are described in general terms. Producibility is further
defined by actual examples of good and poor producibility. The relationship of Producibility to other elements and
junctions of the design process is discussed also. This chapter concludes with an overview of this entire handbook
that includes insight into the types of data and information contained in each chapter.

1-1 INTRODUCTION

In the era preceding World War 11, a designer’'s only
concern with production was to determine whether the
designed product could be manufactured. The ensuing
technological explosion of materials and manufactur-
ing processes coupled with the sophistication of the
products to be produced have changed that situation.
Today, the designer is concerned not only with deter-
mining whether an item can be produced but also with
the degree to which it can be effectively produced. For
example, a design that describes an equipment item
that is required for issue to every soldier and can be
manufactured by only one producer on a proprietary
process at a cost of $50,000 each from a scarce or difficult
to obtain material would have a very low degree of
producibility. Conversely, the same item that could be
produced by any manufacturer at a cost of a few cents
each from readily available material would have a very
high degree of producibility.

To contribute to the development of a new item of
military hardware, the design engineer must operate
within a controlled environment and conform to a set of
prescribed standards. This environment is determined
by the life cycle of the product, which consists of the
conceptual, validation, full-scale development, pro-
duction and deployment, and operating and support
phases. The prescribed standards applicable to each
phase of the life cycle (Ref. 1) provide the designer with
descriptions of the various required characteristics of
the product.

During each stage of acquisition an organized and
systematic pattern of events must take place if a design
is to meet fully al of its objectives. Implicit in these
objectives is the requirement that the product of a
design achieve the highest possible degree of produci-
bility. However, producibility goals are rarely defined
in documents-such as the required operational capa-
bility (ROC) or letter requirement (LR)—describing
the end item.

Since the design effort has often been conducted to
satisfy a description that includes no reference to pro-

ducibility, the design engineer may easily neglect it as
an element of his responsibility or overlook the effects
of it on the total design. This handbook is intended to
assist the designer in recognizing producibility impli-
cations and to provide guidance in designing to max-
imize producibility benefits.

Checklist approaches can be developed to spot-check
the producibility features of a specific design. However,
the development of sound design practices that pro-
mote producibility objectives is best accomplished as
(1) the product of individual knowledge, experience,
and a continua] effort to keep abreast of development in
a specific field or (2) an investigation into those devel-
opments in fields in which there is infrequent involve-
ment. This handbook is devoted to the latter objective,
i.e, to assist the design engineer in investigating those
fields or disciplines that are infrequently encountered.

1-2 DEFINITION OF PRODUCIBILITY

Producibility has been defined in many ways. The
most desirable producible design is one that could be
made by any reasonably skilled worker out of a wide
variety of material in a short time. Department of
Defense (DoD) Directive 5000.34 (Ref. 2) defines pro-
ducibility as the relative ease of producing an item or
system that is governed by the characteristics and fea-
tures of a design that enable economical fabrication,
assembly, inspection, and testing using available pro-
duction technology. Military Standard (MIL-STD) 1528
(Ref. 3) defines producibility as the composite of char-
acteristics, which, when applied to equipment design
and production planning, leads to the most effective
and economic means of fabrication, assembly, inspec-
tion, test, installation, checkout, and acceptance of sys-
tems and equipment.

For the purposes of this handbook, producibility is
defined as the combined effect of those elements or
characteristics of a design and the production planning
for it that enables the item, described by the design, to
be produced and inspected in the quantity required and
that permits a series of trade-offs to achieve the opti-

11
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mum of the least possible cost and the minimum time,
while still meeting the necessary quality and perfor-
mance requirements. The key elements of this defini-
tion, analyzed independently in the paragraphs that
follow, provide the fundamental factors having the
greatest impact on producibility.

1-21 ELEMENTS OR CHARACTERISTICS OF
A DESIGN

This phrase in the definition refers to the fundamen-
tal design elements that describe form, fit, and function
to include useful life and to the elements or characteris-
tics of a design that affect producibility. These latter
elements or characteristics are the specified materials,
simplicity of design, flexibility in production alterna-
tives, tolerance requirements, and the accuracy and
clarity of the technica data package (TDP).

1-2.1.1 Specified Materials

Mechanical, physical, and chemical properties usu-
aly congtitute the primary decision criteria for select-
ing a materia to satisfy the requirements of a design
objective. These properties may facilitate or limit the
selection of a manufacturing process because of their
interrelationship with the factors of formability,
machinability, joining, and heat or surface treatment.
For example, some materials are extremely limited in
their ability to be configured to desired shapes. A design
specifying only one material is constrained to the
manufacturing processes compatible with that mate-
rial. The design should specify as many alternate mate-
rials as possible to broaden the number of potential
manufacturing processes and to alow for the substitu-
tion of nonscarce or nonstrategic materials.

1-2.1.2 Simplicity of Design

A complex approach to satisfying the design objec-
tive can result in extreme cost increases. Typically, such
a design may exceed the functiona requirements, there-
by adding weight, increasing the cost to manufacture,
and raising the cost of reliability, availability, and
maintainability (RAM). It is even more likely that a
complex design will require additional cost and deliv-
ery time because of increased manufacturing and
assembly costs.

1-2.1.3 Flexibility in Production Alternatives

Only in rare instances will just one material or manu-
facturing process satisfy the requirements of the design
objective. More frequently any one of several materials
or processes will result in an acceptable product. The
identification of alternative materials and processes
will greatly enhance producibility by anticipating bot-
tlenecks caused by a potential lack of material or pro-
cess availability. Rarely does a design or a TDP directly
specify a manufacturing process. However, indirectly
there are many ways for this to occur. Materias, toler-
ances, draft lines (castings), relief angles (forgings), and
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bend radii all are part of the TDP, and al have a direct
impact on the selection of a manufacturing process.
These are al factors of significant importance to pro-
ducibility and should receive explicit attention during
the design process through a review of the TDP by a
manufacturing engineer.

1-2.1.4 Tolerance Requirements

The specification of unnecessarily tight tolerances
and surface roughness has a very detrimental effect on
producibility. As tolerances and surface roughness
become tighter, more specialized and expensive manu-
facturing operations are required, The intensity of the
labor content of manufacturing processes rises concur-
rently as the tightness of tolerances and surface rough-
ness requirements increase. These should be specified
only to the minimum quality level absolutely essential
to the design objective.

1-2.1.5 Clarity and Simplicity of the Technica
Data Package
Reliability of the information conveyed by the TDP
is of vital importance to the successful production of the
design objective. Unclear or vague design information
can be as detrimental to producibility as inaccurate
information.

1-22 ELEMENTS OR CHARACTERISTICS OF
PRODUCTION PLANNING
This phrase, as used in the definition of producibil-
ity, implies the total assessment of the total available
resources to accomplish the production requirements
of a given design. This includes the availability of other
resources through subcontracting. Typically, the fac-
tors of production rate and quantity, special tooling
requirements, manpower and facilities, and availabil-
ity of materials should be considered.

1-22.1 Production Rate and Quantity

Planned production rates and quantities are the deci-
sion criteria for the establishment and sizing of second-
ary facilities for subassembly and final assembly. Errors
in judgment here can have a snowballing effect that can
result in extremely high losses of time and money. For
example, the establishment of an automatic assembly
plant generally requires large investments in special
purpose tooling, which is justified by the production
rate and quantity of components to be manufactured. If
sufficient components are unavailable due to errors in
judgment of the production rate in the component
plant, justification for automatic assembly costs is
futile.

1-2.2.2 Special Tooling Requirements

Special purpose tools are those tools required to
adapt a general purpose machine to a specia purpose
requirement. They are required in support of high-rate
production and may be required in low-rate produc-
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tion. Generaly, the quality and cost of the tooling are
in direct proportion to the production rate. Failure to
plan for tooling requirements can idle an entire facility
and have disastrous effects on producibility.

1-2.2.3 Manpower

Availability of unique labor skills is vitaly impor-
tant to any planned production. For example, avail-
ability of manpower uniquely trained to perform a
highly skilled production operation, such as grinding
optical components, is vital to the producibility of any
component requiring that operation.

1-2.2.4 Facilities

Availability of unique facilities, such as a five-axis
numerical control machine, when they are the only
manufacturing facilities capable of producing the com-
ponent, is vital to the producibility of the component.

1-2.2.5 Availability of Materials

This is an obvioudly critical element to the successful
production of any component or product. The time
phasing of deliveries of material to coincide with the
production schedule is a producibility-determining
element. Good producibility planning would also
assure that the materia is not critical or geographically
sensitive without specification of an appropriate alter-
nate material.

1-2.3 PRODUCTION OR INSPECTION IN
QUANTITY REQUIRED

High-rate production and inspection carry with
them complete sets of criteria that are quite different
from those of low-rate production and inspection.
However, they both share the common interrelation-
ships among the design elements of form, fit, and func-
tion, material selection, and manufacturing process
selection.

1-2.3.1 High-Rate Production and Inspection

A design planned for high-rate production must be
configured, dimensioned, and tolerance in a manner
consistent with the capabilities of high-rate production
processes. Not all materids are compatible with high-
rate production processes; consequently, care must be
exercised to assure that the material selected is compati-
ble with both high-rate production processes and the
properties required by the design objective. During
production planning, consideration of production rate
compatible inspection processes is aso vital to produc-
ibility. For example, the automation of composite
component manufacturing processes can make signifi-
cant improvements in delivery times. However, unless
corresponding improvements can be made in the in-
spection processes, there is no appreciable gain.

1-2.3.2 Low-Rate Production and Inspection
The ability to amortize production cost in high-rate
production over a large number of parts provides many
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opportunities for producibility improvements. Low-
rate production does not offer the same opportunities.
However, the cost savings per improvement are usually
greater in low-rate production due to its inherent labor
intensive nature. Manufacturing technology develop-
ments in recent years have tended to be more concerned
with this area—witness the development of numerical
control (NC) and the typical 3:1 cost reduction when
NC machining techniques are used in lieu of conven-
tional machining techniques. Interestingly, the cost
reduction tends to decrease as production volume
increases. Most inspection at this level is performed
manually. The designer must guard against specifying
quality requirements that can be measured only by
specially developed inspection processes that can be
justified only by high-rate production.
1-2.4 OPTIMAL COST AND TIME THROUGH
TRADE-OFFS

Each step in the execution of a producibility plan has
as its objective the acquisition of a product at the least
possible cost and in the minimum time. However, in
the final result these items are traded off to achieve the
optimum balance of time and cost and still satisfy the
performance requirements for the product.
1-24.1 Least Cost

Some genera rules leading to designs with intrinsic
producibility are simplicity and standardization in
components and manufacturing processes. However,
the large number of demands involved in the cost of
ownership of a system—such as RAM, safety, and
obsolescence—heavily interact with each other to
create the need for cost trade-offs throughout the acqui-
sition process from conception to production and
deployment. These are all aspects of designing for
producibility.
1-24.2 Least Time

A design that satisfies al of the performance charac-
teristics and that can be produced for the least possible
cost but cannot be available in the required time is not
producible. As a result, continuous attention must be
given throughout the acquisition process to assure that
the required materials, manpower, manufacturing pro-
cesses, and inspection aids will in fact be available when
needed to assure that the product reaches the user in the
minimum time.

1-25 NECESSARY QUALITY AND
PERFORMANCE REQUIREMENTS

In the process of achieving al of the previously dis-
cussed elements of producibility, it is essentia that the
performance objectives of the design not be compro-
mised or adversely affected by factors introduced to
maximize producibility. The objective of producibility
is a design that meets the performance objectives and yet
can be produced in the simplest and most economical
manner.

1-3
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1-3 EXAMPLES OF GOOD AND POOR
PRODUCIBILITY
The examples in the paragraphs [hat follow come
from a variety of sources and provide meaningful data
on the value of a producibility program. Additionaly,
they graphically demonstrate a few elements that further
define the term producibility.

1-3.1 PROJECTILE BODY

This item, originally designed as shown in Fig. 1-1,
required the body to be machined from H41400 steel
and subsequently heat treated. The slot requires a
secondary milling machine setup and operation. This
steel is difficult to machine. Further, this is a materia
and process combination that is not conducive to the
high production requirements of the item. A subse-
guent producibility review made minor design comfig-
uration changes as shown in Fig 1-2 to permit it to be
compatible with a more production oriented process
The material was changed to C1141 free-macining
steel, and the internal configuration of the body was
modified with no detrimental impact on the functional
intent or performance characteristics. Elimination of
the dot permits the entire process to be performed in
one machine setup. The one-year net savings resulting
from this producibility effort were $88,000.

Slot

Figure 1-1. Projectile Body—Before

Figure 1-2. Projectile Body—After
1-4

1-3.2 AIRCRAFT DISPENSER HOUSING

This device, shown in Fig/ 1-3, was originaly de-
signed for fabrication by forming and riveting from
sheet metal with a dip brazed cover and a cast frame.
Following a producibility analysis, it was agreed that
the housing could be fabricated in a one or two-piece
casting process. The process was evaluated to assure
compatibility of the final product with the necessary
design characteristics and functional intent. Subse-
guently, it was learned that this component would be

Figure 1-3. Aircraft Dispenser Housing

1-3.3 WARHEAD BODY

The warhead body shown in Fig. 1-1 was originaly
designed with a wall thickness dimtension of 6.60-0.50
mm (0.26 — 0.02 in. ) and a cocentricity requirement of
0.10-mm (0.004-in.) total indicator reading. Subse-
guent producibility analysis revealed that these dinen-
sional and tolerance requirements were difficult to
maintain with the manufacturing process being used.
Further analysis revedled that the tolerances could be
changed to the more compatible tolerances shown in

Figure 1-4. Warhead Body
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Fig. 1-4 without affecting the performance characteris-
tics of the item. It should be noted that in this instance
the tolerances on the tube thickness are tightened to
alow more liberal tolerance for the concentricity while
the tolerance on the outside diameter remains un-
changed. This redistribution of the tolerances in-
creased the acceptable output using the same manufac-
turing methods and thus reduced the production
man-hours. The one-year savings resulting from this
producibility analysis were in excess of $100,000.

1-3.4 ADAPTER

This example demonstrates the efficiency of using
standard materials and design simplicity to gain pro-
ducibility. The adapter shown in Fig. 1-5 was machined
from bar stock because of its irregular wall. Subsequent
analysis revealed the potential of reducing the size of the
wall irregularity and machining the part from seamless
tubing. The irregularity was not required, and the
entire part could be made from standard seamless tub-
ing, which would eliminate al machining. The adap-
ter, a mass production item, was subsequently manu-
factured with savings in excess of $500,000.

Figure 1-5. Adapter

1-35 SPIDER AND NUT ASSEMBLY

In this example the use of standard components and
production oriented manufacturing processes resulted
in significant improvements in producibility. The
spider and nut assembly shown in Fig. 1-6 required the
fabrication of the spider and the subsequent welding of
a common machine nut to achieve a finished assembly.

Subsequent producibility analysis showed the same
end results could be achieved if the nut were roll
crimped rather than welded as shown in Fig. 1-7. Tests
revealed that this new process would satisfy the design
requirements and concurrently improve producibility.

Figure 1-6. Welded Spider and Nut Assembly
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Figure 1-7. Roll Crimped Spider and Nut Assembly

1-3.6 SELF-CENTERING GASKETS

Simplicity of assembly was the objective of the pro-
ducibility improvement shown in Fig. 1-8. The origi-
nal design had a raised face on the flange for the gasket
contact and a flat gasket that had to be centered manu-
aly and held in place while the flanges were being
bolted. Redesign of the gasket added a countersink that
matched the raised face on the flange, This permitted
automatic centering and held the gasket temporarily in
place while the flanges were bolted. The extra cost of
countersinking the gasket was more than offset by the
savings in assembly time. Additionaly, reliability was
improved because the gasket was always centered. This
is a good example of achieving producibility by design-
ing for assembly.

Original Flat New Recessed or
Gasket Countersunk Gasket

b

Figure 1-8. Self-Centering Gasket

1-3.7 THREADED INSERTS

A mechanical device was designed with 12 threaded
holes in the body for the attachment of a cover plate. A
large number of these bodies were being rejected because
of stripped threads in a number of the holes. In many

1-5
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cases these were being field repaired by drilling out the
stripped thread and using a standard threaded insert.
Subsequent investigations revealed that the use of the
threaded insert was less expensive than tapping the
holes. The basic design was changed to specify the
threaded insert, and the tapping operation was elimi-
nated, which resulted in improved producihility.

1-3.8 SWITCH HOUSING

A 50.8-mm (2-in.) square steel box, 25.4 mm (1 in.)
deep was required for a switch housing (see Fig. 1-9).
The maximum tolerance for these dimensions was 0.38
mm (0.015 in.), and cadmium plating was required for
corrosion resistance. The housing was originally de-
signed to be a fabricated sheet metal box with welded
seams and was to be subsequent> cadmium plated.
Investigations revealed that an aluminum box could be
used that would eliminate the need for the cadmium
plating. Further investigation showed that the housing
could be made by investment casting rather than by
fabricating and welding. This producibility analysis
resulted in cost savings of 50% over the original design.

Y AN/
Vo
[

\

AN AV4

Figure 1-9. Switch Housing

1-3.9 PRODUCIBILITY IN THE FABRICATION
PROCESS

A metal part was being formed in the shop in a series
of successive operations. Each operation was set up in a
different press brake. The first operation formed a flat
strip of metal into an angle section; a subsequent opera-
tion punched three notches in one leg of that angle.
Review of these operations revealed that the two tools,
one for bending and one for notching, could be set up
side by side in the press brake. This would permit one
operator on one press brake to do both operations
simultaneously; the operator would simply move the
piece from the bending tool to the notching tool, place a
new piece of material in the bending tool, and then
actuate the press. This is a unique example of improv-
ing producibility by changing the materia flow through
the shop.

1-6

1-4 PRODUCIBILITY AND THE
DESIGN PROCESS

Most programs, regardiess of their position in the ~
acquisition process and regardiess of the type of pro-
gram, can benefit from producibility considerations.
The type of program, major or otherwise, will deter-
mine the depth of producibility considerations to be
employed. Its progress through the program milestones
will determine the areas of emphasis for producibility
studies. Producibility considerations should be intro-
duced as early as possible in the acquisition process for
maximum benefit as depicted in Fig. 1-10, and the
designer must keep producibility in mind from the first
moment he puts pencil to paper. It must then be
addressed at every stage of breadboarding, brass board-
ing, and pilot production. A major program in the
conceptual stage of the acquisition process will em-
phasize broad areas of producibility}’ on a general scae.
Comparably, a mgor program in the full-scale devel-
opment phase will emphasize specific producibility
studies in far greater depth.

Magjor programs are defined by DoD Directive 5000.1
(Ref. 4) as systems involving an anticipated cost of $200
million (FY80 dollars) in research, development, test,
and evaluation (RDT&E) or $1 hillion (FY80 dollars)
in production cost, or both. The management of sys
tems other than major programs will be guided by the
provisions of the same directive.

Designated programs proceed through the acquisi-
tion process as follows:

1. DoD Component Head submits a Justification
of Mgjor System New Starts (JMSNS) to the Secretary of
Defense.

2. The Secretary of Defense provides appropriate
program guidance in the Program Decision Memoran-
dum (PDM). This action provides official sanction for a
new program start and authorizes the Military Service
to initiate the first acquisition phase when funds are
available.

3. When selected alternative concepts warrant sys-
tem demonstration, approval to proceed is requested.
This request is reviewed by the Defense System Acquisi-
tion Review Council (DSARC) prior to a decision by
the Secretary of Defense.

4. The Secretary of Defense reaffirms the need and
approves one or more aternatives for entry into the
demonstration and validation phase. When this phase
is complete, the Military Service recommends the pre-
ferred system. This recommendation is reviewed by the
DSARC prior to a decision by the Secretary of Defense.

5. The Secretary of Defense again reaffirms the
need and approves the selection of a system to enter
full-scale development. At this decision point the Secre-
tary of Defense establishes thresholds of performance,
reliability, availability, and maintainability (RAM)
logistical support requirements, cost, and schedule of
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the system. The decision to start production of a system
is delegated to the Military Service, provided these thre-
sholds are met.

6. If an Army system is within the thresholds estab-
lished by the Secretary of Defense, the decision to start
production is made by the Army Acquisition Executive
(AAE). The status of the system is reviewed by the Army
System Acquisition Review Council (ASARC) prior to
the decision by the AAE.

Throughout the acquisition process, producibility is
and must be a continuing effort closely integrated with
the acquisition phases to be an effective tool. This inte-
gration of producibility into the acquisition process is
shown graphically on Fig. 1-10 and is discussed in more
detail in the paragraphs that follow:

1. Concept Exploration Phase. Early implementa
tion of a producibility effort is a must if a successful
program is to be conducted. Producibility considera-
tions should begin immediately after the JMSNS is
approved. An initial producibility estimate is prepared
by using previous production experience and data from
contract studies and advanced technology programs.
Based on the requirements (e.g., performance, need

CONCEPT
EXPLORATION

DEMONSTRATION AND
VALIDATION

MIL-HDBK-727

dates), the initial estimate includes, but is not limited
to

a, Critical material data such as material proper-
ties, availability, lead times, and processing constraints

b. High-risk areas introduced by new manufac-
turing processes and materials as related to each design
alternative considered, including estimates of time
required to resolve identified risks

c. State of the art producibility criteria, e.g.,
manufacturing tooling and test capability by location
and quantity (Government and industry).
The initial producibility estimate is essentially an
assessment of current and projected production capac-
ity and capability. This is essential to system trade-offs
so that the need for new development can be separated
from existing state of the art technology. Producibility
considerations in system feasibility studies require that
design/support/production trade-offs be performed and
consider such things as

a. Alternative fabrication and assembly methods
and capabilities/capacities—e.g., casting, forging, rivet-
ing, welding

b. Alternative machine capabilities

PRODUCTION AND

FULL-SCALE DEVELOPMENT DEPLOYMENT

PRODUCIBILITY FACTIVITIES

Manufacturing Technology
Availability

Update Risk Anaysis
Assess Producibility Impact
Standardize Components
Time and Cost Trade-Offs
Update Producibility Plan

Critical Materials
High-Risk Areas
Manufacturing Processes
Initial Planning
Producibility Plan

Evauate New Processes
and Materials

Analyze Design Changes

Analyze Producibility
Changes

Analyze Alternatives
Verify Producibility

Evaluate Materials
Evaluate Lead Times

Evaluate Manufacturing
Processes

Evaluate Inspection and Test
Evaluate Schedule and Cost
Assure Production Readiness
Update Producibility Plan

SUPPORTING

RESOURCES

Manufacturing Engineering
Design Engineering
Methods Engineering

Tool Engineering

Quality Engineering

Manufacturing
Engineering

Design Engineering
Materials Engineering
Logistics

DSARC

DSARC
1 IT

Manufacturing
Engineering

Design Engineering

Manufacturing Engineering
Design Engineering
Production Planning

Plant Engineering
Methods Engineering

Tool Engineering

Quality Engineering
MateridlsEngineering

" ASARC
I

~

Figure 1-10. Producibility in the Acquisition Process
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c. Available versus required techniques and con-
trols for installation, inspection, test, quality, and cost
and schedule balance

d. Criticad material status and forecast

e. Available versus required expertise to resolve
risk areas

f. Preliminary manufacturing cost estimates

g. Available versus required rea property, pro-
duction equipment, tools, and test equipment

h. Risks associated with production planning
based on proposed and projected capabilities, espe-
ciadly when state of the art advances are required.

It is not reasonable to expect that al necessary pro-
ducibility studies can be conducted by a single individ-
ual charged with managing the producibility function.
Successful promotion of producibility during the con-
cept exploration phase is dependent upon the avail-

ability and use of experts in the areas of design, state of
the art materials and fabrication methods, and present/

planned development programs in related areas. Dur-
ing this phase, manufacturing personnel will identify
current and required industry capabilities/capacities
and assure that planning for follow-on phases includes
sufficient time for scheduling the required develop-
ment and manufacturing activities within schedule
congtraints. One way to achieve the desired interfaces
during the concept exploration phase is through par-
ticipation in system/subsystem\component technical
reviews. One such review, the system requirement
review (SRR), may be levied by the program manager
in accordance with guidance provided in Ref. 5. The
SRR is a forma program review conducted during
either the concept exploration phase or early in the
demonstration and validation phase. This review is to
determine the appropriateness of the initial direction
and progress of the engineering management effort and
the approach taken to achieve an optimum configura-
tion. The total engineering management activity and
its output are reviewed for responsiveness to the state-
ment of work and system requirements. Early produci-
bility analysis will provide a valuable source of infor-
mation required to meet the objectives of DSARCI.
2. Demonstration and Validation Phase. The
objective of this phase is to prove the design concept.
This includes validation of performance, cost, and
schedule by study, hardware development, and/or
prototype testing. The results of this phase will be the
basis for reaching a decision on whether or not to
proceed into full-scale development. The demonstra-
t ion and validation phase affords engineering and
manufacturing personnel the opportunity to conduct
trade-off studies. Producibility considerations, which
are narrower in scope and greater in number than dur-
ing the concept exploration phase, create opportuni-
ties to achieve significant benefit as the hardware
design evolves and before it becomes too fixed to be

1-8

altered economically. The producibility of a system
must be examined thoroughly prior to the DSARC Il
decision. This examination includes

a. Insuring that all manufacturing technology
that pertains to the producibility of the system is avail-
able or adequately planned and that this technology
will fully support the development of specific methods
applicable to the design

b. Updating the production feasibility and risk
analyses

c. Assessing impacts on producibility by per-
formance requirements/design constraints as the design
evolves into the detail parts

d. Standardizing components and material to
the maximum extent practicable during design

e. Assessing the effects that the continuing trade-
off studies have had on the producibility of the system

f. Evauating the adequacy of plans for proofing
critical production processes, tooling, and test equip-
ment

g. Evaluating and updating the overall produc-
ibility plan. The producibility effort required during
this phase will require extensive coordination and sup-
port from other disciplines. Manufacturing engineer-
ing personnel will be required to validate the adequacy
and availability of manufacturing processes. Methods
engineering will be required to validate the adequacy of
specific methods of manufacturing. Tool engineering
should validate the adequacy of planned tooling re-
qguirements. Quality engineering should validate the
reasonableness of planned test and evaluation proce-
dures. All of these members of the producibility team
should work closely with product design engineering to
maximize the producibility aspects of a product in rela
tionship to each member’'s particular specialty.

h. Considering the significant producibility fac-
tors that are visible this early in the program, e.g.,
criticl materials, tooling, manufacturing methods and
processes, and facilities. Producibility analysis during
this phase of the program will assist in identification of
risks, preliminary cost and schedule estimates, and
issues that must be resolved prior to the DSARC 11
program justification.

3. Full-.Scale Development Phase. The intended
output of this phase is a preproduction system that
closely approximates the final production product,
written documentation, actual practices necessary to
enter the production phase, and test results that meet
requirements. During this phase all production and
support equipment must be designed and proven capa-
ble, and these actions must be accomplished at an
acceptable cost. An important aspect of producibility
during this phase is to identify al key characteristics
for hardware components that reduce production flow
time, minimize material and labor costs, establish
optimum schedule requirements for the production
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phase, improve inspection and test routines, and min-
imize special production tooling and test equipment.
During the manufacture of full-scale development
units, evaluations of these characteristics must be
accomplished to assure compliance with producibility
requirements. The producibility plan will be main-
tained, implemented, and updated on a continuing
basis until a production readiness posture is achieved.
The fruits of producibility efforts will be realized in

a. Facilitating the readiness of the system for
entrance into the production process

b. Assuring that the system can be acquired on
schedule a minimum cost

c. Assuring that producibility plans are realis-
tic. The program situation may require additional
decisions, such as release of funds for long lead time
material or effort and additional hardware for test and
evaluation. Producibility efforts will minimize long
lead time requirements.

This phase in the program continues to require sup-
port from many disciplines and organizations. The
emphasis is on the verification that the final design
evolves with maximum producibility employed. Manu-
facturing engineering skills are now a predominant
factor in achieving a smooth transition to the produc-
tion and deployment phase. Producibility efforts must
consider such activities as production planning and
scheduling, manufacturing flow, plant layout, mate-
rial handling, manufacturing methods and processes,
tooling, and inspection and test equipment. Use of
technical consultants will often be required.

A production readiness review (PRR) should be
completed prior to the release of the system for initia
production. Each PRR subteam that deals with areas
related to producibility should have at least one member
identified as the producibility focal point; thus consid-
erable man-hours will be saved both in planning and
conducting these reviews. Since producibility reviews
consider most of the same information, there will be less
data duplication.

The culmination of producibility efforts during this
phase to achieve an optimized production schedule and
cost should strongly support the program manager’s
presentation on production readiness at ASARC IlI.

4. Production and Deployment Phase. The initia
tion of this phase does not mark the end of producibility
efforts. Often design and production are concurrent
efforts especially with long lead time items, such as
tooling, materials, and purchased parts. Emphasis on
producibility is a must during production. Although
the impact of producibility will be less dramatic than
during the previous phases, producibility can achieve
significant cost reductions by striving for use of emerg-
ing manufacturing technology and by insuring that
design changes are producible. Potential producibility,
design, or process changes, especialy late in the pro-
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duction phase, should be analyzed for the benefits to
accrue both to the present program and to possible
follow-on procurements. Since production and deploy-
ment normally have considerable overlap, the produci-
bility studies conducted can be viewed for their impact
on the operational activities, such as reliability and
maintainability. The producibility plan—developed
during the concept exploration phase and implemented
and updated throughout demonstration and valida-
tion and the full-scale development phases-furnishes
program management a continuous thread of docu-
mentation to evaluate and verify the achievement of
producibility during the fabrication, assembly, in-
stallation, acceptance tests, and final checkout of equip-
ment. The experience and related information docu-
mented in the early phases are useful in achieving more
efficient use of manufacturing resources during pro-
duction. The specific producibility activities include,
but are not limited to

a. Process/methods analysis to minimize the
manufacturing costs and lead times and maximize
quality

b. Application of alternative materials

c. Investigation of manufacturing design
changes for cost reduction

d. Evaluation of engineering change proposals
to insure producibility

e. Application of new manufacturing tech-
nology.

The supporting resources required during this phase

are primarily manufacturing engineering and product
design engineering.

1-4.1 INTERFACE WITH OTHER
FUNCTIONAL AREAS

Producibility has significant interface with a num-
ber of other functional areas in the acquisition process.
The relationship of the key elements in the definition
of producibility to other functiona areas is shown in
Table 1-1, and the interface with production functions
is shown in Table 1-2. How each of the other functional
areas interfaces with producibility is discussed in sub-
sequent paragraphs.

1-4.1.1 Reliability, Availability, and Maintainability

Reliability, as a discipline, was born in the late 1940's
from concern that hardware being delivered was not
performing as it should for as long as it should. Relia-
bility engineering thus developed as a tool not only of
design but also of prediction, i.e., “the probability that
an item will perform its intended function for a speci-
fied interval under ‘stated’ conditions’. Availability, as
a function of this program, is the assurance that the
item will be available to perform its function at a given
time. Maintainability engineering inherently recog-
nizes that complete reliability at al times is an impossi-
ble goal and thus addresses itself to “the probability

19
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TABLE 1-1. INTERFACE OF FUNCTIONAL AREAS WITH PRODUCIBILITY KEY ELEMENTS

KEY PRODUCIBILITY ELEMENTS
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TABLE 1-2. INTERFACE OF PRODUCTION DISCIPLINES WITH PRODUCIBILITY KEY ELEMENTS

PRODUCTION DISCIPLINES

Production or manufacturing engineering
Industrial engineering

Production control

Material control

Quality control

Packaging

Tool engineering

Process planning

Plant engineering
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that an item will be retained in or restored to a specified
condition within a given period of time, when the
maintenance is performed in accordance with pre-
scribed procedures and resources’. For example, if a
fuel tank has a built-in pump or valve that is subject to
failure, does the tank have an access port through which
it can be reached, and can the pump be repaired (or
replaced) readily through the port? For more informa-
tion on maintainability see Ref. 6.

The predictability aspects of the RAM program, the
genera overall concern with life cycle cost, and how the
basic design criteria can be influenced to enhance these
characteristics are all elements of concern to produc-
ibility.
1-4.1.2 Safety Engineering

Safety engineering is concerned with the conserva
tion of human life and its effectiveness and the preven-
tion of damage to items consistent with mission re-
quirements. Thus it is obvious that reliability, main-
tainability, and safety engineering are concerned with
failure, but from different standpoints:

1. Reliability—to predict failures

2. Maintainability-to correct failures

3. Safety—to minimize the effects of unforeseen
hazards.
Therefore, it is concluded that the interface between
safety engineering and producibility is the same as that
between the RAM program and producibility. Further,
it is important to note that producibility enhancements
can have an impact on safety engineering and vice
versa. For more information see Ref. 7.

1-4.1.3 Standardization
Standardization is defined in Ref. 8 as the “adapta-
tion and use of engineering criteria to:

1. Improve operational readiness by increasing
efficiency of design, development, material acquisition,
and logistic support.

2. Conserve money, manpower, time, facilities,
and natural resources.

3. Minimize the variety of items, processes, and
practices which are associated with the design, devel-
opment, production, and logistic support of equip-
ment and supplies.

4. Enhance interchangeability, reliability, and
maintainability of military equipment and supplies.”.
Standardization is thus both a tool and an objective of
al the preceding elements, and it is a cog in both the
cost and the performance effectiveness wheels. Funda-
mentally, this program has as its objective the produci-
bility of an item through the use of standard, “off-the-
shelf” parts. For more information see Ref. 8.

1-4.1.4 Design/Cost Techniques
Cost-effectiveness, not cost, is the criterion with
respect to producibility goals; cost-effectiveness is a
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function of time and dollars. A process should not be
selected that entails a production time exceeding that
set forth in the producibility objectives. In his efforts to
establish a cost for a processed material, the designer
will be in a position to examine this time aspect of the
problem as well. As an initial step, he should pinpoint
the projected lot size or sizes, the projected unit cost, and
the maximum allowable production time. After defin-
ing all operations in the production of the design in
question, the cost/time analysis for each of these can be
plotted as shown in Fig. 1-11. If consideration involves
a number of different situations, e.g., a wide range of
projected lot sizes, there will probably be several end
points, which will provide the basis for plotting a cost/
time curve such as the one in Fig. 1-11.

Cost/time trade-offs, which can also be plotted,
should also be considered as in Fig. 1-12. Frequently,
such a relationship may exist between producibility
objectives and constraints, or the developing project
may produce areas wherein time, performance, and cost
involve trade-offs. When a chart, smilar to Fig. 1-12,
can be drawn to depict the situation, a forceful tool for
cost-effectiveness analysis is available. From the end
points so plotted the cost-effective candidate can be
determined. Processes that result in time and cost com-
binations in the shaded area are unacceptable; processes
that are below the cost-time curve are acceptable.

This effectiveness is graphically delineated by the
distance from the end points to the cost/time curve. The
candidate process end point with the greatest distance
outside the cost/time curve is the most cost-effective
when trade-offs are involved. In the illustration a < ¢ <
d <b. Process E is excluded since it lies in the unaccep-
table area of the plot. Process B, then, is the most suita-
ble since it lies farther outside the cost/time curve than
the other processes considered. Therefore, it will pro-
vide the greatest cost/time benefits.

Frequently, the relationship between time and unit
cost is not defined. Only a target for each is given. This
approach, with its emphasis on the producibility goa
of cost-effectiveness, has a great advantage over tech-
niques that consider performance or material cost
alone. However, the question concerning which candi-
dates are selected for analysis is still unanswered; large
numbers cannot easily be subjected to this process. For
more information see Ref. 9.

1-4.1.5 Manufacturing Technology

This program has as its objective the timely estab-
lishment or improvement of the manufacturing pro-
cesses, techniques, or equipment required to support
current and projected programs. To the producibility
program, technology is the source of new manufactur-
ing processes as they are needed and of state of the art
information on available processes.

1-11
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1-4.1.6 Life Cycle Costing

Life cycle cost (LCC) represents all costs incurred
from the point at which the decision is made to acquire
a system through operational life to eventual disposal
of the system. A variety of analytical approaches can be
used as input to the establishment of an optimum LCC
model. The total LCC model is thus composed of
subsets of cost models, which are then exercised during
trade-off studies. These cost models and cost estimating
relationships range from simple informal relationships
to complex mathematical statements derived from
empirical data.

A total LCC is represented by costs collected in two
areas. (1) system acquisition costs and (2) logistics and
support costs. In simple mathematical terms this rela
tionship can be stated by

LCC = AC+ LSC (-1
where
LCC = life cycle cost
AC acquisition cost
LSC = logistic support cost.
Some of the major elements comprising these cost cate-
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gories, i.e., design and development, and manufactur-
ing and quality engineering, are, for the most part, the
primary targets of a good producibility program. These
elements are further broken down:
1. Design and Development:
a. Basic engineering
b. Test and evaluation
c. Experimental tooling
d. System management
2. Manufacturing and Quality Engineering:
a. Fabrication
b. Production tooling
c. Quality control
d. Test equipment
e. Facilities
f. Initial spares
g. Training.

Fig. 1-13 illustrates the relationship among objec-
tives of a design program. In the past (Fig, 1-13(A)), the
emphasis on performance would often become overrid-
ing to the detriment of all other factors. Design engi-
neers must now (Fig. 1-1,3(B)) balance performance,
reliability, unit production goals, and many other
parameters equally against the overall objective of min-
imizing LCC. For example, it maybe more economical
to replace periodically a part, module, or complete sys-
tem with a relatively inexpensive new one rather than to
design and build a very expensive unit with a guaran-
teed long, trouble-free operational life.

1-4.1.7 Systems Engineering

Systems engineering details the intended performance
of the system together with its physical and functional
characteristics down to the primary functional level.

All elements of the system description are interactive.
Modification of any one element of the description
amost inevitably affects others. Their combined influ-
ence on producibility is equally interactive. Whether
viewed from a total system standpoint or from that of
individual primary functional areas, the composite
requirements set the limits of producibility.

Prior to the start of the design effort, a thorough
evaluation of the system description must be made to
determine potential problems and complexities in
developing the design. This review, while primarily
directed toward an evaluation of the design require-
ments, serves as an indicator of the degree to which
producibility aspects may be actively considered in the
design. Design problems may vary significantly from
one primary functional area to another as may the
influence of the design constraints. As a result, separate
evaluations must be conducted in each area

1-4.1.8 Quality Assurance and Testing

Quality assurance is a planned and systematic pat-
tern of al actions necessary to provide adequate confi-
dence that the product will perform satisfactorily y in
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service. An obvious, inherent element of quality assur-
ance is quality control, which is a management func-
tion whereby control of material is exercised for the
purpose of preventing production of defective material.
Quality control, therefore, verifies that the required
standards of quality have been achieved.

Quality control normally is thought of as a function
of the production program, but not always as an ele
ment of the design and development program. How-
ever, if the production contractor built the article to
conform to the TDP and if it has been inspected for
conformance to drawing, the likelihood of achieving
the prescribed standards of quality is slim unless there
was some form of quality control imposed upon the
development of the TDP.

The likelihood of achieving any standard of produc-
ibility is even slimmer if the standards have not been

1-13
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defined, planned for, implemented, and verified through
inspection and testing. The need for an integrated test
program is readily apparent. Any test has as its purpose
some element of verification from the earliest stages of a
program (when it may be a feasibility verification) to
the production stage (when it may be a conformance
verification and is an element of quality control).

1-4.1.9 Technical Data Management

Technical data are the key elements in acquiring
material either through in-house facilities or contrac-
tors fecilities. Their accuracy, completeness, currency,
clarity, and adequacy can only be assured with proper
technical data management. These are major factors in
determining the capability of a manufacturer to pro-
duce materiel of the required quality and reliability
within the most optimum time and cost. The objectives
of a good technical data management system, which are
imperative to and an integral part of a good producibil-
ity y program, are to

1. Provide the level of identification, control, and
status reporting for systems and equipment necessary to
assist management in achieving logistic support, wea-
pon readiness, visibility, and traceability

2. Provide managers at all levels with sufficient
information for making appropriate and timely deci-
sions during the development, production, and opera-
tional periods

3. Attain maximum economical consistency in
configuration management data, forms, and reports
within the US Army Materiel Development and Readi-
ness Command and at all interfaces with other DoD
elements and industry

4. Provide a system for use in the control of project
design and engineering that will support optimum
competitive procurement and breakout, make contract
administration more uniform, increase the effectiveness
of standardization and item entry control, and support
project definition

5. Assure that a proposed configuration change is
timely and includes a thorough consideration of its
total impact on cost, operational capability, and sup-
port to both hardware and documentation

6. Assure the efficient and timely implementation
of all aspects of approved changes.

In fact, unless the configuration is effectively con-
trolled, it is likely that one or all of the other objectives
of the system description may be lost. Because of this,
application of configuration management to systems
of equipment is mandatory continuously during all
applicable life cycle periods and must be applied to al
materials, parts, components, subassemblies, equip-
ments, accessories, and attachments.

1-4.1.10 Value Engineering
This program is an organized effort directed at ana-
lyzing the function of systems, equipment, facilities,
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procedures, and supplies. The intended purpose is to
achieve the required function at the lowest cost of effec-
tive ownership consistent with requirements for per-
formance, reliability, quality, and maintainability.
The program at the objective level is quite similar to
the producibility program with one major difference.
Under value engineering, functional analysis is, by
necessity, performed after the design has been com-
pleted. Conversely, producibility is effective only if
accomplished concurrently with the design. However,
it should be emphasized that value engineering is a
vital element in achieving good producibility. For
more information see Ref. 10.

1-4.1.11 Product Engineering

This function is primarily concerned with the engi-
neering aspects of the final product to be produced by a
given program. The concentration here is on satisfying
the basic requirements document. Other functions
must work through product engineering to achieve
their goals. All other functions—safety engineering,
value engineering, production engineering, produci-
bility engineering, etc.—must achieve their objectives
without degrading the minimum functional character-
istics of the item being produced. The product engineer
is responsible for assuring that the supporting func-
tions do not violate the basic integrity of the product.

1-4.2 INTERFACE BETWEEN PRODUCTION
DISCIPLINES

The producibility engineer cannot possibly have an
intimate awareness of all the production disciplines
necessary to the performance of his assigned mission. It
is therefore necessary that the producibility engineer
interface with other production disciplines to assure the
attainment of necessary objectives. The other produc-
tion disciplines most critical to producibility and how
they can contribute to the producibility engineer are
discussed in succeeding paragraphs.

1-4.2.1 Production/Manufacturing Engineering

This discipline is devoted primarily to planning and
establishing the processes of economic manufacture. It
embraces participation in the refinement of product
design, manufacturing methods, selection of equip-
ment, gages, special tooling and test equipment, labor
standard manufacturing cost estimating, and economic
utilization of materials and manufacturing resources.

Through effective interfacing with design engineer-
ing, producibility of a functional design is achieved.
The producibility of any product implies the total
assessment by a manufacturer of his present, planned,
and available resources in terms of capability and
capacity. Careful investigations should be made to
identify new/alternative methods whereby producibil-
ity could be better achieved. New economical processes,
available by subcontracting with other manufacturers,
should be given appropriate consideration.
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1-4.2.2 Industrial Engineering

The application of engineering principles and train-
ing and the techniques of scientific management to the
maintenance of a high level of industrial production
efficiency is a critical element of a successful produci-
bility program. Industrial engineering in its total con-
text includes many of the disciplines discussed in these
paragraphs. Good producibility is dependent to a large
degree on close and early coordination with this disci-
pline. The quantification of the work force and the
work stations within a facility to provide a balanced
work flow with minimum production bottlenecks is
only one of the many functions of industrial engineer-
ing on which producibility is dependent. Other func-
tions include risk analysis, plant simulation, schedul-
ing, and machine loading.

1-4.2.3 Production Control

The actual scheduling of work and control of work
commitments by a manufacturer are performed by per-
sonnel in this discipline. Of particular importance to
producibility is the commitment of manpower and
machines to assure delivery of completed products
within a specified time and the issuance of progress
reports against those commitments. Through effective
interfacing with requirements personnel, the necessary
resources are identified and production plans are com-
pleted. The producibility of any item is dependent on
the total assessment by production control of the
planned and available resources to satisfy the capacity
and capability requirements.

1-4.2.4 Material Control

Everyone has experienced, at one time or another, the
inconvenience of a material shortage. In the shop the
shortage of an insignificant item of raw material, part,
or subassembly can lead to overtime operations, delays
in the final completion of the work, extensive revisions
in the plan, and, of course, degradation of producibil-
ity. The problems that create material shortages may be
identified with three types of inventories. The first, raw
materials and purchased parts inventory, is the stock of
items going directly into the end product. In-process
inventory is the second type and includes materia that
has already been worked on by the operating organiza-
tion. The level of in-process inventory is a direct reflec-
tion of the production schedule and its execution,
rather than a result of independent control decisions.
The third type is the inventory of finished goods, The
items involved are completely processed and are await-
ing eventual shipment. The control is accomplished in
much the same manner as it is for raw materials.

The first task of sound material control is adequate
physical control. To perform this task, it is important
to establish an effective requisitioning procedure, pro-
vide proper storage conditions, and maintain adequate
stockroom security. The second task of material control
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is recordkeeping. The actual movement of material
flowing in and out of the stockroom must be known.
Material control can make significant contributions to
an effective producibility program.

1-4.2.5 Quality Control

Quality control verifies that the required standards of
quality have been achieved. Quality control is normally
thought of as a function of the production program, but
not always as an element of the design and development
program. However, since the production contractor has
built the article to conform to the TDP and it has been
inspected for conformance to drawing, it most likely
has achieved the prescribed standards of quality control
imposed upon the development of the TDP.

The likelihood of achieving any degree of produci-
bility is simmer if standards have not been defined,
planned for, implemented, and verified through in-
spection and testing. The need for an integrated test
program is readily apparent. Any test has as its purpose
some element of verification from the earliest stages of a
program (when it may be a feasibility verification) to
the production stage (when it may be a conformance
verification and is an element of quality control). The
interaction of quality control with producibility is con-
tinuous throughout all phases of the material acquisi-
tion process.

1-4.2.6 Packaging

The selection of a suitable packaging method requires
consideration of many trade-off factors. Characteristics
that influence the choice of a packaging method
include cost, size, producibility, maintainability, re-
pairability, and reliability. In many cases the system
requirements are conflicting, and the selection process
becomes one of identifying the packaging approach
offering the best compromise of the many divergent
requirements.

In military systems the factors of anticipated rough
handling, size, weight, and reliability are prime consid-
erations, and the choice of packaging methods must
reflect the priority of these factors. It is often mandatory
to provide protection of the system against dust, dirt,
contamination, humidity, salt spray, and other envi-
ronments. Although trade-off situations generally do
not exist in terms of potential reliability improvements,
this protection does significantly impact the opera-
tional and reliability levels of the equipment. Packag-
ing should always receive producibility considerations
in the same context as tolerancing. Overpackaging, as
well as underpackaging, is a primary contributor to
poor producibility.
1-4.2.7 Tool Engineering

In amost every form of manufacturing some special
purpose tooling is required. Generally, the higher the
production quantity the more tooling is required and
the more tool engineering is involved. Tooling required
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for the fabrication and assembly of some configured
products demands the use of production tooling regard-
less of the quantity to be produced. As a consequence,
tool engineering is a discipline that can make signifi-
cant contributions to the producibility of any design.

1-4.2.8 Process Planning
Manufacturing is comprised of numerous, diverse

operations and processes. In assessing the producibility
of items or systems, the contractor should relate to the
following manufacturing process planning considera-
tions:

1. Compatibility of the raw material form with
the selected process

2. Shape and size (dimensional) restrictions for
the process

3. The production rate of the process (some con-
venient time base, i.e, pieces/hour)
Process tolerance limitations
Process surface finish obtainable
Tooling requirements
Labor skills and man-hour requirements
Process yield/waste rates
Process optimum lot sizes

10. Primary use of the process.
The process chosen should be the one best able to pro-
duce the desired items, and it should not be selected
merely due to the availability of plant equipment.

©oo~NO O A

1-4.2.9 Plant Engineering

The engineering of the physical facilities that will
produce a planned design is a critical element in deter-
mining the producibility of that design. Material and
process flow through a plant can be a significant con-
tributor to the efficiency of the plant and ultimately to
the producibility of a product. Particular characteris-
tics of a product requirement, such as machining beryl-
lium or magnesium, carry with them specific require-
ments for environmental controls that have a significant
impact on plant engineering and ultimately produc-
ibility.

1-5 PRODUCIBILITY HANDBOOK
OVERVIEW
This handbook has been structured to provide the
user with direct access to the material being sought. The
content and intended purposes of the individua chap-
ters are outlined in the paragraphs that follow.

1-5.1 CHAPTER 1, BASIC CONCEPTS OF
PRODUCIBILITY
As an executive overview of the handbook, Chapter 1
provides an introduction to the subject of producibility
and how producibility interacts with other functional
areas and production disciplines. The structure and
content of the chapter are described in Fig. 1-14.
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1-5.2 CHAPTER 2, PRODUCIBILITY
ENGINEERING

This chapter is intended primarily as a guide to the
manager of the producibility function. Whether the
producibility function is assigned as an explicit disci-
pline or is assigned as a functiona discipline to another
functional area, this chapter is equally applicable.
Chapter 2 describes how the function of producibility
interacts specifically with the design process and the
entire development process as described in DoD Direc-
tive 5000.1 (Ref. 4). The tools and techniques of produc-
ibility engineering are also described. For the chapter
structure and content refer to Fig. 1-14.

1-5.3 CHAPTER 3, COMMON PRODUCIBILITY
CONSIDERATIONS

This and all subsequent chapters are intended for
managers of the producibility function and personnel
assigned to perform the function. As with any function
that spans as many different disciplines and technolo~
gies as this one, there area number of guidelines that are
equally applicable across al disciplines and functions
and a number that are directed toward specific disci-
plines or technologies. Chapter 3 includes these broad
guidelines. The structure and content are graphically
described in Fig. 1-14.

1-54 CHAPTERS 4 THROUGH 9, SPECIFIC
PRODUCIBILITY CONSIDERATIONS
All of these chapters address the subject of achieving
producibility in specific disciplines or technologies. As
an aid to the user of the handbook, the chapters are
identified by their applicability to specific types of
components (i.e., metal components, plastic compo-
nents, composite components, mechanical assembly,
electronics, propellant and explosive components,
optical components, ceramic components, and textile
components). The user can go directly to the chapter
that addresses the type of component being considered
and acquire either the direct information or a reference
source for additional information. These chapters each
contain specific information on materials, manufactur-
ing processes, and test and evaluation of specific con-
cern to the achievement of good producibility. The
structure and content of these chapters are presented in
Figs. 1-15 through 1-23.
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Figure 1-21. Optical Components Generic Tree
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CHAPTER 2
PRODUCIBILITY ENGINEERING

Producibility engineering is discussed as an independent and an organizational junction. The interrelationships
of the producibility junctions with the design process and development process junctions, as described in Depart-
ment of Defense (DoD) Directive 5000.1, are included in the discussion. The development of checklists and a
producibility plan for each phase of the life cycle of an item are pertinent subjects covered. Tools and techniques
useful in the producibility junction and used by the producibility engineer are described and illustrated.

2-1 INTRODUCTION

Most fields of engineering are recognized disciplines
(mechanical, industrial, electronic, chemical, etc.), and
these disciplines have recognized curriculums of study,
position titles, and job duties. Producibility engineer-
ing is not a recognized engineering discipline per se. It
is, however, an inherent job element of each of the
recognized disciplines. More recently, producibility as
a function has been receiving greater attention both in
civilian industry and in Govrernment. Department of
Defense DoD Directive 5000.1, on mgjor system acqui-
sitions, makes producibility considerations a require-
ment prior to the release of a system for initia or
limited production. Additionally, a growing number
of industrial firms have initiated forma producibility
functions. Originally, the primary emphasis was on
obtaining systems with a shorter production cycle at a
reduced acquisition cost. Producibility considerations
now strive to obtain a system at a lower cost with
shorter lead times while not adversely impacting on
other design requirements, such as performance, reli-
ability, and maintainability. Producibility engineer-
ing is valid only if it reduces the acquisition cost with-
out increasing the operating costs.

Systems development, planning, and acquisition
must all incorporate producibility considerations. His-
tory has demonstrated that as the complexity of systems
increases, so does the acquisition cost. Therefore, pro-
ducibility programs are imperative as a management
means for assuring that practicality is addressed and
that the high cost associated with the increasing com-
plexity of systems is scrutinized and warranted. It is
recognized that the functions of producibility must be
performed by a team of specialists assembled from
other functional areas. One individual cannot possibly
perform @l of the requirements of producibility with-
out assistance from other functional areas. Conse-
quently, organizing for producibility is of prime im-
portance to a successful function, and understanding
the activities of producibility engineering is of prime
importance in organizing for producibility.

2-2 PRODUCIBILITY ENGINEERING
ACTIVITIES

During the creation of a design, the primary objec-
tive is to satisfy all of the specific functional and physi-
ca objectives, i.e, performance requirements. Concur-
rently, the producibility engineer, working within
those design constraints, is attempting to achieve a
design that is the most producible. A thorough under-
standing of the interaction between the designers’
activities and objectives and the forces and activities
directed toward producibility engineering is impera-
tive.

2-2.1 SPECIFIED PERFORMANCE CHARAC- .

TERISTICS

The performance statements in the system descrip-
tion provide a detailed description of the intended per-
formance of the system. They will generaly include:

1. Performance characteristics:
a. Operational
b. Employment
c. Deployment
2. Operability:
a Reliability
b. Maintainability
c. Useful life
d. Environmental conditions
e. Transportability
f. Human performance
g. Safety
h. Dangerous materials and components
i. Life support.

In the performance statements, the designer is told
what the system must accomplish. These statements are
the performance objectives for the system. Subsequent
statements in the requirements section describe the
physical, functional, and support frameworks for the
system and place substantial constraints on the design.
The relationships between the performance objectives
and the constraints establish the potential standards of
producibility for the design. If the statements giving
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congtraints rigidly specify the system, subsystem, com-
ponent, materials, and manufacturing or production
processes, the producibility level of the design is largely
predetermined (even though it may not have been a
primary consideration in establishing the specifica-
tion). As the degree of latitude expressed in the con-
straint  statements increases, the producibility potential
of the system becomes greater, and the direct influence
of the design engineer upon eventual producibility
increases proportionally,

2-2.2 PHYSICAL CHARACTERISTICS

The statements of physical characteristics for the
system reflect the first constraints placed upon the
designer. These statements generally include:

1. Required physical limitations of the proposed
system:
a. Dimensions
b. Weight
c. Mgor assemblies
2. Requirements for operator station layout
3. Intended means of transport
4, Degree of ruggedness required (environmental
conditions):
a. Storage
b. Transportation
c. Use
5. Potential effects of explosives
6. Hazards:
a. Biological
b. Mechanical
c. Radiation
d. Other.

These statements will place some constraints upon
producibility. (The system might, for example, be
more simply designed and more cheaply and easily
fabricated if the weight limitations could be increased
by 5%) At the same time, the requirements that they
impose furnish additional producibility objectives
since they describe physical characteristics toward
which considerations of producibility can be directed.

2-2.3 PRODUCIBILITY ENGINEERING
ACTIVITIES

Regardless of the degree of complexity of an item, the
objective of the design is to create an item that will
satisfy all of the specified performance and physical
objectives and concurrently maximize producibility.
However, several influences of the performance and
physical objectives will complicate achievement of the
producibility engineering activities described in the
subsequent paragraphs.

2-2.3.1 Simplicity of Design
In this activity the producibility engineer is seeking
to eliminate components of an assembly by building
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their function into other components or joining sepa-
rate components into integral components through
application of unique manufacturing processes. In one
case the producibility engineer is working with the
design engineer to identify and eliminate excess com-
ponents; in the other case he is working with a manu-
facturing engineer investigating net shape processes to
combine components.

2-2.3.2 Standardization of Materials and
Components
A wide variety of off-the-shelf materials and compo-
nents is available; depending on their availability and
cost, they can constrain or greatly assist the producibil-
ity engineer. The producibility engineer must always
verify these factors during the analysis.

2-2.3.3 Production Capability

Determination of the available production capacity
and its capability to produce the desired end item is a
critical activity of the producibility analysis. In this
endeavor the producibility engineer will work closely
with manufacturing engineers in applying the princi-
ples of the Army’s manufacturing technology pro-
gram.

2-2.3.4 Design Flexibility

This producibility objective requires the producibil-
ity engineer to interact with design engineers, materials
engineers, and manufacturing engineers to assure that
the design offers the maximum number of alternative
materials and manufacturing processes to produce an
acceptable end item. Unwarranted limitations of mate-
rials or processes seriously constrain the producibility
analysis.

2-2.35 Test and Evaluation

There are two basic activities of the producibility
engineer in test and evaluation. The first is the determi-
nation— through the design engineer, quality assur-
ance engineers, and the requirements documentation—
that the specified quality levels are necessary. The
second is the determination, with quality engineers,
that the most economical and available methods for
controlling the quality levels are used.

2-2.3.6 General Activities

Conducting the major activities requires a close
interaction with a large variety of disciplines. While it
is not necessary that the producibility engineer be
intimately familiar with all the techniques of these
disciplines, a reasonable familiarity with the various
techniques and tools is imperative. Simulation, risk
analysis, scheduling, and break-even analyses are just a
few of the techniques or tools. However, in genera,
most are tools for conducting trade-off studies, which
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are the foundation of amost al producibility engineer-
ing activities.

2-3 ORGANIZING FOR PRODUCI-
BILITY

There are four alternatives to consider when deter-
mining how to organize to achieve producibility:

1. Do nothing and leave the achievement of pro-
ducibility to those dedicated personnel in the various
existing functions to concern themselves with achiev-
ing producibility by whatever means possible.

2. Assign responsibility for producibility engi-
neering to the personnel of the existing product engi-
neering function. They aready have responsibility for
product design and, consequently, are in the best posi-
tion to effect producibility in the design.

3. Assign responsibility for producibility to the
personnel of the production engineering function.
They are dready in the best position to understand the
production processes and their effect on producibility.

4. Establish a new function of producibility engi-
neering and staff it with personnel of product engineer-
ing and production engineering background with
emphasis on the latter.

Adoption of any of these alternatives will entail an
educational process and a dedication to the principles
of producibility as set forth herein.

Before considering each of these alternatives, there is
a summary of some sound research development test
and evaluation management philosophy which was
voiced by the Assistant Secretary of the Army for
Research and Development (Ref. 1).

“Capable people are the ‘Sine Qua Non'.” Without
capable people, there is no management philosophy
whatsoever that can assure the success of research and
development endeavors.

“A fundamental principle of research and develop-
ment fund allocation is return on investment. ” Organi-
zations as well as individuals need to be monitored
continually to measure their long-term return and
investment. These organizations should grow or con-
tract in accordance with this return and investment.
The “bottom line” in this case is measured in terms of
improvement in the fighting capability of our forces in
the field.

“Split responsibilities are the spawning ground of
management indecisiveness. " A split of responsibili-
ties for the achievement of a specific task not only
impedes the ability to address the task as a whole but at
the same time undermines the assignment of account-
ability.

“Controversy sharpens. ” In dealing with technology-
related matters, flaws in decision-making nearly. al-
ways surface sooner or later simply through the inexor-
able power of the laws of nature. It is, therefore,

MIL-HDBK-727

preferable to be aware of all sides of an issue before
making decisions rather than to learn new facts after
decisions have been made.

“Time is often not of the essence. ” The preponder-
ance of evidence regarding the conduct of major devel-
opment programs in peacetime indicates that it is bet-
ter to “do it right” than to “do it fast”. There is simply
not time enough to hurry.

“The generation of requirements is a closely knit
iterative process involving both users and technolo-
gists.” Many, if not most, items of new military hard-
ware have been a consequence of growth in technology.
That is, the “requirement” was aways there; the ability
to satisfy it was lacking. Accordingly, sound require-
ments cannot, in general, be created through negotia-
tions at arm’s length between the user (who knows
what he needs) and the technologist (who knows what
can be provided).

“Requirements for new systems should demand only
that handful of key characteristics which are essentia
to the item utility. " Features that do not contribute
measurably to these few key characteristics should not
become a part of the item in question.

“The scrutiny required in rejecting a new idea
should be commensurate with the scrutiny involved in
accepting it. * No organization is immune to the
atrophying affects of NIH (not invented here) with the
result that safeguards need to be established to protect
innovation.

“Cost analysis is not separable from the require-
ments generation process. " All too often requirements
have been written in a vacuum with respect to the cost
implications; the true quantity and quality trade-offs
are addressed only after the fact.

“The most perishable asset in our research, devel-
opment, test, and evaluation activity is the technologi-
ca base. ” The item with the longest lead time to
replace, if lost, is the technological base; it must be
carefully guarded in times of budget austerity. Sim-
ilarly, it should enjoy a minimum amount of externa
management except for the approval of goals and the
assessment of return on investment as measured against
those goals.

“The technologist works best when directly exposed
to the user. ” A close coupling of the user and the
technologist generates significant synergistic effects
with regard to assuring the exploitation of new ideas,
focusing idea generation in areas of significant payoff,
and simply in motivating the efforts of the tech-
nologist.

“No change is a small change. " Changes to hardware
should be made only for the most compelling of
reasons—the perpetuation of an engineering effort is
not one of them.
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2-3.1 DO-NOTHING PHILOSOPHY

Acceptance of this “business as usual” philosophy
would be to deny the great wealth of examples of poor
producibility, many of which are cited throughout this
handbook. If one accepts the philosophy that produci-
bility engineering is neded, the only remaining ques-
tion is the degree and value of the need. However, one
point is very clear: Any program without a focal point
and an assignment of direct responsibility is doomed to
failure.

2-3.2 ASSIGN RESPONSIBILITY TO PRODUCT
ENGINEERING

As pointed out previously and elsewhere in this
handbook, the product or design engineer is already in
the position to have the greatest impact on determining
the producibility of an item. However, it must be
remembered that the primary objective of design is to
meet the requirement specifications of functiona and
physical characteristics. This is not to say that there is
no concern for producibility; to the contrary, there is
great concern. One of the primary considerations of
design is the constraint of materials and manufactur-
ing processes. To add these to the responsibility for
producibility engineering would be to the detriment of
producibility engineering or design engineering;
neither of which is a desirable outcome.

2-3.3 ASSIGN RESPONSIBILITY TO PRODUCITON
ENGINEERING

This action is the diametrical opposite of that dis
cussed in par. 2-3.2. The situation that must be avoided
is the one in which the organizational assignment is to
one of two organizations whose respective objectives
are diverging rather than converging. The age-old bar-
riers between production and design do not become any
less visible with time. Certainly production engineer-
ing is in the best position to understand fully al of the
constraints and capabilities of the manufacturing pro-
cesses. However, without truly capable people highly
skilled in producibility and in its coordination with
production, the outcome would be questionable.
Further, by the time production engineering sees the
design, it is usualy frozen,

2-3.4 ESTABLISH NEW FUNCTION

The establishment of a new function with prime
responsibility for producibility engineering can take
many forms. It can be a completely new organization; it
can be a review team made up of personnel from cur-
rently assigned project functions, or it “can be a per-
manently assigned committee made up of personnel
currently assigned to functional areas. Whether the
organization is a permanent staff or a part-time staff is
not significant for both will function similarly. There
is also a need, because of the accelerating advances
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being made on materials and processes, for an organi-
zation that allows for a close interaction between
design and manufacturing.

In addition to the important interaction between
design and manufacturing engineers, there is aso an
important interaction among design, manufacturing,
quality control, and marketing as shown in Fig. 2-1.

Quality Control
1

Marketing Design Moanufacturing

Figure 2-1. Producibility Interactions

Considering the technology explosion of recent years
and the number of new processes and materials that are
currently being developed, it would seem wise to be
able to bring specidlists in the areas of materials, manu-
facturing, and test and evaluation as well as specialty
vendors into the design process at an early stage. This
can be done in various ways and might involve process
engineers, cost analysts, tool engineers, industrial
engineers, quality engineers, and metallurgists. Con-
sequently, the form of the new organization is not
important to this discussion. The main point is that
detailed interaction should be possible between the
product design engineer and the previously mentioned
personnel.

The material covered in this handbook is, therefore,
important not only to the product designer as a sup-
plement to his design knowledge, but also to the pro-
cess engineers and manufacturing engineers of the
future who must be ready to fulfill their responsibilities
with respect to their roles in product design. Without
recommending or endorsing any particular organiza-
tion, two approaches are discussed in subsequent para-
graphs that seem particularly conducive to achieving
producibility. Both of these have been observed in use
in industrial organizations and appear to be working
quite well.

2-3.4.1 Producibility Review Team

In this concept personnel are assigned to the team
from the various functional areas (design, product
engineering, manufacturing engineering, industrial
engineering, materials engineering, etc.). The team
captain is assigned by management or selected by the
team; selection depends on individual needs. A team is
assigned to only one product program; new teams are
assigned for each new product program. Normally, the
team captain is the only one on full-time assignment
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except in the case of very large programs for which
additional, competent manufacturing engineers are
assigned full-time. The team meets on a regular basis to
discussant to analyze the producibility of selected prod-
uct components. Additionally, the team conducts spe-
cifically identified technological searches. The
searches are directed toward finding the solution to a
particular production problem or toward investigating
areas of new manufacturing technology for general use
or application by this or other producibility review
teams,

2-3.4.2 Producibility Committee

In this organization the chairman of the committee is
assigned to the function full-time. All other members
are drawn from the various functional organizations
and serve as part-time members much like those on the
review teams. One significant difference, though, is
that the committee assignment is permanent rather
than on a project-by-project basis. This adds a degree of
professionalism and continuity, which is quite valu-
able. The group has the power to accept or reject new
designs based on the producibility factor. The sigha
tures of the group members are required prior to
approval of al new designs. This signature approval is
not just a “rubber stamp”, but it carries with it respon-
sibility for assuring producibility in al new designs.
The group members work with the designer during the
initial design phases and thereafter serve as coordina
tors between design and manufacturing.

2-4 DESIGNING FOR PRODUCIBILITY

This paragraph provides a genera description of the
design process, the iterative nature of the process, and
the interrelationships of the various functions in-
volved. Subsequent paragraphs address the relation-
ship between the design and the producibility of an
item and how producibility can be enhanced through
proper considerations during development. This will
include producibility engineering and planning (PEP)
measures, technical data items, and trade-offs with
other systems analysis areas.

2-4.1 INTRODUCTION

During each stage of development, an organized and
systematic pattern of events must take place if a design
is to meet fully al of its objectives. Implicit in these
objectives is the requirement that a design achieve the
highest possible degree of producibility. However,
producibility goals are rarely defined in documents
describing the end item, such as letter of agreement
(LOA), required operational capability (ROC), or the
letter requirement (LR) (Ref. 2).

Since the design effort has often been conducted to
satisfy a description that includes no reference to pro-
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ducibility, the responsibility for producibility may eas
ily be relegated to an unimportant position.

2-4.2 THE DESIGN PROCESS

No fixed pattern of activity applicable to al design
programs exists. The sequence and nature of events
must be governed by factors such as system complexity,
the extent to which new processes and techniques are
employed, the structure of the design organization,
program schedule, and other variables. Even with an
effective approach the design effort must remain an
iterative process in which al the principal steps must
be followed if an optimized design is to be achieved.

As conditions depart from ideal, increasing consulta-
tion among the various specialists contributing to the
design is needed. Regardless of the design structure, it is
imperative that all of its specia aspects be considered
simultaneously throughout the entire design cycle.
Only with such recurring attention can optimum
results be achieved.

Initiation of the development project represents the
establishment of the first configuration baseline, the
functional baseline (Fig. 2-2), consisting of the LOA
and the system specification describing the technical
characteristics, and the test and evaluation require-
ments. The functional baseline also represents the
point of transition between investigatory research and
development and design engineering. It is at this point
in the life cycle that the efforts of the design engineer
are introduced and emphasized.

In the case of a magor system, a forma validation
phase follows. This consists of the initial design work,
with any associated developmental hardware fabrica-
tion and testing, performed to expand the system speci-
fication into a complete series of development specifi-
cations for equipment items or major components,
minor items, critical components, facilities, and inven-
tory items. This phase does not result in a detailed
design but establishes the detailed parameters and speci-
fications from which detailed design engineering can
proceed.

The baselines shown in Fig. 2-2 are integral elements
of the configuration management system. They would
be equally essential whether the formal requirements
(Ref. 3) for configuration management did or did not
exist. Each baseline represents a datum line, or refer-
ence point, from which the design effort must progress.
The system specification is the first formally estab-
lished baseline and the point at which a system design
effort begins. Each step in the design effort represents
an evauation through which the system is converted
from a raw outline to a detailed, producible descrip-
tion. Thus each step also represents another internal
baseline that can be evaluated and measured for con-
formity to the system specification.
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Figure 2-2. Life Cycle Baselines

The design process can be shown in a series of
sequential steps (Fig. 2-3). As can be seen, this is not a
one-pass operation but is a chain of iterative loops and
interactions. The basic design process may be broken
down into four basic subdivisions: evauation, analy-
sis, refinement, and documentation.

2-4.2.1 Evaluation (Steps One, Two, and Three)

As can be seen from Fig. 2-3, the first step of the
evauation is are view of the requirements. The impor-
tance of this step cannot be overemphasized. It has been
said that a problem properly defined is virtualy solved.
While this may be optimistic, the fact remains that an
improperly defined problem is likely to yield the wrong
solution.

The system specifications should define the perfor-
mance objectives, design constraints, and producibility
objectives. However, performance objectives and de-
sign constraints often appear to be contradictory, and
the producibility objectives are not mentioned. The
designer must describe an end product that can be made
by many manufacturers as long as they possess the
necessary basic machinery and appropriately skilled
operators. For this reason, it is especially important

2-6

that the design requirements be complete and that the
trade-offs among the input (performance objectives,
design constraints, and producibility objectives) be
accomplished in order to design a system that can be
procured and reprocured through competitive bidding
without recourse to the origina design agency.

It is essential to review al design requirements for
completeness and clarity and to seek clarification from
the responsible activity when these qualities are lack-
ing. If this is not feasible, the parameters that give the
designer the greatest number of options should be
adopted.

The second step of evauation is the formulation of
ideas on how to meet the cited requirements. This is an
indispensable part of any design process. Four sugges-
tions for formulating ideas are

1. Be prolific. Look for many diverse ideas. Do not
concentrate on petty design details.

2. Do not avoid wild ideas. An idea may be pat-
ently impossible, but statement of it may trigger a
related idea that is entirely feasible.

3. Explore new concepts. The tendency to repeat .
old approaches and methods can result in design
stagnation.
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Figure 2-3. The Design Process

4. Avoid limiting generalizations. “It is not prac-
tical to use die casting for lots of less than 5000"" may
have been true once, but recent developments unknown
to the designer may have changed the picture.

The golden rule is to be open-minded. Design is a
creative process, and it cannot take place in an atmos-
phere of needless restrictions, narrowmindedness, and
reliance on old concepts. The end product of such an
atmosphere is imitation, not creation.

The third step of evauation is a preliminary analysis
of the concepts generated. Here producibility becomes
a primary design criteria. The design should be evalu-
ated for cost-effectiveness and ease of production versus
the degree of compliance with the functional require-
ments. Cost-effectiveness and producibility cannot be
applied independently at this stage. Each must be eval-
uated for producibility within the framework of per-
formance objectives and design constraints. Prelimi-
nary analyses must be made to select tentatively com-
ponents, configurations, materials, processes, etc., with-
out locking onto the design of any tentative selections.
This selection merely alows the designers to facilitate
their evaluation. In fact, if an approach seems to be

confined to only one material, process, etc., it should
serve to notify the designer that another approach
doing less damage to producibility objectives may be a
more economical means of achieving the performance
objectives.

As shown in Fig. 2-3, this third step is part of an
iterative loop. The approaches are analyzed and either
are rejected or tentatively accepted. This loop may be
traveled a number of times.

2-4.2.2 Selecting Design Approaches (Step Four)
With a number of possibilities to consider, analys sis
required to choose the approach that shows the greatest
promise. The nature of the particular problem may
dictate that several approaches be developed in paral-
lel; however, the steps remain the same. This phase
requires, as a minimum, the analysis of four items. risk
involved in design alternatives, function versus cost,
schedule versus cost, and components versus manufac-
turing capability. Scheduling is very much a produci-
bility factor. An end item that must go into production
in 6 mo cannot use a manufacturing technique that
will not be available for 1 yr. However, a possible trade-
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off of a potential manufacturing development with
substantial cost savings may justify rescheduling.

In analyzing components relative to manufacturing
capability, the following factors must be considered:

1. Will the item be manufactured in the United
States or overseas?

2. Will a commercial component be available sev-
eral years from now, or does the design specification
greatly limit future off-the-shelf procurement, which
reduces its cost-effectiveness?

3. Is the component material on the critical list?

4. Are specia tools or skills needed?

5. Have unnecessary functions and costs been
eliminated?

When these preliminary analyses have been made
and the approaches have been given a relative cost-
effectiveness rating, the approach to be developed can
be selected. The relative ratings and the peculiarities of
the specific problem, schedule, funds, etc., will deter-
mine whether one or more approaches should be car-
ried into the refinement phase.

2-4.2.3 Refinement (Step Five)

The design approach must evolve into a working,
functional assemblage of detail parts and must move
from the concept to the specific as shown in Fig. 2-3.
Detail parts and areas of design should be sketched to
provide a temporary record. Size, weight, possibility of
modular construction, reliability, and maintainability
objectives should all be examined to determine whether
further investigation is warranted. A refined anaysis of
loads, pressure drops, flows, heating rates, deflections,
stresses, and fit should aso be made.

2-4.2.4 Documentation (Step Six)

The design bridges the gap between the conceptua
and the physical development of the product, i.e.,

1. It serves to define the result of the myriad anal-
yses, investigations, iterations, and refinements that
have gone before.

2. It is the vehicle of communication among the
designer and management (to whom the approach
must be sold), the draftsman (to whom it must be
clearly defined), and the many other groups (who are
responsible for quality control, prototype production,
etc.).

3. It is the working paper used to provide prelimi-
nary cost estimates for material, labor, and manufac-
turing. Sufficient information must be given to provide
an understanding of the intent.

The responsibility to make ideas clearly understood
cannot be overemphasized.

Orderliness of presentation will facilitate the syste-
matic review for producibility. Descriptive notes may
be used to explain more fully processes, materials,
functions, and alternates. The combined package must

2-8

communicate the reasoning behind this approach, the
conformance of the approach with objectives and con-

straints, and the relative cost-effectiveness of it to the -

approving agency. Layout clarity will greatly influ-
ence the acceptance of the design as it proceeds through
the remaining steps in Fig. 2-3, which are self-
explanatory.

2-4.3 PRODUCIBILITY IN THE DESIGN
PROCESS

Concern for producibility must be exercised at the
start of the conceptual phase and will influence the
entire design effort from that point on in every item of
the life cycle. Inherent producibility limitations must
be recognized and addressed at each stage of the life
cycle process. For example, broad producibility con-
siderations might include the selection of materials and
manufacturing processes (Fig. 2-4). This is a highly
iteratite process filled with decision points, each of
which permits a potential trade-off against some other
requirement. Howtever, al demands upon the system-
such as reiability, availability, maintainability, safety,
or producibility—heavily interact with each other
throughout the design process and create the need for
trade-offs. The steps in Fig. 2-4 are self-explanatory.

2-4.3.1 Producibility Engineering and Planning
(PEP) Measures

Producibility engineering and planning (PEP) mea-
sures are funded as part of the research, development,
test, and evaluation program. These measures are used
for the development of technical data packages, design-
ing, and in some cases proving, special purpose pro-
duction equipment and tooling, and computer model-
ing or simulation of production processes to better
assess producibility. This is shown graphicaly in Fig.
2-5.

2-4.3.1.1 Purpose of PEP Measures
The purpose of PEP measures is to insure that mate-

riel designs reflect good producibility prior to release
for production. PEP measures include the engineering
tasks undertaken to insure a timely and economic tran-
sition from development to production. They also
include the confirmation of producibility during the
latter stages of development. The objective of the PEP
effort includes, but is not necessarily limited [o, the
following:

1. Develop technical data packages

2. Design and prove out special purpose produc-
tion equipment and tooling

3. Computer modeling simulation

4. Engineering drawings

5. Engineering, manufacturing, and quality
port information

6. Details of unique processes

sup-
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Figure 2-4. Producibility in the Design Process
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Figure 2-5. Producibility Considerations

7. Details of performance ratings, and dimen-
siona and tolerance data

8. Manufacturing assembly sequence method
sheet schematics

9. Mechanical and electrical connections wiring
diagram

10. Material and finishing information

11. Inspection, test, and evaluation requirements

12. Calibration information

13. Quality control data.

PEP measures are mostly software oriented and in
genera include, but are not necessarily limited to, the
following:

1. Examining the total technical and procure-
ment data packages for:
a. All dimensions and associated tolerances,
parallelism, perpendicularity, etc.
b. Appropriateness and avai ability of material
selected
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c. Unique or peculiar processes and process
specifications

d. Special handling

e. Special tooling

f. Packaging and packing information

g. Quality control data and procedures

h. Adeguacy of surface and protective finishes

i. Inspection, test, and evaluation requirements

j.- Maintenance engineering/integrated logis-.
tics support

k. Requirements for in-line production test
equipment and end item test equipment

1. Manufacturing assembly sequences

m. Suitability for second source identification

n. Cost-effectiveness anaysis

0. Cdlibration equipment and information

p. Adequacy of mechanical and electrical connec-
tions.

2. Exploitation of foreign manufacturing tech-
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nologies for enhanced producibility

3. Performing risk analysis of new manufacturing
processes

4. Computer modeling or simulation of manufac-
turing processes to assess producibility

5. Planning for plant layouts

6. Applying value engineering principles and
methodology throughout development

7. Examining processes (as created by the combi-
nation of equipment and operation) to determine
hazards to man and the environment; preparing envi-
ronmental impact assessments (EIA) and environmen-
tal impact statements (EIS) as appropriate

8. Determining the need for a manufacturing
technology development (MTD) or manufacturing
methods and technology (MMT) effort

9. Numerical control part program manuscripts

10. Group technology considerations in part de-
sign and fabrication plan

11. Computer-aided manufacturing planning

12. Producibility plan supportive of initial pro-
duction facilities requirements.

Although PEP is concerned primarily with software,
it does permit fabrication of pilot lots to assure produc-
ibility of the design, materials, tools, and processes
selected. This is not to be construed as authority to use
PEP funds for the listed elements in their entirety.
There are certain limits and constraints that must be
observed.

2-4.3.1.2 PEP Limits and Constraints
Limits and constraints on PEP funding are

1. Tooling and Equipment. The only tooling and
equipment that can be built and proven by fabricating
pilot lots under a PEP measure are those that are high-
risk items and could be considered to have a detrimen-
tal effect on achieving the producibility objective.

2. Mobilization Rate Production. PEP is under-
taken by the materiel developer prior to quantity pro-
curement to insure optimum producibility and a
smooth transition from development into production.
If the normal, low-rate peacetime production process is
significantly different from the high-rate mobilization
production process, it should be anticipated by the
producibility engineer by providing adequate aterna-
tive processes and materials to assure the producibility
of the item under any reasonably expected condition.
Normally, the design should specify the materials and
processes to provide the best producibility for a high-
rate mobilization condition. Peacetime or low-rate
production would use an alternate processor material
to best optimize the producibility for that rate.

2-4.3.1.3 PEP Measures in the Acquisition Process
PEP in the acquisition process is shown in Fig. 2-6.
These efforts are funded by research, development, test,
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and evaluation (RDTE) and will take place during the
advanced development (6.3)"and engineering devel-
opment (6.4)* phases. PEP should be started as early in
the acquisition process as possible to preclude reitera-
tions of designs resulting from changes brought about
by producibility analyses. The efforts accomplished
during advanced development will primarily address
the producibility of critical components. The efforts
accomplished during engineering development will
extend sufficiently into the low-rate initial production
phase’ to insure producibility analysis of the total end
item and simultaneously assure the adequacy of the
technical data package. This includes changes result-
ing from low-rate initial production and assuring ade-
quacy of the design for full-scale production. PEP mea-
sures should be treated as a separate task in the research,
development, test, and evaluation project and should
have complete visibility and traceability during the
project. They are funded under Army Management
Structure (AMS) Code 49 in the RDTE budget. To
insure this visihbility, the subject of producibility is an
agenda item at al program reviews (PR) and produc-
tion readiness reviews (PRR).

2-4.3.1.4 Responsibility

PEP measures are the responsibility of the materiel
developer or project manager (PM). The developer is
responsible for validation of producibility when request-
ing type classification. In providing validation the
developer has numerous tools available to him; how-
ever, none are more important than a well-engineered
and well-executed producibility plan.

2-4.3.2 Producibility Program Plan

This is the program plan under which the produc-
ibility analysis will be conducted; it is not to be con-
fused with the actua producibility analysis. The pro-
gram plan details the organizational structure, author-
ity, and responsibilities of the personnel that will be
used to monitor producibility and perform the required
analyses. This plan, normally prepared by the devel-
oper for the purchaser, outlines the organizational
functions, methodology, objectives, and reporting pro-
cedures that will be used to insure producibility in the
design of an item. The importance of the program plan
as a contractual clause cannot be overemphasized. A
producibility analysis will often involve data that will
require a predetermination of rights to proprietary
data. Many manufacturers classify their manufactur-
ing process information as proprietary, and it is advis-
able to clarify this point with a contract clause on the
predetermination of rights. However, it must be recog-
nized that some processes are proprietary and will

e Funding categories for RDTE funds
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Figure 2-6. Producibilit

remain so. Frequently it will be necessary to purchase
producibility engineering as a data item under a
research and development contract for an end item, To
assist the producibility engineer in the preparation of
the data item description, the inforrnation in the para
graphs that follow maybe helpful.

2-4.3.2.1 Data Item Description Producibility
Program Plan

2-4.3.2.1.1 Description/Purpose

The producibility program plan permits the deter-
mination of the manufacturer's ability to maximize
system, subsystem, and/or component producibility
through the use of an effective organization to identify,
establish, and accomplish specific producibility tests
and responsibilities.

2-4.3.2.1.2 Application

This data item description is applied when a produc-
ibility task has been included in the contract statement
of work.

2-12

y Engineering and Planning

2-4.3 .2.1.3 References
Appropriate references are

1. DoD Directive 5000.34, Defense Production
M anagement

2. DoD Directive 5000.1, Major System Acquisi-
tions

3. DoD Instruction 5000.2, Major System Acquisi-
tion Procedures

4. MIL-STD-1528, Production Management.

2-4.3.2.1.4 Preparation Instructions
The producibility program shall be documented in

the producibility program plan, which shall contain
(but not be limited to) these items:

1. A detailed listing of tasks and procedures used
to conduct the producibility program

2. A description of each task

3. An identification of the unit or persons having
the task assignment and their responsibility and au-
thority

4. An assessment of known or potentia problem
areas and their impact on the progress of the program
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5. A milestone planning chart or other graphic
portrayal of scheduled events

6. The plan shall provide for and schedule pro-
ducibility analyses to be conducted on each design con-
cept being considered.

7. Alternate approaches will be reported. The
plan shal clearly show costs of aternate approaches
and the rationale for choosing the approach selected.
The costs associated with the selected approach shall be
identifiable and integrated into the design to cost esti-
mates. Negative approaches or considerations will also
be shown.

8. Detailed procedures and checklists for accom-
plishing the producibility analyses

9. Detailed procedures and checklists for accom-
plishing the producibility design reviews.

2-4.3.2.1.5 Producibility Objectives
Considerations should include but are not limited to
these areas:
1. To maximize
a Simplicity of design
b. Use of economica materias
c. Use of economical manufacturing technol-
ogy
d. Standardization of materials and com-
ponents
e. Confirmation of design adequacy prior to
production
f. Process repeatability
g. Product inspectability
h. Acceptable materials and processes.
2. To minimize:
Procurement lead time
. Generation of scrap, chips, or waste
. Use of critical (strategic) materials
. Energy consumption
Special production testing
Special test systems
. Use of critical processes
. Pollution
Skill levels of production personnel
Unit costs
Design changes in production
1. Use of limited availability items and pro-
Cesses
m. Use of proprietary items without release of
production rights
n. Use of single material or process without
aternative.

TS P Q0T
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2-43.2.1.6 Need for Requirement

Too often, it is assumed that designing for the use of
existing tooling is the most economical approach
without giving due consideration to new, more eco-
nomical materials and processes. Further, designers
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also tend to design around their most familiar existing
processes without due consideration to ongoing manu-
facturing technology developments. This has detri-
mental effects on current producibility, and future pur-
chases often result in excessive engineering change
orders.

2-43.2.1.7 Use of Data

The producibility plan will identify the contractor’'s
system of review of engineering design to assure that
the composite of characteristics, which, when applied
to equipment design and production planning, leads
to the most effective and economic means of pro-
duction.

2-4.3.2.2 Data Item Description Producibility
Analysis

2-4.3.2.2.1 Description/Purpose

The producibility analysis permits the evaluation of
the manufacturer's methods of conducting the analysis
to determine the most effective manufacturing methods
of the end product.

2-4.3.2.2.2 Application

This description is applied throughout the acquisi-
tion process of any program whose end result is a
production program. The purpose is to assure that the
component, subsystem, and system designs meet the
standards of producibility.

2-4.3.2.2.3 References
Appropriate references are

1. DoD Directive 5000.34, Defense Production
M anagement

2. DoD Directive 5000.1, Magjor System Acquisi-
tions

3. DoD Instruction 5000.2, Major System Acquisi-
tion Procedures

4. MIL-STD-499, Engineering Management

5. MIL-STD-1528, Production Management

6. MIL-STD-881, Work Breakdown Structures for
Defense Materiel Items.

2-4.3.2.2.4 Preparation Instructions
1. Producibility Analysis. The manufacturer shall

analyze al engineering drawings, technical data, and
the program as a whole for producibility considera-
tions throughout the acquisition process. The manu-
facturer shall insure that the design will have, consis-
tent with quality and design requirements, the specific
characteristics of producibility such as:

a. Liberal tolerances (dimensions, mechanical,
electrical)

b. Use of materials that provide optimum machin-
ability, formability, and weldability
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c. Shapes and forms designed for castings, spin-
nings, stampings, extrusions, etc., that provide maxi-
mum economy

d. Inspection requirements that are the min-
imum needed to assure desired quality and maximum
usage of available and standard inspection equipment

e. Assembly by efficient, economical methods
and procedures

f. Minimized requirements for complex or ex-
pensive manufacturing tooling or special skills.

2. Recommendations. The manufacturer shall sub-
mit to the program manager recommendations or
changes required to provide the design characteristics
specified in the Producibility Analysis paragraph. All
recommendations shall include positive and negative
alternatives that were considered prior to making the
final selection. These shall be supported by appro-
priate time and cost analyses.

3. Cost Data. The manufacturer shall submit “be-
fore” and “after” cost data with each recommendation.
The cost data shall include all applicable costs of mate-
rials, fabrications, assembly, inspection, test, and tools.

4. Producibility Analysis Checklists. The manu-
facturer shall develop and use checklists in performing
the producibility analysis. The contractor may use the
following producibility checklists for information and
guidance only:

a. Genera! Aspects of Design:

(1) Have alternative design concepts been
considered and the simplest and most producible one
selected?

(2) Does the design exceed the manufacturing
state of the art?

(3) Is the design conducive to the application
of economic processing?

(4) Does a design already exist for the item?

(5) Does the design specify the use of proprie-
tary items or processes?

(6) Is the item overdesigned or under-
designed?

(7) Can redesign eliminate anything?

(8) Is motion or power wasted?

(9) Can the design be simplified?

(10) Can a simpler manufacturing process be
used?

(11) Can parts with dlight differences be made
identical ?

(12) Can compromises and trade-offs be used
to a greater degree?

(13) Is there a less costly part that will per-
form the same function?

(14) Can a part designed for other equipment
be used?

(15) Can weight be reduced?

(16) Is there something similar to this design
that costs less?
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(17) Can the design be made to secure addi-
tional functions?

(18) Are quality assurance provisions too rigo- -
rous for design or functions?

(19) Can multiple parts be combined into a
single net shape?

b. Specifications and Standards:

(1) Can the design be standardized to a greater
degree?

(2) Can the design use standard cutting tools
to a greater degree?

(3) Is there a standard part that can replace a
manufactured item?

(4) Can any specifications be relaxed or elimi-
nated?

(5) Can standard hardware be used to a greater
degree?

(6) Can standard gages be used to a greater
degree?

(7) Are nonstandard threads used?

(8) Can stock items be used to a greater
degree?

(9) Should packaging specifications be re-
laxed?

( 10) Are specifications and standards consis-
tent with the planned product environment?

c. Drawings:

(1) Are drawings properly and completely
dimensioned?

(2) Are tolerances realistic, producible, and
not tighter than the function requires?

(3) Are tolerances consistent with multiple
manufacturing process capabilities?

(4) Is required surface roughness realistic,
producible, and not better than function requires?

(5) Are forming, bending, fillet and edge
radii, fits, hole sizes, reliefs, counterbores, counter-
sinks, O-ring grooves, and cutter radii standard and
consistent?

(6) Are al nuts, bolts, screws, threads, rivets,
torque requirements, etc., appropriate and proper?

(7) Have requirements for wiring clearance,
tool clearance, component space, and clearance for
joining connectors been met?

(8) Have al required specifications been prop-
erly invoked?

(9) Are adhesives, sealants, encapsulant, com-
pounds, primers, composites, resins, coatings, plastics,
rubber, moldings, and tubing adequate and accept-
able?

(10) Has galvanic corrosion and corrosive
fluid entrapment been prevented?

(11 ) Are welds minimal and accessible, and
are the symbols correct?

( 12) Have design aspects that could contrib-
ute to hydrogen embrittlement, stress corrosion, or sim-
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ilar conditions been avoided?

(13) Are lubricants/fluids proper?

(14) Are contamination controls of func-
tional systems proper?

(15) Have limited life materials been identi-
fied, and can they be replaced without difficulty?

(16) Have radio frequency interference (RFI)
shielding, electrical, and static bond paths been pro-
vided?

(17) Have spare connector contacts been pro-
vided?

(18) Are identification and marking schemes
for maximum loads, pressure, thermal, nonflight
items, color codes, power, and hazards on the drawings
properly?

(19) Do drawings contain catchall specifica-
tions that manufacturing personnel would find diffi-
cult to interpret?

(20) Have all possible aternatives of design
configuration been shown?

d. Materials:

(1) Have materials been selected that exceed
requirements?

(2) Will all materials be available to meet the
required need dates?

(3) Have specia material sizes and alternate
materials been identified, sources verified, and coordi-
nation effected with necessary organizations?

(4) Do design specifications unduly restrict or
prohibit use of new or aternate materials?

(5) Does the design specify peculiar shapes
requiring extensive machining or special production
techniques?

(6) Are specified materias difficult or impos-
sible to fabricate economically?

(7) Are specified materials available in the
necessary quantities?

(8) Is the design flexible enough so that many
processes and materials may be used without function-
ally degrading the end item?

(9) Can a less expensive materia be used?

(10) Can the number of different materials be
reduced?

(11 ) Can a lighter gage material be used?

(12) Can another material be used that would
be easier to machine?

(13) Can use of critical materials be avoided?

(14) Are aternate materials specified where
possible?

( 15) Are materials and alternates consistent
with all planned manufacturing processes?

e. Fabrication Processes:

(1) Does the design involve unnecessary machin-
ing requirements?

(2) Have proper design specifications been
used with regard to metal stressing, flatness, corner
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radii, types of casting, flanges, and other proper design
standards?

(3) Does the design present unnecessary diffi-
culties in forging, casting, machining, and other fabri-
cation processes?

(4) Do the design specifications unduly re-
strict production personnel to one manufacturing
process?

(5) Can parts be economically subassembled?

(6) Has provision been made for holding or
gripping parts during fabrication?

(7) Are expensive specia tooling and equip-
ment required for production?

(8) Have the most economical production
processes been specified?

(9) Have specid handling devices or proce-
dures been initiated to protect critical or sensitive items
during fabrication and handling?

(10) Have specia skills, facilities, and equip-
ment been identified and coordinated with all affected
organizations?

(11 ) Can parts be removed or disassembled
and reinstalled or reassembled easily and without spe-
cia equipment or tools?

(12) Is the design consistent with normal
shop flow?

(13) Has consideration been given to mea-
surement difficulties in the production process?

(14) Is the equipment and tooling list com-
plete?

(15) Are specia facilities complete?

(16) Can a simpler manufacturing process be
used?

(17) Have odd size holes and radii been used?

(18) In the case of net shape processes, have
alternate processes been specified?

(19) Can a fastener be used to eliminate
tapping?

(20) Can weld nuts be used instead of a tapped

hole?

(21 ) Can any machined surfaces be elimi-
nated?

(22) Can roll pins be used to eliminate ream-
ing?

(23) Do finish requirements prohibit use of
economical speeds and feeds?

(24) Are processes consistent with production
guantity requirements?

(25) Are alternate processes possible within
design constraint?

f. Joining Methods:

(1) Are al parts easily accessible during join-
ing processes?

(2) Are assembly and other joining functions
difficult or impossible due to lack of space or other
reasons?
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(3) Can two or more parts be combined into
one?

(4) Is there a newly developed or different fas-
tener to speed assembly?

(5) Can the number of assembly hardware
sizes be minimized?

(6) Can the design be changed to improve the
assembly or disassembly of parts?

(7) Can the design be improved to minimize
installation or maintenance problems?

(8) Have considerations for heat-affected
zones been considered when specifying a thermal join-
ing process?

g, Coating Materials and Methods:

(1) Are protective finishes properly specified?

(2) Has corrosion protection been adequately
considered from the standpoint of materials, protective
measures, and fabrication and assembly methods?

(3) Have special protective finish require-
ments been identified and solutions defined?

(4) Can any special coating or treating be
eliminated?

(5) Can precoated materials be used?

h. Heat Treating and Cleaning Processes:

(1) Is the specified material readily machined?

(2) Are machining operations specified after
heat treatment?

(3) Have al aspects of production involving
heat treating and cleaning processes and their interac-
tion with other production areas been reviewed?

(4) Are heat treatments properly specified?

(5) Are process routings consistent with manu-
facturing requirements (straightness, flatness, etc.)?

i. Safety:

(1) Have static ground requirements been
implemented in the design?

(2) Have necessary safety precautions been ini-
tiated for pyrotechnic items?

(3) Have RFI requirements been imple-
mented in the design?

(4) Have necessary safety requirements for
processing materials, such as magnesium and beryl-
lium copper, been considered?

j. Environmental Requirements:

(1) Have adequate provisions been included
to meet the thermal, humidity, or other specia envi-
ronmental requirements?

(2) Has adequate heating and/or cooling
been identified and implemented?

k. Inspection and Test:

(1) Are inspection and test requirements exces-
sive?

(2) Is specia inspection equipment specified
in excess of actual requirements?

(3) Is the item inspectable by the most practi-
ca method possible?
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(4) Have conditions or aspects anticipated to
contribute to high rejection rates been identified and
remedial action initiated?

(5) Have required mock-ups and models been
provided?

(6) Are special and standard test and inspec-
tion equipment on hand, calibrated, proofed, and
compatible with drawing requirements?

(7) Are master and special gages complete?

(8) Have nondestructive testing techniques
been implemented?

(9) Have adequate provisions been made for
the checkout, inspection, testing, or proofing of func-
tional items per operational procedures?

(10) Is nonstandard test equipment neces-
sary?

2-5 PRODUCIBILITY ENGINEERING
DURING ACQUISITION

Producibility engineering must be included through-
out the acquisition process. However, its magjor thrust
varies with each phase. The producibility engineering
activities that occur during each of these phases and
how these activities evolve into a producibility plan are
described in the paragraphs that follow.

2-5.1 CONCEPTUAL PHASE

During the conceptual phase the system is evolving
and is in general poorly defined. Producibility consid-
eration should be introduced in considered, advanced
technologies. In assessing advanced technologies and
the coordinated design of components and manufac-
turing processes, simplicity and standardization are
two reguirements that must be established early and
considered throughout the program. However, all
requirements of the system, such as performance, reli-
ability, maintainability, safety, and producibility, etc.,
heavily interact with each other as shown in Fig. 2-7,
which creates the need for trade-offs. These can only be
considered in light of all their possible ramifications
and with recognition that the means to achieve produc-
ibility must not result in performance that is less than
the minimum level required. Therefore, it is impera
tive that, as a separate task in the conceptual phase, the
manufacturer be required to develop, for submission
with his validation phase proposal, a producibility
plan of the type described in par. 2-4.3,2. This plan
formulates the baseline from which the program office
conducts incremental producibility or production readi-
ness reviews during the validation phase. This consti-
tutes the initiation of efforts toward achieving a state of
production readiness, which must be achieved by the
end of the full-scale development (FSD) phase.
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Figure 2-7. System Requirements Interaction

2-5.1.1 Producibility Considerations
An initial producibility estimate is prepared using

data from contract studies, advanced technology pro-
grams, and previous production experience. This ini-
tial producibility estimate is essentially an assessment
of current and projected production capacity and capa
bility. This is essential to system trade-offs so that the
need for new development can be separated from the
existing state of the art technology. Producibility con-
siderations in system feasibility studies require that
design/support/production trade-offs be performed.
These trade-offs should consider:

1. Alternative fabrication and assembly methods
and capabilities/capacities

2. Alternative machine capabilities

3. Available versus required techniques and con-
trols for installation, inspection, test, quality, and cost
and schedule balance

4. Critical material status and forecast

5. Avallable versus required expertise to resolve
risk areas

6. Preliminary manufacturing cost estimates

7. Available versus new real property, production
equipment, tools, and test equipment

8. Risks associated with production planning
based on proposed and projected capabilities, espe-
cidly when state of the art advances are required.

2-5.1.2 Implementation
Successful implementation of producibility during
this phase is dependent upon the availability and use of
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knowledgeable personnel in the areas of design and
methods. This includes present and planned develop-
ment programs. These experts must represent design
engineering, materials engineering, manufacturing
engineering, quality assurance, and logistics. During
this phase manufacturing personnel will identify cur-
rent and required industry capabilities and capacities
and assure that planning for follow-on phases includes
sufficient time for scheduling required developments
and manufacturing activities within schedule constraints.

2-5.1.3 Technical Reviews

One means of achieving the desired engineering and
manufacturing interface during this phase is through
manufacturing participation in system, subsystem,
and component technical reviews. One such review, the
system requirements review (SRR), may be levied by
the program manager in accordance with MIL-STD-
1521. The SRR is a formal program review conducted
either during the conceptual phase or early in the vali-
dation phase. This review is to determine the appropri-
ateness of the initial direction and progress of the con-
tractor's engineering management effort and his con-
vergence upon an optimum configuration. The total
engineering management activity and its output are
reviewed for responsiveness to the statement of work
and system requirements. Areas relevant to producibil-
ity efforts include:

System/cost-effectiveness analysis
Trade-off studies
Program risk analysis
Producibility analyses performed and planned
Engineering integration
Life cycle cost analysis.
During the SRR the contractor describes his progress
and problems in:

1. Risk identification and risk ranking

2. Risk avoidance or reduction and control

3. Significant trade-offs among stated system specifi-
cation requirements and constraints, resulting engi-
neering design requirements and constraints, logistic
cost of ownership requirements and constraints, and
unit production cost and design-to-cost objectives.

4. Significant producibility factors that are visible
this early in the program, eg., critical materias, tool-
ing, manufacturing methods and processes, and facili-
ties.

SUAWONRE

2-5.2 VALIDATION PHASE

Early producibility analysis will provide a valuable
source of information required to meet the objectives of
the decision coordinating paper (DCP). The DCP is
prepared at the end of the conceptual phase to get the
program into the validation phase. The DCP is up-
dated as needed as the system develops. Early produci-
bility analysis will assist in the identification of risks,
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preliminary cost and schedule estimates, and issues
that must be resolved during the validation phase lead-
ing to the ASARC Il program justification. The objec-
tive of the validation phase is to prove the design con-
cept, and this includes validation of performance, cost,
and schedule. The results of this phase will be the basis
for reaching a decision on whether or not to proceed
into full-scale development. The validation phase
affords engineering and manufacturing personnel the
opportunity to conduct trade-off studies, refine devel-
opment, and conduct tests. Producibility considera-
tions are more specific and in greater quantity at this
time than during the conceptual phase. These consid-
erations create opportunities at this stage of develop-
ment, when the design is still somewhat fluid, to
achieve significant benefit as the design evolves.

2-5.2.1 Producibility Considerations
The producibility considerations during the valida-
tion phase enlarge on the detailed producibility objec-
tives and further refine the risks identified during the
earlier phase since producibility must be thoroughly’
examined prim- to the ASARC Il decision. Considera-
tion should include, but not be limited to, the follow-
ing items:
1. Materials:
a. Are materials, including alternatives, off-the-
shelf put-chases? Are they available where needed?
b. Have materials been standardized to the max-
imum extent possible?
c. Have estimated lead times for the delivery of
materials been established?
2. Manufacturing  Processes:
a. Will planned manufacturing technology
developments be available?
b. Have al production feasibility}’ risk analyses
been completed?
c. Are plans for proof testing critical processes
adequate?
d. Are plans for proof testing tooling adequate?
e. Are plans for proof testing test equiptment
adequate?
f. Do planned processes have necessary toler-
ance capabilities?
3. Design Process:
a. Have component and material standardiza-
tion been maximized?
b. Have the effects of trade-off studies for pro-
ducibility been reflected in the design?
c. Have critica materials (types and quantities)
been minimized?
d. Have constraints on fabrication and assem-
bly been minimized?
e. Has the use of existing or new industrial
resources been proven?
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f. Have adequate management initiatives and
organization been established?

2-5.2.2 Implementation

Verification of a contractor’'s producibility effort,
effectiveness, and adequacy will require support from
knowledgeable engineering and manufacturing per-
sonnel. Program reviews will determine the status of
state of the art developments previously undertaken
and will identify any new risks and further develop-
ment requirements resulting from prototype tests and
demonstrations.

2-5.2.3 Technical Reviews

Continuing the engineering manufacturing inter-
face established previoudy, the system design review
(SDR) is the final review conducted prior to the sub-
mission of the validation phase products. In terms of
producibility the purposes of the SDR are to insure
that:

1. The updated system specification is adequate
and cost-effective.

2. Allocation of required resources is optimally
compatible with the requirements of the system.

3. The technical program risks are identified,
ranked, negated, and or reduced through adequate
trade-offs, hardware proofing, test programs. and com-
prehensive integration of engineering and manufac-
turing disciplines.

4. Design decisions resulting from prodiucibility
analyses have been reflected in the design and do not
adversely impact required operational capability.

2-5.3 FULL-SCALE DEVELOPMENT PHASE
The intended output of the full-scale development
(FSD) phase is a preproduction system that closely
approximates the final product, written documenta-
tion, and actua practices neccssary to entcr the produc-
tion phase, together with test results that meet require-
ments. Although manufacturing and engineering prob-
lems were addressed during the conceptual and valida
tion phases, additional problems will need resolution
as the design evolves from a prototype to a production
configuration. During the FSD phase all production
and support equipment must be designed and proven
capable and within an acceptable cost. on major pro-
grams production readiness reviews (PRR) may be
conducted in accordance with MIL-STD-1528. These
reviews assess the manufacturer’s progress toward
establishing that engineering and operational systems
development and testing hate been substantially com-
pleted, that all major development problems have been
resolved, and that the weapon system is ready for transi-
tion to production. The culmination of producibility
efforts to achieve an optimized production schedule
and cost should strongly support the program manag-
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er's presentation on production readiness at ASARC
[l.

2-5.3.1 Producibility Considerations
During design and manufacture of FSD units, eval-
uations of materials, lead times, fabrication tech-
niques, and assembly methods must be accomplished
to assure achievement of producibility objectives. The
producibility plan will be maintained, implemented,
and updated on a continuing basis until a production
readiness posture is achieved. The producibility check-
list for this phase includes, but is not necessarily
limited to, the items that follow.
1. Materials:

a. Do material properties exceed the require-
ments?

b. Are material lead times satisfactory?

c. Have al specia materia needs been identi-
fied?

d. Does the design permit aternate materials?

e. Can a lighter gage material be used?

f. Can a lower cost material be used?

0. Are materials and alternatives consistent with
the most efficient manufacturing process?

h. Have material producibility trade-offs
caused deterioration of the minimum design require-
ment?

i. Have the proper design specifications been
used to specify material properties after the manufac-
turing processing?

2. Manufacturing Processes:

a, Does the design create unnecessary difficul-
ties in forging, casting, machining, and other pro-
cesses?

b. Are materials and quantities consistent with
the planned processes?

c. Are there satisfactory aternative processes?

d. Are production processes and production
personnel available?

e. Has necessary tooling (jigs and fixtures) been
adequately considered?

f. Is any specia tooling or equipment critical?

g. Have the most economical processes been
specified?

h. Have production requirements been coordi-
nated?

i. Are tolerances and sizes consistent with the
manufacturing process?

j- Has consideration been given to assembly and
disassembly?

k. Has consideration been given to test and
evaluation?

1. Are facilities for test and evaluation available?
Location? Quantity?

m. Have long lead time facility needs been
identified?
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3. Design Process:

a. Can the design be replaced by a commercially
available item? By an existing design?

b. Can the design be simplified, i.e., fewer
parts?

c. Can similar parts be made identical?

d. Are test, inspection, or evaluation criteria too
stringent?

e. Can proprietary items or processes be elimi-
nated?

f. Are contours and configurations consistent
with the most efficient manufacturing method?

0. Are tolerances overly restrictive?

h. Has maximum standardization been em-
ployed?

i. Are specifications consistent with require-
ments?

j- Are there any nonstandard or specia design
requirements?

k. Are the drawings totally adequate and descrip-
tive?

I. Have al possible alternatives been shown?

m. Are any catchall specifications improperly
applied?

n. Can replacement parts be disassembled and
reassembled without special tools or equipment?

0. Are protective finishes necessary and prop-
erly specified?

p. Are process routings consistent with product
requirements?

In this phase of the process, producibility efforts are
directed toward:

a. Facilitating the readiness of the system to
enter the product ion process

b. Assuring that the system can be acquired on
schedule a minimum cost

c. Assuring that manufacturing cost estimates
are redlistic.

The program situation may require additional deci-
sions, such as release of funds for long lead time mate-
rial or effort and additional hardware for test evalua-
tion. Producibility efforts will help to minimize long
lead time requirements, and the producibility reviews
conducted during this phase can be either independent
or integrated with other reviews. For a maor program
producibility reviews will be an integral part of the
required incremental and final production readiness
reviews, Each review subteam that deals with areas
related to producibility should have at least one mem-
ber identified as the producibility focal point. Thus
considerable man-hours will be saved both in planning
for and conducting these reviews. Since producibility
reviews consider some of the same information, there
will be less data duplication. For programs not reguir-
ing formal reviews, independent producibility reviews
should be conducted incrementally throughout FSD.
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2-5.3.2 Implementation

FSD requires continuing support from engineering
and manufacturing with emphasis on the verification
that the final design evolves with maximum produc-
ibility. Manufacturing engineering skills are now a
predominant factor in achieving a smooth transition
from development to production. Producibility efforts
must consider such activities as production planning
and scheduling, manufacturing flow, plant layout,
material handling, manufacturing methods and pro-
cesses, tooling, and inspection and test equipment. Use
of outside technical consultants may be required.

2-5.3.3 Technical Reviews
In addition to the SRR and the PRR, there are about
five other formal system reviews or audits conducted
during FSD that have a varying effect on producibility.
These include preliminary design reviews (PDR), criti-
cal design reviews (CDR), functional configuration
audits (FCA), physical configuration audits (PCA),
and formal qualification reviews (FQR). The PDR is
conducted on each configuration item (Cl) to evaluate
the progress, consistency, and technical adequacy of a
selected design and test approach and to establish com-
patibility with program requirements. A successful
PDR is required for each Cl before detail design is
begun. The contractor presents his approach to design-
ing each equipment Cl and related support equipment.
The following review items are of direct producibility
concern during the PDR:
1. Equipment ClI:

a Results of trade-off and design studies

b. Equipment layout drawings and prelimi-
nary drawings

c. Preliminary mechanical and packaging de-
sign

d. Preliminary lists of materials, parts, and
processes

e. Mock-ups, models, breadboards or prototypes,
and preproduction hardware where appropriate

f. Value engineering consideration

g. Standardization considerations

h. Description and characteristics of off-the-
shelf equipment

i. Existing documentation for off-the-shelf equip-
ment and copies of contractor specifications used to
procure equipment

j. Life cycle cost analysis

2. Support Equipment:

a Verify optima trade-off of built-in test equip-
ment versus separate test eguipment

b. Verify that the existing Government support
equipment is planned to be used to the maximum
extent practicable

c. Review progress of identifying long lead time
support equipment items.
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The other technical reviews previously identified
involve basically the same producibility concerns.
However, as the design is firmed up, the producibility
opportunities become progressively more restricted.

2-54 PRODUCTION AND DEPLOYMENT PHASE

The initiation of this phase does not mark the end of
the producibility efforts. Often design and production
are concurrent efforts, especialy with long lead time
items, such as tooling, materials, and purchased parts.
Emphasis on cost reduction is a must during produc-
tion. Although the impact of producibility will be less
dramatic than during the previous phases, producibil-
ity can achieve significant cost reductions by striving
for use of emerging manufacturing technology and by
insuring that design changes are producible. Potential
producibility design or process changes, especialy late
in this phase, should be analyzed for the cost of imple-
menting the change then a trade-off decision should be
made against the benefits to accrue both to the present
program and to follow-on procurements. Since there is
considerable overlap between production and deploy-
ment, the producibility studies conducted during devel-
opment and production can be viewed for their impact
on the operational activities, such as reliability and
maintainability.

2-5.4.1 Producibility Considerations in Initial
Production

The producibility plan developed during the con-
ceptual phase and implemented and updated through-
out the validation and FSD phases furnishes program
management a continuous thread of documentation to
evaluate and verify the achievement of producibility
during the fabrication, assembly, installation, accep-
tance tests, and final checkout of the equipment of the
first operating units. The experience and related infor-
mation documented in the development phases would
be useful in achieving more efficient use of manufac-
turing resources in the production phase. The specific
producibility activities include, but are not limited to,
the following checklist items:

1. Process and methods analysis to minimize the
manufacturing costs and lead times and to maximize
quality

2. Application of alternative materials

3. Investigate manufacturing design changes for
cost reduction

4. Evauation of engineering change proposas to
insure producibility

5. Application of new manufacturing technology.
As experience in production is gained, process and
methods refinements may be required. The user may
identify deficiencies in the operational units that
require product redesign, hence, further producibility
analyses. The results of these analyses may not only
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lead to manufacturing cost reductions, but also may
help to develop the initial producibility estimate por-
tion of future requirements.

2-5.4.2 Implementation

During the production phase engineering and manu-
facturing will again be required to support producibil-
ity activities. Maor effort will be exerted by engineer-
ing and manufacturing staffs during evaluation of
change proposals. The manufacturing department is
responsible for resolving production problems in the
most efficient and effective manner to assure continued
producibility.

2-55 PROGRAM PHASE SUMMARY

The intensity of the producibility effort will be
dependent on the forcefulness of the program manager
and will vary for each supporting resource during the
various program phases. Producibility programs will
be most active during validation and FSD when the vast
majority of system design takes place. However, if pro-
ducibility is to achieve significant benefits for a pro-
gram, it must be addressed continuously from the
initial production feasibility estimate during the con-
ceptual phase through production and deployment.

2-6 USEFUL TECHNIQUES FOR
PRODUCIBILITY ENGINEERS

Numerous methods exist for analysis and quantita-
tive decision making by the producibility engineer.
Brief descriptions of several of these methodologies are
provided, and knowledge of these methodologies by the
producibility engineer will permit an analysis of his
own producibility problems. They also may be used as
a tool for verifying a contractor’'s analysis. The tech-
niques discussed in subsequent subparagraphs are cost
estimating, network techniques, simulation, break-
even analysis, sensitivity analysis, value engineering,
relevance trees, and tolerance analysis.

2-6.1 COST ESTIMATING

Product costs include the costs of material, labor, and
equipment. There can be trade-offs between the various
costs. For example, a more expensive material may
reduce the machining costs. In order to develop the
least costly product design, the designer must have a
way of estimating those costs. For more information on
cost estimating than is presented in this handbook, see
Ref. 4.

Estimating material costs is reasonably straightfor-
ward. It is necessary to consider the cost of the raw
material minus the value of the scrap, and volume may
influence the cost per piece.

Estimating labor requirements is less straightfor-
ward. Given the operations that must be performed,
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one must estimate the time required to perform those
operations and the skill level required.

There is a variety of methods for estimating time
requirements in advance of production. The methods
to be used will be different during different stages of the
design processes. Coarser estimates are adequate dur-
ing the earlier stages while more precise estimates are
needed at the later stages. Four basic methods are de-
scribed: technical estimates, historical data, predeter-
mined time standards, and elemental standard data.

2-6.1.1 The Technical Estimate

As the title implies, this is an estimate provided by a
person technically qualified to recognize the various
phases of the work to be accomplished. The job is
broken down into phases, and time is estimated for
each phase. For more detail see Ref. 4.

2-6.1.2 Historical Data

These data rely on a statistical standard and have
been developed to a high degree in the Federal Govern-
ment. This standard establishes a statistical relation-
ship between gross work units, such as tons handled
and man-hours expended. This requires data on the
past performance of individua jobs producing similar
products. The data are expressed in man-hours ex-
pended and units produced. For more detail see Ref. 4.

2-6.1.3 Predetermined Time Standards

These standards, often called microdata, are derived
from tables of time values for fundamental types of
motions. The method for performing the job must first
be described in terms of elements. Then the elements
are broken down into basic motions pertinent to the
particular predetermined time systems. Widely used
systems include methods-time-measurement (MTM),
work factor, and basic motion/time study. The result
provided by these synthetic standards is an estimate of
normal time for the task.

With MTM for each type of motion element, the
standard time is dependent on certain physical vari-
ables, such as distance, and on classifications of the
sensory control required. For example, for the element
“reach” the major variable is distance, but there are five
classifications of “reach” that specify the conditions of
the object to which one is reaching, such as an object in
a fixed location or an object jumbled with others in a
group.

In developing the r-notion analysis for a task, the
appropriate reaches, grasps, and moves are matched to
fit the general situation of required sensory control. For
example, to obtain a part from a supply bin and place it
in a fixture, one would first reach to an object jumbled
with others in the bin. For grasping the object the
tables indicate that the grasp time will depend on the
part size classification. Moving the part to the fixture
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requires close control because the fixture is placed in an
exact location. The time required to position the part
in the fixture depends on the closeness of the fit be-
tween the part and fixture, the symmetry (how much
orientation is required to align the mating parts), and
the ease of handling (characteristics of the materia, its
size and flexibility). Once positioned in the fixture, the
part must be released. For more information see Ref. 4.

2-6.1.4 Elemental Standard Data

These data (often called macrodata) give normal
time values for major elements of jobs. Also time values
for machine setup and for different manual elements
are given, so a norma time for an entirely new job can
be constructed by an analysis of blueprints to see what
materials are specified, what cuts must be made, how
the workpiece can be held in the machine, etc.

Macrostandard data are in common use, especialy in
machine shops where distinct job families have a long-
standing tradition. However, the occurrence of this
kind of standard data is by no means limited to
machine shops. It is likely to exist wherever job fami-
lies exist or when parts or products occur in many sizes
and types. For more information see Ref. 4.

The number of units to be produced should be consid-
ered in estimating labor requirements because the
learning curve comes into play. The learning curve
assumes that practice leads to improvement; therefore,
as learning tekes place, workers need fewer hours for
producing given quantity of work. Learning, with its
reduced man-hour input implications, is always at
work in manufacturing. Experience at making any-
thing can almost always lead to more economical
methods.

Airplane and electronics manufacturers have found
that the learning curve operates when they make prod-
ucts in large numbers. Knowing about the curve and
expected rates of improvement alows the managers to
project the need for fewer man-hours per unit of prod-
uct as well as lower costs per unit. All airplane and
electronics manufacturers, therefore, use the learning
curve to estimate the cost of direct labor and in schedul-
ing, planning, budgeting, purchasing, and pricing.
The Government requires industry, on al Government
contracts, to anticipate lower unit costs as quantities
increase.

Usualy these companies use an 80% learning curve
or something very close to it. An 80'% curve means that
every time the production quantity doubles, the aver-
age amount of direct labor for all units produced up to
that point goes down to 80% of its former level. This is
an average for all units and not just the direct labor
hours put into the last unit. Thus if the first 10 units
require an average of 100 direct labor hours per prod-
uct, the first 20 units (including the first 10) will aver-
age 80 direct labor hours per unit of product. Airplane
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companies plot their figures on double logarithmic
graph paper, so that the curve depicting the relation-
ship appears as a straight line.

The equation for the line is

logY=—Slog X +log C (2-1)
where

S = dope

X = number of units of product

C = direct labor hours required by the first unit
of product

Y = average number of direct labor hours per
unit of product.

The equation for the slope of the line is

s= logL (2-2)
log 2
where
L = learning rate.

For an 80% curve the equation becomes

log 0.8
log 2

s = —0.09691
0.30103

S= -—0.322.

Since L will always be less than one, the logarithm of
L will be negative; therefore, the slope will be negative.
A negative slope is expected since costs go down as
quantity goes up. To get the slope of a value other than
80%, the procedure is the same. An example of an 82%
curve is shown in Fig. 2-8.

There are instances in which the curve should be
expected to differ from 80%. If the product that will be
produced is very similar to ones that have previously
been produced in large quantities, costs should not be
expected to go down as rapidly as they would on an 80'%
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curve. On the other hand, on crash programs without
enough time for adequate planning before manufac-
turing begins, it can be expected that costs will decrease
more rapidly than predicted by an 80% curve.

A limitation of this procedure is that the curves are
concerned only with manual work. Where machines
are involved, an 80% curve calls for more improvement
than can be realized because the learning curve may not
apply to machine time.

Still another problem is that curves exaggerate the
savings somewhat, To achieve reductions in direct la-
bor costs, it is necessary to put industrial engineers, tool
engineers, supervisors, and others to work trying to
make improvements. But these are indirect labor, and
their costs are not shown as offsets against the gains in
direct labor costs. For more information on learning
curves see Ref. 4.

2-6.2 NETWORK TECHNIQUES

Periodically throughout the design process, the de-
signer should consider the sequence of operations
(including inspection) that will be required to manufac-
ture the product. If there is a frequent review of the
production sequence, illogical or undesirable sequences
may be avoided. For example, the designer should avoid
designs that require the insertion of a fragile component
prior to press fit operation or a heat sensitive compo-
nent prior to welding. A designer should try to design a
product so that there can be operational testing of the
product prior to permanent joining, i.e., adhesives or
welds. There should bean attempt to design the product
so that major disassembly is not required for units that
fail the operational tests. For example, if a design had an
engine mount as part of the cabinet assembly, it may not
be possible to test the engine until after the cabinet has
been assembled. However, with a design change it may
be possible to test the engine prior to installation in the
cabinet.

The design analysis defines which sequences are
feasible and which are infeasible. Therefore, the de-
signer should be constantly considering the sequence
he is building into the design. There are severa tools
the designer can use to illustrate and evaluate the
sequences.

In all stages of the design it is necessary to consider
the precedence relationships between operations. In
fact, in the early stages that maybe the only considera-
tion. Precedence relationships can be illustrated with
arrow diagrams. There are two major types of arrow
diagrams: program evaluation review technique
(PERT) diagrams and critical path method (CPM) dia
grams. For more information on PERT and CPM than
is presented in this handbook see Ref. 5.

To develop an arrow diagram, the user lists the oper-
ations or activities to be performed and then asks these
three questions:
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1. Which activities must be completed before each
given activity can be started?

2. Which activities can be carried out in parallel?

3. Which activities immediately succeed other
given activities?
The common practice is simply to work backward
through the activity list and generate the immediate
predecessors for each activity listed as shown in Table
2-1. The arrow diagram may then be constructed to
represent the logical precedence requirements shown
in Table 2-1.

TABLE 2-1. PRECEDENCE CHART SEQUENCE
OF OPERATIONS

Operation Immediate Predecessors

A

B A
C A
D A
E B
F E
G F
H D
I C
J I
K J
L H, K
M G
N M
(0] N
P L
Q P
R 0,Q
S R

2-6.2.1 Program Evaluation Review Technique
(PERT)

In a PERT diagram the arrows represent the opera-
tions coded by letters as shown in Fig. 2-9. The length
of the arrows has no significance. The numbered circles
define the beginning and ending points of operations
or activities and are called events or nodes. The direc-
tion of the arrows indicates flow in the sense that node 2
marks the end of operation A and the beginning of
operations B, C, and D. The network then also repre-
sents the required precedence relationships of activi-
ties. For example, operations B, C, and D cannot start
until operation A has been completed, but operations
B, C, and D can al proceed simultaneoudly.

Care must be taken to represent correctly the actua
precedence requirements in the arrow diagram. For
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Figure 2-9. PERT Network

example, there could be a requirement that operation
H must precede operation M with the immediate pred-
ecessors as shown in Table 2-2.

TABLE 2-2. REVISED PRECEDENCE CHART

Operation Immediate
Predecessors
G
H
K
L H,K
M G.H

One could not draw the PERT diagram as shown in
Fig. 2-10 because that would also say that operation M
cannot begin until operation K is complete and that
operation L cannot begin until operation G is com-
plete. Neither of those requirements is necessary. To
represent the situation correctly, dummy operations
are used as shown in Fig. 2-11.

2-6.2.2 Critical Path Method (CPM)

The CPM diagram differs from a PERT diagram. A
CPM diagram represents operations as occurring at the
nodes with the arrows showing the sequences. The

Figure 2-10. Incorrect PERT Diagram
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Figure 2-11. PERT Diagram With Dummy Oper-
ations

CPM results in a dlightly simpler diagram because it is
not necessary to invoke the use of dummy operations to
represent the proper sequencing. A comparison of the
two methods is shown in Fig. 2-12. Both diagrams
illustrate the same precedence relationships.

Fig. 2-13 gives the CPM diagram for the operations
described in Table 2-1, which can be compared to Fig.
2-9.

2-6.2.3 Arrow Diagrams

The choice of the diagramming procedure is left to
the user. Regardless of the procedure used, the designer
can use the diagram as an aid to evaluating the design
in terms of producibility. For example, if operation H
is a finishing operation and operation P is a clamping

oS
/ %, H
X >
O— O—— O

PERT Diagrom CPM Diagrom

Figure 2-12. Comparison of PERT and CPM

Diagrams
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operation that could damage the finished surface, the
designer may want to redesign the part so that opera-
tion P is not necessary or so that operation H can be
done after operation P.

The diagram can be used to identify possible sub-
assemblies. For example, operations B, E, F, G, M, N,
and O may constitute the operations for a subassembly,
but a redesign or design modification maybe required
if the subassembly is to have integrity. A subassembly
has integrity if it can be moved, stored, and inserted or
assembled into the final product without need or
danger of disassembly.

The arrow diagram (either PERT or CPM) should be
used by the designer frequently regardiess of the prod-
uct being designed. There are other network tech-
niques that can be used profitably, but their selection is
somewhat dependent upon the type of product and the
projected demand for the product.

2-6.2.4 Bar Charts

If a single unit is to be produced or if the units are to
be produced one at a time, a bar chart may be useful. To
use such a chart, the designer must have estimated
times for each of the operations as well as the prece-
dence relations as shown in Table 2-3.

The bar chart, as shown in Fig. 2-14, has the opera-
tions down the side and time across the top. The
lengths of the bars correspond to the operation time.
The starting time for each operation is determined by
looking at the latest finishing time for the predecessor
operations. For example, B, C, and D cannot begin
until operation A is finished. Operation L cannot start
until operations H and K are finished. Operation H
ends on day 12, and operation K ends on day 17. Opera-
tion L starts immediately after operation K ends.

One may wonder why a product designer would be
interested in a bar chart. Producibility constraints
include time restrictions as well as processing restric-
tions. If in the preceding example the objective is to
build one unit per month, some changes would be

(
(
i

N/

QO ©

CPM Network

TABLE 2-3. PRECEDENCE CHART SHOWING
SEQUENCE OF OPERATIONS
AND REQUIRED TIMES

Operation F!rrgdrgcegg Time, days
A 4
B A 2
c A 4
D A 6
E B 1
F E 2
G F 3
H D 2
1 c 4
J | 3
K ] 2
L H,K 6
M G 5
N M 3
o] N 2
P L 1
Q 1
R 0,Q 5
S R 3

necessary. Perhaps the design could be changed so that
more operations could be done concurrently.

The bar chart does not illustrate the precedence rela-
tionships or the slack time. A time-based network
chart, of which Fig. 2-15 is an example, overcomes
those deficiencies. The heavy line indicates the critica
path, and the dotted lines indicate the slack time. It
should be noted that there is no dlack time along the
critical path; therefore, an increase in the time required
to accomplish an operation will increase the time

2-25



Downloaded from http://www.everyspec.com

MIL-HDBK-727
DAYS
al ala V. - PUR
11213 ]9 [5]6]7]8]9]10J11{12)13]14]15]16]17]18]19]2d21]22|23|24}25| 26| 27] 28| 29
A
B
C
D Pz
E A
F
G [z
H ez
)
J /7.
K m
o |
L ?/ SSSSISISSSS,
M
N
0
P
Q
R TISTII 7777777
S
Figure 2-14. Bar Chart
— Slack Time
B ,E, F , G , M L N 0,
? 1 1 T t — T 10009001
1
1
| |
A+ c 1 J K, L .PQy R . S
r T L} T 1} ‘ —— 1. ﬁ.
| I /
| 1
1 | Critical Path
|
¢ D W H —{000000000000d

T

M— Slack Time

1]2]3]afs]6]7[8]orofu1]1z [is[rafss [ue[ur[1efto o0 o1 fo2 [o3 a2 26] 27 2

| 5 |
Ny
[Ve)
w
(o]
[(#%)
e

Figure 2-15. Time-Based Network

2-26



Downloaded from http://www.everyspec.com

required to complete the overall project. Thus the
designer should pay particular attention to these opera-
tions with concern for tolerances or any other process-
ing requirement that might cause difficulty.

2-6.2.5 Daily Automatic Rescheduling Technique
The bar chart and the time-based network illustrate

time requirements. The daily automatic rescheduling
technique (DAR-I’) is a variation of PERT that consid-
ers the alocation of three kinds of resources to be used:

1. Time-consumed resources (job sequence, labor,
and work areas)

2. Use-consumed resources (material, parts, and
supplies)

3. Nonconsumed resources (facilities, tools, and
data).
The DART system starts with a PERT-type master
network with the additional information describing
the arrows. For more information on DART see Ref. 5.

2-6.2.6 Decision Box Technique

The preceding techniques assume that each activity
must be performed and that there are no alternatives to
the activities that have been defined. In 1960 Mr. H.
Eisner introduced into the network model the concept
of a “decision box” which is an event that leads several
aternative paths or activities. As in PERT, arrows (or
arcs) represent the activities, but decision boxes replace
the circles as nodes. The various types of nodes are
illustrated in Fig. 2-16.

The activities or arcs are characterized by a normal,
triangular, uniform, or constant time distribution. An
interactive computer program, called risk analysis
(RISKA), facilitates the analysis of these network struc-
tures. After the user describes the network, RISKA is
used to generate activity times based upon the time
distribution and to follow the activities according to
the logic of the decision boxes or nodes. Further discus-
sion of this process is given in par. 2-6.3. For more
information contact US Army Logistics Management
Center, Fort Lee, VA 23801.

2-6.3 SIMULATION

Simulation permits the study and optimization of a
system or activity without actually constructing the
system itself. The bar chart and the time-based network
shown in par, 2-6.2 are simulations. In recent years, the
term “simulation” has come to mean computer exper-
imentation on mathematical models, which may be
deterministic or stochastic. In a deterministic model it
is assumed that all events are known with a high degree
of certainty and that times for each activity are rela
tively constant. In a stochastic model it is assumed that
there is a randomness or uncertainty in the operation of
the model; events may or may not occur, and times may
vary. Stochastic simulations that use random numbers
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to define specific events are also caled Monte Carlo
simulations. In either case, the user can make changes
in the model and determine the impact of the changes.

2-6.3.1 Deterministic Model

As an example of a deterministic model, one could
describe machine capacity and the operations to be
performed in terms of operating times, setup times,
machine selections, and precedence relationships. The
computer simulation could be used to prepare a Gannt
chart following a predescribed dispatching rule such as
first in, first out. A Gannt chart is a bar graph that
displays the schedule for the operations. The user could
then make changes in the number of available ma-
chines, operating times, or machine selections and
prepare a new Gannt chart. In each case it would be
assumed that setup and operation times, operation
sequences, and machine availability are constant and
known in advance.

2-6.3.2 Stochastic Model

For a stochastic model one might say that the opera-
tion times might vary by plus or minus 10%, that there
is a probability that a machine will break down, that
10% of the pieces will require repair or rework, and so
on. The stochastic, or Monte Carlo, simulation would
generate times according to the input distributions,
repairs according to the reject rate, and machine donn-
times according to downtime rates and downtime dis-
tributions. The operations would then be scheduled
according to those specific times and events. The pro-
cess can be repeated to have the program generate a new
set of times and events. The user would have a sample
of schedules that could be used to estimate the distribu-
tion of throughput times.

For exatnple, the information in the operation sheets
shown in Table 2-4 for a shop indicates that there is
only one machine of each type. If 10 units of each part
are to be produced, the Gannt chart could be as shown
in Fig. 2-17, and the throughput time would be 22.3 h.

TABLE 2-4. OPERATION SHEET

Part Operation Machine Setup, Cycle,
h h

! | Turret lathe (TL) 0.50 0.70
2 Turret lathe (TL) 0.80 0.25

3 Arbour press (AP) 0.20 0.15

4 Drill press (DP) 0.30 0.20

5 Lathe (L) 0.50 0.30

6 File (F) — 0.20

2 ! Turret lathe (TL) 0.70 0.60
2 Turret lathe (TL) 030 025

3 File (F) — 0.20
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Figure 2-16. Decision Box Nodes
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Figure 2-17. Gannt Chart

If the setup times on the turret lathes were within plus
or minus 10%, a Monte Carlo simulation might gener-
ate the times shown in Table 2-5 resulting in a
throughput time of 22.26h. In this simple example the
results can be calculatedly hand, but with more opera-
tions and the possibility of rework, the calculations can
become cumbersome.

TABLE 2-5. TURRET LATHE SETUP TIME

Part Operation Setup Time, h
| 1 0.52
2 0.74
2 ! 0,6.5
2 0.33

2-6.3.3 Simulation Programs

2-6.3.3.1 introduction

There are several specia purpose and genera pur-
pose simulation languages and programs that can be
used. Two of the more widely used simulation lan-
guages are the general purpose simulation system
(GPSS) and general activity simulation program
(GASP). General assembly line simulator (GALS) and
RISKA are simulation programs for network analysis.

2-6.3.3.2 Risk Analysis Program
RISKA networks are described in par. 2-6.2. The
program provides the user with the capability to con-
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struct the desired network representation of the system.
The program will then run Monte Carlo simulations of
the network; the number of iterations of the simulation
is set by the user.

For example, given the network in Fig. 2-18, the
program will show whether or not activity 01 will be
successful. The activity has an 80% probability that it
will be completed successfully. In each iteration the
program will generate a pseudorandom number be-
tween 0 and 1. If the number generated is less than or
equal to 0.8, the activity will recompleted successfully.
If the activity 01 is not completed successfully, the
program will look at activity 02, which has a 90% prob-
ability that it will be completed successfully. If neither
are completed successfully, the program will go to arc
09 and terminate. otherwise the program continues

Develop Build Test
A o8 A o2 03 L/
Al ol olA ofa|ffo7
1|t PREF rlt B
Lle ool I8 1o} It olglo3
02
07
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Figure 2-18. Network
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through the subsequent boxes in the network. In each
iteration the random numbers generated will be differ-
ent, so after several iterations, the user has a sample of
outcomes all based on the same assumptions.

The user can vary the assumptions; for example,
probability that activity 01 will be successful may be
reduced to 75%. Severd iterations with that assumption
can be run. The two samples can be compared to
determine whether there is a significant difference be-
tween them.

When using Monte Carlo simulations, it is impor-
tant to remember that the result from each iteration is
just a single observation from the entire population of
possible outcomes. Many iterations must be run to get
parameters or descriptive statistics (mean, standard
deviation, and measures of skewness) for the distribu-
tion of the population.

Decisions should be based upon the population
parameters rather than on the individual observations.

2-6.4 BREAK-EVEN ANALYSIS

A break-even chart is a tool for considering projected
volume or demand when comparing alternative pro-
cesses. For example, processes requiring simple ma-
chines are usualy easy to set up but slow and costly to
operate. Bigger quantities allow for the use of faster
machines, which are costly to set up but which, once set
up, are much less costly to operate. Often there are
several alternative methods, each of which is the most
economical for a certain volume range. (It has a
“domain”, or volume range, for which it is the best
method. ) The method that should be used depends on
the expected volume, and Fig. 2-19 shows how this
would work.

20

[

Automatic Screw =Y
Machines

Turret Lathes

Cost, $

Engine Lathes

0 1 | 1
25 50 75 100

Quantity

Franklin Moore, PRODUCTION MANAGEMENT, 6th ed.
(Homewood, 111.: Richard D. Irwin, 1973), p. 24@ 1973 by
Richard D. Irwin, Inc.

Figure 2-19. Methods Comparison (Ref. 4)
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The lines in Fig. 2-19 compare methods for making a
small bushing on three kinds of machines. Each of the
three lines in the figure shows what it would cost to
make these bushings on one kind of machine. Engine
lathes are general purpose machines and are easy to set
up for new jobs, but they are not very efficient in
production. Setup costs cover the costs of getting the
machine ready (installing the tools and the clamps to
hold the bushings in place). These figures also include
the later teardown time, i.e., taking the tools and hold-
ing clamps off the machine. Turret lathes require more
setup time but produce at lower unit costs once they are
set up. However, neither of these machines can com-
pare with automatic screw machines when volume be-
gins to mount. Automatic screw machines produce at
low unit costs; unfortunately, they have lengthy setup
times, so setup costs are high.

In Fig. 2-19 the lines al start with certain costs before
production starts. These starting amounts ($2.50, .$5,
and $15) are the setup costs. The lines in Fig. 2-19 are al
straight lines, which go up steadily, and show the effect
of operating costs, which, once operations start, are
constant per unit of product. These costs, $0.45, $0.20,
and $0.04, cover the cost of the operation of the ma-
chines, including labor, electricity, depreciation, and
all other costs, on a unit cost basis. Sometimes a chart is
all that is needed for deciding which machine to use for
a job because the size of an order is not close to a
crossover point on the chart. But if it is necessary to
know the exact crossover points (points A, B, and C in
Fig. 2-19), these can be calculated by using simple
equations. In our example the equations for the three
cost lines (with X equal to the quantity) areas shown in
Table 2-6.

TABLE 2-6. COST EQUATIONS FOR
PROCESSING ALTERNATIVES

Machine Cost Equation
Engine lathes $2.50 + $0.45X
Turret lathes $5.00 + $0.20X
Automatic screw machines S15.00 + $0.04X

The crossover points A, B, and C can be found by
setting pairs of equations equal to each other and solv-
ing for X:

1. Engine lathes versus turret lathes:

$2.50 + $0.45x=%$5+ $0.20x
$0.25X = $2.50 (2-3)
X, point A on Fig. 2-19, = 10 units
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2. Engine lathes versus automatic screw ma-
chines:

$2.50 + $0.45X = $15+ $0.04x
$0.41X = $12.50 (2-4)
X, point B on Fig. 2-19, = 30 units

3. Turret lathes versus automatic screw machines:

$5+ $0.20X "$15+ $0.04X
$0.16X=%$10 (2-5)
X, point C on Fig. 2-19, = 63 units.

Eqg. 2-3 shows that for orders of 10 units (or fewer)
engine lathes should be used. For more than 10 units
turret lathes should be used. But if all the turret lathes
are in use and not available, it is necessary to go to Eq.
2-4. This shows that, in this case, engine lathes should
continue to be used for orders up to 30 units. Orders
calling for more than 30 units should be shifted to
automatic screw machines. But if turret lathes are
available, they should be used for all orders for more
than 10 and up to 63 units. Eq. 2-5 shows that all orders
for more than 63 units should be put on the automatic
screw  machines.

In the preceding example it was assumed that all
three machines were available. Break-even charts can
also be used when considering the acquisition of
machines. In this case fixed costs including deprecia-
tion, insurance, and maintenance would reconsidered.
The fixed and variable costs for each aternative would
be plotted as shown in Fig. 2-20, In this example man-
ual assembly is to be compared to an automatic assem-
bly line. The lines representing total cost (fixed plus
variable costs) for the two methods are then drawn on a
common chart as shown in Fig. 2-21. In this example
manual assembly is better if production is less than
4000, but if the projected volume is greater than 4000,
automatic assembly should be used.

If the projected volume is less than 4000, the designer
should consider ease in manua assembly while design-
ing the product. If the projected volume is greater than
4000, the designer should consider the requirements of
automatic assembly. If this consideration is not given
in the design phase, the fixed and variable costs may be
much higher than anticipated.

This concept can be used to compare the effects of life
cycle costs between two dternatives. In this situation,
the production costs represent the fixed costs while
future year support costs are the variable costs. The
break-even point will be expressed in terms of years of
operation. Break-even analysis should be used when
the investment required does not meet the contractor's
accounting requirements for capitalization or when it
is appropriate for the analysis to ignore the time value
of money. For more information on break-even analy-
Sis see Ref. 4.
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Figure 2-20. Fixed and Variable Costs

2-6.5 SENSITIVITY ANALYSIS

Sensitivity analysis is a method by which characteris-
tics of a system are evaluated for their impact on other
system characteristics. These characteristics must be
evaluated to achieve an optimum balance of all system
characteristics. This balance is obtained by varying the
value of one or more characteristics while holding all
others fixed. This will determine the impact each char-
acteristic or group of characteristics has on the system,
i.e, the sensitivity of the system to changes in these
characteristics. This type of analysis can be used to
determine the effects that the requirements of the svs
tem will have on producibility or the effects of produc-
ibility changes on the other system requirements. Due
to the potential of having a large number of variables or
characteristics to be evaluated, this method is best per-
formed with the assistance of a computer system.

To use the techniques described in the preceding
paragraphs (network techniques, simulation, and break-
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Figure 2-21. The Total Cost

even anaysis), times or costs must reestimated. Sensi-
tivity anaysis is the determination of the effect on the
answer of a change or an error in one of the variables
used to compute the answer. Expect to find that some
variables may change by substantial amounts without
greatly changing the result; there is little concern for
risk arising from such sources. On the other hand, there
may be other variables to which the result is highly
sensitive, and it would be important to consider the risk
arising from these.

Sensitivity analysis is used primarily as a supple-
ment to judgments about risky decisions. For example,
it suggests such useful questions as, “If an automatic
screw machine is preferred to a turret lathe using the
break-even analysis, will the choice be the same if the
setup cost for the automatic screw machine has been
underestimated by an amount x and the setup cost for
the turret lathe overestimated by an amount y?’. Sim-
ilar questions may be formulated to include judgments
about the risk involved in operating cost estimates and
soon. One hopes that the answer to such questions will
be that, within the range where any given variable will
fall, say 90% of the time, the automatic screw machine is
aways preferred to turret lathes. If the answer is not
such, then one moves further into the realm of judg-
ment, and it becomes impossible to set down explicit
rules. In the example that follows, some of the ways of
setting up a process selection decision for the applica
tion of these judgments are illustrated.
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A decision is to be made between two machines. The
initial predictions of the relevant costs are given in
Table 2-7.

TABLE 2-7. RELEVANT COSTS

Turret Auégrrg?vlic

Lathes Machine
Setup cost $5.00 $15.00
Operating cost/unit $0.20 $0.04

The expected volume is 100 units.

The expected cost of the turret lathes is $25.00 ($5.00
-1- 100 X 0.20), and the expected cost of the automatic
screw machines is $19.00 ($15.00+ 100 X 0.04). If the
variables used to compute the costs are correct, clearly
the automatic screw machine is to be preferred.

If, however, there is an error in the variables, the
decision may be reversed. Total costs can be calculated
by using a range of setup costs as shown in Table 2-8.

TABLE 2-8. RANGE OF SINGLE
COST VARIABLES

Turret Lathe Automatic Screw Machine

Setup Total Setup Total

cost cost cost cost
$1.00 $21.00 $15.00 $19.00
2.00 22.00 16.00 20.00
3.00 23.00 17.00 21.00
4.00 24.00 18.00 22.00
5.00 25.00 19.00 23.00

Table 2-8 provides the basis for exercising judgment
about the possible variation in the setup cost and the
resulting choice. Let ST refer to the setup cost for the
turret lathe and S, apply similarly to the automatic
screw machine. For any pair of values ST and S,, with
the help of the table, one may see which machine would
be preferred. Expressing this graphically often helps.
In Fig. 2-22 a line passing through pairs of vaues ST
and S,, for which the two machines have equa tota
costs, has been drawn. For any point below this line,
the turret lathe will be preferred. For any point above it,
the choice will fall on the automatic screw machine. As
previously emphasized, this type of graph does not
itself determine the choice; it is intended merely to
furnish a background over which judgments about the
probabilities of various values or ranges of the variable
may be placed.
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Figure 2-22. Regions of Machine Preference With Single Cost Variables

There is no reason why this kind of exploration
should be confined to one variable alone. If variation in
the operating costs is suspected in addition to variation
in setup cost, they may be investigated together. The
data for such an analysis of the turret lathe and auto-
matic screw machine are given in Table 2-9. From this
table graphs similar to Fig. 2-22 showing the regions
for which each machine is preferred, as shown in Fig.
2-23, may be constructed. Let O.refer to the operating
cost for the turret lathe and O,refer to the operating
cost for the automatic screw machines. Pairs of values
for s,and S,were selected. For each pair of values a
line has been drawn that passes through pairs of values
0.and 0,, for which the two machines have equal
total costs. Several graphs may be made as the require-
ments of judgment dictate.

The example illustrates a sensitivity analysis of a
break-even chart. The procedure is basicaly the same
regardless of the technique used to determine the origi-
nal answer. One varies the variables over the variable
range and identifies the points at which the decision
would change. For more information on sensitivity
analysis see Ref. 6.

2-6.6 VALUE ENGINEERING
Value engineering (VE) is an organized effort for
analyzing the function of hardware or software for the
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purpose of achieving the required function at the low-
est overall cost. There are seven basic elements of the
VE methodology. These elements are not always dis-
tinct and separate—in practice they often merge or
overlap. The seven elements are

1. Product Selection. The selection of the hard-
ware system, subsystem, or component to which VE
efforts are to be applied

2. Determination of Function. The analysis and
definition of function(s) that must be performed by this
hardware

3. Information Gathering. The pulling together
of al pertinent facts concerning the product, i.e., pres-
ent cost, quality and reliability requirements, devel-
opment history, etc.

4. Development of Alternatives. The creation of
ideas for dternatives to this established design

5. Cost Analysis of Alternatives. The development
of estimates of the cost of aternatives and the selection
of one or more of the more economical aternatives for
further testing of technical feasibility

6. Testing and Verification. Proof that the ater-
native(s) will not jeopardize fulfillment of performance
(functional) requirements

7. Proposal Submission and Follow-Up. Prepara-
tion and submission of a formal VE change proposal. “0
A brief discussion of these elements is given in the
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TABLE 2-9
RANGE OF MULTIPLE COST VARIABLES

Turret Lathe Automatic Screw Machine
*Oper- Oper-

Setup  sting  Total Setup  sting  Total
cost cost cost cost cost cost
$1.00 $0.10  $11.00 | $15.00 $0.02  $17.00
1.00 0.15 16.00 15.00 0.03 18.00
1.00 0.20 21.00 15.00 0.04 19.00
1.00 0.25 26.00 15.00 0.05 20.00
2.00 0.10 12.00 | $16.00 0.02 18.00
2.00 0.15 17.00 16.00 0.03 19.00
2.00 0.20 22.00 16.00 0.04 20.00
2.00 0.25 27.00 16.00 0.05 21.00
3.00 0.10 13.00 | $17.00 0.02 19.00
3.00 0.15 18.00 17.00 0.03 20.00
3.00 0.20 23.00 17.00 0.04 21.00
3.00 0.25 28.00 17.00 0.05 22.00
4.00 0.10 14.00 | $18.00 0.02 20.00
4.00 0.15 19.00 18.00 0.03 21.00
4.00 0.20 24.00 18.00 0.04 22.00
4.00 0.25 29.00 18.00 0.05 23.00
5.00 0.10 15.00 | $19.00 0.02 21.00
5.00 0.15 20.00 19.00 0.03 22.00
5.00 0.20 25.00 19.00 0.04 23.00
5.00 0.25 30.00 19.00 0.05 24.00

‘Based upon producing 100 items.

subparagraphs that follow. For additional information
on VE, see Ref. 7.

2-6.6.1 Product Selection

The amount of resources that can be allocated to the
VE function is limited. Therefore, it is of the utmost
importance that these scarce resources be applied where
there is high potential for cost reduction. In other
words, VE should concentrate on products exhibiting
high total costs in relation to function performed.

2-6.6.2 Determination of Function

By “function” is meant the purpose or objective of
the hardware (subsystems or components) under con-
sideration. In simple terms, functional requirements
are those explicit performance characteristics that must
be possessed by the hardware if it is “to work”. The
requirements define the limits of what the hardware
must be able to do in relation to the larger system of
which it is a part. The definition of function in ex-
plicit, quantitative terms is a difficult task. Many times
there is a temptation to look at the product and say it
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Figure 2-23. Regions of Machine Preference With
Multiple Cost Variables

defines the required function. Actually, the designer
often assumes that certain functions are required. Thus
many of the benefits of defining the function are
obtained when a clear statement of which characteris-
tics of the design are required is prepared. Often, com-
ponents of the product (or the product itself) can be
eliminated, and the entire assembly or system still will
perform satisfactorily. When this occurs, the ideal of
VE has been achieved—elimination of an unnecessary
component with a 100% cost reduction for that compo-
nent. Care must be exercised to insure that al required
functions, whether primary or secondary, are identi-
fied. For example, a light source may be required to
withstand severe environmental conditions, or a han-
dle aso may be required to provide for searching. The
accurate description of each required function in quan-
titative terms is a prerequisite for successful value
engineering of the product.

2-6.6.3 Information Gathering
Having defined the function, the next task is an
intensive information gathering effort in two phases:
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1. Specific information about the product itself—
such as cost of the present design, quality and reliabil-
ity requirements, maintainability characteristics, quan-
tity to be produced, and development history

2. Genera information concerning the technol-
ogy of the product, including present state of the art,
vendor sources of supply for components of the item,
manufacturing processes to be employed, and estab-
lishment of contact with individuals in the organiza
tion who have technical knowledge of this type of
product.

2-6.6.4 Development of Alternatives

At this point an intimate knowledge of the item
under analysis has been developed, and a basis for the
most difficult and tangible portion of the process for-
mulated. This is the creative portion of the VE activity,
and depending upon the individual or individuals
involved, it may take many forms. The purposes are to
generate ideas about the function and design of the
item and to conceive of more economica and equally
effective means of performing the same function. Ana-
lytical methods, iterative methods such as checklists,
and unstructured procedures such as brainstorming
may also play a part in this process. Whatever methods
are used, the basic purpose is to create a series of alter-
native designs—all of which will guarantee required
function, and one of which will, hopefully, reduce cost.

2-6.6.5 Cost Analysis of Alternatives

The various alternatives, developed in the previous
step of the VE process, next are subjected to a test of
their economic feasibility. That is, each dternative is
costed with the goa of finding the least costly, the next
least costly, and soon until al alternatives are ranked
according to cost. This, then, permits detailed techni-
cal (and economic) study of the alternatives on a priori-
ty basis, with the highest potential savings alternative
considered first, to determine whether the alternative
will lead to significant cost reduction. This cost analy-
sis may also cause further efforts to develop aternatives
or may lead to a cancellation of the VE study since it
may show that no aternative is significantly less costly
than the present method of meeting the required
function.

2-6.6.6 Testing and Verification

All economically feasible alternatives developed in
the VE study must be tested to insure that they will
provide the required function. If they do not, they are
rejected from further consideration unless modified to
meet functional reguirements.

In assessing technical feasibility, each required func-
tion is examined in turn. As previously described,
primary and secondary functions are originaly defined
in terms of what the product or item must do, the
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accuracy with which it must perform, how dependable
the product must be, and under what environmental
conditions it must operate. In addition, the required
function may include elements related to operation or
maintenance—such as safety, ease of repair, and acces
sibility.

2-6.6.7 Proposal Submission and Follow-Up

Once the decision is reached that an alternative is
economically and technically feasible and is the best
alternative developed, a formal proposal is prepared
recommending adoption and implementation of the
alternative. Once the proposal is submitted, it must be
followed up periodically in order to monitor its prog-
ress. The responsible individual should regularly make
a check of who has the proposal and the current status
of it.

2-6.7 RELEVANCE TREES

Important to the producibility engineering effort is
the establishment of key objectives. These objectives
might be the high-cost components or long lead time
components. Either or both of these may we]] become
the prime targets of intense producibility engineering
efforts. The advantages of targeting producibility ef-
forts in this manner are evidenced by an understanding
of the Pareto distribution concept, which is derived
from Pareto’s law. This law, developed by a 19th cen-
tury Italian engineer, states that the significant items in
any given group represent a relatively small percentage -
of the total group, In a study of the distribution of
wealth among the citizens of Florence, Pareto discov-
ered that a very large percentage of wealth was concen-
trated amongs very small percentage of the citizens. By
generalizing from Pareto’s work one can state that
whenever we are examining a problem, it is probably
true that a large percentage of the problem is caused by
asmall percentage of the possible causes. This was
substantiated shortly before World War 1l when inven-
tory control analysts discovered that when inventory
items were analyzed in order of value, Pareto’s distribu-
tion concept was apparent. Between 10 and 20'% of the
items in their inventory constituted 80 to 90'% of the
total value of the items in the inventory. Therefore, the
largest \olume of their inventory represented a very
small portion of the total value. Subsequent observa-
tions of distribution in business management substan-
tiate the widespread application of Pareto's law.

Consider:
1. 20'% of acompany’s products represent 80% of its

sales.
2. 20% of a firm’'s employees account for 90% of its
tardiness.
3. 10% of the parts in a new design represent 80% of
its cost.
This concept can be applied to producibility prob-
lems. For example, in examining an assembly com-
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prised of several components, it would be wise to rank
these components in terms of their cost. Most likely we
will find that a large percentage of the assembly cost is
composed of a small percentage of the components.
Therefore, a given amount of engineering effort will
have a much greater effect if it is focused on this small
percentage of components, and such an effort will
probably have a large impact on reducing costs.

In terms of return on the investment of time and
effort, the uniform control approach is not sound. Effi-
cient management exists when the amount of man-
agement effort applied varies in direct relationship to
the importance of the item being managed. A uniform
control system that provides adequate control for the
high-value items overcontrols the low-value items.
Conversely, the uniform system that is economically
justifiable for the low-value items does not provide
adequate control for the high-value items. Effective
management requires the isolation of the vital factors
of an operation from the insignificant factors and the
development of management systems that are econom-
icaly justified for each of these groups.

Some examples of how Pareto's law might apply to
producibility are given in subsequent paragraphs.

2-6.7.1 An Auditing Tool

Frequently, producibility engineers will perform an
audit of a contractor's producibility plan. In order to
form an opinion of a contractor's producibility plan,
the auditor must test many of the records. The areas
that must be tested include levels of effort, types of
effort, reliability of effort, adequacy of resources, and
many others. In most of these areas, we can expect the
relationship represented by Pareto’s law to exist. When
it does exist, the auditor can concentrate testing efforts
on the high dollar value area and test the relatively
insignificant area on a datistical sampling basis. This
alows the auditor to determine whether or not the plan
is reasonable.

2-6.7.2 Cost Reduction in Manufacturing

“A large industrial valve manufacturer found itself
in an increasingly competitive market and consequently
launched a drastic cost reduction program. " (Ref. 8).

One of the areas selected for a concentrated cost-
saving effort was product design. Most of the designs
used by the firm were many years old and had been
developed when materials and labor were inexpensive.
Therefore, amost al of the product lines had excesses
of material and unnecessarily expensive machining
requirements. However, a line design change would be
expensive since it required engineering for each size
valve in the line, new patterns for the cast parts of each
size, and new shop tooling to cover each size valve in the
redesigned line, In addition, there were the ever-present
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problems of the limited available engineering time and
limited capital for new patterns and tooling.

Redesign of the company’s 129 different lines with
limited resources was obviously impossible. Once
again Pareto’s law became a valuable tool to use in the
solution of the problem.

The cumulative curve shown in Fig. 2-24 was plot-
ted, and 10% (13) of the product lines were found to
account for 87% of the total unit sales.

100 o —
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o) 1 1 1 1 1 1 Il
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Totol Units Sold, %
L]
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Reprinted with permission. Copyright @ by the Society of

Manufacturing Engineers.

Figure 2-24. Distribution of Units Sold by Product
Line (Ref. 8)

Studies were then made by the engineering group to
determine the expected unit savings on each of the 13
high-volume lines. The average unit savings on each
line, extended by the number of units sold per year,
provided the total estimated savings that could be
expected from the redesign of the line. Given this
information and the estimated cost of the alterations
required by each line, redesign priorities were readily
established.

This procedure eliminated the temptation to rede-
sign only those valves with high unit savings. For
example, use of this analysis emphasizes the fact that a
$2-per-unit saving on a valve with sales of 90,000 units
per year is much more worthwhile than a $l00-per-unit
saving on a vave with sales of 250 units.

The cost reduction effort discussed in this example
not only-improved the company’s profit picture but
also improved its products. As each valve was rede-
signed, it was possible to incorporate al of the minor
design improvements that previously, by themselves,
could not justify new patterns, new tooling, etc.

2-6.7.3 Other Applications

The examples and distribution curves discussed pre-
viously illustrate just a few of the many possible appli-
cations of Pareto's law and its application to market-
ing, purchasing, accounting, systems and procedures,
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data processing, and virtually any other phase of indus-
trial management can be cited.

As a brief illustration of this point some other possi-
ble applications are

1. The parts usage graph would be very meaning-
ful to a purchasing agent in directing his efforts to the
high dollar usage items when considering cost reduc-
tion through alternative supply source development or
when attempting to reduce costs through price negotia-
tions.

2. This parts usage graph would also be quite
useful to a value analysis staff in directing its studies
toward the high dollar usage parts. The units sold
graph would also be useful to the value analysts in
pointing out the relative number of items manufac-
tured and sold to help direct their design evaluation
efforts.

Pareto’s law cannot be applied to every management
system, but it can be applied often enough so that the
manager should always look for it. When it does exist,
it should be used to help allocate the majority of man-
agement resources, including the manager's own time,
to those areas of operation that will provide the maxi-
mum economic return.

Efficient management exists when the amount of
management effort and cost applied varies in direct
relationship to the importance of the item being
managed.

2-6.8 TOLERANCE ANALYSIS

There are a number of methods for analyzing toler-
ances of piece parts and assemblies. These include sta-
tistical techniques as well as tolerance charts. More
recently the Air Force Materials Laboratory at Wright-
Patterson Air Force Base, OH, completed a study of
relaxed manufacturing design tolerance concepts that
is particularly impressive as a means of tolerance anal-
ysis. This process is briefly reviewed in subsequent
paragraphs. However, for those interested in a more
in-depth understanding of the concept, copies of the
final report are available from Manufacturing Tech-
nology Division, Air Force Materials Liboratory, Wright-
Patterson Air Force Base, OH 45433.

2-6.8.1 Data Collection

In order to make recommendations on relaxing
dimensional tolerances, it was found necessary to
determine the capability of the machine shop to meet
the then current dimensional and surface quality
requirements of the engineering drawings. Over a
period of five months production inspectors surveyed
milled aluminum parts. Thorough analysis of these
data revealed a wealth of useful information on the
cost-effectiveness of engineering requirements and re-
sulted in some useful changes in the configuration,
dimensioning, and tolerancing of machined parts.
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These were incorporated into and were part of the
instructions to designers issued at the beginning of the
design phase. All milled aluminum airframe parts
incorporate one or more of the design benefits derived. ~

Eleven magor auminum milled parts were inspected
with up to five pieces of each design—for a total of 36
pieces. A total of 1070 thickness measurements were
made on areas cut with the end of the end mill (webs),
and 866 measurements were made on areas cut with the
side of the end mill (stiffeners and flanges). Parts
known to have problem areas were excluded for sepa-
rate consideration on the assumption that anticipated
design guidelines would reduce the likelihood of unnec-
essarily difficult designs in the future. This has gener-
aly held true.

Measurements were recorded on sketches of each part
and tabulated. The drawings were then consulted for
the required thicknesses and pocket widths, and these
values were entered. The deviations from the nominal
drawing dimensions were then calculated and entered.

The deviations were next tabulated to create a fre-
guency distribution. The total number of deviations
were determined versus the magnitude of the deviation.
The totals were then accumulated from the largest
minus value to the highest plus value, and these
cumulative were then converted to a percentage of the
total number of measurements. Deviations from web
nominal dimensions were plotted versus panel width
for several designs to observe the tendency of deviations
from the nominal thickness for various web thick-
nesses. This led to proposed limits on pocket width for
each nomina web thickness.

2-6.8.2 Data Analysis

The survey data were analyzed to determine to what
degree present design practices were within the shop
capability for milled aluminum. As expected, elements
cut with the side of the end mill (stiffeners/flanges)
showed the larger positive dimensional deviation caused
by inherent flexibility in both cutter and part material
due to lateral loads.

Stiffeners/flanges exceeded the conventional +0.25-
mm (0.010-in.) tolerance in a surprising 24% of the
occurrences and in 10% exceeded +0.38 mm (0.015 in.).
Webs exceeded +0.25 mm (0.010 in.) 12% of the time.
Negative deviations did not appear to be significant.
These results suggested that tolerances for stiffeners/
flanges might be relaxed if accompanied by an accept-
ably small weight increase. Also a significant amount
of hand finishing and inspection rejections could be
avoided if, for example, discrepant stiffeners/flanges
could be reduced by over 50%, from 23% to 10% by
permitting a +0.38-mm (0.015 -in.) tolerance for these
elements. Fig. 2-25 shows examples of cost reduction
techniques that can be considered.
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Figure 2-25. Detail Design Cost Reduction Features

With the acceptance of these analyses, recommenda-
tions can be made with a reasonable level of confidence
that the proposed guidelines are practical and useful
and will reduce cost.

2-6.8.3 Recommendations

1. Relax dimensiona tolerances on nominal thick-
ness for flanges and stiffeners—elements machined
with the side of the end mill—from the traditional
+0.25 mm (0.010in.) to +0.38mm (0.015 in.), and -0.25
mm (0.010 in.). Rejections and hand finishing cost will
reduce significantly as will machining cost.

2. Do not relax the traditional +0.25-mm (0.010-
in.) dimensional tolerances on the nominal thickness
for webs—elements machined by the end of the end
mill. Control is easier to maintain and weight is more
sensitive to tolerance than is the case for flanges and
stiffeners.

3. Consider relaxation of the requirements on
geometric features, such as corners of pockets and
“lands”, to the extent described in par. 2-2.3. Cost/

weight trade-off analysis will usualy show this to be
profitable for anything other than a space vehicle.

4. Consider allowance of an additional negative
tolerance of 0.25 mm (0.010 in.) for a total of —0.51 mm
(0.020 in.) in corners that are cut with small flexible
cutters, i.e, less than 25.4 mm (1 in.) in diameter. Draft-
ing practice may require that this allowance be set forth
in an inspection standard and the standard be refer-
enced on the drawing. Where such a decrease in thick-
ness is not acceptable (and this is seldom the case), the
designer should specify an increase of nomina thick-
ness. Undercuts, which are chronic in corners with
small radii, are amost aways “bought off”. The relief
offered by the added tolerance will be extremely profit-
able in terms of reduced inspection and engineering
paperwork.

2-7 SUMMARY

Chapters 1 and 2 have covered the philosophy, gen-
eral application, and basic elements of producibility
along with the relatively new discipline of producibil-
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ity engineering and the tools and techniques available
for implementing producibility programs. Good pro-
ducibility engineering and planning impacts on al the
major considerations in electing to proceed either to
full production or to regroup to consider the eventual
payoff through trade-offs. These factors include cost,
time, manpower, facilities, reliability, maintainability,
etc. The following chapters will treat the producibility
considerations that apply across-the-board as well as
those specific to given industries. Chapter 3 considers
those elements of producibility that are common to a
variety of processes while the remaining six chapters
look into those elements particularly applicable to
plastics, electronics, and other specific industries as
identified in their fitles.
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CHAPTER 3
COMMON PRODUCIBILITY CONSIDERATIONS

Reducibility considerations common to al components regardless of material or intended purpose and the factors that im-
pact upon the producibility of all designs are discussed in this chapter,

3-1 INTRODUCTION

The most desirable producible design is one that
could be made by any reasonably skilled worker out of a
wide variety of materials in a short time. However, al
products have limiting parameters imposed by the de-
signer in dimensioning drawings and detailing specifica-
tions that describe the components, materials, and often
specify the manufacturing processes. These, in turn, are
impacted by the quantities required, the expendability
of the items, and the quality assurance requirements.
The impact of each of these elements can be minimized
if proper consideration is given to producibility through-
out the design process.

3-2 IMPACT OF DRAWINGS AND
SPECIFICATIONS

Drawings control and delineate shape, form, fit, func-
tion, and interchangeability requirements for an item.
Military design drawings are prepared in accordance
with military specification (MILSPEC) DoD-D-1000
(Ref. 1), which is a mandatory specification derived
from Military Standard 100 (MIL-STD-100) (Ref. 2). In
addition to drawings there are specifications that are
basic documents containing general criteria, per-
formance requisites, and inspection procedures not
covered by the drawings. Both the drawings and specifi-
cations congtitute a part of the product documentation
and are often called the technical data package (TDP),
In Department of Defense (DoD) Instruction’5010.12
(Ref. 3) it is stated that end product documentation
must be sufficiently defined to permit a competent
manufacturer to reproduce an item without recourse to
the design activity. An engineering drawing for a part,
when supplemented by the applicable specifications and
standards, should include the necessary information
(i.e, dimensions, tolerances, notes, and other data) to
describe fully the characteristics of the part after all
manufacturing has been completed.

This approach to absolute definitiveness tends to
make the drawings and specifications highly restrictive,
and therein lies the antithesis of producibility. Although
producibility is aimed at adjusting design restrictions to
permit the maximum number of aternatives in the pro-
duction process, the necessity for absolute definitiveness

in drawings and specifications results in a tightening of
the restrictions, which inherently limits the aternatives.
It is incumbent upon each designer to review carefully
each design to achieve the optimum balance between
definitiveness and producibility.

3-2.1 DESIGN PROCESS RESTRICTIONS

There are three basic sources of unnecessary restric-
tions in drawings:

1. Those that result from decisions early in the de-
sign process

2. Those that result from decisions in the docu-
mentation process

3. Those that are inadvertent.

A few designs do not achieve the maximum in re-
ligbility, maintainability, useful life, producibility, or in
any other aspect of theoretica perfection because they
are overly complex. The more complex the design, the
greater the reguirement to increase restrictions. The de-
sign may be stronger than actually required or heavier
than desired. It may call for an expensive material or
finish when a less costly one would suffice; it may re-
quire complex cams that could be replaced by simple
linkages. Simplifying a given design generaly reduces
the production cost and produces fringe benefits in re-
liability, maintainability, quality, performance, and
producibility y.

An example of unnecessary design process restriction
involves a new design that specifies a high alloy steel for
a part for which surface hardness is a prime requisite.
Since the rest of the design is metal, the designer
naturally chose a hard metal for the part, but this ma-
teriadl was much more expensive and far more difficult to
use in manufacturing. Subsequently, a composite
material was substituted that had the desirable effect of
reducing overal weight. The part was acquired in fina
net shape, which-reduced machining and/or fabrication
time and cost. This, like most unnecessary restrictions,
was the result of inadequate planning and analysis.

3-2.2 DOCUMENTATION PROCESS
RESTRICTIONS
In the process of transferring the design from rough
sketches into final drawings, many detail requirements
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are created through the necessity of absolute definitive-
ness. For example, a sketch or a drawing restriction
often requires that a slot or a groove be cut into one sur-
face of a part as shown in Fig. 3-1. At times, the sketch
is given to a draftsman in far less detail than is shown in
Fig. 3-1. Without prior knowledge of the functional
characteristics of the slot, which may be purely for
clearance purposes, the part is put on the drawing ex-
actly as shown in the sketch. This goes to manufactur-
ing as a flat-bottomed, square-cornered slot—an ex-
pensive manufacturing operation.

9.6mm
(Q.38in.)

12.7mm
(0.50in.)

=

(1.00in.)

Figure 3-1. Grooved Part

In actuality, there may be any number of alternatives
for the cross section of the slot as shown in Fig. 3-2. Any
of these aternatives could be acceptable depending on
functional requirements; under certain circumstances
any one of these might provide an item that has im-
proved producibility characteristics. This is the type of
unnecessary restriction that a continuing producibility
review should uncover.

3-2.3 DRAWING PROCESS RESTRICTIONS
Drawing process restrictions often are caused by the
inadvertent inclusion or exclusion of important data
from drawings due to improper drawing preparation.
They are a means of communication, and it is critical
that proper drafting procedures be used so that every-
one concerned interprets the data on the drawing cor-

rectly. Ref. 1 provides guidance for the preparation of
drawings to military standards. These standards make
maximum use of commercial standards, which alows
use of commercial drawings in many instances. The
drawing legends sometimes tend to be incomplete. For
example, Fig. 3-3(A) shows a simple application of tol-
erancing on all dimensions, and Fig. 3-3(B) shows some
of the possible variations that may occur during manu-
facture of the part. Not all possible variations would oc-
cur during any one production run, but any variation
could be introduced as a result of the method of manu-
facture. However, all the variations shown in Fig. 3-3(B)
meet the requirements listed in Fig. 3-3(A). Fig. 3-4
shows the application of geometric and linear controls.
While variation still exists, it is more controlled. For ex-
ample, the 76.20-mm (3.000 -in.) dimension may vary by
0.51 mm (0.020 in.), but whatever it is, within that limit,
the right side of the item is perpendicular to the top
within 0.13 mm (0.005 in.), and the left side is pardlel to
the right side within 0.13 mm (0.005 in.). Thus there is
an allowable variation of 0.51 mm (0.020 in. ) permitting
machine flexibility, but a control of the resultant surface
to within 0.13 mm (0.005 in.). The variations are within
limits that in this case assure interchangeability. Form,
fit, and function are not violated.

The possibility of variation in production exists with-
in a single shop as well as between different contractor
shops in which production techniques and production
line equipment are different. This case is illustrated in
Fig. 3-5, which shows a reasonably complete drawing.
All dimensions are tolerance; surface roughness re-
quirements are noted, and materials are specified. The
drawing appears complete, but the controls are missing.
Fig. 3-6 shows two production possibilities. If the piece
is chucked on the 101.6-mm (4.00 -in.) diameter (Fig.
3-6(A)), the six 7.95-mm (0,313 -in.) diameter holes may
be concentric with the 101.6-mm (4.00-in.) diameter;
however, the other bores, the diametral bosses, and the
keyway may be off center, depending on the process
used. If the piece is held in an expanding arbor, every-
thing may be concentric and symmetrical, but the six

. Radius Radius
E Radius E Radius ; !

Figure 3-2. Alternative Designs
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Figure 3-4. Application of Geometric and Linear Controls
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With Respect to 101.6-mm (4.00-in.)
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Note:

*\“

/_19.05
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(B) 7.95-mm (0.313-in.) Holes Processed

With Respect to 19.05-mm (0.750-1n.)
Hole

Units--millimetre (inch)

Figure 3-6. Possible Results of Failing to Provide Positioning Controls

7.95-mm (0.31 3-in.) diameter holes may be located off
center (as shown in Fig. 3-6(B)). Fig. 3-7, depicting a
similar part, gives information that will eliminate the
previously discussed incorrect production possibilities
by specifying controls using geometric dimensioning
and tolerancing. Data are established; geometric re-
quirements are specified; quality assurance is invoked,
and al items produced and accepted will meet the form,
fit, function, and interchangeability requirements. As a
result, the repair parts from any producer will fit.

The majority of the producibility restrictions created
in the preparation of drawings could be eliminated with
adequate advance planning and with an effective, con-
tinuing producibility analysis.

3-2.4 SPECIFICATIONS AND STANDARDS
Specifications and standards are used to define clear-
ly the characteristics of an item to be produced. MIL-
STD-961 (Ref. 4), which regulates the preparation and
revision of all military specifications, defines a specifica-
tion as “. . . a document intended primarily for use in
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procurement, which clearly and accurately describes the
essential technical requirements for items, materials, ‘or
services, including the procedures by which it will be
determined that the requirements have been met. Speci-
fications for items and materials may also contain pre-
servation-packaging, packing, and marketing require-
ments.”. The “essential technical requirements’ are
those necessary to assure that the produced item will
perform in accordance with the required performance
characteristics. The specification, as placed in the hands
of the procuring agency, represents a distillation of the
experience and projected needs of the user as trandated
by the developer into engineering requirements. To the
engineer interested in producibility, the important word
is “essential”. Essential, as the word implies, represents
the highest order of dimensiona definition of a part.
There may be other dimensions that are important in
terms of form, fit, function, or weight but not critical. It
is those noncritical dimensions, finishes, and tolerances
that should be the first target of producibility engineers
looking for ways to reduce cost or complexity.
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Figure 3-7. lllustration of Proper Positioning Controls

3-2.4.1 The Military Specification

The commercial parts industry amost exclusively
originates the commodities that eventually emerge as
MILSPEC types. The generic evolution of a large
number of parts that can be traced from commercial to
MILSPEC is progressing rapidly. Differences between
the two are the degree of inspection, test, and control
over the parts. As an example, the same basic part used
in a helicopter rotor and in an automobile transmission
may be identical dimensionally, but it requires a far
higher reliability in aircraft use because a stalled engine
is not merely a nuisance but most often is a catastrophe.
This example demonstrates the need for MILSPEC'S,
but it should be emphasized that MILSPEC'S should be
used only when commercial specifications are not avail-
able. The engineer, to perform his tasks, should be well
versed in the DoD system of standards and specifica
tions (Ref. 5). Where possible the DoD encourages the
use of commercial specifications rather than develop-
ment of MILSPEC ‘s.

MILSPEC'S written today follow the format require-
ments contained in Ref. 4. This standard contains inte-
grated instructions for the preparation of specifications,
amendments, supplements, specification sheets, and
notices. For additional guidance in the preparation of
specifications, internal documents of individua Govern-
ment activities may be used as supplemental informa
tion. DoD agencies select and standardize items to meet
their specific needs. In some instances the specifications
are based on commercialy available materials; in other
instances the specifications may be for materias of in-
terest only to DoD. In either instance the specifications
are used so that DoD is certain of receiving material
that satisfies its needs. The method for insuring con-
tractual implementation of the MILSPEC system is to
state appropriate requirements in contracts between the
military procurement activity and the contractor for en-
gineering designs or to cite specific, applicable docu-
ments for supply contracts. This is done by using DD
Form 1423, Contract Data Requirements List, or by at-
taching a statement to the contract.
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The system of MILSPEC is not infalible, and the
individual making use of MILSPEC materials must be
careful that the specifications are in fact adequate for
the planned use. Examples of factors that might pre-
clude direct use of MILSPEC materia are

1. Dimensional tolerance not sufficiently tight

2. Environmental reguirements not sufficiently in-
clusive

3. Lack of coverage for a key parameter

4. Testing not adequate,
Frequently these factors are used to justify abandoning
the MILSPEC. A detailed and objective evaluation of
the system shows that the MILSPEC system provides
ample authorization for a controlled procedure that will
accommodate the technical requirements of amost any
program. One example is Ref. 1. Among other things,
this specification authorizes design activities, when com-
mercial specifications are not suitable, to prepare speci-
fications and specification source control drawings “as
necessary” to insure the procurement of the commaodi-
ties required to achieve the requirements levied on the
equipment. By creating these documents and the engi-
neering tasks necessary to determine their content, the
design activities have a recognized basis and technica
justification for altering, selecting, or modifying parts as
necessary. The design activity also may include or ex-
clude, on specification or source control drawings, spe-
cia inspections as justified and warranted on a techni-
ca bass.

The development of the total technical design pro-
cedure, which is itself nothing more nor less than a
specification, must be conducted in conjunction with
MIL-STD-143 (Ref. 6). This standard sets forth the cri-
teria and order of precedence for the selection of specifi-
cations and standards to be used by design activities in
the design and construction of military equipment. As
described in Ref. 5, the procuring agency has the addi-
tional responsibility of providing an orderly feedback to
the MILSPEC system if the technological data and im-
provements developed during the course of its procure-
ment activities become candidates for incorporation into
the MILSPEC system. The best in inspection and test
techniques resulting from experience can also be in-
corporated. Demonstrated deficiencies or weaknesses in
MILSPEC documents can be identified and remedied.
This data feedback becomes practical if the design
activities participate within the MILSPEC system and
this technology becomes documented. The principal
weakness of the system is that the time lag between
change in the state of the art and specification coverage
appears excessive.

3-2..4.2 The Military Standard

Standards establish engineering and technical limita-
tions and applications for items, materials, processes,
methods, designs, and engineering practices. They
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should be complete in their descriptions and provide in-
formation required to make application decisions. De-
tails for preparing and revising standards are presented
in MIL-STD-962 (Ref. 7). Information from Ref. 7 re-
garding standards follows:

1. “Standards define terms, establish codes and
document practices, procedures and items selected as
standard for design, engineering and supply manage-
ment operations. Military standards shall not be used
as the medium for imposing administrative require-
ments on contractors.

2. “Standards are documents created primarily to
serve the needs of designers and to control variety. They
may cover materials, items, features of items, engineer-
ing practices, processes, codes, symbols, type designa-
tions, definitions, nomenclature, test, inspection, pack-
aging and preservation methods and materials, define
and classify defects and standardize the marking of
material and item parts and components of equipment,
etc. Standards represent the best solution for recurring
design and engineering and logistics problems with re-
spect to the items and services needed by the military
services.

3. “Standards are used to standardize one or more
features of an item, such as size, value, detail of con-
figuration, etc. In eguipment specifications they are
referenced to standardize on those design and testing re-
quirements which are essential to interchangeability,
compatibility, reliability, and maintainability. They are
prepared to provide the designer with the descriptions
and the data normally required for selection and appli-
cation. Standards disclose or describe the technica fea-
tures of an item in terms of what it is and what it will
do. In contrast, the specification for the same item
describes it in terms of the requirement for procure-
ment. Reference to other documents in standards to
complete a description should be resorted to only when
it is impracticable to do otherwise. ”

3-2.4.3 Commercial Specifications and
Standards

The oldest, and probably the first, class of standards
are those for weights and measures (units for length,
weight, and volume that are the basis for commerce,
trade, and science). The second class of standards con-
sists of those set for consumer protection in the public
interest, such as standards involved in building codes
and pollution control. The third class is made up of
voluntary industry standards that are set by consensus
among concerned parties. American industry is well
ahead of the rest of the industrialized nations in the
comprehensiveness and dependability of its standards
and parts produced according to those standards.

There are some 20,000 voluntary standards in force.
These have been created by more than 400 organiza-
tions, and they cover a multitude of products, practices,
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test procedures, materials, and other characteristics that
have been found to be in the interest of those parties in-
volved to reach common understanding and common
practice. The driving force behind voluntary standards
is economic. The first step in this direction occurred at
the start of the 19th century when Eli Whitney pro-
duced the first rifles from interchangeable parts, which
obviated the need for handwork in assembly. Produc-
tion was then simpler and less expensive. Mass produc-
tion is the logical extension of this concept, and it re-
quires standardization throughout the entire economy.
In fact, it is hard to imagine a time during this century
when nuts and bolts would not fit together regardless of
manufacturer. Such a situation would obviously bring
modern assembly lines to a halt. The economic forces
are therefore significant.

For example, Herbert Hoover, as president of the
Federated American Engineering Society, initiated a
study of six industries in 1920. His study reported that
nearly 50% of the cost of production and distribution
could be eliminated through standardization and sim-
plification. Fifty percent of the cost of production and
distribution should motivate any manufacturing in-
dustry to reach a consensus on standards. Product
standards can be set, not for the self-interest of the in-
dustrial parties involved, but for overriding national in-
terests or national objectives.

There are far-reaching benefits to be gained from vol-
untary standards set on a national scale. The develop-
ment of numerical control and advanced programming
techniques offers excellent examples of this concept.
When numerical control tools were first installed in the
aerospace industries between 1958 and 1960, it was al-
most impossible to interchange the tapes that ran tools.
Each different system had its own tape sizes, data
codes, formats, and programming requirements, and
the programs had to be figured out with a hand calcu-
lator and punched on a Flexowriter. This state of chaos
was brought under control by standards that are now
controlled by the Electronic Industries Association
Committee TR-31 on numerical control.

3-2.4.4 Application of Standards and
Specifications

Specifications and standards may be applied in a
number of different combinations. They may be either
commercial, military, or any mixture of commercial and
military. The DoD is placing increased emphasis on the
use of commercial products and items in the manu-
facture of military material.

3-2.4.5 Use of Commercial Specifications

In accordance with Ref. 5, it is desired that non-
Government specifications and standards be adopted
and used in lieu of the development and promulgation
of a new Government document when there is no sub-
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stantial or demonstrable advantage to the DoD in the
development of a new document. Criteria for the use of
commercial standards are costs, logistic support, per-
formance requirements, quality control, and usable’ life
of the item when compared with a new military specifi-
cation for the same item. When commercia specifica
tions are not directly or completely applicable, they
often can be modified by the addition of key features of
existing military specifications.

Commercial standards are, for the most part, volun-
tary standards of industrial suppliers and users. As such
they represent a level of product quality that reflects in-
dustry’s best efforts. More important 1 y, they represent
the broadest possible base of sources, which assures
availability. In addition, they are the basis that permits
mass production by the broad base of suppliers, which
provides materials and interchangeability at the lowest
possible price.

3-25 TOLERANCES AND SURFACE
FINISHES

Tolerances on dimensions and surface finishes play a
very important role in determining item producibility.
However, extremely tight tolerances do not necessarily
imply poor producibility. The item may be of such a
nature that tight tolerances are imperative for the item
to function properly. If loosening the tolerances will
detract from the function or reliability of the item, then
such an action would detract from the producibility
also. If, on the other hand, the tolerances can be
loosened without detracting from the functional or per-
formance characteristic of the item, the producibility
may be enhanced. A comprehensive study of the princi-
ples of interchangeability is essential for a thorough
understanding and full appreciation of low-cost pro-
duction techniques. Interchangeability is the key to suc-
cessful production regardless of quantity. Details of all
parts should be surveyed carefully to assure not only in-
expensive processing but also rapid, easy assembly and
maintenance. It must be remembered that each pro-
duction method has a well-established level of precision
that can be maintained in continuous production with-
out exceeding normal, basic cost. Economic manufac-
turing does not “just happen”. It starts with design and
considers practical limits of machine tools, processes,
tolerances, and finishes. The production tolerances for
various machining operations and cost curves for toler-
ances and surface roughness show that it is important to
analyze the tolerance structure and surface roughness
requirements to produce a functional, economical de-
sign.

3-2.5.1 Relationship of Surface Roughness and
Tolerance
In genera, surface roughness is defined as the aver-
age deviation expressed in micrometers (microinches)
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from the mean surface. Some methods may use the root
mean sguare (rms) average deviation, and others may
use the arithmetic average deviation. The two averages
described are not mathematically equivalent. ANSI
B46.1 (Ref. 8) says the rms method will read approxi-
mately 11% high; however, there is general agreement
that the difference between them is negligible, and the
term average is universal. The mean surface is located
so that the volume of peaks above the surface cross sec-
tion exactly equals the volume of valleys below it.

There is an obvious relationship between surface
roughness and dimension tolerances. It is not feasible to
expect to hold a tolerance of 0.003 mm (0.0001 in.) on a
part that is to be machined to an average roughness of
3.2 ym (125 pin,) rms. Likewise, a finish of 0.3 to 0.4 um
(10 to 15 pin.) for a surface that is merely intended to
provide a locating surface for subsequent operations
cannot be justified. A 1.0- to 1.5-ym (40- to 60-pin.)
finish would be satisfactory and would cost at least 50 to
60% less.

3-2.5.2 Application of Surface Finishes

As an aid for understanding the applications of
various surface finishes, the paragraphs that follow con-
tain some typical examples and their usage:

1. A 0.1-um (4-pin.) rms surface results from processes
that produce mirrorlike surfaces free from tool grinding
or visible marks of any kind. The finish is used on rolls
‘for roller bearings subject to heavy loads, for packings
and rings that dide across the direction of the finish
grain, and for tool components. Because of the high
cost, this finish is used only when essential.

2. A 0.2-um (8-pin.) rms surface results from processes
that produce close-tolerance, scratch-free surfaces. The
finish is used for the interior surface of hydraulic struts,
for hydraulic cylinders, for pistons and piston rods, for
cam faces, for raceways, and for rolls of antifriction
bearings when loads are perpendicular to the axis of the
bearing. This finish is used only when coarser finishes
are known to be inadequate.

3. A 0.04-pm (16-pin.) rms surface results from pro-
cesses that produce a finish that is essential for those
applications for which surface finish is of primary im-
portance for proper functioning. The finish is used for
rapidly rotating shaft bearings, for heavily loaded bear-
ings, for rolls in bearings of ordinary commercial
grades, for hydraulic applications, for static sealing
rings, for the bottom of sealing-ring grooves, for journals
operating in plain bearings, and for members under ex-
treme tension.

4. A 0.8-um (32-uin.) rms surface results from pro-
cesses that produce a fine machine finish. This finish is
normally found on parts subject to stress concentrations
and vibrations, for brake drums, broached holes, gear
teeth, and other precision machined parts.
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5. A 1.6-ym (63-uin.) rms surface results from pro-
cesses that produce a high-quality, smooth machine fin-
ish. It is as smooth a finish as can be economically pro-
duced by turning and milling without subsequent
operations and can be produced on a surface grinder.
This finish is suitable for ordinary bearings, for ordi-
nary machine parts for which fairly close dimensional
tolerances must be held, and for highly stressed parts
that are not subject to severe stress reversals.

6. A 3.2-um (125.pin.) rms surface results from high-
grade machine work where high speeds, fine feeds, light
cuts, and sharp cutters are used to produce a smooth
machine finish. It may also be produced by all methods
of direct machining under proper conditions. This finish
should not be used on dliding surfaces, but it can be
used for rough bearing surfaces where loads are light
and infrequent or for moderately stressed machine parts
that require moderately close fits.

7. A 6.4-um (250-pn.) rms surface results from aver-
age machine operations using medium feeds. The ap-
pearance of this finish is not objectionable and can be
used on noncritical component surfaces and for mount-
ing surfaces for brackets, etc.

The only difference in the parts shown in Figs. 3-8
through 3-11 is an increasing level of tolerance, surface
finish restrictions, and relative cost to produce. From
data on the figures it can be concluded that tolerances
on finishes and dimensions play an important part in
determining the producibility of an item.

3-2.6 GUIDELINES FOR PRODUCIBILITY
REVIEW OF DRAWINGS AND
SPECIFICATIONS

The preparers of drawings and specifications should
assure that the drawings and specifications conform
with the guidance provided in Refs. 1, 2, 3, and 4.

To assure that all aspects of producibility have been
considered, the preparers of drawings and specifications
should also use a checklist. Obviously, a checklist that is
applicable to al types of systems, such as electronic,
mechanical, and hydraulic, would be too cumbersome
to use. Secondary checklists should be developed by the
preparers of documentation for peculiar aspects of spe-
cific commodity items.

3-2.6.1 General Checklist for Common
Producibility Considerations
1. Detail Checklist:

Are dimensions adequate and properly located
to facilitate subsequent use?

Are tolerances realistic for performance ?

Are tolerances consistent with standard manu-
facturing processes ?

Are tolerance accumulations consistent with in- _

terchangeability?
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1. Shaft Turning, Forming, Cutoff, Rough and Finish Grinding (Ref. 9)
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Are torque values for assembly/disassembly ap-
propriate?

Are dternative materials specified where possi-
ble?

Are standard stock raw materials specified?

Are materials, processes, and tolerances con-
sistent?

Are mating parts physically and chemically
compatible?

Are blind holes eliminated where possible?

Are al corners consistent with manufacturing
process?

Are al surface finish requirements redlistic ?

Are al required specifications realistic ?

2. Intermediate Checklist:

Do off-the-shelf and stock parts have aternative
sources ?

Are al components producible on commercia
equipment ?

Are fasteners and fastening methods optimized?

Are alternative manufacturing processes pos-
sible with the specified materials and tolerances ?

Have standard and off-the-shelf parts been used
wherever possible either as is or with dlight modifica-
tion?

Have only the necessary inspection points been
specified ?

Can any military specification be replaced with
commercia specifications ?

3. Final Checklist:

Have special tooling requirements been mini-
mized ?

Are protective finishes consistent with require-
ments ?

Has consideration been given to prefinished
material ?

Are there unnecessary sole source or proprietary
items ?

Are inspection procedures consistent with quan-
tity requirements ?

Has destructive testing been minimized?

Is the design consistent with planned assembly
process ?

Are maximum alternative processes and mate-
rials possible?

Is the quantity required consistent with implied
manufacturing process ?

3-2.6.2 Metric Conversion

Instructions for the use of the metric system are given
in Refs. 10 and 11, It is important to understand the
levels of implementation. Significant among these levels
are soft metric and hard metric.

In soft metric the standard unit of measure is English.
The primary measure is in English units, eg., a ¥in.
thick steel plate is specified 0.25 in. (6.35 mm). The sig-
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nificant point is that the base unit is a standard English
measure.

In hard metric the standard unit of measure is metric.
A 25-mm (0.98-in.) thick steel plate would be specified
instead of a 1-in. plate. The metric units will become
the base measure.

In this handbook soft metric values have the equiv-
alent English values in parentheses and hard metric
values have no English values given.

3-3 COMPONENT SELECTION

A diversified complement of industrially supplied, off-
the-shelf components are available to structure modern
military systems. These parts constitute the building
blocks from which systems are fashioned and, as such,
greatly impact producibility. Since the producibility of
the end item is dependent upon these building blocks,
the importance of selecting and applying the most ef-
fective parts cannot be overemphasized. The task of
selecting, specifying, assuring proper design application
and, in genera, controlling parts used in complex sys
tems is a magor engineering task. Numerous controls,
guidelines, and requirements must be formulated, re-
viewed, and implemented during the development ef-
fort. Preferred parts lists, which tabulate specific parts
dready in use, can help to select proven components
that are already available in the supply system. Table
3-1 presents a simplified list of the ground rules and
activities needed to assure that this task is adequately
considered.

3-3.1 THE NEED FOR STANDARDIZATION
The dependence on sole source suppliers may have a
severely adverse impact on producibility because a
single source of supply provides no flexibility for de-
livery times. The delivery and cost schedule of the sup-
plier is the only aternative available to the purchaser of
the product. Frequently in a national emergency the
Government will actually compete with itself for de-
livery of critical sole source repair parts. If components
available from a wide range of suppliers were stan-
dardized originaly, greater flexibility of delivery and
cost would be possible. This becomes especialy im-
portant in the face of ever-lengthening lead times in
deliveries of frequently unacceptable materiel. The need
for standardization is emphasized by the problems in-
herent in sole source procurements. The significance of
a “standard” component is best understood by review-
ing the screening process that precedes standardization.
Virtually al manufactured devices exhibit a life charac-
teristic that may best be represented by the bathtub
curve shown in Fig. 3-12. The screening process deals
with the first segment of the curve, namely, the infant
mortality, or the early failure, period of the equipment
life. Experience shows that newly constructed electronic
equipment fails more often during its early life (i.e.,
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TABLE 3-1. GROUND RULES FOR PART SELECTION AND CONTROL (Ref. 12)

1. Determine part type needed to perform the required function and the environment in which it is expected to

operate.
2. Determine part criticality:

a. Does part perform critical functions (i.e.,, safety or mission critical)?

b. Does part have limited life?
c. Does part have long procurement lead time?
d. Is the part reliability sensitive?

e. Is the part a high-cost item, and/or does it require forma qualification testing?

3. Determine part availability:

a Is part on a preferred parts list?
b. Is part a standard military item available from a qualified vendor?
c. What is normal delivery cycle?
d. Will part continue to be available throughout the life of the equipment?
e. Is there an acceptable in-house procurement document on the part?
f. Are there multiple sources available?
4. Estimate expected part stress in its application.
5. Determine reliability level required for the part in its application.
6. Determine the efficiency of screening methods in improving the failure rate of the part (as required).
7.

Prepare an accurate and explicit part procurement specification where necessary. Specifications should include

specific screening provisions as necessary to assure adequate reliability.

©

Determine actual stress level of the part in its intended application.

Include failure rate calculations.

9. Employ appropriate derating factors consistent with reliability prediction studies.
10, Determine need for nonstandard part, and prepare a request for approval as outlined in MIL-STD-965.

Period

I I
Infant Useful
Mortality Life

Period

T
Wearout or
End of Life
Period

=

Failure Rate, quantity/unit time

'

T

Increasing Age, h orcycles

Figure 3-12. Life Characteristic Curve (Ref. 12)

during assembly and testing) than later during use in
the field. This indicates that piece parts received from
the supplier contain a certain number of weak devices
that tend to fail during initial testing of subassemblies
or complete equipments.

To eliminate the incipient failures from the manu-
facturing process, quality and screening tests can be
employed. The quality tests are those that reduce the
number of defective devices from production lines by
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means of inspection and conventional testing. The
screens are those which remove inferior devices and re-
duce the hazard rate by methods of stress application.
The purpose of reliability screening is to compress the
early failure period and reduce the failure rate to ac-
ceptable levels as quickly as possible.

Fig, 3-13 illustrates the application of a time stress at,
the part level and shows, comparatively, how reliability
screening can improve the part failure rate. It also
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Figure 3-13. Reliability Screens (Ref. 12)
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shows that, by applying a higher temperature stress—
125°C instead of 100°C-comparable failure rate levels
can be achieved in 105 h instead of 240 h. The term
“screening” can be said to mean the application of a
stress test, or tests, to a device that will revea inherent
weaknesses (and thus incipient failures) of the devices
without destroying the integrity of the device, i.e,
nondestructive testing. This procedure, when applied
equally to a group of similar devices manufactured by
the same processes, is used to identify below standard
members of the group without impairing the structure
or functional capability of the “good” members of the
group. The rationale for such action is that the inferior
devices will fail and the superior devices will pass if the
tests and stress levels are properly selected. If the failed
units are removed from the group, the remaining de-
vices are those that have demonstrated the ability to
withstand stress, and their reliability under normally
rated operating conditions can therefore be assumed to
be acceptable.

Screening can be done by the part manufacturer, by
the user in his own facilities, or by an independent test-
ing laboratory. No matter which agency is employed to
do the screening tests, the user should first acquaint
himself with the efficiency of the screening tests used by
the vendor in norma production. If such screens exist
and are effective, other/additional screens can be de-
signed to supplement the vendor’s tests; if the vendor's
tests are unsatisfactory, the screening program will have
to be a comprehensive one. When particular failure
modes or mechanisms are known or suspected to be
present, a specific screen should be selected to detect
these unreliable elements.

3-3.1.1 Advantages of Standard Components
Component control activities comprise a large seg-
ment of the total effort for component selection, applica-
tion, and procurement. The effort encompasses tasks for
standardization, approval, qualification, and specifica-
tion of parts that meet performance, reliability, and
other requirements of the evolving design. One of the
key tasks in this process is standardization. By using
standard parts in new equipment design and develop-
ment programs, frequently much time and effort can be
saved while obtaining better equipment performance in
addition to simpler and better logistic support. The
DoD promotes the use of standard parts. Occasionally,
the repeated use of parts initially characterized as non-
standard makes their standardization desirable. DoD
standardization managers work closely with the military
services and industry to develop an effective standard-
ization program for new systems. Therefore, the general
rule for part select ion is that, wherever possible, stan-
dard devices should be used. Standard devices may be
defined as those that, by virtue of systematic testing
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programs and a history of successful use in equipment,
have demonstrated their ability limits and, as a result,
have become the subject of military or commercial spe-
cifications. Military standards exist that cover the sub- -
ject of testing methods applicable to military specified
components. For example:

MIL-STD-202, Test Methods for Electronic and Elec-
trical Component Parts

MIL-STD-750, Test Methods for Semiconductor Devices

MIL-STD- 1344, Test Methods for Electrical Connectors.
In addition, military standards exist that list by military
designation those parts or devices preferred for use in
military equipment. For example:

MIL-STD- 198, Capacitors, Selection and Use of

MIL-STD-199, Resistors, Selection and Use of

MIL-STD-701, List of Standard Semiconductors

MIL-STD-1353, Electrical Connectors, Plug In Sockets
and Associated Hardware, Selection and Use of

MIL-STD- 1562, List of Sandard Microcircuits.

3-3.1.2 Cost Savings Through Standardization

Component standardization can reduce the unit pro-
duction cost of the system as well as development cost.
Standardization allows quantity discounts in the pur-
chase of components and can significantly reduce docu-
mentation cost during development. ,4 reliability? study
(Ref. 13) of two radar systems (APQ-120 and APQ-113)
found the program that emphasized standardization
(APQ-113) used one-third fewer piece-part drawings
and 2800 fewer piece parts to achieve basically the same
functions that the APQ-120 provides. Comparisons of
part standardization are shown by part type in Fig.
3-14. This figure shows the number and cost of drawings
by component in the two systems.

3-3.2 COMPONENT RELIABILITY

Component reliability is an aspect of both purchasing
practices and specifications that insure the procurement
of reliable components. The means of assuring com-
ponent reliability range from adequate test methods and
assembly processes to effective forma systems for ac-
curately reporting, analyzing, and correcting failures
that occur during use. Many times, only a little addi-
tional effort is needed to assure acceptable field re-
liability. In contrast, the consequences of poor re-
liability in the field are severe-high cost and excessive
maintenance downtime.

3-3.2.1 Reliability and Life Characteristics
Reliability has been described as “qudlity in the time
dimension”. It is classicaly defined as the probability
that an item will perform satisfactorily for a specified
period of time under a stated set of use conditions.
From a functional point of view, for an item to be re-
liable it must do more than meet an initia factory per-
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formance of quality specification-it must also operate
satisfactorily for an acceptable period of time in the field
application for which it is intended. This classical defi-
nition of reliability y stresses four elements, namely:
probability, performance requirements, time and use
conditions. Probability is that quantitative term that ex-
presses the likelihood of an occurrence (or nonoccur-
rence) as a vaue between zero and one. Performance re-
quirements are those criteria that clearly describe or de-
fine what is considered to be satisfactory operation.
Time is the measure of that period during which one
can expect satisfactory performance and is usualy ex-
pressed as mean time between failures (MTBF). Use
conditions are the environmental conditions under
which one expects an item to function.

3-3.2.2 Economic Impact of Reliability
Figs. 3-15 and 3-16 illustrate the relationship between
reliability, maintainability, and cost, Fig. 3-1 5 shows

Minimum
Life Cycle
Cost

—_—

that as a system is made more reliable, everything else
being equal, the operation cost will decrease since there
are fewer failures, i.e.,, greater MTBF. At the same
time, acquisition costs (both development and pro-
duction) must be increased to attain the increased re-
liability. There is a break-even point where each dollar
spent on increasing reliability will result in a dollar
saved in operating costs. This point represents the re-
liability for which total costs are minimum. Note that
there are steps in attaining reliability that are of varying
difficulty and cost. The least expensive increase in re-
liability would be taken first and the most expensive
last. Therefore, the cost of reliability must have an in-
creasing slope.

Essential to effective trade-off studies are the defini-
tion of each step and the development of accurate re-
liability/cost curves for equipment that show the sen-
sitivity and breakpoints of critical reliability factors. It is
the objective of early trade-off studies to define a band
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Figure 3-15. Cost vs Reliability (Ref. 12)
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of acceptable performance and cost goals. Fig. 3-15 illus-
trates a method of defining the minimum reliability and
the maximum unit production cost based on the mini-
mum ownership cost principles. Assume that develop-
ment cost is fixed over a limited range of MTBF. The
right side of the acceptable bound shown in Fig. 3-15 is
constrained by the maximum unit production cost, and
this results in a new optimum total cost. The left side
bound defines minimum reliability levels, i.e., minimum
MTBF. The maximum unit production cost should be
based on true affordability considerations, and should
be traded off and verified during the development and
production phases of the program,

Cost

MIL-HDBK-727

Like reliability, improving maintainability causes in-
creased acquisition costs and reduced operating costs.
Maintainability is generally measured in mean time to
repair (MTTR); the less time is required to repair an
item (the smaller MTTR), the more maintainable the
item. If one takes the reciproca of MTTR to obtain a
variable that increases with maintainability and with
cost of attainment of acquisition, the same type of
curves shown in Fig. 3-16 are obtained as those for re-
liability. Relationships can be derived to determine cost
variations with equipment performance if various tech-
nologies and reliability and maintainability approaches
are assumed.

QC-'Life Cycle Cost

\ /
N\~
4

Maintainabilit:

Figure 3-16. Cost vs Maintainability (Ref. 12)
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Relationships can aso be derived that define how re-
liability and maintainability vary with performance
when cost is held constant. The resultant reliability and
maintainability for any given performance can be re-
ferred to as the baseline reliability and baseline main-
tainability. Fig. 3-17 lists some of the elements of a
hardware reliability program and shows the importance
of each element during the phases of acquisition. This
list generally follows the outline of MIL-STD-785 (Ref.
14), which is the basic standard for planning reliability
programs for DoD development and production con-
tracts.

Reliability prediction is the process of quantitatively
assessing the reliability of a system or item of equip-
ment during its development—prior to large-scale fabri-

cation and field operation. During design and develop-
ment predictions serve as quantitative guides by which
design alternatives can be judged for reliability. Re-
liability predictions also provide criteria for reliability
growth and demonstration testing, logistic cost studies,
and various other development efforts.

3-3.3 CONSIDERATION OF REPAIR PARTS
The provisioning of repair parts is an important ele-
ment in the overall process of component selection. The
acquisition of repair parts for components must be con-
sidered at the time of the initial buy. The availability of
repair parts in the right quantity, at the right time, and
in the right place is an important adjunct of produci-
bility. The component MTBF data accumulated during

Acquisition Process Phase

Reliability Apportionment
Failure Modes Analysis

Design Specifications
Acceptance Specifications
Reliability Evaluation Tests
Failure Analysis

Data System

Quality Control
Environmental Tests
Reliability Acceptance Tests
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Figure 3-17. Reliability Program Elements (Ref. 12)
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the reliability studies should provide fundamental input
for the provisioning of repair parts. The ability to buy
initial requirements and repair parts simultaneously
will be beneficial in terms of cost savings, and a quan-
tity buy will further enhance item producibility.

3-4 IMPACT OF MATERIAL
SELECTION ON PRODUCIBILITY

The selection of material for a component exerts con-
siderable influence on producibility. However, for other
than genera design information, data, and characteris-
tics, the reader is advised to refer to other chapters of
this handbook, which contain more detailed information
about a specific materia. The material selected for a
given design influences manufacturing processes, pro-
duction schedules, production lead times, end item cost,
end item availability, end item performance, reliability,
maintenance, repair parts, and many other things all
critical to producibility. The design engineer initialy
selects a material based on the ability of it to satisfy the
design performance requirements. However, certain
characteristics or the availability of a material may have
an adverse impact on producibility and make some
other material more advantageous.

3-4.1 MATERIAL COST FACTORS

The producibility of any item or component is direct-
ly affected by the base material from which it is fabri-
cated. Unfortunately, most designs start with a single
base material already preconceived by the designer.
That materid may be glass, plastic, composite, ceramic,
metal, or any number of other options. When any one of
these materials is preselected without a prior screening
of the others, optimum producibility is endangered.

Table 3-2 shows some typica applications for metals,
plastics, and composites. A few years ago most of these
common, everyday items were designed and manu-
factured only from metals or wood. However, a few
imaginative and innovative designers began to explore
the properties of other materials and quickly found
some substitute materials that provided, in many cases,

MIL-HDBK-727

a superior product. Most significant was that new
materials permitted far more efficient manufacturing
processes, which resulted in enhanced producibility.
Table 3-3 shows the comparative properties of a select
number of different base materials. As can be seen from
this table, the comparative properties of some of these
materials overlap. On this basis one might choose from
the materials with the desired properties the material
that is lowest in price per unit weight or volume. How-
ever, there are other equally important cost considera
tions. Each material carries with it a series of implied
manufacturing processes depending on the quantity of
parts to be produced. These manufacturing processes
can have a far greater impact on the overall cost of the
item than the price of the material aone. Consequently,
in the cost aspects of the material selection process, the
designer should consider the cost of the eligible
materials and the cost of the various eligible manufac-.
turing processes combined into a single unit cost.

3-4.2 MATERIAL AVAILABILITY FACTORS

There are two key elements affecting material avail-
ability: commercial and strategic availability.

To assure the producibility of an item, the engineer
must assure the availability of the raw material from the
commercial marketplace. This availability must con-
sider standard mill products, geographical location,
normal delivery time, and quantity requirements. Since
the capabilities of industry and individual suppliers vary
under different circumstances and geographical loca-
tion, information on specific aloy grades, sizes, stan-
dard forms, etc., should be obtained directly from
potential suppliers.

Certain materials are made from ores or products
that are wholly available in the United States, others
are imported from friendly or neutral countries. Some
materials in ample supply during peacetime become
critically short under conditions of wartime mobiliza-
tion. To alleviate such shortages, the Government
(under the Defense Production Act ) established stock-
pile provisions for over 90 materials expected to become

TABLE 3-2. APPLICATIONS OF VARIOUS MATERIALS

Metals

Furniture X
Automotive grills
Pipe

Structural beams
Lenses

Gears

Bushings

Pulleys

Valve bodies

Applications

X X X

X X X X

Plastics Composites Wood
X X X
X
X X
X X
X
X X
X X
X X
X X
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TABLE 3-3. COMPARATIVE PROPERTIES
Modulus of Ultimate Tensile Strength Density
Materials Elasticity
\ kPa psi M Pa ksi kg/m’ [b/in.?

Steel 103 x 10° 30 X 10°103 to zoo 15to 300 6900-8000 0.25t0 0.29
Titanium 131 x 10° 19 X 10°410 to 1720 60 to 250 4400 0.16
Aluminum 68 X 10° 10'151 to 600 22 to 100 2700 0.10
Boron/epoxy, deg 204.7 X 10°  29.7 X 10° 1720 250 1900 0.07
90° Boron/epoxy 17.2 X 10° 25X 10° 103 15 1900 0.07
E-fiberglass/epoxy, deg 448 X 10° 6.5 X 10° 1034 150 1900 0.07
90° E-fiberglass/epoxy 6 X 10° 103 15 1900 0.07
Low cost high strength

graphic/epoxy, deg 137 X 10° 20 X 10° 1379 200 1300 0.05
90° Low cost high strength

graphic/epoxy 103 X 10° 15 X 10° 103 15 1300 0.05
Nylon (glass fill) 10.3 X 10° 15X 10° 117 17 1300 0.05
Phenolic (glass fill) 13X 10° 2 X 10° 124 18 1600 0.06
Polvstvrene 324X 10° 047X 10° 82 12 1100 0.04

critical in wartime. Table 3-4 is a list of these materials,
together with a description of their characteristics,
source(s), and principal applications. All of the mate-
rials in Table 3-4 are available to defense activities.
Some are also available for sale to defense contractors or
to private industry. Instructions regarding the condi-
tions under which materials can be made available are
published by the General Services Administration
(GSA), which controls the stockpile. The Defense Pro-
duction Act aso provides a means of controlling the use
of other materials considered critical. This control is ex-
ercised by the Defense Materials System (DMS), which
operates under the authority of regulations issued by
the Business and Defense Services Administration
(BDSA), Department of Commerce. AR 715-5 (Ref. 15)
describes this operation. The latest edition of the regu-
lation, together with the latest DoD coded list of mate-
rials, will help the designer understand the magnitude
of effort required to control and alocate critica mate-
rials. This regulation states that the design engineer
must consider production methods, raw material re-
quirements, sizes, and shapes, quantities to be pro-
duced, production lot sizes, and other elements of pro-
duction often considered beyond the purview of the en-
gineer.

3-5 MANUFACTURING PROCESS
SELECTION

As previously noted, the selection of a material is the
first step in the selection of a manufacturing process.
Each material is amenable to only a limited number of
processes. To assure the DoD the most economical
product or hardware, the project manager must be
aware of the various manufacturing technologies avail-
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able. This is essential to preclude a manufacturer from
designing components expressly for the use of high-cost,
in-house tooling and thereby to preclude the use of
other manufacturing processes that might be more
economical. The selection process within those eligible
manufacturing processes can have a significant effect on
the final producibility. This selection process requires
an intimate knowledge of the interrelationships of de-
sign, material, and manufacturing process; considera-
tions of the manufacturing process availability; and an
understanding of the need for considering manufactur-
ing process alternatives.

3-5.1INTERRELATIONSHIP OF DESIGN,
MATERIAL, AND MANUFACTURING
PROCESS

The performance requirements for a new design dic-
tate the characteristics that a material must have to
qualify as an eligible materia for use in the design. This
material in turn can only be used with a limited humber
of manufacturing processes, and each of these processes
in turn is valid for only certain design requirements of
tolerance, finish, configuration, and quantity.

Fig. 3-18 portrays the decision-making flow, showing
the interrelationships of the product design process, the
material selection process, and the manufacturing
process selection. As can be seen from the flow diagram,
each of these elements imposes constraining criteria on
the subsequent element in a complete loop. In the initia
step the designer reviews the performance requirements
of the proposed design and determines the specific
characteristics required of the materials to be used in
the design.
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TABLE 3-4. STRATEGIC MATERIALS

Material and Sources

Material Description

Principal Uses

ALUMINUM
United States, Canada,
France, West Germany,
Norway

ALUMINUM OXIDE,

ABRASIVE GRAIN
United States, Canada,
France, West Germany,
Austria

ALUMINUM OXIDE, FUSED
CRUDE
United States, Canada,
West Germany, Yugoslavia,
France

ANTIMONY, METAL
Belgium, United States,
Mexico, Yugosavia

ASBESTOS, AMOSITE
South Africa

ASBESTOS, CHRYSOTILE
United States, Zimbabwe,
Ganada

ASBESTOS, CROCIDOLITE
South Africa, Australia,
Bolivia

Bluish white, silvery metal easily
drawn or forged. Lightweight (one-
third lighter than steel), relatively
strong, resistant to corrosion, electri-
cally conductive. Derived from baux-
ite (see aso).

Made by crushing fused crude
aluminum oxide; dust and iron
obtained from crushed material
which is screened to 20 grain sizes.
Ranging from grit No, 8 through
grit No. 220.

Produced by fusing calcined abrasive
bauxite, coke, iron, and titanium
oxide under intense heat of electric
arc reduction for about 24 h, then
cooling and crushing.

White, lustrous, brittle, crystalline,
easily powdered metal; principal ore
is stibnite.

Fibrous amphibole mineral, char-
acterized by long, coarse, strong,
resilient fibers. Has good tensile
strength and better resistance to heat
than crocidolite or chrysotile. Varies
in color from gray and yellow to dark
brown, with fiber lengths up to 150
mm (6 in.),

Fibrous serpentine mineral
characterized by length, strength,
toughness, flexibility, a minimum of
magnetic or conductive particles.
The most flexible of asbestos fibers.
Varies in color from green, gray,
amber to white. Texture is soft to
harsh, also silky, with very good
spinnability. Fiber lengths are
approximately 20 mm (0.75 in. ) and
longer.

Fibrous amphibole mineral of
hornblende group, the blue asbestos
of commerce. Has superior resistance
to attack by acids. Texture varies
from soft to harsh, with good
flexibility and fair spinnability.

Aircraft and missiles, electrical power
transmission cables, containers and
packaging, building products.

Manufacturing grinding and cutting
wheels, sharpening stones, coated
abrasives, lapping compounds, and
nonskid stair treads and steel walk-
ways,

Manufacturing grinding wheels,
sharpening stones, coated abrasives,
grinding and lapping compounds,
and nonskid stair treads and
walkways.

Metallic: solder, battery plates, cable
covers, type metal, and imparting
hardness and smooth surfaces to soft-
metal alloys. Nonmetallic: flame-
proofing chemicals and compounds,
ceramics and glass products, and
pigments.

Manufacturing woven insulating
felt, heat insulation (pipe covering,
block, and segments), and marine
insulating board. Long fiber amosite
used principally in the manufacture
of thermal insulation.

Manufacturing asbestos textile prod-
ucts designed for electrical insulating
applications (electrical cables, indus-
trial equipment, magnet wire),
Asbestos textiles made to withstand
heat (brakeband lining and safety
clothing).

Manufacturing asbestos cement pipe,
packing, and gaskets.

(cont’d on next page)
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BAUXITE, METAL GRADE,
JAMAICA TYPE
Jamaica, Haiti,
Republic
BAUXITE, METAL
GRADE, SURINAM TYPE

Dominican

Surinam, Guyana, Indonesia,

Ghana, Austraia

BAUXITE, REFRACTORY
GRADE
Guyana
BERYL
United States, Brazil,
Argentina

BISMCJTH
Peru, Mexico, Canada,
Y ugoslavia

CADMIUM
Belgium, Canada, Mexico,
United States

CASTOR OIL
Brazil, India, United States

CELESTITE
England, Mexico
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Fine clay-like material, reddish-
brown in color.

Clay-like material, ranging from fine
to lumps, dull white to brown in
color.

Clay-like material that has been cal-
cined, dull white in color.

Opalescent material; blue, green, yel-
low, brown, or colorless; ranges in
size from granular to large lumps or
crystals.

Grayish-white, brittle, hard, easily
powdered metal with reddish tinge.
Has low melting point (27(PC) and a
low therma conductivity. Derived
chiefly as by-product of lead refining.

Soft, bluish, silver-white metal ob-
tained chiefly as by-product of
zinc smelting and refining.

Colorless to pale-yellowish viscous
oil obtained from castor bean by
pressing or solvent extraction.

Strontium sulfate in form of friable
mineral, usualy coarsely crystaline.
Concentration to usable ore and
chemical manufacture of strontium
compounds usually required for end
use.

Mainly to produce alumina which is
converted to aluminum. Also to
produce abrasives and refractories,
and in the chemica industry.

Mainly to produce alumina, which is
converted to aluminum. Also, to pro-
duce abrasives and refractories, and in
the chemical and refractory inclustries.

To produce high aumina refractories.

To produce beryllium for production
of beryllium copper aloys. Also, in
the nuclear energy, aircraft, missiles,
space fields.

For low-melting (fusible) aloys and
pharmaceuticals. Also, in other al-
loys as an additive to improve machin-
ability of aluminum and malleable
iron.

Electroplating, pigments, bearing al- °
loys and low melting (fusible) alloys.

In paint and varnish, linoleum, oil-
cloth, printing ink, soap; for petrol-
eum demulsification; in lubricants

and greases, hydraulic brake fluids,

synthetic resins, textiles. Sebacic acid
(important derivative) is starting ma-
terial for certain types of nylon, plas-
ticizers, synthetic resins.

To produce dense red flame with
high brilliance and visibility range
for pyrotechnics (tracer ammunition,
military flares, and marine distress
signals). Also, glass and ceramics,
lubricants, sugar refining, lumines-
cent paints, drilling muds, electro-
Iytic zinc refining, welding rod coat-
ing, caustic soda.

(cont’d on next page)
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CHROMITE, CHEMICAL
GRADE
South Africa

CHROMITE, METAL-

LURGICAL GRADE
Turkey, United States,
Zimbabwe, U. S. S. R,
Philippines

CHROMITE, REFRACTORY
GRADE
Philippines, Cuba

COBALT
Zaire, United States, Morocco,
Canada, Zimbabwe

COCONUT OIL
Philippines

COLEMANITE

United States, Turkey

COLUMBIUM

Nigeria, Zaire, Brazil, Canada

COPPER
United States,
Zaire, Mexico

CORDAGE FIBER, ABACA
Philippines

Canada, Chile,

Ore having submetallic to metallic
luster, ranges in color from brownish
to black. Varies in size from fines to
granular and large lumps.

Hard, lumpy ore with a small
amount of fines, varying in color
from brownish-black to black,

Has submetalic to metdlic luster,
ranges in color from brownish-black
to black. Varies in size from fines,
granular to large lumps.

Dark-grayish metal usually produced
in form of rondelles, granules,
lumps, cones, or thin, broken pieces.

Nearly colorless, fatty oil or white
semisolid fat extracted from
coconuts.

Soft mineral, transparent to translu-
cent and colorless, also milky white,
yellowish white, gray or muddy, var-
ies in size from fines to lumps.

Platinum-gray ductile metal of high
luster, obtained from columbite or
tantalite.

Reddish, tough, malleable, corrosion
resistant, electrically conductive
metal.

Fiber (manila hemp) stripped from
long leaves of Muss textiles, banana-
family plant growing in humid,
tropical climates.

To produce chemicals such as
chromic acid and zinc chromate.
Chemicals used for anodizing and
manufacturing pigments for paint
and tanning. Also, for production of
plating for resistance to wear, corro-
sion and heat in engines, marine
equipment, and military items.

To produce ferrochromium and chro-
mium metals used to produce alloy
steel and other alloying agents. Add-
ing chrome to steel improves hard-
ness, tensile strength, and resistance
to heat and corrosion.

Fines used to make mortar for con-
structing furnaces; larger material
used for making furnace brick. Gives
brick strength and stability at high
temperatures, and resistance to
shrinkage, spalling, and corrosion by
dags and fluxes.

To produce high temperature, high
strength alloys, and permanent
magnet materials. Also, for porcelain
enamel, pigments, catalysts, var-
nishes, paints, inks, stock feed,
cobalt-deficient  soils.

Making soap, foods, and as raw
material in producing fatty acids,
particularly lauric acid.

To produce boron for compounds
used in glass and ceramics industries
requiring their low melting point
and excellent fluxing properties,;
used in cleaning hides, and in plas-
ters and paints to prevent mildew.
Added to aloy steel to increase har-
dening qualities.

For alloying, especially in stainless
steel to inhibit intergranular corro-
sion and improve creep, impact, and
fatigue strength. Columbium car-
bides used in producing cutting
tools.

Electrical wires and equipment,
tubes and pipes, and as base meta in
brass and bronze.

Marine cordage, gut ropes, and
construction.

(cont’d on next page)
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CORDAGE FIBER, SISAL
Angola, Mozambique, Tan-
zania, Brazil

CORUNDUM
South Africa, Zimbabwe, India

CRYOLITE
United States

DIAMOND DIES
United States, France,
Holland, Switzerland

DIAMOND, INDUSTRIAI. —

CRUSHING BORT
Zaire, South Africa

DIAMOND, INDUITSTRIAL:
STONES
Zaire, Holland

DIAMOND, TOOLS
United States, England, West
Germany

FEATHERS AND DOWN,
WATERFOWL
China, Western Europe

FLUORSPAR, ACID GRADE
United States, Mexico, Canada,

Spain, Italy
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Fiber stripped from large leaves of
tropica plant, Agave sisaana

Natural]ly crystallized aluminum ox-
ide, the second hardest minera
known. Has abrasive quality largely
due to its basal cleavage, imparts new
sharp cutting angles when used for
grinding.

Sodium auminum fluoride. Natural
material largely replaced by synthetic
cryolite; fluorspar converted to
hydrofluoric acid or fluorine, neu-
tralized with sodium carbonate and
aluminum hydrate to produce
cryolite.

Dies made from selected industria
diamonds by drilling or electricaly
piercing the die hole.

Industrial grade of small, particle
size diamonds not suitable for gem or
tool use.

Diamonds unsuitable as gems
because of structure, color, flaws, or
impurities.

Tools that have industrial diamonds
set in the cutting or grinding edge.

Soft and pliant contour feathers and
thick undercoating of down of ducks
and geese.

Mineral of cacium fluoride. Only
source of fluorine for industrial use
except for very limited supply of
cryolite and very low fluorine con-
tent in phosphate rock.

Rope, baler, binder, and wrapping
twine; upholstery and padding; wire
rope centers, reinforcement for paper
and plastics.

Grinding wheels used for grinding
malleable iron castings, very fine
grain generaly preferred for grind-
ing and polishing lenses.

Reducing alumina to aluminum
using a bath of fused cryolite and
aluminum fluoride is the electrolyte
in which aumina is disassociated by
electric current and a sea made
between molten aluminum and the
atmosphere. Ground cryolite used in
enamels, glass, insecticides.

Drawing fine size wire from hard
metals for the electrical industry.

Crushed into diamond powder for
use in polishing and lapping, and as
cutting agent in drilling very small
holes in hard materials.

In grinding wheels to shape and
sharpen tungsten carbide cutting
tools; as cutting edges of tools used
for turning, grinding, and drilling
hard metals.

Cutting or grinding very hard
metals.

As filler and heat-insulating material
in sleeping bags, pillows, other
bedding.

To make hydrofluoric acid. Used to
produce synthetic cryolite, freon gas,
alkylate for high-octane fuel, pick-
ling steel, etched glass, many other
minor uses. Cryolite used in making
alloys of aluminum and magnesium
and in refining the scrap of these
metals.

(cont’d on next page)
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FLUORSPAR,METAL-
LURGICALGRADE
United States, Mexico

GRAPHITE, NATURAL-
CEYLON AMORPHOUS
LUMP

Sri Lanka

GRAPHITE, NATURAL-
MALAGASY, CRYSTALLINE
Madagascar

GRAPHITE, NATURAL-
OTHER THAN CEYLON
AND MALAGASY,
CRYSTALLINE
Canada, Germany, United
States

HY OSCINE
Australia

IODINE
United States, Chile, Japan

JEWEL BEARINGS
United States, Switzerland,
Japan, Italy, France

Mineral of calcium fluoride. Metal-
lurgical grade is granular; lumps up
to 75mm (3 in.) preferred by some
steel companies. Contains minimum
of 70% effective calcium fluoride,
percentage of total calcium fluoride
content, less 2-1/2 times silica
content.

Natural variety of element carbon;
commonly known as plumbago.
Grayish-black in color, with metallic
tinge and unctuous feel. Good con-
ductor of heat and electricity, resis-
tant to acid and akalies, easily
molded.

Natural variety of element carbon;
commonly known as plumbago.
Grayish-black in color, with metallic
tinge and unctuous feel. Good con-
ductor of heat and electricity, resis-
tant to acid and akalies, easily
molded.

Natural variety of element carbon;
commonly known as plumbago.
Grayish-black in color, with metalic
tinge and unctuous feel.

Colorless or white crystals known as
hyoscine hydrobromide or scopola-
mine hydrobromide.

Dense, grayish-black, crystaline
material, having metallic luster and
characteristic odor.

Manufactured from natural sap-
phires and rubies or from synthetic
corundum stones.

Facilitates fusion and transfer of im-
purities (sulfur and phosphorus) into
the slag created by open-hearth pro-
cess of making steel; adds to the
fluidity of the dag. Also as fluxes by
iron foundries and manufacturers of
ferroalloys.

Manufacturing of carbon brushes in
electrical equipment. Also, many
other uses.

Manufacturing of crucibles employed
in refining and reducing gold and
silver; in melting brass, bronze, and
other copper-based alloys; for casting
auminum. Also, many other uses.

In lubricants, oilless bearings, pack-
ing, foundry facings.

control of motion sickness, in anes-
thetic compounds, in antispasmodic
for treating Parkinson's disease.

In medicine and antisepsis; in food
supplements, in industrial process-
ing; in producing titanium, silicon,
hafnium, zirconium, and other stra-
tegic metals.

Universal application in watches,
meters, gyroscopes, other precision
instruments; in places where friction
and wear between small moving
parts must be held to a minimum,
shocks withstood, high pressures
carried.

(cont’d on next page)
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KYANITE—MULLITE
United States, Kenya

LEAD
United States, Canada,
Mexico, Peru, Austraia

MAGNESIUM
United States, Norway,
German y

MANGANESE, BATTERY
GRADE, NATURAL ORE
Ghana, Greece

MANGANESE, BATTERY
GRADE, SYNTHETIC
DIOXIDE

United States

MANGANESE ORE, CHEMI-
CAL GRADE, TYPE A
Morocco, Cuba

MANGANESE ORE, CHEMI-
CAL GRADE, TYPE B
Ghana, India, Chile, Cuba

MANGANESE ORE, METAL-
LURGICAL GRADE
India, South Africa, Brazil,
U.SSR.
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Metamorphic mineral of auminum
silicate used for refractory where low
expansion is required; produces hard
grog with high constancy of volume.
Heated, kyanite becomes mullite,
having different ratio of alumina to
silica and less affected by high
temperature than clay refractories.

Heavy, bluish-white, soft, easily fusi-
ble, malleable metal.

Light, silvery-white, ductile, easily
machinable metal.

Black material ranging from concen-
trates to small lumps.

Black material, usually passing US
standard sieve No. 60.

Brownish-black to black ore in form
of concentrates or lumps.

Brownish-black to black ore in form
of concentrates or lumps.

Black ore in form of lumpy natural
ore or agglomerated nodules or
sinter.

Mullite for heavy-duty refractories
where low expansion is required
(tanks for molten glass and spark-
plug porcelain; pouring ladles and
electric arc furnaces). Also, for melt-
ing high-copper brasses and bronzes,
copper-nickel alloys, some ferrous
alloys, zinc smelting, gold refining,
manufacturing ceramics.

Storage batteries, cable coverings,
ammunition, gasoline additives,
pigments, solder.

Structural forms for aircraft and mis-
siles, forgings, castings, extrusions.
Also, as aloy with aluminum and
other metals.

In manufacturing dry-cell batteries.

In manufacturing dry cells for batter-
ies; mixed with natural grade to pro-
duce high-standard batteries for mil-
itary use. Also, for special types of
batteries for hearing aids and other
small elements.

As oxidizing agent in chemica
industry especially in manufacturing
hydroguinone by the continuous
process. Hydroquinone used as pho-
tographic developer, antioxidant, or
inhibitor in compounding rubber in
finished products, and in gasoline
and medicinal processes.

In producing potassium permanga-
nate and other permanganate chemi-
cas. Also in producing manganese
chloride, dye intermediates, glass and
pottery coloring, electric lamps,
welding rods, enamel frit, nicotinic
acid.

In manufacturing manganese metal,
ferromanganese, and specia manga-
nese aloys which are used to neutral-
ize effects of sulfur and to remove
oxygen, Also, added to special steels
to contribute toughness and resis-
tance to shock and abrasion.

(cont’d on next page)
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MERCURY
Spain, Itay, Mexico

MICA, MUSCOVITE BLOCK,
STAINED A/B AND BETTER
India, Brazil, United States

MICA, MUSCOVITE BLOCK,
STAINED B AND LOWER
India, Brazil, United States

MICA, MUSCOVITE FILM,
FIRST AND SECOND
QUALITIES

India, Brazil, United States

MICA, MUSCOVITE FILM,
THIRD QUALITY
India, Brazil, United States

MICA, MUSCOVITE
SPLITTINGS
India

Heavy, silvery-white, lustrous metal,
liquid at normal temperatures. Pri-
mary source is cinnabar.

Nonmetallic, crystalline mineral easi-
ly separated into thin sheets with
good dielectric strength. Block mica
not less than 0.18 mm (0.007 in.)
thick with minimum usable area of
646 mm*(1 in®). Stained A\B and
better are higher quality groups con-
taining fewer impurities. Fewer
impurities allow a gresater dielectric
constant.

Nonmetallic, crystalline mineral easi-
ly separated into thin sheets with
good dielectric strength. Block mica
not less than 0.18 mm (0.007 in.)
thick with a minimum usable area of
646 mm’(1 in’). Stained B and lower
are lower quality groups containing
more impurities. More impurities
yield a lower dielectric constant.

Nonmetallic, crystalline mineral easi-
ly separated into thin sheets with
good dielectric strength. Film mica
split from the higher quality block
mica to specified thickness groups
ranging from 0.30 to 0.10 mm (0.012
to 0.004 in.). First-quality film
equivalent in visua quality to far
stained block mica, and second-
quality film to good stained block
mica.

Nonmetallic, crystalline mineral easi-
ly separated into thin sheets with
good dielectric strength. Film mica
split from higher quality block mica
to specified thickness groups ranging
from 0.30 to 0.10 mm (0.012 to 0.004
in.). Third-quality film equivalent in
visual quality to stained A block
mica

Same as muscovite block mica except
in form of sheets of maximum thick-
ness of 0.30 mm (0.012 in. ) and min-
imum usable area of 484 mm’(0.75
in?),

Metal: in industria control instru-
ments, thermometers, automatic
switches, heat exchange media,
cathodes in manufacturing chlorine
and caustic soda. Mercury com-
pounds: in pharmaceuticals, chemi-
cals, antifouling paints.

In electronic tubes as spacers; stained
A/B and better quality groups more
suitable for specialized tubes.

In electronic tubes as spacers. Stained
B and lower quality groups more
suitable for less specialized tubes and
nonelectric uses (insulation in elec-
trical equipment).

As dielectric in electrica capacitors;
first and second qualities more desir-
able for specialized capacitors requir-
ing extremely close capacitance
tolerances.

Didlectric in electrica capacitors;, and
a small quantity used as interlayer
insulation for air-cooled transformer
coils.

In making dielectric tape and cloth
used as insulation for field coils,
armature windings, transformers,
other electrical devices operating at
high temperatures.
(cont’d on next page)
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MICA, PHLOGOPHITE
BLOCK
Madagascar

MICA, PHLOGOPHITE
SPLITTINGS
Madagascar

MOLYBDENUM
United States, Chile, Canada

NICKEL
Canada, United States,
New Cadedonia, Cuba

OPIUM
Turkey, India

PALM OIL
Zaire, Indonesia

PLATINUM GROUP

METALS—IRIDIUM
South Africa, Canada,
United States, U.S.S.R.
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Differs from muscovite block in
withstanding high temperatures with
less deterioration, being resistant to
abrasion across the edge of the lami -
nae. “High heat” quality is specified
by stating that it must withstand a
given temperature for a stated time.

Same as phlogophite block mica
except in form of thin laminae with
maximum thickness of 0.30 mm
(0.012 in.).

Hard, silver-white metal obtained
from molybdenite. Imparts a high
melting point, high strength, stiff-
ness, and toughness to alloys.

Hard, silver-white, ductile metal hav-
ing high resistance to corrosion and
abrasion.

Dried exudate (from unripe capsules
of poppy plant, Popaver somonife-
rum) containing various akaloids,
the most important is morphine.
Appears in commerce as dark brown
bricks or balls weighing a few
pounds each.

Yellowish ail, solid at room tempera-
ture, extracted from fruit of certain
palms.

Harder, tougher, denser, and higher
melting point than other platinum
group metals; luster similar to plati-
num; has dlight yellowish cast.
Slightly less than twice as heavy as
lead and is one of the most corrosion
resistant metals. Annealed iridium is
four to five times as hard as annealed
platinum.

As insulating material in soldering
irons, high temperature coils, liners
in proximity fuses, transformers,
heater elements.

Used to make dielectric tape and
cloth which is used as insulation for
field coils, armature windings, trans-
formers, and other electrica devices
operating at high temperatures.

An aloying metal in iron and steel;
also, by electrical, chemical, ceramic
industries. Small quantities: as cata
lysts, welding rods, paints and pig-

ments, lubricants, trace element in

plant and animal metabolism.

An dloy to strengthen and harden
steel and other metals and to provide
resistance against corrosion. Major
use is as an aloy in steel, especially
in producing corrosion resistant
steels and high-temperature alloys.
Essential in production of jet
engines, aircraft frames, armor plate,
magnets, and in electroplating.

As morphine used as an analgesic or
pain-relieving agent of particular im-
portance in shock treatment. Also, as
codeine, which is used as a cough
depressant and in pain relief.

Processed into edible ail; in soap-
making; in tinplating and in cold
reduction of sted,

Essentialy, for aloying with plati-
num and palladium to increase
hardness and corrosion resistance;
small crucibles for high-temperature
reactions; for extrusion dies for high-
melting glasses. Is difficult to work,
few of its mechanical properties are
known.

(cont’d on next page)
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PLATINUM GROUP
METALS—PALLADIUM
Canada, South Africa,
United States, U.S.S.R.

PLATINUM GROUP

METALS—PLATINUM
Canada, United States, South
Africa, Colombia, U.S.S.R.

PLATINUM GROUP

METALS—RHODIUM
Canada, South Africa, United
States, U.S.S.R.

PLATINUM GROUP
METALS—RUTHENIUM
Canada, South Africa,
U. S. S. R, United States

Least dense and has lowest melting
point of six metals in platinum
group. Weighs dlightly more than
half as much as platinum and has
more brilliant luster.

Heavy, grayish-white, noncorroding
precious metal; very soft; ductile,
malleable; does not tarnish at ele-
vated temperatures; inert to common,
strong acids including nitric acid,
but aqua regia dowly reacts with it.
Alkalimetal hydroxides, especially
with oxidizing agents, attack plati-
num; chlorine and fluorine react
with it.

Metal of platinum group, between
platinum and iridium with respect to
hardness, toughness, and melting
point; maintains freedom from sur-
face oxidation; has a lower specific
electrical resistance than platinum or
palladium.

Gray or silverlike, brittle, nonductile
metal of the platinum group; brittle
at high temperatures; insoluble in
acids; but is attacked by fused
alkalies.

Less costly and lighter pallium
substituted for platinum (current
price of paladium is about one-third
that of platinum). Is extremcly duc-
tile and malleable, but its physica
and work hardening properties
somewhat limit its use; absorbs hy-
drogcm at moderate temperatuers,
which hardens the metal.

Used separately and in aloys or
combinations with each other and
other metals. Electrical: contacts,
electrodes, filaments, resistance
thermometers, resistors, thermocou-
ples. Chemical: vessel cathodes,
spinnerettes for organic filaments
such as rayon and for fiberglass,
burner nozzles, catalysts. Sundry:
dentistry, jewelry, purification of
hydrogen, precision instruments.

Plating of scientific instruments,
silver and platinum jewelry, preci-
sion instruments for the measure-
ment of the physical properties of
corrosive liquids are plated with
rhodium; plating of electric contacts
for radio and audiofrequency circuits’
because of freedom from oxidation
and low-contact resistance; coating of
sliding or moving contacts to take
advantage of great hardness;, coating
of mirrors and surfaces to maintain
brilliancy. A thermocouple of plati-
num and rhodium aloy defines the
International Temperature Scale
between 630.5° and 1063°C.

Is dloyed with platinum and palla-
dium for a hard, corrosion-resistant
metal and is used for jewelry, contact
points, and catalysts. Alloys not used
at elevated temperatures under oxid-
izing conditions. Has been used for
nibs of pens, phonograph needles,
and pivots in instruments. High
melting point, hardness, and brittle-
ness limit satisfactory working of
ruthenium mechanically.

(cont’d on next page)
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PYRETHRUM The kerosene extract of pyrethrum Insecticides.
Kenya, Japan flowers, commonly marketed with

QUARTZ CRYSTALS
Brazil

QUINIDINE
West Germany, Holland,
Indonesia

QUININE
Indonesia

RARE EARTHS
India, Brazil, United States

RARE EARTHS RESIDUE
United States

RUBBER
Indonesia, Malaysia,
Vietnam, Thailand, Liberia

RUTILE
Australia, United States,
South Africa, India
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the kerosene base containing 20%
pyrethrins, the insecticidal
principals.

Form of silica occurring in hard,
hexagonal crystals or in crystaline
masses; the most common of all solid
minerals, maybe colorless and trans-
parent or colored.

White, crystaline powder produced
synthetically from quinine or natu-
rally from cinchona bark, where it
occurs along with quinine.

White, crystalline powder extracted
from cinchona bark.

Group of 15 closely associated and
similar elements belonging to rare
earth group and often include tho-
rium and yttrium, which are notable
for electron-sensitive and light-
sensitive nature. Ranges from white
to pink powder, to a heavy, fine-
grained, hard sand of light-brown to
reddish-brown color.

Fine powder, white to gray or light-
brown in color; a residue from the
processing of euxenite concentrates to
produce colombium and uranium
compounds.

Processed juice (liquid latex)
obtained from tropical tree, Heavea
brasiliensis. Appears in commerce as
densely packed bales made up of
sheets of natural rubber. Must be vul-
canized for useful application.

Fine sand varying in color from red-
dish-brown to black.

In the production of piezoelectric
units, optical parts, glass, in sted
manufacture.

In medicine as a regulator of abnor-
mal heart rhythm.

Antimalarial agent.

In producing sparking metal in ciga
rette lighters. As misch metal added
to steel bath to improve hot-working
gualities. Also used in glass industry
as coloring and polishing agent and
as core in arc carbons, as well as in
projectors and searchlights. Also a
source of individua rare earth ele-
ments such as europium (used in
color television) and cerium (for pol-
ishing, flints, etc.).

To produce any of 15 closely asso-
ciated and similar elements notable
for their electron-sensitive and light-
sensitive qualities, and yttrium. Also,
to produce misch metal used for “
aloying purposes, to produce carbon
ore, cerium meta for lighter flints,
magnesium alloys, and for coloring
and decolonizing glass.

In the carcass of tires, particularly
heavy-duty tires for trucks, buses, and
planes, has many miscellaneous in-
dustrial applications.

In the production of titanium sponge
and as a stabilizer in welding rods.
Also in the ceramic industry to add
color and strength.

(cont’d on next page)
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Material and Sources

Material Description

Principal Uses

SAPPHIRE AND RUBY
Switzerland, United States

SELENIUM
United States, Canada,
Sweden, Japan, West
Germany

SHELLAC
India, Thailand

SILICON CARBIDE, CRUDE
Canada, United States

SILK NOILS
Japan, India, Italy, France

SILK, RAW
Japan, Korea, Italy

SILK, WASTE
Japan, India, Italy, France

Crystalline aluminum oxide; synthe-
sized by dropping finely ground alu-
minum oxide of great purity through
the flame of an inverted oxyhydrogen
blowpipe that operates within a
combustion chamber.

Allotropic acidic element often called
a semimetal or a metdloid; is a
grayish-black powder; hexagonal
form considered most stable under
ordinary conditions, is a fair conduc-
tor of heat and electricity, is fairly
inert to atmospheric conditions, has
fair mechanical strength, and may be
produced by heating any form of
selenium until crystallization is
complete. Some forms of selenium
are toxic.

Purified form of excretion by lac
insect; appears in commerce as
brownish flakes.

Manufactured by fusing clean silica
sand, coke, salt, and sawdust in an
electric furnace. Process requires 36 h
for fusion and 24 h for cooling.
Cooled mass crushed to provide
crude material with no lumps in
excess of 101 mm (4 in.). Exceeded in
hardness by boron carbide and
diamonds.

Silk fibers representing waste from
textile industry.

Continuous silk filaments to skeins
as reeled from cocoon of silkworm.

Silk fibers representing waste from
silk industry.

Manufacturing jewel bearings.

In the electronic industry as a semi-
conductor for dry plate rectifiers,
photocells, solar batteries, television
cameras; largest consumers are glass
and ceramic industries as a decolor-
izer for green glass and with cad-
mium to produce ruby glass now
used for permanent labels on bottles.
Added to stainless steel for a degasi-
fier and to increase machinability.
Selenium dioxide is oxidizing agent
for processing cortisone. Oxychloride
is one of most powerful solvents
known, used as solvent for phenolic
resins.

For surface coating, as a binder for
abrasives and mica; as an insulator in
electrical components; numerous
miscellaneous industrial applications.

Abrasive grain is processed from
crude silicon carbide and is used in
the manufacture of grinding wheels,
coated sheets, belts, and disks. Silicon
carbide is preferred for grinding
stone, materials that are hard or brit-
tle or of low tensile strength, such as
cast iron, brass, auminum, and
leather. Silicon carbide does not
soften or melt at temperatures below
4450°C and is used for metalurgica
refractory, but is less resistant to
molten steel and basic dags. It is not
attacked by most acids and is used in
the chemical industries.

Various silk cloths.

Medical sutures, bolting cloth, sten-
cil silks used for screen printing, var-
ious miscellaneous uses.

Various silk cloths.

(cont’d on next page)
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Material and Sources

Material Description

Principal Uses

SILVER
Mexico, United States,
Canada, Peru

SPERM OIL
Norway, England, Japan,
Netherlands

TALC,STEATITE BLOCK
AND LUMP
India, Italy

TALC,STEATITE GROUND
United States

TANTALUM
Brazil, Mozambique

3-36

White metal characterized as inter-
mediate between copper and gold in
hardness; most ductile and malleable
of al metals except gold; a better
conductor of heat and electricity than
all other metas; high resistance to
corrosion; forms more insoluble salts
than any other metal,

Yellowish oil extracted from sperm
whale.

Talc is soft, hydrous magnesium sil-
icate; stedtite is variety of pure talc
with low impurities suitable for
manufacturing ceramic, single-piece
insulator shapes for very high-
frequency applications. Steatite may
be in blocks which have been shaped
by sawing or in lumps that have been
cleaned.

Talc is soft, hydrous magnesium sil-
icate; stedtite is variety of high-grade
talc with low impurities suitable for
manufacturing ceramic insulator
shapes for very high-frequency
applications.

Hard, silver-gray metal extracted
from tantalite and columbite.

Manufacturing of photographic
materials, silver solders and brazing
alloys now used extensively in jet air-
craft and space vehicles, optical
goods, chemicals and antiseptics,
dentistry and surgery, electrical con-
tacts for light-duty circuits, high-
efficiency batteries for aircraft and
rockets, infiltration with tungsten
carbide for rocket cones, coating for
copper wire in rockets, coinage, bul-
lion base for paper currency, bearings
in aircraft and rockets, sterling sil-
verware, electroplate, jewelry.

In cutting and grinding oils for high-
speed precision work; as textile fiber
lubricant, in metal treatment, and
rust preventives.

Single-piece, electronic tube spacers
and sundry precision insulators for
very high-frequency electronic cir-
cuits, especially electronic transmit-
ter tubes; insulators made from mas-
sive dtedtite are resistant to heat and
continuous, high-frequency elec-
tronic paths.

In producing shapes for steatite
ceramics, 80 to 90% of ground steatite
is mixed with about 5% of kaolin
binder and flux (feldspar or akaline
earths), molded or extruded to shapes
and dried. Shapes may be machined
to fina insulator design from
extruded stock or mix may be molded
directly to form final insulator shape;
shapes are fired into finished shape
known as synthetics in the insulator
trade; has not replaced insulator
shapes made from massive stedtite.

In producing electronics, such as
power tubes, capacitors, rectifiers.
Also, in equipment for chemica
industry, in surgery for bone repairs;
for optical glass, cutting tools, and as
carbide in other wear-resistant alloys.

(cont’d on next page)
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Material and Sources

Material Description

Principal Uses

THORIUM
India, Brazil, South Africa

THORIUM RESIDUE
United States

TIN
Malaysia, Indonesia, Bolivia

TITANIUM SPONGE
United States, Japan,
England

TUNGSTEN
United States, South Korea,
Portugal, Bolivia, Communist
China

VANADIUM
United States, Peru

VEGETABLE TANNIN
EXTRACT, CHESTNUT
Italy, France, United States

VEGETABLE TANNIN
EXTRACT, QUEBRACHO
Argentina, Paraguay

Gray powder or heavy, malleable,
radioactive metal changing from sil-
very-white to dark-gray or black in
air.

Fine powder, white to gray or brown
in color. Material in residue from
processing of euxenite concentrates
where columbium and uranium have
been extracted.

Silvery-white, lustrous, ductile,
corrosion-resistant metal. Cassiterite
is principal ore from which tin is
derived by smelting.

Hard, corrosion-resistant, silver-gray,
sponge-like metal only 56% as heavy
as stedl.

Gray-white, heavy, high-melting,
ductile, hard, metallic element
derived from wolframite, scheelite,
hubnerite, or ferberite.

Pale-gray metal with a silvery luster;
readily aloys with iron and other
metals.

A solid brown tannin extract from
the wood of the chestnut tree.

Solid brown tannin extract from
heartwood of quebracho tree.

With tungsten or nickel in electrodes
in gas-discharge lamps and in con-
version of fissionable uranium; to
make incandescent (Welshbach type)
gaslight mantle. Its compounds are
used in luminous paints and in
flashlight powders. Compounded
with nickel to produce a high-
temperature alloy.

In incandescent gas mantles, lumi-
nous paints, and flashlight powders.
Also, in nuclear reactors for conver-
sion of fissionable material and to a
lesser extent in refractories, polishing
compounds, chemical products.

In producing tinplate and terneplate;
also, solders, bearing metas, bronze,
casting alloys, fails, various
chemicals.

In producing titanium metal and tita-
nium metal alloys requiring superior
strength-weight ratios necessary for
spacecraft and supersonic planes,
surgical instruments, portable
machine tools. Also, in chemica and
paper-pulp industries.

For electrical purposes, such as lamp
filaments, contact points, lead-in
wires for power tubes; for alloying, to
increase hardness of other metals in
making carbides for cutting tools,
abrasives, dies; for specia shapes
such as tungsten nozzles in missiles.
Mainly by steel industry as aloy in
producing high-strength structural
steels, tool steels, and related pro-
ducts requiring toughness and
strength at high temperatures.

In the tanning of heavy types of
leather, such as sole and belting.

In tanning leather; as an ingredient
in petroleum well-drilling muds.

(cont’d on next page)
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Material and Sources Material Description Principal Uses
VEGETABLE TANNIN Solid brown extract from bark of wat- In tanning heavy types of leathers
EXTRACT, WATTLE tle tree. such as sole or belting.

South Africa
ZINC Bluish-white, metallic element, easily In die casting and gavanizing;
Australia, Bolivia, Canada, fusible, somewhat brittle. alloyed with copper to form brass,
United States electrogalvanic properties useful in
protecting steel and iron from corro-
sion. Also in manufacturing
batteries.
ZIRONIUM ORE, Hard, brittle, lustrous, lumpy ore, In producing ceramics, refractories,
BADDELEYITE grayish in color. foundry facings.
Brazil
ZIRCONIUM ORE, ZIRCON Hard, fine sand, yellowish to brown- In producing refractories, foundry
United States, Australia, ish in color. facings, zirconium metal.
B
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When these characteristics (tensile strength, compres-
sive strength, stiffness, etc. ) have been identified as re-
quirements, the materials are reviewed (step 1) to de-
termine which materials can satisfy the design per-
formance characteristics. The resulting list of materials
is reviewed (step Ill) to determine what manufacturing
processes are compatible with each material. This list of
processes is then checked against the design quality and
quantity requirements (step 1V), such as tolerance,
finish, configuration, quantity, and schedule, to
determine which of the manufacturing processes can
meet those requirements. The remaining manufacturing
processes (step V) are then listed in order of priority—
cost, availabilities, and time.

In this manner the designer determines which manu-
facturing processes the specific design requirements will
permit. The tolerances, 3 corners, draft angles, etc.,
used on the design should be as loose as possible to per-
mit the maximum number of manufacturing processes
and thus enhance producibility. The flow process shown
on Fig. 3-18 is not, in most cases, a formalized pro-
cedure. The very nature of the interrelationships of the
design process, material selection process, and manu-
facturing process selection make this a naturally im-
perative procedure that all design engineers must go
through to achieve producibility.

3-5.2 MANUFACTURING PROCESS
AVAILABILITY

A design engineer can go through all of the necessary
steps to assure that his design is adequately presented
to permit the maximum number of materia and manu-
facturing process alternatives, and therefore, in every
way possible the producibility of his design is enhanced.
If the processes for which he has designed are not avail-
able at the time his design is ready to go into produc-
tion, the design is not producible. This is not to imply
that the designer is totally responsible for everything
that could cause the manufacturing processes to be un-
available, but, there is a certain amount of responsi-
bility for proper facility planning. Facilities may be un-
available for a number of reasons, but generally, they
can all be summarized as either inadequate facilities or
inadequate use of facilities. These conditions and their
causes are shown in the subparagraphs that follow.

3-5.2.1 Inadequate Facilities

Fecilities may be inadequate because of insufficient
capacity or insufficient capability. In either case the in-
sufficiency can usually be traced to the restrictiveness of
or deficiencies in the design as designers often dictate
the method by which their designs are to be produced.
Dictating the production method restricts the freedom
of potential producers, reduces the number of competi-
tive producers who might otherwise bid, and often in-
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creases production costs. Consider an industrial com-
plex that conducts its own research and engineering,
prepares its own drawings, and does its own manufac-
turing. In-house drafting and engineering standards are
used to facilitate these processes. Designs are predicated
on in-house production facilities and capabilities and
take advantage of shortcuts inherent in those capabili-
ties. The designs produced in this set of circumstances,
then, would not restrict production for that industria
complex. However, consider the restrictiveness imposed
if the same drawings were presented to another manu-
facturer with his own standards, procedures, production
facilities, and capabilities. To achieve maximum pro-
ducibility, designs to be considered for competitive pro-
curement must provide as much flexibility in the pro-
duction processes as possible without degrading per-
formance. Some examples of how the design influences
the availability of production processes by limiting the
number of choices are given in subpars. 3-5.2.1.1
through 3-5.2.1.4.

3-5.2.1.1 Restriction to Single Manufacturing
Process

Frequently, the designer unintentionally restricts the
manufacturing process to a single process through the
misuse of tolerances. For example, an aluminum cast
part with a tolerance of 0.005 mm per millimeter (0.005
in. per inch) must be investment cast since no other
casting process can hold that tolerance economicaly. If
the quantity being produced is in excess of 1000 parts,
this becomes an uneconomical approach from the
standpoint of time and money. If a cast part is dictated,
the designer should examine every potential casting pro-
cess and liberalize the design tolerances, draft angles,
and other constraints to embrace as many different cast-
ing processes as possible.

3-5.2.1.2 Design Restrictions Prohibit
Manufacturing

Occasionally, a design will describe a surface or con-
figuration that cannot be produced by any process.
More frequently, though, is the specification of quality
requirements that cannot be inspected except by the
most specialized techniques. Highly specialized pro-
cesses are frequently not available on a universal basis.
Consequently, in the interest of process availability,
they should be avoided.

3-5.2.1.3 Design Not Conducive to Economic
Processing
This situation usualy results from excessively restric-
tive quality requirements. When this occurs, the manu-
facturer has no alternative except to process the design
in accordance with the quality requirements and to
sacrifice the economics of mass production techniques.
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Consider a metal component for which the design speci-
fies a tolerance of 0.03 mm (0.001 in.) to be turned on
shafts in quantities of 10,000 or more. The best tech-
nique for accomplishing this is a numerically controlled
lathe. However, if that tolerance could be relieved to
permit a tracer lathe to be used (0.08 mm (0.003in.)),
the cost of production could be halved. Production cost
is a factor of the capita cost of the equipment, and the
initial cost of a tracer lathe is approximately 25% that of
a numerically controlled lathe. Of equal importance is
the high availability of tracer lathes and the compara-
tively lower availability of numerically controlled lathes.
The designer working in an environment that produces
prototypes of the potential design on highly precision
equipment before sending the design to a mass producer
for quantity production must constantly be on guard to
preclude the eventuality of creating designs not con-
ducive’ to economic processing in quantity.

3-5.2.1.4 Design Specifies Proprietary
Process

There are a number of processes, particularly in the
casting field, that are proprietary to a single vendor.
The availability of such processes is usually limited to
one or two licensed sources. As a consequence, the de-
signer must know that it is absolutely imperative that
proprietary processes be avoided on the design wherever
possible.

3-5.2.2 Inadequate Use of Facilities

Although certain facilities and capabilities exist, they
may not be available because of improper facility plan-
ning. These conditions are generally attributable to line
balancing, scheduling, and loading deficiencies.

3-5.2.2.1 Line Balancing

Line balancing assures that the output of each indi-
vidual assembly or manufacturing operation balances
with the required input of each successive operation.
Since some operations within a given line will require
only half as much time as successive operations, this can
create a situation in which half the employees are occu-
pied only 50% of the time. Computer-aided line balanc-
ing techniques are available that can be applied to re-
solve problems of this nature; see Ref. 16.

3-5.2.2.2 Scheduling

Manufacturing processes often are unavailable due to
poor scheduling of production requirements. The causes
often are attributable to poor communication of the
planned production requirements, which leads to a
breakdown in facility planning. Also production pro-
cesses are often unavailable because there is a lack of
prior identification of critical resources. Before discuss-
ing these two potential problem areas, it would be best
to understand the environmental factors that influence
and control the manufacturing system. Fig. 3-19 shows

INPUT ACTIVITIES OUTPUT
Design Drawings Manufacturing Products
Specifications . Controlling e
Standards Planning
Requirements Scheduling
Materials
T‘ T' ]

Personnel Policies
Quality Control
Budgets
Purchasing

Figure 3-19. Manufacturing System Schematic
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the schematic of a manufacturing system. By viewing
this schematic diagram, it becomes apparent that the
manufacturing function is subjected to many pressures
from interested groups. The engineer interested in pro-
ducibility must work closely with manufacturing in the
planning and scheduling of his product.

3-5.2.2.3 Facility Planning

Assuring that the manufacturing process require-
ments (men and machines) for a given product are
available in the planned production facility is an abso-
lute necessity if good producibility is to be achieved. It
is imperative that the engineer maintain a close and
continuous liaison with manufacturing during the de-
velopment cycle. Every change in a product during the
development cycle could have a significant bearing on
facility planning. Considering the constraints shown in
Fig. 3-19, it is obvious that personnel policies and
budgetary limitations imposed on the manufacturing
activities would require close liaison to assure proper
facility planning.

3-5.2.2.4 Group Technology

One new technique that shows great promise for
facility planning is group technology. Group technology
capitalizes on the benefits obtainable from the similari-
ties of individual components in a total manufacturing
requirement. Simply stated it is a systematic approach
that organizes the individual components of all the
manufacturing requirements into families of parts hav-
ing similar attributes. Conseguently, almost all the
parts in an individual group require comparable manu-
facturing processes and tooling. The heart of group
technology is a coding and classification system. In lieu
of caling a class of parts by their generic names (i.e,
washer, nut, burster tube), they are individually as-
signed specific identification numbers. The individual
digits or groups of digits in the identification number
are coded to represent the specific characteristics of
each individual part. These specific characteristics in-
clude such things as geometric shape/configuration,
dimensional size limitations, materials, tolerances,
manufacturing  processes, tooling, manufacturing cost,
production rate, and source of supply.

A coding and classification system facilitates the in-
troduction of a new part into manufacturing. When a
new part is introduced, it is coded with its own descrip-
tive identification number. Thus a quick data base
search would reveal al similar parts previously stored in
that family of parts. These parts would inherently have
very similar (in many cases identical) manufacturing
operations and tooling. Consequently, al of the histori-
cal data reflected in the characteristics of the identifica-
tion number would be applicable to the new part being
introduced.

MIL-HDBK-727

Group technology is predicated on the premise that
parts with the same or similar code numbers in the first
series of digits will have similar manufacturing data.
Obviously, the digits representing dimensional informa-
tion, tolerance, and material may vary dlightly without
changing the manufacturing data. All coded parts with
these digits falling within a prescribed range constitute
a family or a group of parts. This group of parts will re-
quire the same machines to produce them, and these
machines will constitute a machining cell. The cell
would also have its own specifically identified group of
specia tools. When the data base of coding and classifi-
cation numbers is complete, it contains a complete set
of data on manufacturing requirements. A simple inter-
rogation routine can then provide cumulative data on
the total machine tool requirements for al of the manu-
facturing cells. New parts to be entered into the system
can be coded, and impact analyses on the existing
manufacturing base can be conducted.

Future manufacturing needs, i.e., mobilization
planning, require only a change in quantity for parts al-
ready in the system or the addition of new parts to the
system to determine the precise capital equipment in-
vestments needed to support the mobilization require-
ments. Likewise, corroboration of the planned capabili-
ties and capacities of the producers are just as easly
identified. Soon designers may find themselves provid-
ing the coding and classification number along with
their completed designs. They may also code and
classify their designs before reducing them to hard copy
drawings. In this manner designers could screen the
data base for existing products that may satisfy their de-
sign needs and could then forego the necessity of creat-
ing a whole new design.

3-5.2.2.5 ldentification of Critical Resources
When facility planning and scheduling are com-
pleted, the engineer interested in producibility then asks
the question, “What can go wrong that will have a seri-
ous impact on producibility?’. There are a lot of things
that could go wrong; however, most of them would have
little or no impact on overall producibility. Suppose, for
example, a drill press broke down in the middle of pro-
duction. Most shops have backup for this kind of equip-
ment, and consequently, there would be little or no im-
pact. If, however, the production is dependent on a five-
axis, numerically controlled machine with no backup,
the impact could be quite severe. Many engineers are
finding simulation of the manufacturing line a quick
and easy method for identifying critica resources, and
there are a number of computer simulation programs
available for this purpose (Ref. 16). Use of some does
not require computer programming knowledge or special
training. These simulations are ideal tools for laying out
or checking production lines. Sensitivity to particular

3-41



Downloaded from http://www.everyspec.com

MIL-HDBK-727

elements (men or machines) can be quickly checked by
the simple procedure of a whole series of “what if”
games. In this manner the impact of every possible fail-
ure can be tested and alternate plans quickly estab-
lished, This is a particularly economical approach since
it is accomplished before any irrevocable decisions are
made.

3-5.3 MANUFACTURING PROCESS
ALTERNATIVES

The most producible designs are those that offer,
among other things, the greatest number of alternative
manufacturing processes. Consequently, designers
should strive to create designs that permit the greatest
flexibility, yet result in an acceptable product. This
means that the manufacturing constraints of recom-
mended quality and quantity are established to em-
brace the largest number of manufacturing processes
within the limits of a satisfactory product. Within these
manufacturing constraints the various manufacturing
processes provide some element of overlap.

3-5.3.1 Quality Overlap of Processes

One of the significant constraints precluding the use
of aternate manufacturing processes is the capability of
the various processes to produce parts of comparable
quality. Fig. 3-20 shows some selected manufacturing
process capabilities. Significant on this chart is the
tolerance overlap of certain selected processes for plas-
tics and metals. However, before deciding that an alter-
nate process does exist to produce the same quality level
for a product, the designer should further check to as-
sure that the aternative process is compatible with the
raw material. For example, if the required tolerance for
a specific design were 0.25 mm (0.010 in.), it would ap-
pear, from Fig. 3-20, that die casting, extruding, or in-
vestment casting would all produce the desired toler-
ance. However, if the material were H41300 steel, a
check of the manufacturing processes compatible with
that material (see Chapter 4) would show that it is not
extrudable. The only acceptable processes would be die
or investment casting. The design engineer would then
need to verify that the necessary draft angles and con-
figuration constraints were also compatible before re-
leasing the design for production.

3-5.3.2 Size and Quantity Overlap of
Processes

The additional constraints of part size and quantity
required would have to be verified. These are also
shown on Fig. 3-20 for selected processes. From Fig. 3-20
it can be determined that a quantity of 50,000 plastic
parts with a tolerance of 0.13 mm (0.005 in.) could be
produced by either injection molding or extruding.
However, if the part size were 0.30 m (12 in.) in
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diameter, a check of the part size column of Fig. 3-20
would reveal that extrusion could handle only parts up
to 0.20 m (8 in.); therefore, injection molding would be
the only acceptable process.

3-6 IMPACT OF PRODUCTION
QUANTITY ON DESIGN
DECISIONS

Long before the impact of production quantities on
the selection of aternative manufacturing processes is
determined, the design engineer should be considering
the impact of production quantities on the design. Pro-
duction quantity is a determining factor in establishing
the production process, and the constraints of the pro-
duction process should be consistent with the con-
straints of the design. Producibility can be further en-
hanced if ease of production is considered when estab-
lishing the basic design features.

Too frequently the term “designing for production” is
misinterpreted to mean designing for high production.
The impact of production quantities on design features
is equally significant to the producibility of either high
or low production quantities.

3-6.1 DESIGNING FOR HIGH PRODUCTION
RATES

The opportunities for producibility improvements in-
crease in direct proportion to the production quantity.
Every production advantage gained in the design
process is multiplied many times; therefore, every de-
sign engineer should become thoroughly acquainted
with the high-rate production processes applicable to
his designs. Only by this method can innovative con-
cepts be employed that will take every advantage of the
individual process to maximize producibility. The de-
sign engineer with the assimilated knowledge of design
performance characteristics is in a unique position to
capitalize on these opportunities. Only he can make the
trade-off to maximize the producibility aspects of the
design without impacting the performance characteris-
tics. The paragraphs that follow provide some examples
of how design engineers can design for high production
rates.

3-6.1.1 Internal Corner Radii

The use of the largest possible internal corner radii
for parts being machined in high production will greatly
facilitate metal removal. Fig. 3-21 shows a part with an
internal corner radius of 9.52 mm (0.375 in.). Manu-
facture of this part would probably be accomplished
with a 50.8-mm (2-in.) milling cutter for roughing out
the pocket at maximum metal removal rate leaving ap-
proximately 1.27 mm (0.050 in.) for a finish cut with a
9.52-mm (0.375 -in.) cutter to finish the surface with a
cutter that matches the corner radius and provides a
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Figure 3-21. Internal Corner Radius

smooth blend between the radius and the straight edge.
If, however, the design characteristics would permit the
corner radius to be 25.4 mm (1 in.) in lieu of the 9.52
mm (0.375 in.), significant savings would be possible by
permitting the maximum metal removal rate through-
out the machining process while concurrently eiminat-
ing a tool change. If the total tool travel around the in-
ternal edge were 203 mm (8 in.), this savings could
amount to 2.5 min per part. Given a production quan-
tity of 10,000 parts, the savings would be 417 h—a sig-
nificant improvement in producibility. However, trade-
off studies would have to be made to identify the effects
of additional weight and volume on the performance re-
guirements.

3-6.1.2 Material Consumption

Fig. 3-22 shows a spring clip functionally designed to
meet a performance requirement. This part in a quan-
tity of 500,000 would obviously be made on a punch
press from a continuous strip of material. A punching
tool would be fabricated to notch the front edge, leave

Figure 3-22. Spring Clip—Original Design

3-44

the two tabs, and sguare the back edge by cutting off
the tab remaining from the previous piece. The two
holes would also be punched in the same operation.
This would provide a completed part with each cycle.
The total quantity of clips would consume 25,400 m
(83,334 ft) of 25.4-mm (I-in.) wide strip material. That
same spring clip designed for production as shown in
Fig. 3-23 would provide significant producibility im-
provement. The back edge of the spring clip has been
redesigned to permit the use of the tab that remains on
the strip after the preceding clip has been punched. The
holes were reoriented without any impact on the func-
tional characteristics of the part. The design engineer is
the only one in the unique position to know clearances
with other parts, functional requirements, and the im-
pact of relocating the attaching holes. There are obvious
savings in tooling since only one end of the clip has to
be cut. More important are the savings in the material.
Since 13 mm (0.5 in.) of the total length of each part is
salvaged from the previous part, there is a savings of 13
mm (0.5 in.) of the 25.4-mm (l-in.) wide strip material
saved in each part. The total material used with this de-
sign is 19,050 m (62,500 ft) of 25.4-mm (I-in.) strip
material. This is a total savings of 6350 m (20,834 ft) of
strip  material.

Figure 3-23. Spring Clip—Design for Pro-
duction

3-6.1.3 High Production Rate Assembly

This subject is well covered in Chapter 7; however,
there is a fundamental truth that the designer faced
with high production rates should keep in mind. High
production rates demand automatic assembly if pro-
ducibility is to be maximized. The designer cannot ac-
cept the rationale that simply because his product was
easily assembled in the prototype stage, it can be as
sembled easily in high production. If a printed circuit
board is designed with component orientation that per-
mits automatic component insertion, it is also possible
to produce it by using manual component insertion.
However, the reverse of that is not true. Printed circuit
boards must be designed with automatic component in-
sertion in mind.
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3-6.1.4 High Production Rate Design

Every design should have two distinct phases if it
represents a product that will be produced in high pro-
duction quantities. In the first phase the designer’s ob-
jective should be to satisfy the required performance
characteristics. When this is done, the second phase
should be started. This phase should be a redesign to
optimize the capabilities of the potential manufacturing
process. As can be seen in the examples in par. 3-6.1,
there are, in most producible designs, elements of the
design that have no bearing on the function of the
product. These elements are created solely to take maxi-
mum advantage of the producibility opportunities pre-
sented by the manufacturing process.

3-6.2 DESIGNING FOR LOW PRODUCTION
RATES

The opportunities for producibility improvements
through an alternative production process at low pro-
duction rates may not appear to be as prevalent as those
available from the production processes for high pro-
duction rates. This is primarily because tooling will not
amortize over as many items. However, it can generaly
be stated that the magnitude of savings per individual
improvement is greater. Low-rate production reguire-
ments will generally occur for one of two reasons. Either
the limited quantity is all that will ever be desired, or it
is a prototype quantity for testing prior to proceeding
with high-rate production requirements. The designer
should keep the manufacturing personnel informed of

Hard Tool
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his reason for low-rate production because it can have a
significant impact on how they react to the requirement.
If the production quantity is all that will ever be
needed’, the approach will be to produce the limited
guantity in the most economical approach possible and
still meet the requirements, If it is a low-quantity buy
for test purposes before proceeding with a high pro-
duction rate requirement, the approach will be differ-
ent. Every attempt will be made to use the low-rate pro-
duction technique that most closely approximates the
probable high production rate process that will subse-
guently be used. Some examples of designing for low-
rate production are given in the paragraphs that follow.

3-6.2.1 Deep Drawing Thin Wall Shapes

Deep drawing, because of the high tooling cost for
conventional matching dies, is normaly not considered
a potential manufacturing process for low-rate pro-
duction. As a consequence, designers often try to design
around potential candidate parts by designing for a
spinning process or even a machined part. There is a
low-rate production aternative to the high-rate conven-
tional deep drawing process that is frequently over-
looked. This process uses only the mae half of the tool
and forms the metal around that tool with rubber or
rubber backed with hydraulic oil. These processes are
known as marforming and hydroforming and are
described in detail in Chapter 4. The processes are
shown in comparison with the conventional deep draw-
ingin‘Fig, 3-24.

Epoxy Aluminum Filled or Steel Punch

XStee] Punch \
z.

7

Blank to Be Formed

I TIPSO PITIITIIIY .

§<; Series of Rubber Pads

7

Rubber Diaphragm

VAR A4
VAR ARV A 4
VAR AR 4

£

Hard Tool Steel Die

(A) Conventional

(B) Marform

Hydraulic 0il

(C) Hydroform

Figure 3-24. Comparison of Deep Drawing Processes
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The marform and hydroform processes have slower
production rates than conventional processes, but they
provide closer tolerances and better definition of detail.
They are capable of holding tolerances of +0.05 mm
(0.002 in.) to £0.13 mm (0.005 in.) compared with +0. 13
mm (0.005 in.) to £0.38 mm (0.015 in.) for conventional
deep drawing. Another advantage for these low-rate
production drawing processes is their lower tooling cost;
they require only the punch rather than the matching
punch and die, which eliminates the more expensive
part of the tool set. The female die, or the female half of
the tool set, is usually about 60% of the total tool set
cost. Added to this saving is the potential to use
materials for the punch that are less expensive to
machine. Fig. 3-25 shows recommended quantities and
tolerances for different punch materials.

3-6.2.2 Designing for Numerical Control
Numerical control is one of the most viable of the
low-quantity production techniques. It is idealy suited
for quantities of from one to 2000 although these quanti-
ties may vary with the complexity of individual parts. A
better understanding of numerical control operation
procedures by the design engineers is essential to en-
hance the producibility aspects of many products pro-
duced by this new technology. This understanding is
particularly true of the part programming function.
This function translates part drawings into a format ac-
ceptable to the numerically controlled machine. The
part programmer who translates the drawings into a
machine-readable format literally redraws every part

using an aphanumeric language. This new drawing is,
quite simply, a listing of geometrical statements that
describe the geometry of the part. Understanding how
these statements are created permits the designer to
correlate the design information more closely to the
needs of the part programmer, which improves produci-
bility. Additionally, understanding the capabilities of
the programming function permits the design engineer
to capitalize on numerical control and to reduce some of
the detail work involved in the design function. A brief
review of the more critical elements of importance to the
design engineer is included here.

1. All part programming is done in a cartesian
coordinate system. Consequently, al dimensions used
in the geometric description are read from a zero origin
point or from a geometric baseline element that has
been located with respect to a zero origin point.

2. The part programmer uses geometric elements,
such as points, lines, circles, and planes, in defining the
overall geometric description.

3. The part programmer also has the ability to use
algebraic equations to describe different geometric func-
tions of the design. This is usualy simpler and easier
than any other method, particularly when describing an
irregular curve or a surface.

4. The part programming system, while processing
the data to create the punch tape, may compute the
lengths of travel and feed rates of al machine tool mo-
tions required to produce the part and provide a total of
the operational production time. An important aspect of
this function is to minimize the number of tool motions

Figure 3-25. Punch Material Characteristics
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or changes of direction to minimize production costs.

5. The design engineer, when designing for nu-
merical control, should assure that all dimensions are
located from a zero origin wherever possible.

6. Whenever dimensional elements of a design are
created from algebraic equations, the equations should
be provided with the design for ease of programming.

7, Whenever comparative analyses of numerically
controlled manufacturing are made, the program run
time from the part program should be the basis for that
analysis.

3-7 IMPACT OF EXPENDABLE AND
NONEXPENDABLE ITEMS

Consideration of the factor of expendability early in
the design can have a significant effect on design char-
acteristics that will enhance producibility. This is not to
imply that expendable items have a lower quality level.
The significance is in the repairability of the item and
the life expectancy of it. The designer should have com-
plete awareness of these features to capitalize on the
producibility considerations. For example, the life ex-
pectancy of an item is not a constant; it varies with
time. In wartime the life span of even some costly items
is such that they might almost be considered expend-
able. Consequently, the expected life span should be
constantly reexamined in terms of the planned opera-
tional environment. In general, the possible ex-
pendability of a product must be constantly weighed
against the density of issue. An expendable, high-
density item may be treated quite differently from a
nonexpendable, high-density item in terms of optimum
producibility.

3-7.1 EXPENDABLE, HIGH-DENSITY ISSUE

Material in this category includes such items as pro-
tective clothing, ammunition, first aid kits, food rations,
and other items of personal issue.

3-7.1.1 Material Considerations

The selection of raw materials used in the construc-
tion of equipment in this category can be significant to
producibility and therefore should receive the highest
priority of attention. In general the considerations that
follow should be given to material selection:

1. Minimum Cost. This is always a desirable goal in
trying to achieve producibility, but in this instance, it is
especially important. Considerations should include not
only the type of material but also the amount of
material. Using thinner material and adding strength-
ening ribs can pay large producibility dividends. This
can be very significant on high production rate items
that can absorb the tooling cost in the large quantity
and concurrently multiply minor material savings over
the same large quantity.
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2. Production Rate Compatibility. This, because of the
large quantities involved, is very critical to produci-
bility. The material selected must be compatible with
high-rate production processes if optimum producibility
is to be achieved.

3. Degradable Material. Some materials have a long-
term effect on the environment while others degrade
quickly and harmlessly and do not clutter or pollute the
countryside. An expendable, high-density issue item is
one that is normally discarded after use. The designer
must consider the environmental effects of the discard
when selecting the materias if the life cycle cost of the
design is to be minimized. Life cycle costs, we now
realize, include the cost of polluting the land or water
with detritus.

3-7.1.2 Production Processes

The production processes for material in this category
must be economical, high-rate processes. Inherently,
this implies the need for high-quality production tooling
and production processes amenable to automation.

1. Production Tooling. High-rate production pro-
cesses invariably require the use of high-quality, special
purpose tooling. These tools, such as deep draw dies,
injection molds, master patterns, etc., are always made
from high-quality tool steel, hardened and ground to
provide the greatest tool life and the best product
quality over long production runs. Although this type of
tooling is the most expensive, when amortized over a
large production run, the cost of it per part is minimal.
Recognizing that the product is expendable, many re-
peat orders for the same item should be anticipated.
Consequently, care should be exercised in tool manage-
ment to assure subsequent availability.

2. Production Process Automation. When dealing with
expendable products, the designer must be aware con-
tinually of the need to minimize the cost per part since
none of the products are reclaimable. Further, when
this expendable part is a high-density part also, even
fractions of a cent per part can produce significant ad-
vantages to producibility. This usually means that
rather than being labor intensive, the production pro-
cess should be capital intensive. Manufacturing pro-
cesses that maximize automation in processes, parts
control, parts transfer, and parts orientation are pre-
ferred. An example of this is the high production of tin
cans. The production rates are so high that production
must be automated because human hands could not
move fast enough to keep up.

3-7.2 EXPENDABLE, LOW-DENSITY ISSUE
Equipment in this category includes hand tools,
training devices, and prototype ammunition. This is
probably the most difficult area in which to achieve op-
timum producibility because it is typified by items that
are manufactured in small quantities but that can be
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thrown away after use. The key elements in achieving
maximum producibility here are the selection of the
production processes and production planning.

3-7.2.1 Production Processes

The designer must be constantly aware that material
selection, tolerance determinations, and design con-
figurations carry with them certain implied manufactur-
ing processes. Therefore, extreme care should be exer-
cised in establishing these design features and param-
eters to assure that the implied manufacturing processes
are the optimum for good producibility.

The particular attribute that should be sought in the
production process is minimum tooling and setup cost.
Low-density issue, though still of significant quantity,
does not begin to approach the high-quantity produc-
tion rates of high-density items. As a consequence, the
production cost per item will be significantly higher.
Since the items are expendable, replacement of the item
is a definite consideration. Further, since the item is
low-density, the frequency of reorders will probably be
higher. This means that the production processes will
be set up more frequently and that the tooling will be
used over and over again. Therefore, the production
process with the lowest setup cost will usually be the
most economicaly producible.

3-7.2.2 Production Planning

Low-density, expendable items usually imply low-
rate production processes, while high-density, expend-
able items imply frequent reorders. The previous para-
graph discusses the need to select production processes
with low setup costs. This paragraph discusses the need
for planning the most economical batch size to produce.

Over 80'% of all manufacturing is done in batch
operations. Typicaly, variable quantities, or batch lots,
of various items are produced on the same line or
facility. Determining the quantities of individual lot
sizes of each item is often the only difference between
good or poor producibility. Even when it is known that
certain batch sizes produce a good result, one cannot be
sure that some other combination of batch sizes might
not result in greater producibility. Computer programs
are available that can determine the most efficient batch
size and sequence for an individual plant and product.
They determine the batch sizes that will simultaneously
meet the demand and minimize cost (setup costs and
inventory carrying costs) Design engineers need to use
these techniques in planning the production of expend-
able, low-density items to insure producibility.

3-7.3 NONEXPENDABLE, HIGH-DENSITY
| SSUE
Nonexpendable materiel, such as rifles and machine
guns, implies a high degree of repairability and main-
tainability. When this occurs with a high-density item,
3-48

the implication is for a high degree of interchangeability
of parts from a high production rate manufacturing
process. The significant elements for the designer to
consider are material selection, manufacturing process
selection, and designing for simplicity.

3-7.3.1 Material Selection Processes

The information contained in par. 3-7.1.1, Items 1
and 2, is also applicable to material in this category. In
addition, the designer should consider the potential im-
pact on materials brought about by modular construc-
tion and repair. A printed circuit board, for example,
may have only a bad component, but logistically and
economicaly, it may be far more beneficia to replace
the entire board rather than the component. This type
of repair and rebuild can have significant effects on the
repair parts requirements. This needs careful considera-
tion by the design engineer to avoid degrading the pro-
ducibility aspects of the design.

3-7.3.2 Manufacturing Process Selection

The designer must exercise care to assure that the de-
sign does not limit the application of mass production.
Also the designer must allow tolerances compatible with
interchangeability requirements inherent in repairable,
nonexpendable items. This is one of the more critical
elements of which the designer must be aware to assure
maximum producibility.

3-7.3.3 Designing for Simplicity

The same rules of simplicity apply for this category of
parts as for any other category. However, specia em-
phasis should be given to designing for simplicity of as-
sembly. Special assembly tools, not available in stan-
dard manual tool sets, should be avoided. Every de-
signer should strive for the utmost simplicity in as-
sembly tools.

3-7.3.4 Human Factors

Human factors must be considered in designing
equipment of this type. For example it is desirable to
design a part so that it may be assembled with its north
end pointing north or south (fore or aft) in the as-
sembly. If this is not possible, then great care must be
taken in design to assure that there is no way the part
can be inserted backward-even by forcing it. For com-
ponents of such military items as individual weapons, it
is also desirable to design for an orientation of some sort
to permit proper assembly in the dark where fed is im-
portant.

3-7.4 NONEXPENDABLE, LOW-DENSITY
| SSUE
Nonexpendable, low-density materiel includes such
items as artillery weapons, depot maintenance tools,
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and mortars. The key items for the designer to consider
are the longer service life and, consequently, the lower
repeat orders along with the need for repair parts pro-
visioning to support the longer life.

3-7.4.1 Longer Service Life

The designer needs a continuing awareness of the en-
vironment in which the design will operate. The pro-
duction frequency of items in this category is a factor of
the planned or predicted service life of the items. The
service life of an item in peacetime may be an order of
magnitude different from the life of the item in wartime.
The item may get more handling in the disassembly,
cleaning, and reassembly (conceivably improper) than
in the use for which it was designed. As a consequence,
these factors must be taken into consideration when
planning the production processes. While certain manu-
facturing processes may be adequate for low-rate, in-
frequent production, they could be grossy inadequate
for low-rate, frequent production (high setup cost, short
tool life, for example). Concurrently, a design prepared
in anticipation of low-rate, infrequent production could
be totally inadequate for low-rate, frequent production.
Therefore, the designer should be aware of these con-
tingencies and provide for the proper aternatives in the
design to assure producibility in every possible contin-
gency,
3-7.4.2 Repair Parts Provisioning

Factors such as those discussed in the previous para-
graph can have a like effect on repair parts. Under some
conditions a nonexpendable, low-density item may be
produced with low-rate production processes. When the
consumption rate of repair parts is considered, this may
be entirely different. The effect of initial production
combined with a high consumption rate could make
component part production a high-rate production pro-
cess requirement. Again, the designer should assure the
adequacy of the design for alternative production con-
tingencies, consider the need for human factors, and
conceivably for more wear due to handling and main-
tenance than to actual use.

3-8 QUALITY ASSURANCE
CONSIDERATIONS FOR
PRODUCIBILITY

In accordance with Ref. 17, quality assurance is a
planned and systematic consideration in all designs to
provide adequate confidence that the product conforms
to the requirement. Inspection is the examination or
testing of the product in accordance with a quality as-
surance plan. The inspection system requirements used
to determine whether the quality requirements have
been met are stated in Refs. 18 and 19. In the interest of
enhancing producibility these generally include the
amount of inspection, the aspects to be inspected, the
methods of inspection, and the selection of quality level.
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The first decision to be made is whether all of the
units of the product should be inspected (100% in-
spection) or whether only a part of the units should be
inspected (sampling inspection). The second decision
will determine whether the sample is merely to be gaged
or whether some portion of the sample is to be tested
operationally to destruction.

3-8.1 ONE-HUNDRED-PERCENT
INSPECTION

This method of inspection specifies that each unit is
accepted or rejected individually for critica quality
characteristics. For critical quality characteristics 100%
inspection or relatively large sample sizes are usualy re-
quired to assure the desired quality. However, in the in-
terest of producibility 100% inspection should be speci-
fied judiciously. This is particularly true when
inspection is expensive, such as in the case of large lots
and in performance or environmental testing. Obvious-
ly, 100% inspection cannot be used when inspection is
destructive, such as performance testing of explosive de-
vices. In these latter cases a carefully worked out sam-
pling inspection must be used.

3-8.2 SAMPLING INSPECTION

A sample consisting of one or more units of the total
produced is selected at random and examined for one or
more quality characteristics. This is usually the most
practical and economical means for determining the
conformance or nonconformance of a product, Sampling
inspection has the advantage of flexibility with regard to
the amount of inspection. The amount of inspection can
be reduced for products of very high quality, or in-
creased when the product quality begins to deteriorate.
Sampling plans are developed on the basis of statistical
techniques. Entire lots or batches are either accepted or
rejected based on the results of sampling inspection. It
should be understood that “accepted” and “rejected” in
this situation indicate a dtatistical decision reached on
the basis of the sampling plan and criteria used. The
types of sampling plans include single sampling, double
sampling, and multiple sampling. These plans are dis-
cussed in greater detail in Refs. 20 through 23.

3-8.2.1 Single Sampling Plan

In this method the results of a single sample selected
for inspection from a lot are conclusive in determining
the total acceptability of the lot. The number of sample
units inspected is equal to the sample size given by the
plan. This number is usually designated by the letter
“n”. If the number of defdctives found in the sample is
equal to or less than the acceptance number Ac or a, the
lot or batch is considered acceptable. If the number of
defects is equal to or greater than the rejection number
Re or r, the lot or batch is rejected. A decision concern-
ing the acceptability of a lot is reached on the basis of
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results obtained from taking a single sample of n units
at random from the lot. For more detailed information
on single sampling plans, see Ref. 24.

3-8.2.2 Double Sampling Plan

A double sampling plan involves sampling inspection
in which the inspection of the first sample leads to a de-
cision to accept, to reect, or to take a second sample.
The inspection of a second sample, when required, then
leads to a decision to accept or reject. Double sampling
plans are operated in the following manner:

1. A first sample of n,units is selected at random
from the lot and inspected. If the number of defects is
equal to or less than the first acceptance number a,, the
lot is accepted. If the number of defects is equa to or
greater than the first rgection number r,, the lot should
be rejected. If the number of defects is greater than the
first acceptance number aand less than the first re-
jection number r, the next sample step must be taken.

2. A second sample of n,units is selected at ran-
dom from the lot and inspected. The number of defects
found in the first and second samples are accumulated.
If the cumulative number of defects is equal to or less
than the second acceptance number a, the lot is ac-
cepted. If the cumulative number of defects is equal to
or greater than the second rejection number r,, the lot
shall be rejected. Under certain conditions it may be
more desirable to select both samples of a double sam-
pling plan at one time, rather than to draw the second
sample after the first sample has been inspected. Inspec-
tion of the second sample would not be required if the
lot is accepted or rejected based on the inspection re-
sults of the first sample.

3-8.2.3 Multiple Sampling Plan

Multiple sampling is a type of sampling in which a
decision to accept or reject a lot may be reached after
one or more samples from the lot have been inspected,
and the decision will aways be reached after not more
than a designated number of samples have been in-
spected. The procedure for multiple sampling is similar
to that described for double sampling except that the
number of successive samples required to reach a de-
cision to accept or regject the lot may be more than two.
For more detailed information on multiple sampling,
the reader is referred to Ref. 25.

3-8.3 ATTRIBUTE INSPECTION METHOD
Inspection by attributes can best be compared with a
“go no-go” gage. As a result of inspection, the unit is
either accepted or rejected. No attempt is made to
establish the level or degree of quality in a product; it is
either defective or nondefective, within tolerance or out
of tolerance, correct or incorrect, complete or in-
complete, etc. Inspection by attributes is generally
easier and less costly than inspection by variables and is
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generally used in conjunction with high-rate production
where the cost of special gages can be amortized over
the large quantity. However, inspection by this method
fails to take advantage of the opportunities for in-
spection feedback into process controls. Trends of
dimensional changes can be used to detect tool wear
and to guide tool replacement and, therefore, to pre-
clude the production of inaccurate parts.

In addition, it may be more economical to inspect for
a particular dimensional characteristic on 100 units by
using fixed gages than it is to measure 60 or 70 of the
same units with standard measuring instruments. When
inspection is by attributes, it is customary to group to-
gether all quality characteristics of equivalent im-
portance and to establish one quality level for the group
as a whole. The decision to accept or rgject a quantity
of product is then made by determining whether the
units in the sample satisfy the one quality level for the
entire group rather than for each characteristic indi-
vidually.

3-8.4 VARIABLE INSPECTION METHOD

Under inspection by variables certain quality charac-
teristics of the unit are evaluated on a continuous,
numerical scale and expressed as precise points along
this scale. This type of inspection determines the degree
of conformance or nonconformance of the unit and is
used whenever the quality of any given characteristic is
determined in quantitative or measurable terms. Exam-
pies include such characteristics as weight, tensile
strength, dimensions, chemical purity, and burning
time. A specific example follows.

A specification requirement on a type of hand tool
specifies a Rockwell C-Scale hardness reading from 50
to 55. A hardness check on a sample of five hand tools
picked at random yields readings of 53, 50, 52, 51, 50.
These test results clearly show that the five sample units
fall within the specification limits. The extent to which
each sample unit is within the limits can be measureed,
that is, these data not only shov whether the specifica-
tion requirements have been met but also give an indi-
cation of the degree of variation within the quantity of
product from which the sample was selected.

Variable sampling plans provide considerably more
information regarding particular quality characteristics.
For this reason they usually require smaller sample
sizes for equivalent assurance. However, if a number of
quality characteristics are to be evaluated on the basis
of variables inspection, the cost of inspecting each unit
in the sample on an individual characteristic basis may
be so high that this factor greatly offsets the advantage
of reduction in sample size.

3-8.5 SELECTION OF QUALITY LEVEL
A large variety of sampling plans is possible. Many
acceptable quality level plans can be devised to protect
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the supplier from the rejection of high-quality products.
Just as many limiting quality plans and average out-
going quality limit plans can be devised to protect the
consumer from the acceptance of low-quality products.
Some factors that should be considered in selecting a
proper quality level and descriptions of the various
quality levels are given in the paragraphs that follow.

3-8.5.1 Limiting Quality (LQ)

The lowest product quality that the consumer is will-
ing to accept is LQ. Sampling plans may be devised to
provide a specified LQ protection to the consumer.
They can be used with a low consumer’s risk for “iso-
lated” lots or batches (one time or intermittent pro-
duction) where very little or no control can be exercised
over the production process. Plans of this type are de-
signed primarily to provide protection to the consumer.
A typical example of an LQ sampling plan is based on a
statement by the consumer that he is willing to accept a
maximum of 6.5% defective (LQ = 6.5%) no more than
5% (consumer’s risk = 5%) of the time. A low prob-
ability of lot acceptance is usually associated with the
LQ by the consumer.

3-8.5.2 Average Outgoing Quality (AOQ)

This is the average quality of outgoing product in-
cluding all accepted lots or batches plus al rejected lots
or batches after they have been effectively screened and
defective replaced by nondefectives. The AOQ limit is
the maximum AOQ for al possible incoming qualities
for a given sampling inspection plan. Sampling plans
selected to assure a desired AOQ limit are based on the
assumption that rejected lots can and will be subjected
to screening inspection. Plans of this type cannot be
used where destructive-type testing is the only means of
determining conformance to specified quality require-
ments. AOQ limit sampling plans are designed to pro-
tect the consumer with a specified risk. They offer a
high probability of acceptance if the product quality is
better than the required AOQ limit.

3-8.5.3 Acceptable Quality Level (AQL)

This is defined as the maximum percent defective (or
the maximum number of defects per hundred units)
that, for the purpose of sampling inspection, can be con-
sidered satisfactory as a process average. The sampling
plans most frequently used by DoD are based upon the
AQL, which is intended to assure that products of the
AQL vaue will be accepted with a high probability of
acceptance, i.e,, a low supplier's risk. AQL sampling
plans are designed to protect the supplier from having
good lots rejected. The consumers risks of accepting
products of inferior quality are only indirectly con-
sidered.
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3-8.5.4 Process Capability

The state of the art, or the capability of industry to
produce the unit, may limit the selection of a quality
level value. A review of suppliers quality histories for a
given product or similar products will provide an esti-
mate of the product quality that can be reasonably ex-
pected under existing production capabilities.

3-8.5.5 Cost of Rework

If the installation of defective units early in the order
of an assembly results in a large waste of time and
materials during later processing or assembly, the quali-
ty level values set for these units should be tighter
(lower numerical value) than might otherwise be ex-
pected. Selection of the proper quality level value de-
pends on the type of product involved and the financial
losses that might result. For example, it is much more
expensive and time-consuming to locate and replace a
defective resistor inside complex electronic equipment
than it is to replace a defective external knaob.

3-8.5.6 Cost of Inspection

Quality level values frequently have a direct effect on
the cost of inspection especialy when the quality levels
are extremely high or low. If the quality level is very low
(e.g., 650 defects per hundred units), only a very small
sample will be required to determine acceptance or re-
jection of product. If the quality level is very high (e.g.,
0.01 5% defective), a very large sample size may be re-
quired to determine acceptance or rejection of the
product. An increase or decrease in the sample size, as
determined in these cases by the specific quality level,
may result in increases or decreases in the related in-
spection costs.

The quality levels specified for most inspection situa-
tions should not be considered as fixed or permanent
quality requirements. They are subject to change with
the concurrence of the technical agency initiating pro-
curement. Flexibility and the capability to make
changes in quality levels are necessary steps to proper
administration of inspection systems or quality pro-
grams. A continuous review of quality levels should be
made. Experience indicates that quality levels may be
affected by changes to the specification, improvements
in production machinery or equipment, development of
new production or inspection techniques, consumer
complaints, and other factors. Some actual examples of
the cost of quality control are shown in Ref. 26; and a
few of those are shown in Table 3-5,

3-8.6 SAMPLING RISKS

Regardless of the inspection plan used (sampling or
100% inspection), there is always a risk that a small per-
centage of defective units will be passed. Because of per-
sonnel errors, interpretation of quality tolerances, mis-
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TABLE 3-5. EXAMPLE OF COST OF
QUALITY CONTROL

Item cost

5.6% of sales price
2.7% of sales price
11% of sales price

Aircraft engines
Airframe
Engine forgings

use of inspection equipment, or the incorrect conduct of
tests, it is well recognized that there is always some risk
that defective units may be missed. This is true under
100% inspection and even under 200 or 300% inspection.
This is not to infer that such mistakes are not made
under sampling inspection, but that even when circum-
stances dictate its use, 100% inspection incurs some risk
of passing defective units. As a matter of information,
studies have shown (Ref. 27) that 100% inspection under
optimum conditions is only 85 to 95% effective. There-
fore, it follows logically that sampling inspection can
never guarantee that material it has passed is complete-
ly free of defects.

3-8.6.1 Statistical Considerations

The first consideration to be weighed in whether
sampling inspection can be used is, “What would be the
result of passing a defect?’. If the defect could cause a
safety hazard, incur great loss, impair operating efll-
ciency, or result in costly repairs, the conclusion prob-
ably would be that sampling inspection should not be
used. Thus it would follow that even with its apparent
limitations, 100% inspection should still be prescribed.
There are certain risks inherent with inspection. In the
case of sampling inspection there is, in addition to the
error in human performance, a special kind of risk. In
other words, with sampling there is always the risk (or
chance) that good lots may be rejected and bad lots ac-
cepted. In genera, the smaler the sample, the greater
the risk. These risks may be explained as, “Assuming
that a lot is some given percent defective, what is the
chance (probability) that the lot will be accepted or re-
jected by the sampling plan ?*. When the given percent
defective is in the region of good quality, interest will be
centered on the chance that the lot has of being ac-
cepted, and when the given percent defective is in the
region of bad quality, interest will shift to the chance
that the lot has of being rejected. This ‘can be de-
termined from the performance curve, or operating
characteristic (OC) curve of the sampling plan.

The curve shown in Fig. 3-26 for the single sampling
plan indicates the chance of accepting lots of varying
guality. Due to variations in the sample, however, a
sampling plan will sometimes yield results leading to an
incorrect acceptance or rejection decision. That is, the
sampling plan may reect a small percentage of good
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Figure 3-26. Comparison of a Theoretical
Ideal Sampling Plan With an Actual Sam-
pling Plan (Ref. 27)

lots (commonly referred to as the supplier's, or apha,
risk), and likewise, the sampling plan will accept a
small percentage of bad lots (commonly referred to as
the consumer’s, or beta, risk).

3-8.6.2 Operating Characteristic Curves

The protection afforded by a sampling plan, that is,
its capability to discriminate between varying degrees of
good and bad quality, can be accurately calculated. The
fact that these risks can be quantified makes it possible
to state them dtatistically (numerically), usualy in ad-
vance, and to describe, with a very high degree of
mathematical accuracy, the quantities of product that
can expect to be accepted if the quality standard is met,
and the quantity rejected if the standard is not met.
Such calculations, based on the mathematical theory of
probability, provide the basis for the curve shown in
Fig. 3-26. As in the case of the “ideal sampling plan”,
performance of any sampling plan can be shown graphi-
caly by these curves. Fig. 3-26 compares the single
sampling plan, with sample size n =50 (acceptance
number a = 2 or less, reject r = 3 or more), to the theo-
retical idea sampling plan for which 5% rejects are ac-
ceptable.

The curve of Fig. 3-26 indicates the relationship
between the quality of lots submitted for inspection and
the probability of acceptance, and it is identified as the
OC curve of the plan. These OC curves are a graphical
means for showing the relationship between the quality
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of lots submitted for sampling inspection (usualy ex-
pressed in percent defective, but may aso be expressed
in defects per hundred units) and the probability that
the sampling plan will yield a decision to accept the lot
(described as the probability of acceptance). In prepar-
ing the OC curve the percent defective of submitted lots
is generally shown graphically on the horizontal scale
and ranges from zero to some conveniently selected per-
cent defective value representing very bad quality (but
not exceeding 100% ).

Along the vertical scale of the graph, the percent of
lots that may be expected to be accepted by the par-
ticular sampling plan are shown—also ranging from O
to 100%. Obvioudly, lots that contain 0'% defective will
be accepted 100% of the time by any sampling plan, and
lots which are 100% defective will never be accepted;
consequently, the initial and terminal points (highest
and lowest) on the graph can be plotted without the
need for calculation. The points in between follow a
smooth curve and are obtained from mathematical
probability computation. Textbooks (Refs. 13, 16,20,21,
28, and 29) on statistical quality control and related
procedures describe the exact procedures for construct-
ing OC curves.

/1 Fy78
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3-9 DESIGN SIMPLIFICATION FOR
PRODUCIBILITY

Within the constraints of the design objective much
can be done by the designer to enhance the probability
aspects of the design. The element of planning is fore-
most in achieving this objective. The designer should
examine each design with the primary thought of how it
is going to be produced and mentally go through each
step in that process to determine what can be done to
simplify each one. Subsequent chapters in this hand-
book discuss design simplification at the component
level. Beyond this the designer should examine the over-
al design with the same objective in mind. Recent de-
velopments, directions, and trends in manufacturing
technology have shown an increasingly high level of in-
terest in technologies oriented to this objective. Fig. 3-27
(Ref. 30) shows a comparison of funding levels of the
DoD program in metals manufacturing technology.
Note that the four most heavily funded technologies are
forging, casting, powder metallurgy, and joining. These
technologies are all concerned with providing the de-
signer with the essential capabilities necessary for over-
al design ssimplicity. These capabilities are of particular
interest in achieving processes that will permit near net
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Figure 3-27. Funding Comparison of Metals Manufacturing Technology (Ref. 30)
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shape components, reduced final assembly costs, and
processes that will permit the designer to combine
several components into one.

3-9.1 NEAR NET SHAPE

In recent years the phrase “near net shape” has come
into being to describe forming processes that can ef-
ficiently produce components whose final shape is ex-
tremely close to the desired design requirement with
minimal secondary processing. Historically, for ex-
ample, conventional forging processes have left large
amounts of metal to be removed by secondary machin-
ing operations. These were subsequently improved by
proprietary processes that forged the part closer to its
final shape and reduced the amount of secondary
machining required to achieve the final shape. New
processes are currently being developed that will further
this concept of near net shape in the forming process
and further minimize secondary processes. The philos-
ophy of the concept is to put the material where needed
in the first place, minimize the secondary materia re-
moval processes, and save the material and energy used
in the removal process. However, it is possible that a
near net shape process might cost more than machining
a rough shape to final size and configuration. Therefore,
the designer should be alert to this possibility and not
necessarily assume that the near net shape process is
the most economical. Always compare the cost of both
methods before deciding on the optimum method.

Current Forging
55.3 kg (122 1b) ~

Proposed Near Net Shape

-~ - ~ 1 £ o~ -\ .\
36.3 kg (80 1b)

il

3-9.1.1 Near Net Shape Forgings

Fig. 3-28 shows the advances that have been made in
the area of new forging processes for near net shape
components. Designers must maintain a continuous
awareness of these emerging processes to assure design
compatibility with the process constraints. Thus where
design objectives permit, the design can be simplified
and improved; higher producibility can be furthered.

3-9.1.2 Near Net Shape Casting

For many years low-quantity production has been
capitalizing on the advantages of precision investment
casting for achieving net shape components. This pro-
cess, thoroughly described in Chapter 4, has limitations
on part size and quantity. However, current efforts in-
clude the investigation of the possibility of increasing
the size of parts handled by this process and the exami-
nation of automation possibilities to improve the effi-
ciency on higher production rates. Also being investi-
gated is hot isostatic pressing of cast parts to obtain
higher production of more uniform parts.

3-9.2 REDUCED FINAL ASSEMBLY COSTS
Chapter 7 of this handbook describes the mechanical
assembly of individual components into subassemblies.
Of equal importance to producibility is the final as-
sembly process of a complete system. Such simple items
as wrench clearances and installation of fasteners can
have significant detrimental effects on producibility in

Conventional Forging
124.7 kg (275 1b?
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Finished Component

19.1 kg (42

Figure 3-28. Net Shape Forging Advances
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final assembly unless properly addressed in the design
stage.

3-9.2.1 Wrench Clearances

Bolt heads and nuts are frequently located around the
edges of parts, and these are often adjacent to other
members of an assembly as shown in Fig. 3-29. Proper
assembly requires the placement of a wrench on the
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Reprinted with permission. Copyright @ by the Industrial
Press, Inc., New York.

Figure 3-29. Bolt Location (Ref. 31)
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fasteners to achieve the proper degree of tightness. In
some instances these are located in such a manner that
adjacent surfaces interfere with wrench clearances, as
shown in Fig. 3-30. When these situations occur, the as-
sembly operation will require the fabrication of specia
wrenches to achieve proper assembly or an engineering
change to provide the necessary clearances. The proper
clearances for each of the situations shown in Fig. 3-31
are thoroughly explained, documented, and dimen-
sioned in Ref. 31.
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Reprinted with permission. Copyright © by the Industrial
Press, Inc., New York.

Figure 3-30. Improper Wrench Clearances
(Ref. 31)

Socket Wrench

Reprinted with permission. Copyright © by the Industrial Press, Inc., New York.

Figure 3-31. Types of Wrench Clearances (Ref. 31)
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3-9.2.2 Fasteners

Mechanical fastening is the major joining process in
aerospace assembly applications. In two contemporary
transport aircraft (one military and one commercial)
more than two million fasteners are instaled in each,
which represents 4 to 7% of the total airframe cost. In
high-performance aircraft fasteners are second only to
engines in purchased airframe part cost. Fasteners are
used not only in airframe applications but also in pro-
pulsion (where temperature requirements are, at the
present time, around 925°C (1700° F)) with the at-
tendant technical problems.

In view of the technical and economic role of fas-
teners, a proper assessment of mechanical fastening
technology is warranted particularly with the increasing
necessity for improved producibility. In such an assess-
ment questions have to be raised pertaining to

1. Hole generation requirements with emphasis on
the quality of the hole, its properties relevant to strength
of the joint, and fatigue

2. Fastener selection and systems of installation;
quality of the joint with respect to appearance, com-
patibility, corrosion, and damage to joined components

3. Mechanical fastening as a system whose cost
drivers can be identified in terms of design and tooling
reguirements, lubrication, and secondary operations.

3-9.2.2.1 Problem Areas

The basic function of a fastener is simply to hold two
or more pieces of materia by mechanical restraint; typi-
cal examples of which are bolts, screws, and rivets. In
spite of their relatively simple design, it is estimated
that there are over a half million standard and three
million special sizes, kinds, and shapes of mechanical
fasteners in existence today. The reasons for this pro-
liferation are easy to understand but somewhat difficult
to justify. In the aerospace industry alone there are
hundreds of aircraft types with numerous components
made of different shapes, dimensions, and materials,
and with a variety of requirements. In addition, it is
estimated that there are 50 to 60 significant fastener sup-
pliers with their own product lines, and there are about
300 procurement and performance specifications by
military, federal, and general customer sources that af-
fect fastener products.
3-9.2.2.2 Materials

For aerospace applications, fastener materials are
generaly titanium alloys, aluminium alloys, stainless
steels, and alloy steels. Selection for a particular appli-
cation depends not only on strength, weight, and cost,
but also on corrosion resistance since galvanic corrosion
between the fasteners and the structure must be
avoided. The temperature of application is also im-
portant because of the effect of it on the properties of
the fastener; one example is bolt tension relaxation in
propulsion applications.
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3-9.2.2.3 Cavity Preparation

The generation of a cavity in a structure to receive the
fastener is one of the most important aspects of a suc-
cessful joining process. The operation usualy requires a
machining process followed by secondary operations,
such as reaming, deburring, countersinking, or cold
working of the inner surface of the hole by various
means. This is then followed by inspection of the hole
for flaws and tolerances. The use of cutting fluids is also
an important technical and economic factor in this
process.

The state of the art in cavity inspection is not well
developed; Table 3-6 shows the more promising in-
spection techniques. Most available techniques are
capable of operating over a very narrow set of require-
ments. Eddy current probes have been used in small,
deep holes in areas of metal that are more than 3.18 mm
(O. 125 in. ) from the bottom of the hole. In this manner,
they are capable of scanning the bulk of the hole. Ob-
viously, an area of great interest for these metals is the
bottom of the hole, where stresses may be highest and
eddy current probes cannot operate. Also this technique
cannot be used on nonmetallic materials. Holes of about
6.4 mm (0,25 in. ) in diameter appear to be the smallest
practical size for which microprobe can be fabricated.

TABLE 3-6. HOLE INSPECTION TECHNIQUE

Technique Advantages Disadvantages

Eddy current Low cost, good Proximity to edges
resolution

Visual/dye  Good resolution  Handling

penetrant

Ultrasonics  Good resolution; General surface
can be automated finish

X ray Viewing to edges Health hazard and
possible low penetration

Neutron Can locate cracks Health hazard

radiograph y  with fastener in

place

Optical inspection with a borescope is capable of ex-
amining holes down to 3.18 mm (0.125 in. ) in diameter.
Dye penetrant will enhance the ability of the inspector
to locate cracks, but application of penetrant techniques
to large sheets is at best very awkward. A specia ultra-
violet source is needed with a borescope to activate the
penetrant fluorescence.

Ultrasonics are useful for inspection of small cracks
near the edge of a hole of any size, but the resolution of
the difference between a crack and the edge of the hole
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is dependent upon the ultrasonic frequency used. High
frequencies have good resolution but must be coupled
into the materia under test at a very smooth surface.
The surface roughness must be less than the size of the
defect to be detected. Many of the materials do not have
adequate surface finish to permit high resolution. How-
ever, this technique may be useful for locating larger
cracks in holes where fasteners may already be inserted.

X-ray and neutron radiography both hold promise of
being capable of finding small cracks. X-rays are lim-
ited by their penetrating power while neutrons easily
penetrate many meters of dense material. However,
both techniques represent serious health hazards from
the radiation. Neutron radiography does have the best
capability of locating cracks and corrosion in assembled
components.

3-9.2.2.4 Fastener/Cavity Interface

The fastener/cavity interface is important for two
reasons. First, it is generaly desirable to have an inter-
face that produces residual compressive stresses at the
circumference of the hole; this is conducive to increased
fatigue life of the joint. The residual stress requires an
interference fit, and lubricants may have to be used dur-
ing insertion of the fastener. The selection of the proper
lubricant is critical in reducing the forces required to in-
stall the fastener, in its role in controlling torque or the
tension variability ratio, and in prevention of corrosion
a the fastener/cavity interface.

The clearance at the interface also plays a crucial
role, depending on the particular technical considera-
tion. High interference is desirable for optimum fatigue
performance. This has recently been studied more
systematically for aluminum and titanium aloys in an
Air Force Materials Laboratory program (Ref. 32). On
the other hand, increasing the clearance between the
fastener and the hole in the structure decreases the cor-
rosion rate in the joint by lessening the chance that oxy-
gen concentration cells will form, which cause crevice
corrosion.

3-9.2.2.5 Types and Tooling

Factors such as the design, materials of the structure,
and the fastener use determine the type and tooling of a
fastener. No attempt can be made in this limited space
to list the variety of fasteners available and the numer-
ous components of an aerospace structure for which
they are designed. The fact remains, however, that the
proliferation of fastener types has to be examined
seriously with respect to grip lengths, head, and head
recess design, etc. All this also relates to the tooling re-
quired and the attachments that go with the tooling.

3-9.2.2.6 Fatigue
In spite of the complexity of the problem, it appears
that inducing compressive residual stresses in the holes
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of the structure by various means is indeed technicaly
desirable to reduce stress cracking. The methods used
have been high levels of interference between the fas-
tener and the hole and, less desirably, clamping the
joined sheets so that they cannot move; the latter re-
quires careful control of clamping loads. It appears that
in terms of simplicity, performance, cost, flexibility, and
minimized skill requirements, prestressing the hole by
the sleeve cold working has certain advantages over
other methods (Ref. 33).

3-9.2.2.7 Corrosion

The problem here is that, unless certain protective
measures are taken, the fastener material acts as a cath-
ode and the structure material as an anode; consequent-
ly, the structure begins to corrode. To determine mate-
rials for corrosion compatibility, the galvanic table (Ref.
34) can be used as a general guide. This, however,
should be done cautiously since a number of other
parameters also play a role in corrosion. As previously
mentioned, clearance between fastener and structure is
an important factor. The use of a lubricant in installing
the fastener is another important factor. Some lubri-
cants are good electrical conductors, thus encouraging
galvanic corrosion. The presence of moisture is an addi-
tional factor. A number of techniques and materials
(liquids, solids, coatings, and plating) have been used
with varying degrees of success.

3-9.2.2.8 Costs

A typical breakdown of the total cost of mechanical
fastening is material-40%, hole preparation— 16%, in-
stallation and inspection—34%, tooling—5%, handling
(purchase and inventory)—5%. These figures will vary
greatly, and detailed data are available on cost break-
down within each phase of the fastening system. From
such data one can identify the areas in which cost sav-
ings may be achieved.

3-9.3 COMBINING COMPONENTS

Frquently, the opportunity to combine severa parts
into one component presents itself, but all too fre-
guently, these opportunities are overlooked. However,
with the advances occurring in manufacturing tech-
nology, these opportunities are becoming more preva-
lent. The designer should condition himself to examine
every component design to determine the potential for
combination of the component with an adjacent com-
ponent in the next assembly. A few examples of how
some designers take advantage of these opportunities
are given in the paragraphs that follow.

3-9.3.1 Metal Forming

Metal boxes with tabs and louvered slots were among
the first opportunities identified in this area. Fig. 3-32
shows an original design. A rectangular slot was
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punched into the sheet metal; then a separate piece was
stamped out and formed to serve as a louver cover.
These covers were subsequently riveted together in a
separate assembly operation. Subsequently, metal
stamping and forming evolved to the point where the
louver was stamped by simply punching three sides of
the slot and simultaneously kicking the flap out and
forming it to the desired shape. This required more ex-
pensive tooling, but with sufficient quantity to amortize
the tooling, it became a far more producible component.
This combined dlitting and forming operation does have
some constraints and limitations as shown in Fig. 3-33.
The constraints provide for the minimum dimensions
necessary to insure sufficient material to provide for the
metal deformation characteristics.

3-9.3.2 Casting

As precision casting has evolved, the capability to
produce thin-walled parts has displaced some forming
operations. An example of this is the common electrical
junction box, which used to be a formed box with
separately attached tabs. Today the same box is made
by a precision casting process as one complete, integral
unit; the necessity of a separate assembly operation is
completely eliminated.

3-9.3.3 Extrusion
Because of the unique flow characteristics of aumi-
num in the impact extrusion process, it is very adapt-

mz%77777777/ :77/1222222? ZJZZZZ

Dimension Constraint (Minimums)
A 3.18 nun 0.125 in.) up to 1.59 mm (0.062 in.) material thickness
9.52 mm[ 0.375 in.) over 1.59 mm (0.062 in.) material thickness
B 2 times metal thickness
c 12.7 mm (0.5 in.) up to 1.59 mm (00062 in.) material thickness

31.75 mm (1.25 in.) over

1.59 mm (0.062 in.) material thickness

Figure 3-33. Combined Slitting and Forming Constraints
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able to combining components. As shown in Fig. 3-34,
this auminum component was originaly considered a
two-piece construction. Subsequent redesign to suit im-
pact extrusion tolerance constraints permitted the two
components to be combined into one and conseguently
reduced the basic fabrication cost in addition to elimi-
nating the assembly cost. The integrity of the structure
also had beneficial impact on the reliability of the com-
ponent.
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3-9.3.4 Summary

Most of these opportunities for producibility improve-

ment through combining components are only apparent
in the assembly stage of the design. Consequently, care-
ful attention should be given to this potential during the
assembly design process.
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(B) Combined Design

Figure 3-34. Impact Extruded Tube
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CHAPTER 4

PRODUCIBILITY CONSIDERATIONS

FOR METAL COMPONENTS

This chapter is subdivided into a general introductory paragraph applicable to all metal parts and three
additional major paragraphs devoted to sheet metal components, shaped/machined components, and structural
components. Each major paragraph is complete in that each one provides data on related materials, manufacturing
processes, and inspection. These paragraphs are arranged in a sequence comparable to the sequence in which design
decisions are made. The fabrication of metal components is addressed, not the joining or assembly of those
components. For information on joining or assembling see Chapter 7. This chapter concludes with a narrative
description of the most common causes of producibility problems for metal components.

4-1 GENERAL PRODUCIBILITY
CONSIDERATIONS
Some factors affect producibility of all products and
are not limited to a specific category of parts; these are
discussed in previous chapters. Similarly, there are
common factors, discussed here, that affect producibil-
ity of al meta parts.

4-1.1 MAJOR MATERIAL CONSIDERATIONS

The variety of materials available today provides the
design engineer with a wide latitude in the design
process. Of course, the designer’s primary concern is
selection of a material with properties that meet the
performance characteristics of his intended design.
However, these properties also influence the produci-
bility of his design, and this fact should receive equa
consideration in the material selection process. Hypo-
thetically, the property that makes the selection idea
for design performance characteristics could also make
the design the least producible. Ideally, the material
selection process should be a series of trade-offs of the
various material properties to achieve the optimum
design performance with the optimum producibility
characteristics.

It is important to note here that all material designa-
tions in this handbook use the Unified Numbering
System (UNS). Additional information on this system
and further elaboration are included in Ref. 1.

4-1.1.1 Applications and Producibility

Specific materials have been found, as indicated by
their continued use, particularly suitable for certain
types of applications. Tables 4-1 through 4-11 were
prepared so that the designer will have more pertinent
producibility information on which to base a judicious
choice of materials. Since the field of materials is now
so vast, no attempt has been made to cover completely

all materials. The “Remarks’ heading includes state-
ments of limitation and of special properties that may
influence the use of the material. When the remark is
one of caution, such as “Do not weld”, it is to be
interpreted as indicative of present good practice and
does not necessarily imply that a certain process cannot
be used without resort to special methods or without an
appreciable sacrifice of certain desirable properties.

4-1.1.2 Material Selection Factors

During the initial material selection phase, the
design engineer is more interested in the physical char-
acteristics of a materia than he is in its producibility
aspects. These characteristics are readily available in a
number of good reference books, such as Refs. 2,3, and
4. Since they are so readily available, these characteris-
tics are not repeated here.

Each of the physical characteristics of material listed
in the paragraphs that follow implies certain con-
straints or conditions relative to producibility. These
characteristics influence the use of the materia and
have a decided effect on the producibility of products
made from the material,

4-1.1.2.1 Ultimate Tensile Strength

The higher the strength of a material, the more diffi-
cult it is to draw or bend, i.e, high strength materials
resist deformation. The low strength carbon steels are
better for drawing. WARNING: High strength, high
carbon steels may work harden and fracture during
drawing operations. This is due to the heat generated
in the draw, which causes a heat treat quench effect.

4-1.1.2.2 Elastic Limit

Stressing a material beyond its eastic limit perma
nently deforms it. Materials having a high elastic limit
are generally more difficult to draw and form.

Text commences on p. 4-13.
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TABLE 4-1. WROUGHT CARBON

STEELS

Materials
and Usual Forms
Available

Applications

Remarks

G10100-G10150
Sheet, strip, rod,
and wire.

G10200-G10250
(Machine Steel) Sheet,
strip, bar, forging stock,
and tubing.

G10300-G10350
Bar, tubing, and forge
stock.

(G10400-G10450
Bar and forge stock.

G10600-G10700
Sheet, wire, and forge
stock.

G 10950
Rod (called drill rod),
sheet, strip, and wire.

G11120
Free-machining screw
stock, rod, and bar.

Automobile body and fender stock, panels,
deep drawings, sheet metal covers, and cold-
headed parts, such as tacks and rivets.

For carburized parts and general structura
parts requiring no special properties. Small
unheat-treated forgings, low-strength shaft-
ing, wrist pins (low-power engines), cam
shafts, fan blades, and tubing.

Higher physical properties than lower car-
bon steels; for small- and medium-sized
forgings, such as shackles, levers; cold-
forged fittings, such as screws and bolts;
and drive shafts and piston rods.

Forgings, such as crankshafts, connecting
rods, starter ring gears, and brake levers;
shafting, chain sprockets, and large gears.

Snap rings, clutch plates, Belleville wash-
ers, lock washers, cushion springs, valve
springs. For springs not subjected to severe
service. For large forgings.

Pins, retainers, flat springs, clips, washers,
motor springs, hot-formed springs, dow-
els, shafts, and tools. Agricultural parts;
harrow and seeder disks, and rake and
binder bundle carrier teeth.

Screw machine products.

Low-strength material not intended for
primary components or structures. Poor
machinability. Avoid threading. Does not
respond to heat treatment.

Poor machinability though somewhat bet-
ter than G10100. Readily welded and
brazed. Bends easily. Not generally heat-
treated except for case hardening.

Responds to heat treatment in thin sec-
tions. Fair machinability. Do not carburize.

Tough, wear resistant, and ductile. Shock
resistant. Good hardenability. Small and
intricate sections must be heat-treated with
care. Generally best to avoid thin sections
in design. For greater strength and tough-
ness use G31400.

Compared to other spring materials, these
steels have low elastic limit and fatigue
strength. Has better formability in pre-
tempered condition than higher carbon
steel does.

Drill rod available to accurately ground
diameters +0.13 mm (0.005 in.). Sheet in
spring temper is readily punched and
blanked. Complicated springs must be
formed with material in annealed condi-
tion and then heat-treated. Avoid stress
concentrations and cold-forming opera-
tions. Do not weld. Do not electroplate
springs made of high carbon steel without
special precautions to avoid embrittlement.

Unsuitable for parts subjected to shock,
vibration, or fatigue. Not recommended
for forming, bending, upsetting, or carbur-
izing. Use where ease of machining and
finish are prime considerations. Inherently
brittle. For superior physical properties
but similar free-machining characteristics,
specifv SAE 1315*.

* UNS numbers have not been assigned to all materials.
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TABLE 4-2. WROUGHT STAINLESS STEELS
Materials
and Usua Forms Applications Remarks
Available

S30200, S30400
Commercially called
“18-8". Sheet, strip, bar,
forge stock, and tubing.

S30300
Round, bar, forge stock,
and stainless drill rod.

$41000

Sheet, strip, bar,
rounds, tubing, and
forge stock.

$41600
Bar, wire, and forge
stock.

For equipment dealing with corrosive
products for heat exchangers, hospital,
and food processing eguipment, pipe and
pipe fittings, screws, bolts, and shafting.
Hard-drawn wire is used for springs, and
aircraft and marine cable. Sheet stock in
full hard temper is used in spot-welded
structures.

Shafting, valves, and pumps exposed to
corrosive fluids. Aircraft instrument
parts. Automatic screw machine
products.

Valves and pipe fittings subjected to high
temperatures (up to 850°C) or corrosive
mediums, turbine blades, and pump
parts. Parts for which paint is impracti-
cal. For decorative trim.

For parts requiring considerable machin-
ing, corrosion resistance, and high
strength, but for which impact resistance
is not important. For carburetor parts,
screws, pump parts, and business
machine parts.

Nonhardenable by heat treatment. Ten-
sile strength and hardness may be
increased by cold work. Nonmagnetic
with high corrosion resistance, ductility,
and toughness. Can be deep drawn and
readily spot-welded. Do not use on wear-
ing parts. Welds are strong and ductile,
but must be made with care. For better
machinability use type S30300. Type
S30400 preferred for welded units.

Good nongalling and nonseizing proper-
ties. High corrosion resistance. Free-ma-
chining stock. Nonmagnetic. Welding
not recommended. Retains strength at
elevated and subzero temperatures.

Good corrosion resistance. High
strength. Hardenable by heat treatment.
Magnetic. Good machinability. Welds
are brittle and must be annealed. Good
creep strength. Does not scale apprecia
bly to 1033 K. Subject to discoloration
unless passivated. For better free-cutting
and nongalling qualities, use type
$41600.

Free-machining, heat treatable, magnetic,
nongalling stainless steel. Do not weld or
use where high impact resistance is re-
quired. Do not heat-treat after fabrication
due to nonuniformity of properties ob-
tained. (Readily machined when hard-
ness is 270-340 Brinell. ) Subject to discol-
oration unless passivated.
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TABLE 4-3. WROUGHT ALUMINUM ALLOYS
Materials
and Usua Forms Applications Remarks
Available
A93003 Piping, electrical conduit, and junction Low-strength, high corrosion resistance,

Sheet, rod, extruded
shapes and tubing in
all temper conditions.

A92024

Sheet, rod, extruded
shapes and tubing in
various temper
conditions.

A96053

Sheet, rod, tubing, wire,

and shapes in various
temper conditions.

A92014
Extruded stock and
forge stock.

A97075
Sheet and extruded
shapes.

A95052

Sheet, plate, and
tubing.

A96061

Sheet, plate, bar, rod,
and tubing in all
temper conditions.

A92017
Bar and rod.

boxes. Applications involving deep draw-
ing, upsetting, spinning, or welding.
Fuel tanks, ducts, and decorative trim,
Low-strength rivets. Not for primary
structural applications. Widely used for
unfired pressure vessels.

Lightweight primary structures, frames,
and fittings. Hydraulic fittings, hard-
ware, rivets, and screw machine products.

Semistructural uses. Radio chassis,
frames, household furniture, and archi-
tectural materials.

High-strength, forged aircraft fittings
and supercharger impellers; suitable for
heavy-duty applications requiring light-
weight forgings.

For highly stressed members. For aircraft
frames, coverings, and fittings. For parts
subjected to high fatigue stresses.

Extensively used for hydraulic tubing,
aircraft fuel tanks, storm shutters, elec-
tronic panels, and fan blades.

Used for structural applications, boats,
furniture, and transportation equipment.

Good screw machine stock with good
machinability. Particularly suitable for

deep drilling:

soft, ductile, and readily welded. Can be
brazed. Nonheat-treatable. Variations in
properties obtained by cold work. For
greater strength, but less formability and
weldability, use A95052.

High-strength, low-weight, heat-treatable
alloy. Do not weld. Not commercialy
brazed. Readily spot-welded. Can be
moderately formed in nonheat-treated
state. In contact with heavy metals, as
brass and bronze, is subject to galvanic
corrosion. Can be refrigerated after
guenching to stop room temperature
aging and hardening and to prolong
time for forming. For better physica
properties use A97075.

Good formability, weldability and corro-
sion resistance. Heat-treatable, but physi-
cal properties are about 60% of A92024.
For dlightly better formability, use
A96061.

Strongest of forged aluminum alloys.
Good forgeability. For greater corrosion
resistance with reduced physical proper-
ties, specify A92017.

Has better formability in the “W” (as
quenched, not aged) condition than
A92024. Must be quenched in water.
Hardened, it has poorer forming quali-
ties and notch sensitivity than A92024.
Also has higher degree of springback
than A92024. Can be welded by helium-
shielded arc, but weld is not corrosion
resistant and tends to be brittle. Spot
welding satisfactory.

Good tensile strength, very good corro-
sion resistance, good workability, weld-
ability, and strength.

Has good tensile strength, workability,
and corrosion resistance. Good welding
characteristics,

Formability and corrosion resistance are
good.

4-4
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TABLE 4-4. WROUGHT ALLOY STEELS
Materials
and Usual Forms Applications Remarks
Available

SAE 23 17-2320*

Bar and hexagon stock.

SAE 2512-2515*
Bar and forge stock.

SAE 2330*
Bar, rod, and hexagon
stock. Forge stock.

G31400

Bar, rod, flats, and
square stock. Forge
stock.

G33106
Bar and forge stock.

G41300
(Chrome-molybdenum
steel) Bar, rod, sheet,
and tubing.

G41400
Bar, rod, sheet, tubing,
and forge stock.

G43400
Bar, rod, and forge
stock.

Gears, shafts, cams, pinions, universa
joints, machine tool spindles, and pump
shafts. Parts to be case-hardened requir-
ing a tough core (piston pins and auto
rear axle gears).

For carburized parts requiring high core
strength and toughness. Wrist pins, king
pins, transmission gears, cams, rock drill
parts, general machinery gears, engine,
and starter gears. Heat exchanger tubes.

For highly stressed bolts, nuts, levers,
turnbuckles, generator shafts, heavy-duty
shafting axles, and rocker arms. Small
parts subjected to torsion and fatigue.
Large, heavy-duty parts where only sim-
ple heat treatment is practical.

Aircraft, truck, bus crank shafts, and
connecting rods; intake valves, excavat-
ing machine parts;, and oil well tool
joints, and steering knuckles. High-
temperature valves and fittings. Suitable
for wearing edges in contact with nonme-
tallic abrasives as in power shovels and
farm machinery.

For forged parts requiring hard wearing
surfaces that are subjected to very heavy
duty and high fatigue stresses. Used
where reliability is essential. Aircraft
engine gearing and shafts. Railroad
truck, bus gears and roller bearings. Dif-
ferential gears and broaches.

Aircraft fittings as control sockets,
brackets, and hardware. Structural frames
of tubing. Widely used for welded units
subjected to high stresses and not
intended to be heat treated after welding.
Used in autos for axles and steering
knuckles.

Oil drilling, refining, and mining tools;
and jaws, connecting rods, drill collars,
shafting bolts, high-temperature valves,
and screw fittings. Heavy-duty engine
crankshafts, engine cylinder barrels, rear
axles, spline drives, wrenches, hammers,
aircraft forged fittings, and heavy-duty
tubing.

Auto and aircraft engine, diesel crank-
shafts, and gears. Tractor rear axle drives.
Medium-sized forgings that can be
guenched and drawn. Heavy-duty shaft-
ing, machine tool arbors, and screwdriver
blades. Large, heavy-duty gears.

Principally for carburized parts in which
only a small amount of distortion is
permitted. Good machinability. Do not
weld.

When carburized, case has exceptional
wear and fatigue resistance. Free from
scaling and distortion during heat
treatment.

Very high impact strength and tough-
ness. Cold-drawn stock has fair machin-
ability and bright finish. Deeper harden-
ing than corresponding plain carbon
steel. Little heat-treated distortion. Do
not carburize or weld.

High impact and fatigue resistance. Suit-
able for parts subjected to heavy strains
and vibration. Readily forged. Fair
machinability. High creep resistance.
Relatively low cost. Not recommended
for machine parts subjected to heavy
metal-to-metal wear.

Extremely high fatigue strength and wear
resistance. Very high core strength. Not
readily machined. Careful forge and heat
treatment required. Carburize for excep-
tional surface wear resistance. Air-harden-
ing tendency adapts this steel to applica
tions having large cross sections.

Mildly air-hardening in thin sections.
Readily welded. High impact strength.
Good machinability after heat treatment.
Shallow-hardening steel. Good physical
properties with high ductility. Not recom-
mended for parts of varying cross-
sectional thickness.

High strength, wear, and fatigue resis-
tance; suitable for high- and low-temper-
ature applications. Suitable for large
weldments because it can be deep-
hardened. Good machinability. Weld-
ability less than G41300. Suitable for parts
of varying cross-sectional thickness.

For large sections. Deep hardening. High
strength and fatigue resistance. Good
machinability at high hardness. Weld
with care. Hardens in air; requires care-
ful heat treatment.

(cont’d on next page)
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TABLE 4-4. (cont’d)
Materials
and Usual Forms Applications Remarks
Available
SAE 4640" Transmission gears and splined shafts Uniform properties with good machin-

Bar and forge stock.

G61500

(Chrome vanadium
steel ) Round and forge
stock.

with diding members. For shafts and
parts requiring high fatigue resistance
and physical properties. High-strength
studs. Medium-sized gears for moderate
service.

For heat-treated forgings and machined
parts of high strength and fatigue resis-
tance. For parts where variation in sec-
tion thickness precludes proper and uni-
form heat treatment. For gears, bolts,
crankpins, worms, axles, and hot-work
punches and dies, leaf and coil springs.
Suitable for springs subjected to elevated
temperatures, high stresses, and impact
stresses.

ability. Little heat-treatment distortion.
High strength combined with very good
ductility. Excellent wear resistance when
cyanide dipped prior to quenching.

High shock, wear resistance, and excel-
lent ductility. Very little heat treatment
distortion. Stock very uniform and free of
defects. Fine grain structure. Poor
machinability. Do not weld.

* UNS numbers have not been assigned to all materials.

46
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TABLE 4-5. FERROUS CAST METALS
Materials
and Usual Forms Applications Remarks
Available

Cast iron For machinery bases, housings, pipes, Cheap, easy to cast. Low-strength mate-
and fittings. For parts that may involve rial. Excellent machinability. Inherently
metal-to-metal wear. Precision bearings, brittle. Susceptible to growth if subjected
engine cylinder blocks, piston rings, to cyclic heating and cooling. Good
gears, flywheels, and pulleys. There are atmospheric corrosion resistance. Excel-
many specialized grades of cast iron for lent vibration damping characteristics.
specific purposes to overcome objections  Does not seize or gall. Not generally
to plain cast iron such as Mehanite- welded except for repair work for which
processed and nickel-, molybdenum-, and brazing is widely used.
copper-alloyed cast irons.

Malleable iron Automotive and agricultural equipment, = Moderate strength, good shock resistance.
such as housings, differential carriers, More ductile than cast iron though not as
brake shoes, rear axles, miscellaneous wear resistant. Excellent machinability.
brackets, steering gear housings, pedals, Not weldable. Unsuitable as a bearing
links, binder needles, and mower shoes. except for low speeds with ample lubrica-
Railroad car castings, bridge railings, tion. For higher strength use steel forg-
pipe, and rail fittings. Specify pearlitic, ings or castings. Good atmospheric cor-
malleable iron for parts requiring hard- rosion resistance. Good foundry
ness and wear resistance. characteristics, but reguires elaborate

heat treatment.

Carbon steel Used for economical castings of moderate Lower carbon contents (less than 0.35%
strength in rolling mill frames, machine  C) are readily weldable; higher carbon
housings, connecting rods, links, and contents are welded with difficulty. Heat-
levers, and parts for heavy machinery. treat for improved machinability and
Medium carbon type steel most widely physical properties.
used where heat treating is required.

Results in good yield strength and ductil-
ity. Low carbon types may be carburized
for hard surfaces.
Nickel steel For cast parts requiring toughness and Has excellent physical properties at low

Chromium steel

Molybdenum steel

Manganese steel

resistance to impact and repeated stresses.
For mining, excavating, mill, locomotive
and ship castings, housing, and frames.

For castings of good strength requiring
hardness, and resistance to abrasion, high
temperatures, and moderately corrosive
conditions. For conveying equipment
parts, rolling mill rolls, dies, crusher
parts, and oil refinery equipment.

For large, intricate castings that are diffi-
cult to heat-treat and that require consid-
erable strength and growth resistance at
elevated temperatures. For turbine and
pump casings, engine blocks, and high-
-pressure and high-temperature valves and
fittings.

For cast parts requiring exceptional wear
and abrasion resistance. For parts sub-
jected to repeated impact stresses. Used in
tractor treads, excavating buckets, wheels,
mining tools, plow tips, railway cou-
plings, mill rolls, sprockets, and
crushers.

temperatures. Suitable material for
applications involving operation at sub-
normal temperatures. Weldable by all
processes. Suited for castings of large
section.

Good wear resistance. Arc welding gen-
erally preferred. When corrosive condi-
tions are severe, cast stainless steel should
be specified.

Heat-treat to obtain good weldability and
machinability.

Hard to machine. Heat treatment
improves machinability and greatly
improves toughness and ductility. High-
manganese type is nonmagnetic, Weld-
ing difficult; electric arc preferred. Do
not use unaloyed high-manganese type
where temperatures exceed 340°C (6500 F).

4-7
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TABLE 4-6. WROUGHT MAGNESIUM ALLOYS
Materials
and Usual Forms Applications Remarks
Available
B107-76* Low or moderately stressed, secondary Good formability, weldability. Good cor-

Sheet, rounds, extruded
shapes, and forge stock.

AMS58*, 54*; Dow J-1*
Sheet, rounds, extruded
shapes, and press forge
stock.

aircraft structural parts, and oil fuel
tanks. Furniture and household appli-
ances. Use where welding and very light
weight are required.

For extremely lightweight, moderately
stressed secondary structures and struc-
tural fittings for which high physical
properties are required and good forma-
bility and weldability are not, Aircraft
frames, conduits, parts in textile machin-
ery, engine cowlings, and bus and truck
roofs.

rosion resistance if properly finished.
Excellent machinability. Formability best
when heated, Not recommended for use
above 200°C (400°F). Low abrasion
resistance.

Low dtiffness with excellent machinabil-
ity. Hardens rapidly with cold work.
Formability greatly improved when
heated to about 315°C (600°F). Poor abra-
sion resistance. In forgings, material has
marked grain directional properties and
low compression yield strength. Slight
improvement in properties obtainable
with heat treatment. Subject to galvanic
corrosion when in contact with sted,
brass, or bronze. Arc weld only. Readily
spot-welded. Not recommended for use
above 200°C (400°F).

* UNS numbers have not been assigned to all materials.

TABLE 4-7. WROUGHT COPPER AND NICKEL ALLOYS

Materials
and Usual Forms Applications Remarks
Available
C36000 Hydraulic fittings, electric termina fit- Low strength, fast machining, bright fin-
Free cutting brass. Bar tings, handles, and automatic screw ish, and fair corrosion resistance. Poor
and shape stock. machine work. Where low stresses are malleability and ductility. Cannot be
encountered and where a large amount of cold-worked. Welding not recommended.
machining is required.
C31400 For stamped or drawn parts and for parts Excel ent cold-working properties. Fair

Commercial bronze.
Sheet strip and wire.

C67500

Manganese bronze. Bar,
plate, sheet, and forge
stock.

C27000

Yellow brass. (“High”
brass) Bar and sheets in
various tempers.

requiring extensive forming operations.
For electrical sockets, conduits, and flex-
ible cables.

For parts requiring great strength and
shock and corrosion resistance. For bear-
ings subjected to heavy-duty, slow-
moving loads. For pump parts, valve
stems, propeller blade bolts, and fittings.

Soft temper for parts requiring deep
drawing, spinning, or severe forming.
Hard temper for fiat springs and parts
requiring only simple forming opera-
tions. For electrical sockets, clips, car-
tridge cases, and eyelets.

mach nability. Good corrosion resis-
tance High ductility. Low strength.

High strength and toughness. Poor cold-
working properties. Fair hot-working
properties. Not recommended for metal-
lic arc welding. Machinability 30% of
free-cutting brass.

Good strength and ductility, excellent
cold-working properties. Fair machinabil-
ity and corrosion resistance. Subject to
season cracking. Can be welded and
brazed. Do not hot-work.

(cont’d on next page)
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TABLE 4-7. (cont’d)
Materials
and Usual Forms Applications Remarks
Available

C51000

Phosphor bronze.
Sheet, strip, bar, and
wire. Available in var-
ious tempers.

C65100

Silicon bronze. Plate,
sheet, wire, rod, tubing,
shapes, and forge stock.
Available in

various tempers.

G61400

Aluminum bronze.
Sheset, rod, tube, and
forge stock.

C17200

Beryllium copper.
Round, sheet, strip,
wire, and forge stock.

N04400

Monel. Rounds, shest,
strip, tubing, wire.
Available in different
tempers.

N06062

Inconel. Plate, sheet,
and strip, tubing,
rounds, and wire.

For contact springs, helical springs, fuse
clips, electrica contractors, lock washers,
clutch disks, and thrust washers. For
small bushings, lead screw nuts, pump
rods, bolts, valve stems, and gears. For
parts subjected to corrosion and wear.

Fastening and electrica hardware for
outdoor and marine equipment; heat ex-
changers, vats, pressure vessels, turn-
buckles, U-bolts and corrosion resisting
chain. For hot- and cold-forged parts.

Aircraft engine parts, such as propeller
hub cones, bushings, valve guide, spark
plug thread inserts, valve seats, and pro-
peller blade bolts, and high strength,
hard gears and forgings.

Springs, vibrators, diaphragms, electrical
contact brushes, siphon bellows, non-
sparking tools, molds, appliance clips,
and switch blades. For parts requiring
extensive forming and spring qualities as
well as good electrical conductivity.
Accurate instrument springs.

Valve and pump parts, turbine blades,
and laundry and food service equipment.
Processing equipment. For marine and
aircraft instrument parts. For parts
requiring exceptional corrosion resis-
tance combined with high strength,
hardness, and impact resistance.

For parts subjected to very high tempera
tures, corrosive fluids, and moderate
stresses, such as aircraft engine exhaust
manifolds, carburizing boxes, nitriding
hoods, heaters, piping and fittings, and
chemical processing vats and tanks.

High strength and toughness; excellent
fatigue corrosion, and abrasion resis-
tance. Low coefficient of friction.
Machinability is fair (20% of free-cutting
brass). Do not hot-work. Fair weldability;
arc welding recommended. Not subject to
season cracking. For similar applications
but better formability, use beryllium
COopper.

High fatigue resistance. Strength com-
parable to mild steel. Excellent corrosion
resistance. Readily welded and brazed.
Some types have poor machinability. Dif-
ficult to forge.

Excellent resistance to scaling oxidation
at high temperatures and corrosive condi -
tions. Lightweight. Good cold-working
qualities. Some types have poor machin-

. ability. Welding not recommended.

Readily hot-forged. Some can be heat-
treated for improved physical properties.

Readily formed in annealed state. Can be
heat-treated to spring tempers. Heat
treatment must be done very carefully.
High corrosion resistance. Cold-work
hardens material readily. Arc weld and
low-temperature braze only. Not readily
machined after age-hardening. Grain
direction for forming relatively
unimportant.

Do not use under severe abrasive or gall-
ing conditions. Fair machinability. For
free-cutting quality, use NO04405.
Nonheat-treatable. Arc welding recom-
mended. Cold-works readily when in soft
temper.

Corrosion and oxidation resistant at high
temperatures. Fair machinability. Readi-
ly arc-, gas-, or spot-weld. Nonmagnetic.
High impact strength. Galling tendency.
Good ductility and deep-drawing
properties.
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TABLE 4-8. SAND-CAST ALUMINUM ALLOYS

Materials
Available

Applications

Remarks

A94043

A01950

A92219

AO3560

Used for nonstructural aircraft fittings,
and architectural and ornamental parts;
pipe fittings, tank fittings, and marine
castings. For intricate castings having
thin sections and parts that must be pres-
sure tight. Suitable for permanent mold
castings.

Engine crankcases, outboard motor parts,
and machine bases; shop crane and trol-
ley parts, and aircraft landing wheels.
For parts requiring good strength and
corrosion and shock resistance. Also good
for permanent mold castings.

Heavy-duty castings, power shovel
dipper parts, truck and railway car parts.
For high-strength, structural aircraft fit-
tings. Generally used only where high
stresses are encountered.

Used primarily for precision cast parts
for which tolerances and intricate detail
are required.

Relatively low physica properties with
excellent foundry characteristics. Good
corrosion and shock resistance. Can be
welded with special care. Not
heat-treatable.

Heat-treatable. Moderate strength and
ductility. Do not weld. For intricate,
thin-walled castings where lower shock
resistance is permissible, substitute
A03560.

Heat-treatable. Highest combination of
physical properties of al auminum
alloy castings. Unsuitable for applica
tions requiring pressure tightness or that
are subject to elevated temperatures.
Requires special foundry techniques. Dif-
ficult to cast intricate shapes and to
obtain sound castings. Do not weld. Fair
corrosion resistance. Good
machinability.

Heat-treatable, moderate strength, and
ductility. Excellent foundry characteris-
tics and can be welded.
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TABLE 4-9. SAND-CAST COPPER ALLOYS

Materials
Available

Applications

Remarks

C23000
Leaded red brass (ounce
metal).

C67500
Manganese bronze.

C54400
Phosphor bronze.

C61400
Aluminum bronze
Grades A and B.

C17200
Beryllium copper.

For hydraulic castings, such as pump
bodies low-pressure valves and fittings.
For intricate castings and for castings
having thin sections.

For high-pressure hydraulic valves and
marine propellers and parts requiring
strength and toughness. High-strength
types suitable for gears, slow worm
drives, lead screw nuts, and heavy-duty,
sow speed bearings subjected to severe
shock, such as turnable disks and bridge
bearings.

Universal aloy for bearings and bushing
applications at both low and high speeds
and moderate pressures. Suitable for
bearings subject to shock and vibration
with inadequate lubrication. Use
whenever resistance to wear due to
friction must be minimized.

For parts subjected to severe corrosion
and elevated temperatures. For engine
valve guides, air defense searchlight
parts, furnace castings, and mill slipper
bearings. Grade A is applicable to spur,
helical, and bevel gears mated with
hardened steel gears.

For heavy-duty brake and clutch drums,
and high-strength aircraft fittings and
brackets, such as gun mounts, safety
tools, impellers, and marine propellers.

Moderate strength, close grained. Good
casting properties and machinability.
Rich color. Low cost. Do not use at
temperatures exceeding 200°C (400°F).
Unsuitable for bearings.

Excellent corrosion and impact
resistance. High strength. Cannot be
welded or brazed. High shrinkage. Do
not use in high-speed bearings. Wear-
resistant under slow moving loads. High-
tensile-type manganese bronze has higher
strength and hardness.

Nonseizing, nonscoring with low
coefficient of friction. Good
machinability (approximately 95% free-
cutting brass). Poor weldability. For
heavy-duty, slow-moving loads, use
stronger varieties of manganese bronze.

High strength. Good wear and repeated
shock resistance. Hard. Maintains
physical properties and resists scaling at
high temperatures. Poor foundry
characteristics and machinability y. Grade
B is generally heat-treated. Under certain
conditions is suitable for bearing or
worm gear use.

High “as cast” physical properties with
good ductility. Heat-treatable. Very high
impact resistance with high proportional
limit. Good corrosion resistance. Good
castability and machinability. Good
electrical properties.
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TABLE 4-10. SAND-CAST MAGNESIUM ALLOYS
Materials —
Available Applications Remarks
B80-65* When heat-treated, is used for moderately Requires careful heat treatment. Good

Magnesium alloy.

B107-65*
Magnesium alloy.

stressed  structural castings of intricate
design and for which light weight is first
requirement. Aircraft engine accessory
cases and landing wheels. Suitable for
permanent mold castings.

For moderately stressed, lightweight
structural parts requiring good shock re-
sistance and complicated parts that may
have a tendency to warp during heat
treatment. Aircraft structural supports,
brackets, engine castings, and portable
tool housings.

foundry characteristics. Poor abrasion re-
sistance. Do not use at elevated tempera
tures. Suitable for pressure-tight castings.
Do not arc- or gasweld. Highest strength
in T6 (heat-treated) condition. Excellent
machinability. Good corrosion
resistance.

Highest strength when not heat-treated.
Do not use if pressure tightness is
required since it is subject to porosity.
Poor abrasion resistance. Do not use at
elevated temperatures. Do not arc- or gas
weld. Good corrosion resistance. Excel-
lent machinability.

* UNS numbers have not been assigned to al materials.

TABLE 4-11. DIE-CASTING ALLOYS

Materials
Available

Applications

Remarks

G30400, 30500,30700
Aluminum alloy
(Alcoa 43, 13, 85)*.

B80-76
Magnesium alloy.

C27000
Yellow brass.

SAE 921*, 903*, 923*.

Aluminum die-casting materials have
good casting characteristics. Impact
strength is inferior to zinc alloys. Alumi-
num alloys can be used at higher temper-
atures than zinc aloys. Used in house-
hold equipment, automobile parts and
housings, junction boxes, and covers.

Aircraft engine openings, covers, hous-
ings, brackets and instrument parts; and
electrical conduit fittings, fans, and tex-
tile machinery parts.

The brasses have the highest physical
properties of al the commonly die-cast
materials. They have the worst casting
characteristics. Die cost is high due to
high melting point. Applied where
weight is not a factor and where strength
and rigidity are of first importance.

Zinc-base die-casting materials generaly
have best castability. Physical properties
are inferior to brass but superior to most
other alloys. Low die cost. Not recom-
mended for use in contact with steam or
water unless properly protected. Hous-
ings for small machines; and handles,
gears, cams, carburetor parts and locks.

General purpose material. For parts
where strength is unimportant, use
G30400 and G30500. G30500 has high
corrosion resistance and is suitable for
large and intricate castings. G30700 has
dightly better physical properties, Alcoa
218* is used where higher strength, cor-
rosion resistance, and ductility are
desired.

Used where light weight is prime
requirement. Excellent machinability.
For intricate castings, substitute AM
230*.

Yellow brass has good strength and duc-
tility. For better castability, higher
strength but lower ductility, use silicon
brass. Yellow brass has best
machinability.

SAE 921 has highest hardness; 903 has
best dimensional stability and retains
impact strength with age. SAE 921 and
923 have best corrosion resistance. 923
has best combination of strength, impact
resistance, and dimensiona stability.

* UNS numbers have not been assigned to all materials.
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4-1.1.2.3 Yield Point
The higher the yield point, the more difficult it is to
draw and form the material.

4-1.1.2.4 Yield Strength
For producibility, lower yield strengths are more
desirable especially for drawing operations.

4-1.1.2.5 Modulus of Elasticity

The higher the modulus of elasticity, the more diffi-
cult it is to bend the material into a precise shape
because of its tendency to spring back to origina form.

4-1.1.2.6 Elongation
In general, materials with higher elongation will
draw and form better.

4-1.1.2.7 Ductility

Usualy considered in spinning, wire drawing, and
extrusions. The higher the ductility, the better the
flowability of the material. The environmental tem-
perature of the material strongly affects ductility.

4-1.1.2.8 Malleability
Usually important in forging, cold heading, and
thread rolling.

4-1.1.2.9 Hardness

In genera, the harder the metal, the more difficult it
is to machine. Exceptions to this are the gummy mate-
rials, such as some leads and soft coppers, which are
very difficult to machine but easy to form.

4-1.1.2.10 Damping Capacity

A poor damping material may fail in fatigue. The
avoidance of stress concentration points may incresse
the cost of the part because of the necessity for special
operations, such as hand remova of tool marks.

4-1.1.2.11 Strength-to-Weight Ratio (STWR)

Generally higher strength-to-weight ratio (STWR)
is a desirable feature in materials for military applica-
tions. Very high STWR as found in titanium and beryl-
lium may be associated with high production costs,
High STWR as found in glass-filled epoxy resins can
be achieved with reduced production costs.

4-1.1.2.12 Notch Toughness
The higher the notch toughness, the less likely the
material will crack during production.

4-1.1.2.13 Fatigue Properties

Under repeated stresses, well below the yield point,
some materials will develop fatigue cracks and fail.
Parts requiring repeated forming operations during
production are susceptible to this factor.

MIL-HDBK-727

4-1.1.2.14 Elevated Temperature Properties

Higher strength requirements at elevated tempera-
tures increase producibility problems considerably. In
general, heat resistant materials are the higher nickel
alloys and the ceramics. These materials require slower
machining speeds. reduce cutter life, and result in a
higher scrap rate. However, new machining processes,
such as electrical discharge machining and electro-
chemical machining, are helping to decrease these
costs.

4-1.1.2.15 Lower Temperature Properties

High strength and lower temperature requirements
in the middle low range (0 to — 40°C) pose few produci-
bility problems. However, for metals used in the cryo-
genic range of 5 to 6 K, costs and producibility prob-
lems increase dramatically. Special vacuum degassing
chambers, and welding and handling methods are
required, Inspection costs are very high.

4-1.1.2.16 Corrosion Resistance

Corrosion resistant material generally costs more but
poses fewer production problems. However, clad mate-
rials or special coatings could provide equivalent cor-
rosion resistance at less cost. The designer should pre-
vent surfaces having finishes of dissimilar metals from
coming into contact with one another to avoid galvanic
action (corrosion). Before using dissmilar metals in an
assembly, the designer should check the table of gal-
vanic couples in MIL-STD-171. Permissible couples
represent a low galvanic effect.

4-1.1.2.17 Electromotive Potential

Care should be taken when specifying contacting
materials having significantly different electromotive
potential or galvanic effect. Insulating inert spacers
may be required to separate the two materials. Use of
inert spacers necessitates special handling and inspec-
tion procedures.

4-1.1.2.18 Electrical Properties (Resistance)

Care should be taken when specifying soft copper for
good conductivity; it is very difficult to machine.
Harder grades, considerably easier to machine, can be
substituted and give approximately the same electrical
performance. Higher resistance materials, such as the
nickel-chromes, offer only a small increase in produc-
tion difficulty.

4-1.1.2.19 Weldability

Welding of the copper and nickel aloys caused prob-
lems in the past, but new technologies, such as the laser
beam and electron beam, are being used successfully in
production. Aluminum sections as thick as 76 mm (3
in. ) are being production welded.
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4-1.1.2.20 Density

Designers frequently select a material for its density.
However, when this is a critical factor, they should be
aware of manufacturing processes that may alter this
characteristic.

4-1.1.2.21 Specific Heat

The specific heat of a substance is the number of
calories required to raise the temperature of 1 g of the
substance 1 deg C. Since there is little variation in this
property among metals, it would have little effect on
producibility.

4-1.1.2.22 Coefficient of Thermal Expansion

Materials with a high therma expansion can cause
accuracy problems in machining because temperature
changes cause expansion and shrinkage.

4-1.1.3 Cost Considerations

Initially, the design engineer is more interested in the
properties of a material than he is in its cost. Since there
is increasing interchangeability among materials, pro-
ducers are promoting competition among ferrous
metals and nonferrous metals. Each producer is defend-
ing his market and is seeking to enter the market of
others. It is important to recognize that the decisions
made by the designer regarding a material have a far-
-reaching effect; they contribute heavily to the ultimate
end-item cost and can be a determining factor in the life
cycle cost of the entire system.

The selection of materials can affect cost in two
ways—the cost of the raw material itself and the cost to
manufacture with that material. Fig. 4-1 shows the
relative cost of machining a part from various mate-
rials, and Fig. 4-2 shows the relative cost of the raw
materials on a per unit weight basis.

4-1.1.4 Material Availability

Good producibility can be undermined by the poor
availability of the resources necessary to produce the
component; the raw material is one of those resources.
A national shortage can make a material unavailable
and dtratcgicaly critical, or it may be localy unavail-
able in a particular shape, size, or form. Strategicaly
critica materials are discussed in detail in Chapter 3.

4-1.1.4.1 Commercial Availability

Military equipment consumes a large volume of
metals delivered to the hardware manufacturers. How-
ever, despite the wide requirements of the military user,
it is the commercial market that determines the range
and forms of aloys available. In addition, the available
sizes have generally been set within each industry.
Tablc 4-12 lists commercially available metdllic aloys,
their UNS numbers, availability, workability, form-
ability, reducibility, and joinability.

4-14

Cortosion Resistont Steel 303 lw_\.‘__‘__‘__ L
Corrosion Resistant 17 - 4PHIFIEEEE Y
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Relative Production Cost, %

* UNS numbers not assigned to all materials

Reprinted with permission. Copyright @ by the Society of
Manufacturing Engineers.

Figure 4-1. Relative Production Cost of Machined
Parts (Ref. 5)

Since the capabilities of industry and individual
suppliers vary, information on specific aloy grades
and sizes should be obtained directly from potential
suppliers.

4-1.1.42 Military Requirements

In certain instances the required materials are not —

commercialy available. Therefore, in these instances it
is necessary to place special orders for the required
material. Since quantities are often small, specia atten-
tion is necessary to assure that the material is available
before ordering.

4-1.1.5 Material-Related Manufacturing Processes

Each time the design engineer specifies a material to
be used, he knowingly or unknowingly specifies a
manufacturing process. For example, some materials,
such as 356 aluminum, are available only as castings.
Therefore, whenever 356 aluminum is specified, the
manufacturing process is specifically defined. Conse-
quently, the material selection has a direct impact on
the end product in terms of draft angles, radii, toler-
ances, and even the general shapes and configurations
available from the implied manufacturing process.
The design engineer must aways consider the manu-
facturing process options available to him as a result of
his material selection and the impact this process will
have on potential production quantities. Production
processes are most efficient with production-oriented
materials. For example, a small quantity of steel parts
could probably be machined efficiently from G10300.
Yet, that same part in large quantities would gain
significantly greater efficiency if made from a high lead
content, free-machining steel.



Downloaded from http://www.everyspec.com

MIL-HDBK-727
Relative Cost per Unit weight
Mgtﬁrlﬂl T T T
I(?O 200 300
— ~ ...L T T T T T

Steels z { Reference Siandard)

leAnnme %

ITOnN> l’f&’a

Lead

Aluminum i,

Copper vz

Stainless Steel

Brass and Bronze

Magnesium

&za

nNickei

Figure 4-2. Relative Cost of Raw Material

It is obvious that the design engineer’s job in mate-
rial selection, initially thought of as just satisfying the
performance characteristics, has changed significantly.
Table 4-12 addresses some general material categories
and their related suitability for various manufacturing
processes.

4-1.2 MANUFACTURING PROCESS
CONSIDERATIONS

The dictionary quite simply describes manufactur-
ing as the making of goods or articles by hand or by
machinery. For the layman that is probably adequate.
However, for the design engineer with a concern for
producibility, a better understanding is required.

Metal component manufacturing processes can be
defined as those processes that transform raw materials
into finished products or component hardware. This
transformation is accomplished by a wide variety of
processes. These are categorized as four types of pri-
mary manufacturing processes (forming, reduction or
machining, fabrication or joining, and finishing), each

of which has a subset of secondary manufacturing
processes.

4-1.2.1 Primary Manufacturing Processes

4-1.2.1.1 Forming

Those processes that transform raw material through
deformation or deposition of material into a desired
shape or configuration are referred to as forming.
These generally include rolling or bending, drawing,
forging, and casting.

4-1.2.1.2 Reduction

Those processes that transform raw material into
desired shapes or configurations through the removal
of material by cutting, abrading, and grinding are
referred to as reduction.

4-1.2.1.3 Fabrication or Joining
Those processes that join similar or dissimilar mate-
rials to create new components and achieve desired

Text commences on p. 4-26.
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(cont’d on next page)

available or applicable but not rated;
not assigned

X =
N/A =

= good; F = fair;
= not recommended;

excellent; G

poor; N

E
P
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shapes, properties, and configurations are referred to as
fabrication or joining. These generally include weld-
ing, soldering, bonding, riveting, and various mechan-
ical connectors.

4-1.2.1.4 Finishing

Those processes that prepare the surface of a product
for subsequent final surface treatment by precleaning
and texturing and those processes that provide final
surface treatment of the product are referred to as fin-
ishing. Finishing examples include chemical etching,
plating, and cleaning. They might also include grind-
ing, abrading, and polishing processes when these pro-
cesses are used to provide a desired finish not a part of a
reduction process.

4-1.2.2 Secondary Manufacturing Processes

The primary manufacturing processes describe in
generic form the various methods by which raw metal
is transformed into finished metal components. Each
of these in turn has a subset of specific manufacturing
processes known as secondary processes, which actu-
ally accomplish the metal transformation described in
the primary processes.

4-12.2.1 Traditional Secondary Manufacturing
Processes

Each of the secondary manufacturing processes and
its relationship to the primary processes is shown in
Table 4-13. Some of the processes are designed specifi-
cally for mass production runs, and some are ideally
suited for short runs of small lot sizes. Consequently,
the material and the process selections must bean itera
tive process if good producibility is to be realized. Table
4-14 shows the relative cost of some secondary process-
es, the unique factors contributing to cost differences,
and most importantly, the optimum lot sizes for each
process.

4-1.2.2.2 Nontraditional Secondary Manufacturing
Processes

The secondary processes shown in Table 4-13 are
well-established, traditional processes for transform-
ing metal into a component. The designation “nontra-
ditional processes” is applied to processes that are
emerging or that have not been used extensively. These
processes are sometimes labeled nonconventional. The
terminology has a high degree of personal bias, de-
pending on the experience of the individual and is

TABLE 4-13. MANUFACTURING PROCESSES

Primary Manufacturing Processes

Joining Finishing

Traditional Secondary Manufacturing Processes

Forming Reduction
Ausforming Boring

Casting Broaching
Cold-heading Chemical milling
Hot-heading’ Chemical blanking

Cold-roll forming
High-energy forming
Rubber pad forming
Marform forming
Stretch forming
Stretch draw
Deed draw
Electroform
Explosive form
Extruding
Forging
Spinning
Hydroforming
Metallizing

Roll forming
Seaming
Swaging

Thread rolling
Thermoforming
Tube bending
Tube forming
Wire drawing

Drilling
Electrochemical
Electrical discharge
Electron beam
Flame cutting
Grinding
Hobbing
Milling
Reaming
Shaping
Nibbling
Piercing
Notching
Slitting
Shearing
Punching
Tapping
Trepanning
Turning

Bonding

Brazing

Soldering

Cold welding
Welding

Mechanical fastening

Carburizing
Silk screening
Cleaning
Surface blasting
Shot peening
Deburring
Heat treating
Knurling
Painting
Parkerizing
Electroplating
Tumbling
Brushing
Honing
Burnishing
Lapping -
Buffing
Hydrohoning
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frequently limited to processes that have emerged since
the early 1960's. A list of typical, nontraditional second-
ary manufacturing processes follows:
. Electrical discharge machining
Hydrodynamic machining
Electrochemical deburring
Electrochemical discharge grinding
Electrochemical grinding
Electrical discharge sawing
Traveling wire electrical discharge machining
Laser beam machining
Laser beam torch
Chemical machining
, Electrochemical machining
Numerical control machining

13 Computer numerical control/direct numerical
control machining

14, Computer aided manufacturing

15. Plasma beam cutting

16. Rotary forging

17. Ultrasonic machining.

These processes are commercially available to a
limited extent on a jobbing or service basis. However,
new technology takes considerable time for acceptance,
particularly among smaller job shops. Therefore, the
designer should give consideration to the availability
of these advanced processes. Subsequent paragraphs
will discuss the more generic nontraditional secondary
manufacturing processes. Others will be addressed
under their appropriate chapters.

The nontraditional machining processes have rela-
tively good application to al metals and alloys. This is
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in contrast to the traditional machining processes,
which vary in their applicability because their capabil-
ity to machine certain classes of aloys, e.g., the superal-
loys, is very low. Table 4-15 shows the materia con-
straints of several of these nontraditional processes.

Fig. 4-3 illustrates the current status of the nontradi-
tional processes with regard to the number of years they
have been in research and development and in produc-
tion, Brief descriptions of several nontraditional pro-
cesses are given in the paragraphs that follow.
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Reprinted from Nontraditional/Machining Guide: 26 New-
comers for Production, MDC 76-101, by Guy Bellows by
permission of the Machinability Data Center. © 1976 by Met-
cut Research Associates, Inc., Cincinnati, OH.

Figure 4-3. Status of Nontraditional Machining
Processes (as of mid-1970's) (Ref. 6)

TABLE 4-15. MATERIALS APPLICATIONS

Ultrasonic Abrasive  Electro- Chemical  Electrica  Electron Laser Plasma
Material o Jef chemical .. Discharge  Beam Beam Arc
Machining Machining Deburring Machining 5 el rring  Machining Machining Machining
Metals and Alloys
Aluminum P F F G F F = G
Steel F F G G G F F G
Super aloys P G G F G F F G
Titanium F F F F G F F F
Refractories G G F P G G P P
Nonmetals
Ceramic G G N/A P N/A G G N/A
Plastic F F N/A P N/A F F P
Glass G G N/A F N/A F F N/A
G = good
F = fair
P = poor

N\A = not applicable
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4-1.2.2.2.1 Electrical Discharge Machining (EDM)

Electrical discharge machining (EDM), shown in
Fig. 4-4, removes electrically conductive material with
rapid, repetitive spark discharges from a pulsating dc
power supply with a dielectric flowing between the
workpiece and the tool. The shaped tool (electrode) is
fed into the workpiece under servo control until a spark
or discharge breaks down the dielectric fluid, the work-
piece materia is melted, partly vaporized, and expelled
from the gap. Surface finish improves with increased
frequency and reduced current. Material remova rate,
surface roughness, and overcut all increase with a cur-
rent increase or with a frequency decrease. Electrode
materials frequently used are brass, copper, copper-
tungsten, tungsten wire, and graphite. Erosion occurs
on the tool as well as on the workpiece with tool-to-
workpiece wear ratios ranging from 0.5:1 to 100:1
depending on spark waveshape from the power source,
electrode material, and workpiece material.

Servo Controlled Feed

-—rj' Toolholder
‘ IC— Nialaadls '

wigiouil

ecirode
Spork
Discharge
Fixture \
"""- workpi ! Dislsctric |
Generator' Workplece Pump

Reprinted from Nontraditional Machining Guide: 26 ,New-
comers for Production, MDC 76-101, by Guy Bellows by
permission of the Machinability Data Center. ©1 1976 by Met-
cut Research Associates, Inc., Cincinnati, OH.

Figure 4-4. Electrical Discharge Machining
(Ref. 6)

EDM cuts any electrically conductive material regard-
less of its hardness, and it is particularly adapted for
machining small, irregular slots or cavities. Because of
the absence of physical contact, delicate structures can
be cut successfully. Cutting is three-dimensional as the
shaped electrode is fed into the workpiece. Because the
sparks focus first on peaks and corners, burr-free cut-
ting occurs. Multiple electrode, automatic dressing,
automatic positioners, and numerical motion control
al contribute to the versatility of EDM. Tool and die
work is frequent, but mass production and even
transfer line applications exist. Small and/or shaped
holes at shallow angles to the workpiece surface are
commonplace. A recast and heat-affected layer occurs
on al materials cut with this process and should be
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removed or modified on critical or fatigue-sensitive
surfaces.

4-1.2.2.2.2 Hydrodynamic Machining

Hydrodynamic machining, shown in Fig. 4-5, re-
moves material by the impingement of a high-velocity
fluid against the workpiece. The coherent jet of
water —or water with a long-chain-polymer additive,
such as polyethylene oxide—is propelled up to Mach 2
speeds. Direction and control of the 0.05- to 1.02-mm
(0.002- to 0.040 -in.) diameter stream is through a sap-
phire nozzle. Standoff distance of the nozzle from the
workpiece is important. Relatively small volumes of
fluid are used; 3.8 to 7.6 min (1 to 2 gpm).

Accumulator Controls

ond Filter

\ 7/
Drain} |

Reprinted from Nontraditional Machining Guide: 26 New-
comers for Production, MDC 76-101, by Guv Bellows by
permission of the Machinability Data Center. @ 1976 by Met-
cut Research Associates, Inc., Cincinnati, OH.

Figure 4-5. Hydrodynamic Machining (Ref. 6)

The ability to cut soft nonmetallic materials in any
position with a narrow kerf (except double-knit fabrics)
leads to form-cutting applications. The absence of
heat-affected zones alows the process to be used in the
wood and paper products fields, such as cutting acous-
tic ceiling tile. Furniture forms of laminated paper-
board, plywood, rubber, nylon, fiberglass, and fiber-
glass-reinforced plastics are also among the materias
being cut.

4-1.2.2.2.3 . Electrochemical Deburring

Electrochemical deburring, shown in Fig. 4-6, was
developed to remove burrs and fins or to round sharp
corners. Almost any conducting metal can be deburred
electrolytically. Most electrolytic deburring is done in
seconds, whereas hand deburring would take minutes.
Applications have included automotive connecting
rods, gear teeth, blanking dies, valve ports, nozzle inter-
secting holes, and punch press blankings. Interior and
hard to reach burrs or fins also can be removed with
speciad, precisg] y located electrodes.
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Reprinted from Nontraditional Machining Guide: 26 New-
comers for Production, MDC 76-101, by Guy Bellows by
permission of the Machinabilily Data Center. @ 1976 by Met-
cut Research Associates, Inc., Cincinnati, OH.

Figure 4-6. Electrochemical Deburring (Ref. 6)

By controlled insulating of the cathode, effects on
other exposed areas of the workpiece are reduced to
negligible amounts. The highly focused action usually
results in smooth finishes- better than 1.6 pm (63 pin.)
and, with higher current densities, as smooth as 0.25
pm (10 pin.).

4-1.2.2.2.4 Electrochemical Discharge Grinding

Electrochemical discharge grinding, shown in Fig.
4-7, is a combination of two material removal pro-
cesses, electrochemical and electrical discharge grind-
ing with a dlight modification of each. The principal
material removal comes from an electrolytic action at
low-level dc voltages, however, no physical contact
occurs between the wheel and the workpiece. Electrical
discharges from the graphite wheel are initiated from
the higher ac voltage superimposed on the dc current.
Sometimes a pulsating dc voltage is used.

Almost any electrical> conductive metal can be
ground successful); dressing of carbide inserts is a

Conductive

Insuloted
sulat Wheel

Spindle

Oxide
Film

—o0 Light
IE“ IOCI Contact Force

Reprinted from Nontraditional Machining Guide: 26 New-
comers for Production, MDC 76-101, by Guy Bellows by
permission of the Machinability Data Center. @ 1976 by Met-
cut Research Associates, Inc., Cincinnati, OH.

Figure 4-7. Electrochemical Discharge Grinding
(Ref. 6)
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good application. Plunger, surface, and form grinding
are practical.

4-1.2.2.2.5 Electrochemical Grinding

Electrochemical grinding, shown in Fig. 4-8, is a
special application of electrochemical machining in
which the conductive workpiece material is dissolved
by anodic action, and any resulting films are removed
by a rotating, conductive, abrasive wheel.

Insulating Abrasive
Particles —

Insulated
Electrolyte —» Nozzle Spindie
?5 Rotating Conductive
( Tank - Wheel
Workplece
Fixture dcPower &
Filter o . Pump

Reprinted from Nontraditional Machining Guide: 26 New-
comers for Production, MDC 76-101, by Guy Bellows by
permission of the Machinability Data Center. @ 1976 by Met-
cut Research Associates, Inc., Cincinnati, OH.

Figure 4-8. Electrochemical Grinding (Ref. 6)

4-1.2.2.2.6 Electrical Discharge Sawing

As shown in Fig. 4-9, electrical discharge sawing is a
variation of electrical discharge machining that com-
bines the motion of the bandsaw with electrical erosion
of the workpiece. The rapidly moving, 25 to 30 m/s
(5000 to 6000 ft/min), 0.64-mm (0.025 -in.) thick special
steel knife edge is guided into the workpiece by carbide-
faced inserts. A 0.795-mm (0.0313-in.) kerf is formed,
but no controlled gap is maintained between the saw
blade and the workpiece as in EDM. No dielectric is
used; therefore, there is continuous arcing from the
low-voltage, high-current power source. Water flow
guenches the arc and cools the workpiece. While the
work is power fed into the cutting band, neither the
band nor the work is subjected to major forces, so
fixturing can be minimal. Precise adjustment of the
feed rate must be made to be in exact balance, with the
arc erosion rate.

Fragile cellular structures can be cut from alumi-
num, stainless steel, or titanium honeycomb. Thin-
walled, heat exchanger tubular assemblies can be cut.
No-burr cutting produces little or no rollover of edges
on thin materials. Cuts up to 1015 mm (40 in. ) have
been made; however, only electrically conductive mate-
rials can be cut with electrical discharge sawing.

Cutting rates range from 2 to 85 mm/s (5 to 200
in. /rein). Flatness ranges from + 0.08 mm (0.003 in.)
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Reprinted from Nontraditional Machining Guide: 26 New-
comers for Production, MDC 76-101, by Guy Bellows by
permission of the Machinability Data Center. @ 1976 by Met-
cut Research Associates, Inc., Cincinnati, OH.

Figure 4-9. Electrical Discharge Sawing (Ref. 6)

total indicator reading at the lower feed rates to £0.41
mm (0.016 in.) total indicator reading at the maximum
cutting rates. The finish is an electrically etched sur-
face; however, the arcing leaves a recast, heat-affected
zone below the surface.

Electrical discharge sawing machines are regularly
available with throats up to 1210 mm (48 in.) deep for
660-mm (26-in.) workplaces.

4-1.2.2.2.7 Traveling Wire EDM

Electrical discharge wire cutting is a specia form of
EDM in which the electrode is a continuously moving
conductive wire. It is often called traveling wire EDM
and is shown in Fig. 4-10. The tensioned copper or
brass wire of small diameter, 0.05 to 0.25 mm (0.002 to
0.010 in.), is guided to produce a straight, narrow-kerf
cut. Usualy, a programmed or numericaly controlled
motion guides the cutting while the width of kerf is
maintained by the discharge controls. The wire is
inexpensive enough to be used only once.

Extremely tight corners can be cut with almost no
radius. Punches, dies, and stripper plates can be cut in
any of the hardened conductive tool materials. Mirror-
image profile work and internal contours from a start-
ing hole are frequent, and stacking of sheets for muilti-
ple cutting is possible.

Cutting of 0.03- to 75-mm (0.001- to 3-in.) thick
materials can be done. Thin parts can be cut at 1.7
mm/s (4 in./min). Positioning accuracy to +0.005 mm
(0.0002 in.) is normal in al metas.

Several manufacturers regularly build electrical dis-
charge wire cutting equipment with numerical con-
trol, tracer controls, and al programming accessories.
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Reprinted from Nontraditional Machining Code: 26 New-
comers for Production, MDC 76-101, by Guy Bellows by
permission of the Machinability Data Center. @ 1976 by Met-
cut Research Associates, Inc., Cincinnati, OH.

Figure 4-10. Traveling Wire EDM (Ref. 6)
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Equipment is also available with computer aided
manufacturing or other mechanical programming for
the wire motion as well as with standard EDM servo
control for straight cutting.

4-1.2.2.2.8 Laser Beam Machining

Laser beam machining, as shown in Fig. 4-11,
removes material by melting and vaporizing the work-
piece at the point of impingement of a highly focused
beam of coherent monochromatic light. (Laser is an
acronym for “light amplification by stimulated emis-
sion of radiation ".)

Small, precision cuts or holes in thin materials can
be produced. Scribing of ceramics can be done since
there is no massive heat shock, mechanical contact, or
large force between the tool and workpiece. This is not
a mass material removal process, however, its opera
tion in air at rapid, repetitive rates and its ease of
electrical control commend it for mass micromachin-
ing production. Multiple pulses permit hole drilling
up to 50:1 depth-to-diameter ratios, on 0.13-mm (0.005 -

Elliptical Reflecting Cavityy, _Focal

Length
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Reprinted from Nontraditional Machining Code: 26 New-
comers for Production, MDC 76-101, by Guy Bellows by
permission of the Machinability Data Center. @ 1976 by Met-
cut Research Associates, Inc., Cincinnati, OH.

Figure 4-11. Laser Beam Machining (Ref. 6)
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in. ) diameter holes, which can be drilled through 2.54-
mm (0.100 -in.) thick material. Shallow angles, 0.262
rad (15 deg), to the surface can be drilled. Other appli-
cations include engraving, resistor trimming, sheet
metal trimming, and blanking. The same equipment
can be used to weld, surface heat-treat, or to machine—
al of which makes the laser a “universal” machine
tool.

Several types of laser components or systems exist;
however, very few are in practical use. The principa
equipment concern is workpiece positioning and con-
trol. Integration of a numerical control (NC) table with
focus beam intensity or standoff distance is common.
Safety interlocked enclosures are commonly used.
Bench-top equipment with a capacity of a few watts to
computer controlled systems of a capacity of severa
kilowatts is commercially available.

4-1.2.2.29 Laser Beam Torch

Laser beam torch, illustrated in Fig. 4-12, is a mate-
rial removal process that uses the simultaneous focus-
ing of alaser beam and a gas stream on the workpiece. A
continuous-beam laser is focused on or dlightly below
the surface of the workpiece, and the absorbed energy
causes localized melting. The oxygen gas stream pro-
motes the reaction as well as purging the molten mate-
rial from the cut. Argon or nitrogen gas is used to purge
the molten material and to protect the workpiece when
organic or ceramic materials are being cut.

Mirgor
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Gas il‘ L L ens

Workpiece
; Table

Motion
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Reprinted from Nontraditional Machining Code: 26 New-
comers for Production, MDC 76-101, by Guy Bellows by
permission of the Machinability Data Center. @ 1976 by Met-
cut Research Associates, Inc., Cincinnati, OH.

Figure 4-12. Laser Beam Torch (Ref. 6)

4-1.2.2.2.10 Chemical Machining

Chemical machining, as shown in Fig. 4-13, is the
controlled dissolution of workpiece material by contact
with a strong chemical reagent. The thoroughly cleaned
workpiece is covered with a strippable, chemically re-
sistant mask. Areas on which chemical action is desired

MIL-HDBK-727
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Reprinted from Nontraditional Machining Guide: 26 New-
comers for Production, MDC 76-101, by Guy Bellows by
permission of the Machinability Data Center. © 1976 by Met-
cut Research Associates, Inc., Cincinnati, OH.

Figure 4-13. Chemical Machining (Ref. 6)

are outlined with the use of a template, and the mask is
stripped from these areas. The workpiece is then sub-
merged in the chemical reagent to remove materia at
an equal rate from all exposed areas. Next the work-
piece is washed and rinsed, and the remaining mask is
removed. Multiple parts can be machined simultane-
ously in the same tank.

Contour machining is accomplished by successively
stripping masks and resubmerging the workpiece in
the chemical bath. Etching of the workpiece proceeds
radially from the opening in the mask, which results in
an undercut as well as in a depth of cut. The ratio of
distance etched beneath the mask to the distance etched
into the workpiece (the etching factor) is typically 1:1,
but it can be as high as 1:3. A controlled rate of immer-
sion or withdrawa from the bath will produce tapered
sections. The workpiece should preferably be oriented
so that the grain is in the direction of the longest cut.

The chemicals are very corrosive and must be handled
with adequate safety precautions; both vapors and
effluents require suitable environmental handling.

Nearly al metals can be chemically machined; how-
ever, the depth of cut has a practical limit of 6 to 12 mm
(0.25 to 0.5 in.)). Large, shallow areas are especidly
suitable since removal is uniform and simultaneous.
No burrs are produced, and no workpiece surface
stresses are generated. Short-run, quick-change, low-
cost tooling offers process flexibility. Thin sheets,
formed sheets, and delicate cuts are particularly suit-
able with a maximum practical thickness for blanking
of 1.59 mm (0.0626 in.). Sharp radii cannot be produced
in the cutting direction.

4-1.2.2.2.11 Electrochemical Machining (ECM)
Electrochemical machining (ECM), as shown in Fig.
4-14, is the remova of electrically conductive material
by anodic dissolution in a rapidly flowing electrolyte
that separates the workpiece from a shaped electrode.
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Reprinted from Nontraditional Machining Guide: 26 New-
comers for Production, MDC 76-101, by Guy Bellows by
permission of the Machinability Data Center. ©11976 by Met-
cut Research Associates, Inc., Cincinnati, OH.

Figure 4-14. Electrochemical Machining (Ref. 6)

The shape of the workpiece is nearly a negative image
of the shape of the electrode that is advanced into the
workpiece at a constant feed that exactly matches the
rate of dissolution of the material.

To obtain tight tolerances, tool design must com-
pensate for the variable current density that occurs with
shape and electrolyte variations. Exact control of all
critical parameters is needed for the best results. In
“cutting”, the metal ions are removed from the work-
piece surface and hydrogen ions from the electrode.

ECM is best suited for mass production of complex
shapes in difficult-to-machine materials. Small, odd-
shaped and deep holes down to 3.18-mm (0. 125-in.)
diameter can be “drilled” individually or multiply.
The stress-free material removal eliminates distortion
from machining but not necessarily from prior stress-
inducing operations. The ability to cut simultaneously
on the entire surface aids productivity. Tool design and
development, except for the most simple shapes, are
time-consuming and may require several “cut and try”
cycles. Process control must be exact. Concentration of
current density on edges of the workpiece provides
automatic routing and absence of burrs. The workpiece
must be thoroughly cleaned after electrochemical
machining to prevent corrosion.

The material removal rate is independent of materia
hardness and is approximately 1639 mm’(0.1 in.°) per
minute per 100 A. Accuracy to £0.05 mm (0.002 in.) is
usual for cavities and to +0.013 mm (0.0005 in.) for
frontal cuts or for cuts made with highly refined tools.
Internal radii of 0.18 mm (0.007 in.) and external radii
of 0.05 mm (0.002 in.) are attainable. Deep cuts will
have taper; 0.0254 mm (0.001 in.) per 25.4 mm (1 in.) is
common with a 0.13-mm (0.005-in.) overcut gap. Sur-
face finishes of 0.41 to 1.60 um (16 to 63 pin.) are normal
and improve with higher cutting rates. Mirror finishes
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in frontal cuts of nickel aloys are easily obtained. The
side-gap areas are generaly much rougher because of
the lower current densities in these areas.

4-1.2.2.2.12 Numerical Control Machine (NCM)

Not a new technology, numerical control machines
(NCM) were first introduced to the manufacturing
world in the late 1950's; however, their adoption by the
industry (less than 1.5% of the total US machine tool
inventory) has been so slow it bears further discussion
here. Additionally, there have been numerous miscon-
ceptions surrounding NCM technology from its in-
ception.

The metal cutting technology is not new; it is the
control technology applied to the traditional metal
cutting techniques that is new. It has often been mis-
construed as a mass production technique because of its
automation orientation. NCM’S do not cut metal any
faster than the traditional methods; they are con-
strained by basic mechanics and the cutting tool. How-
ever, NC does provide a degree of control never before
possible for the cutting tool. This added control per-
mits the tool to move much faster between cuts, but
more importantly it permits the cutting tool to move to
very precise locations (usually within 0.03 mm (0.001
in.)) while making a cut. Machinists operating a man-
ual machine never plunge a cutting tool to within 0.13
mm (0.005 in.) of their finish cut and then make a final
0.13-mm (0.005 -in.) finish cut. Instead, they tend to
creep up on their finish cut in numerous passes of the
cutting tool and constantly check the part between cuts.
It is not unusual to make 10 passes to reduce a 150-mm
(6-in.) diameter bar to 142.88mm (5.625 in.) £0.13mm
(0.005 in.), whereas on NCM’'S with positive control
this could be done in two passes. The productivity
advantage is obvious.

The significant contribution of NC to producibility
is its capability to reproduce faithfully a dimension
with a repeatability factor of less than +0.013 mm
(0.0005 in.). However, if quantity requirements are
high enough, this can also be done on traditional pro-
duction machines with very good hard tooling.

Understanding how NC works will help the designer
to capitalize better on its advantages. In NC, the tooling
is controlled by punched paper tape. This tape is gen-
erated by a part programmer. The part programmer
translates the dimensions and configurations from a
blueprint into a coded manuscript. This information is
punched into an eight-channel tape to be read by the
NC unit.

The NCM has an accuracy capability to within 0.03
mm (0.001 in.), but it should be borne in mind that this
is the movement of a toolholder. The cutting tool is
manually loaded into the holder. Obviously, very pre-
cise dimensions require very precise tool setting proce-
dures. Here, as in other processes, tight tolerances cost
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more; therefore, the designer should specify only the
level of tolerance required. However, if very tight toler-
ances are required, this is a very good process for pro-
ducing them. Often this factor justifies using NC on a
production run.
NC has been adapted to many different kinds of

machines; a few of them are

1. Drills
Mills
Lathes
Machining centers
. Inspection machines
Drafting machines
Flame burners
Punch presses

9. Sewing machines.
There are many others, and they are discussed in the
appropriate paragraphs of this chapter. More recently
some automated procedures, such as countercentrifu-
gd chucks, robots, power feeds, and the adaptation of
NC to traditional production machines (i.e., chuckers,
turret lathes, etc.), have begun to bring NC into the
production arena.

0 NS0Tk w

4-1.2.2.2.13 Computer Numerical Control (CNC)
and Direct Numerical Control
(DNC) Machines

These two techniques are merely extensions of NCM
technology. NC was primarily a hard wired, specia
purpose logic unit; therefore, it was quite natura for it
to evolve into a general purpose logic unit, computer
numerical control (CNC). This general purpose unit
can be used to perform independent calculations, store
the results in memory formatted as NCM control data,
and then transmit that data to the machine tool in the
form of control commands—this eliminates the punched
tape normally associated with NC. Concurrently, the
logic device can accumulate operational data on the
machine it controls. Direct numerical control (D NC) is
a further extension of this concept and puts a number
of machines under the control of a remote, general
purpose computer. The remote computer provides data
to the CNC unit where it is stored until needed to
control machine motions. The CNC unit can provide
the operational data on its machine to the remote com-
puter for storage, accumulation, and management
reporting on overall production progress.

4-1.2.2.2.14 Computer Aided Manufacturing (CAM)

This is a term that evolved from the use of computers
in the control of NCM’S and even further back from the
use of computers in the preparation of NC punched
tapes. [Unfortunately, the connotation was so close that
many began to think computer aided manufacturing
(CAM) and NC were synonymous. However, the first
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people to successfully use and apply the computer out-
side of the forma automatic data processing environ-
ment were the NC users. They were, therefore, the
initial developers of CAM. Some of these early devel-
opments using the computer to schedule and load the
shops were picked up and used by shops without NCM.
Some in fact were in technologies or processes where
NC had never been used and probably never will be.
Suffice it to say that NC is not a prerequisite for CAM
use. NC helps defray some of the computer operating
cost, but it is not a necessary prerequisite.

A rather simple definition of CAM is “the applica
tion of the computer in the manufacturing process’,
Some of the more notable applications follow:

1. Production scheduling

Machine loading

Line balancing

Production line simulation

Computer aided estimating

Process planning

Facility planning.

For additional information on any of these applica-
tions, the reader should contact computer manufactur-
ers, computer service bureaus, or software development
firms. Ref. 7 is a very good book about this field.

The most recently developed application in this field
is group technology, which is showing great promise
as a new manufacturing concept. Group technology
capitalizes on the benefits to be obtained from the sim-
ilarities of individual components in a total manufac-
turing requirement. Simply stated, it is a systematic
approach that organizes the individual components of
all the manufacturing requirements into families of
parts having homogeneous characteristics. Conse-
quently, almost al the parts in a specific group require
comparable manufacturing processes and tooling.

The heart of group technology is a coding and classi-
fication system. In lieu of calling a class of parts by its
generic name (washer, nut, burster tube, etc.), the parts
are individually assigned specific identification num-
bers. The individual digits or groups of digits in the
identification number are coded to represent the spe-
cific characteristics of each individua part. These spe-
cific characteristics include

Geometric shape/configuration
Dimensional size limitations
Materials

Tolerances

Manufacturing processes
Tooling

Manufacturing cost
Production rate

Source of supply, etc.

A coding and classification system facilitates the
introduction of a new part into manufacturing, and

NGO s LN
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when a new part is introduced, it is coded with its own
descriptive identification number. Thus a quick data
base search reveadls al similar parts previoudly stored in
that family of parts. Inherently, these parts would have
very similar (in many cases, identical) manufacturing
operations and tooling. Consequently, al of the histor-
ical data reflected in the characteristics of the identifica-
tion number are applicable to the new part being
introduced.

Group technology is predicated on the premise that
parts with the same or similar code numbers in the first
series of digits will have similar manufacturing data.
Obviously, the digits representing dimensional infor-
mation, tolerance, and material may vary slightly
without changing the manufacturing data. All coded
parts with these digits falling within a prescribed range
congtitute a family or a group of parts that requires the
same machines to produce it. These machines consti-
tute a machining cell with its own specifically identi-
fied group of special tools. When the data base of cod-
ing and classification numbers is complete, it contains
a complete set of data of manufacturing requirements.
A simple interrogation routine can then provide cumu-
lative data on the total machine tool requirements for
al of the manufacturing cells, new parts to be entered
into the system can be coded, and impact analyses on
the existing manufacturing base can be conducted.
Future manufacturing needs, e.g., mobilization plan-
ning, require only a change in quantity for parts
aready in the system or the addition of new parts to the
system to determine the precise capital equipment
investments needed to support the mobilization require-
ments. Likewise, corroboration of planned producers
capabilities and capacities are just as easily identified.

In the not too distant future designers may well find
themselves providing the coding and classification
number along with their completed designs. They may
also code and classify their designs before they are
reduced to hard copy drawings. In this manner, de-

signers could screen the data base for existing products
that could serve their design needs, and they could
forego the necessity of creating a whole new design. An
excellent summary of group technology and coding
and classification systems is available in Ref. 8.

4-1.2.2.2.15 Summary

In general, the comparative performance of some
nontraditional machining processes is shown in Table
4-16.

4-1.2.2.3 Thermal Conditioning Processes

Thermal conditioning operations (or heat treating)
change specific physical characteristics of the metal
component. The affected characteristics include sur-
face hardness, strength, and relief of residual stress—
operations that are easily overlooked in the design stage
and can be major contributors to producibility prob-
lems. Their impact on producibility is caused by the
fact that in most cases they are the final operation
performed on a metal component that is 95% complete.
Recovery from failure at this point usually means
scrapping a component that already represents a signif-
icant investment.

4-1.2.2.3.1 Heat Treating

Heat treatment is a process, which, through con-
trolled heating and cooling, changes the properties of a
metal. This handbook briefly considers some of the
basic heat-treating principles and some of the proper-
ties that can be obtained by applying standard heat-
treating procedures. Specific details on heat-treating
processes are readily available in many good reference
books, such as Refs. 9 and 10 and, therefore, are not
repeated here.

Upon selecting a material for a specific part, the
designer’s first task is to insure that the material meets
the intended service requirements. To do this, he must

TABLE 4-16. PERFORMANCE OF NONTRADITIONAL MACHINING PROCESSES

Metal Accuracy
Process Removal Rate Normal | Potential

m¥s (in\min) + mm (in.) +mm (in.)
Traditional turning 5.46 x10° (200) 0.13 (0.005) 0.03 (0.001)
Numerical control turning 5.46 x10° (200) 0.05 (0.002) 0.005 (0.0002)
Electrical discharge machining | 1.4x 10-° (5) 0.13 (0.005) ‘ 0.013 (0.0005)
Electrochemical machining 3x 10~ (1) 0.13 (0.005) ‘ 0.013 (0.0005)
Laser beam machining 1.4 X 10-° (0.005) 0.13 (0.005) 0.013 (0.0005)
Plasma beam machining 2.7 x10° (lo) 2.54 (0.100) 0.3 (0.01)
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first consider the composition, hardening qualities,
and various external factors. Certain metallurgical
characteristics will influence his decision. For exam-
ple, it is necessary to temper martensitic steel to opti-
mize its mechanical properties, which are relatively
uniform over the full range of hardness. However, duc-
tility and toughness increase as carbon content de-
creases. Thus if the designer specifies the shape of the
part and its hardness, he has roughly established the
other mechanical properties. The problem then be-
comes one of obtaining a tempered martensitic struc-
ture, free of internal stresses and combined with the
lowest possible carbon content. Designing for heat
treatment should try to minimize internal stresses in
the part, which, if severe, will result in cracks and
distortion. Some general rules of designing for heat
treatment follow:

1. Insert radii or fillets at al reentrant angles or
corners.

2. Eliminate blind holes, if possible, by continu-
ing the hole through the part.

3. Strive to have sections of the part contain the
same amount of metal so that the piece will heat and
cool uniformly.

The simplest hardening procedure is cooling the
heated steel to room temperature by quenching it in
some cooling medium. Air, oil, water, and brine are the
most common coolants. For optimum results, it is
necessary that the quench bath have adequate and uni-
form heat extracting ability. Only under such condi-
tions is uniformity in hardening achieved throughout
a single part and from one part to the next. Conse-
guently, the size and configuration of the part are an
important consideration. The heat extraction rate var-
ies widely depending upon the mass of the part, the
amount of surface area available for heat transfer, and
the volume and specific heat of the quenching medium.

Note that the actual achievement of temper condi-
tioning in metals is primarily an age-hardening pro-
cess. After age-hardening the materials lose most of
their ductility. However, just prior to age-hardening
the metals can be stored in a cold chamber, the aging
process is temporarily inhibited, and the material
maintains most of its ductility. For specific details on
this procedure, refer to Ref. 10 or the supplier or pro-
ducer of the metal.

4-1.2.2.3.2 Annealing
Annedling is used to soften, to relieve stresses, to
homogenize, or to refine the grain structure of metal.
Different types of annealing are possible, and the choice
is dictated by the requirements of the situation. Several
types of annealing are discussed in the paragraphs that
follow:
1. Full Annealing is a softening process accom-
plished by holding the steel above the transformation
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temperature long enough to complete the transforma-
tion to austenite and then cooling it slowly to below the
transformation range.

2. The isothermal annealing process provides bet-
ter control (uniformity and fineness) over the forma-
tion of pearlite. It requires the extra step of holding the
heated steel (after it is transformed to austenite) in a salt
bath at a selected temperature below the transforma-
tion range until the pearlitic transformation has been
completed. Provided the hardness is satisfactory, the
pearlitic structure in carbon and alloy steel with 0.20 to
0.50% carbon exhibits good machinability character-
istics.

3. Spheroidizing steel converts the carbide into
globules through prolonged heating at or just below
the critical temperatures, followed by slow cooling.
The procedure varies with the type of steel, the size of
the object treated, and the purpose. Spheroidizing may
be applied to al classes of carbon steels, and it reduces
hardness and improves shaping characteristics. In the
steels above 0.60% carbon, spheroidizing improves
machinability.

4. Process annealing is applied to cold-worked,
low-carbon, and low-aloy steels. It is accomplished by
heating the material to a temperature below the trans-
formation range. This process is used primarily to
soften a material between cold-working operations.

5. Stress relieving, also caled heat soaking, is a
process to relieve stresses induced by casting, quench-
ing, normalizing, machining, cold-working, or weld-
ing. The process involves heating the part to a pre-
scribed temperature and holding the part at that
temperature for a prescribed period of time. This reduc-
es residual stresses, improves dimensional stability,
and restores ductility after cold-working.

4-1.2.2.3.3 Normalizing

The normalizing process heats sted to a temperature
above the transformation range and cools it in ill air,
Normalizing cancels the effect of previous heat treat-
ment or cold-working and insures that later reheating
for hardening or annealing will produce a homoge-
neous austenite. In addition, normalizing, or normaliz-
ing followed by tempering, can be used as the fina heat
treatment in some applications of medium carbon
aloy steels, such as H41300 or H86300 types. With
these steels the aloy often has sufficient strength with-
out quenching. Also normalizing can be used for parts
too large for liquid quenching.

4-1.2.2.3.4 Surface Hardening Methods

There are several methods available to increase
hardness along critical surfaces. These produce a hard
surface and a softer interior. When applied to alloy
steels, great core strength can be combined with extreme
surface hardness, which results in a composite struc-
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ture capable of withstanding certain kinds of stresses to
a high degree. Where low or moderate core strength can
be tolerated, cheaply fabricated, low-price carbon steels
can be used in combination with the surface-hardened
conditions. Surface hardening can be achieved using a
variety of techniques. Heating of the entire part with
subsequent rapid cooling is the most common, Various
techniques to heat the surface locally are aso used, i.e,
flame, electron beam, and laser. Some of the specific
techniques are

1. Cyanide case hardening (nitriding)—generally
used for shallow case on small parts. Case depths
obtainable: 0.03 to 0.3 mm (0.001 to 0.010 in. )

2. Activated cyanide case—case depths obtainable:
5.1to0 10.2 mm (0.20 to 0.40 in.)

3. Salt bath carburizing (nitriding)—case depths
obtainable: 0.64 to 4.06 mm (0.025 to 0.160 in. )

4, Pack carburizing—case depths obtainable: 0.64
to 6.35 mm (0.025 to 0.250 in. )

5. Gas carburizing—case depths obtainable: 0.25
to 1.52 mm (0.010 to 0.060 in, )

6. Flame hardening—depth hardness obtainable:
0.76 to 6.35 mm (0.030 to 0.250 in. ) or more

7. Shot peening—part is impacted with hardened
metal balls of various sizes. While developing a resid-
ual surface compressive stress, the surface hardness also
increases due to effects of cold-working. Effective
depth:0.08 to 0.25 mm (0.003 to 0.010 in.) on thin pieces
and up to 0.64 mm (0.025 in. ) for thicker parts.

8. Induction heating—part is heated to quench
temperature by use of induction coil and is quenched to
martensite; the section is tempered to the desired
hardness.

9. Chrome plating—parts may be plated with
chromium to give a hard wear surface. The thickness
may vary from 0.08 to 0.25 mm (0.003 to 0.010 in.).

For more detailed information on these processes, see
Refs. 9 and 10.

One of the more critical factors of thermal treatment
processes in the producibility of metal components is
the resultant warpage in the product. In designing for
heat treatment this factor should be paramount in the
designer’'s mind.

4-1.2.2.4 Finishing Processes

Finishing operations are those operations performed
for the purpose of obtaining the desired surface charac-
teristics. Surface characteristics are generally of two
types: those necessary to the proper function of the
item, such as mating or bearing surfaces, and those
necessary for corrosion resistance. Similar to thermal
conditioning processes, finishing processes are very
important for producibility since they are among the
final operations performed on the metal component.
These processes are addressed in this handbook as
mechanical finishing and protective coatings.
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4-1.2.2.4.1 Mechanical Finishing

Mechanical finishing methods include: grinding,
tumbling, honing, lapping, superfinishing, electro-
chemical honing, and rotofinishing (also considered a
cleaning process). Before considering these processes,
the economic implications of obtaining a fine surface
finish should be considered. The cost of production
increases as the requirements for finer surface finishes
increase.

Neither dimensional tolerances nor surface rough-
ness should be specified to limits of accuracy closer
than those that the actual function of design necessi-
tates. Surface roughness root mean square (rms) is
defined as the average deviation expressed in microme-
ters (microinches) from the mean surface.

Fig. 4-15 provides at a glance a general relationship
of actual dimensional tolerance to surface roughness
and the relationship to cost.
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facturing Engineers.

Figure 4-15. Relationship of Surface Roughness
to Tolerance and Cost (Ref. 5)

As shown in Fig. 4-15, it is obvious that there is a
relationship between surface roughness and tolerance.
It is not feasible to expect to hold a tolerance of 0.0025
mm (0.0001 in.) on a part that is to be machined to an
average roughness of 3.18 um (125 pin. rms). Likewise,
a finish of 0.25 to 0.38 um (10 to 15 pin.) for a surface
merely intended to provide proper size for locating
subsequent operations cannot be justified. A 1.02- to
1.52-pym (40- to 60-pin.) finish would be satisfactory
and would cost approximately 25% less.

Besides showing the relationship between surface
finish and roughness, Fig. 4-15 shows the relative cost
increase as tolerances and surface roughness become
finer. If a part is machined to a tolerance of +0.01 mm
(0.0004 in.), the chart indicates a finish of 0.41 um (16
Min) at a cost factor of seven. If the tolerance is
increased to +0.03 mm (0.001 in.), the chart indicates
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finish of 0.81 um (32 pin.) at a cost factor of six. Thisisa
14.3% decrease in cost.

Fig. 4-16 shows the tolerance range of general
machining processes. As can be seen, various processes
overlap because of the ranges and sizes that the various
processes can handle.

For example, it would be rather difficult to handle a
508-mm (20-in.) diameter hone, and therefore, other
processes should be used to hold a tolerance of 0.038
mm (£0.0015 in.) as indicated in Fig. 4-16. Similarly,
one does not build a 508-mm (20-in.) diameter drill
only to use a boring tool to finish the inside diameter.
The figure shows only the tolerance that can be held
within the limits of the process.

Tables 4-17 through 4-20 are listings of recom-
mended surface requirements covering a variety of
design contingencies. Table 4-21 graphically illus-
trates the range of finishes that normally can be
expected to result from various process operations. The
influence of specified finishes on factors other than
cost—i.e.,, production time, equipment availability,
worker skills, etc— must also be considered. Table 4-22
shows tolerance associated with interference fit.

The following data provide descriptions and relative
producibility information on the various mechanical
finishing processes:

1. Honing is a refined form of grinding. Surface
finish quality approaches that achieved by lapping;
however, honing is not an economical production
operation. The principal difference between honing
and grinding is that the abrasive stones have a large
area of surface contact during honing; during grinding
only line contact occurs. Stock removal is held to a
minimum in the honing process. The tolerances for
honing are shown in Table 4-21.

2. Lapping is another means of obtaining more
accurate and smoother finishes than those possible
with the finest grinding. It is a surface refining and
stock removal process practical in production if no
more than 0.013 mm (0.0005 in. ) of material is removed.
The mating surfaces themselves are used with a fine
abrasive to insure an accurate fit. Since material remov-
al should be held to a minimum, the preliminary
grinding operations must be extremely accurate for
lapping to achieve its accuracy potential. The tolerance
variations total 0.0013 mm (0.00005 in.) typicaly. Sur-
face roughness ranges between 0.013 and 0.05 um (0.5
and 2 pin.).

3. Tumbling or barrel finishing is a finishing pro-
cess in which the parts are put into a container with or
without an abrasive and rotated. The processing done
before barrel finishing ordinarily sets the tolerance lim-
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its since the overall reduction in dimensions should not
exceed a few millimeters. Also surface finishes obtain-
able are determined by prior processing. For example,
tumbling will improve a 12.7-pum (500-pin.) finish to
2.03 pm (80 pin.), a 1.52-um (60-pin.) finish to 0.38um
(15 pin.), and a 0.38-pm (15-pin.) finish to 0.08um (3
pin.).

4. Grinding is the primary method for surface fin-
ishing. There are several different types of grinding,
and each is capable of providing various degrees of
surface finish:

a Surface grinding is accomplished by grinding
wheels mounted over tables that move under the wheel
in either horizontal or rotary passes. Tolerances for
surface grinding follow:

(1) On surface grinders, flatness is held to
within 5.08 to 7.62 um (200 to 300 pin.) over 6.1 m (20
ft).

(2) On rotary table machines, flathess is held
to 5.08 to 12.7 um (200 to 500 pin.) parallelism to 10.16
to 12.7 um (400 to 500 pin.), and length to +5.08 um
(200 pin.).
Surface finish generaly is dependent on the materia
being ground; however, 0.05 um (2 pin.) can be
obtained in production on hardened steel.

b. Abrasive belt grinding uses driven, endless,
abrasive belts supported by suitable contact wheels,
which provide opposing pressure to the workpiece to
achieve stock removal. The tolerances for abrasive belt
grinding are

(1) Hat surfaces, £0.05 mm (0.002 in.) flat-
ness and paralelism

(2) Center-less grinding operations, + 13 pm
(500 pin.) with fine grits, in production

(3) Finishes of 0.25um (10 pin.) are typical.

c. Cylindrical grinding is a method of grinding
the outside surfaces of cylindrical parts. Four move-
ments are involved: the workpiece rotates on centers or
a mandrel, the grinding wheel rotates, the grinding
wheel moves in or out from the workpiece, and the
workpiece traverses the wheel (on some large machines,
the wheel may traverse the workpiece). Tolerances
appropriate to the cylindrical grinding process are

(1) Cylindrical grinders, £ 3 to £ 13um (100
to 500 pin. ) on diameters

(2) Surface finish is dependent on work mate-
rial, grinding wheel grit size, and other factors; 0.81 to
1.6 ym (32 to 63 pin.) typica for production.

d. Centerless grinding is a method of grinding
the inner or outer surfaces of cylindrical parts; it is
similar to cylindrical grinding except that the work-
piece is not mounted on centers. Instead, it is supported
by a work rest blade and a regulating wheel.

Text commences on p. 4-49.
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TABLE 4-17. NONMATING SURFACES

MIL-HDBK-727

AA Roughness Height Ratings

um

127 635 318

16

0.81

0.41

0.2

0.1

pin.

(500)

(250)

(125)

(63)

(32)

(16)

©)

4

w >

m

X&~Y—TOmM

. Clearance holes
. Clearances and reliefs
1. Small
2. Medium or large
. Cutoff length surfaces—sheared, sawed, etc.
. Datum surfaces
1. Less than 0.03 mm (0.001 in.) tolerance
2. Tolerance of 0.03 mm (0.001 in.)

. Nuts, bolt and screw heads, unthreaded shanks

1. Finished (machined) bolts, screws
2. Unfinished bolts

. Ends of bolts, pins, screws, and studs

. Screwdriver and wrench slots
. Chamfers, radii and undercuts
Handles
Tool runout-thread relief
. Exterior surfaces
1. Housing cast
2. Housing machined
3. Guns through 30 mm
4. Guns over 30 mm to 406 mm (16 in.)
5. Painted surfaces, guns 75 mm
to 406 mm (16 in.)
6. Breechblocks
. Breech mechanisms
1. Guns through 30 mm
2. Guns larger than 30 mm to 125 mm
3. Guns 125 mm to 406 mm (16 in.)

X

x
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MIL-HDBK-727

TABLE 4-18. MATING OR CONTACT SURFACES-STATIONARY

um

127 635 318 16 081 041

0.2

0.1

AA Roughness Height Ratings Lin

(500) (250) (125) (63) (32) (16)

©)

4

w >

womuo ozxZg - X ST TITEOMMO O

c —

Centralizing or location surfaces
Clamping or mounting surfaces

. Housing, bracket, and pedestal-pads

(base surfaces)

. Surfaces for copper gaskets and gasket seats

Surfaces for soft, flat gaskets
Gasket surfaces (minimum surface contact)

. Grooves for injection seats “
. Surfaces for O-rings

Grooves for snap rings

Counterbored surfaces

1. Over 19.0 mm (0.75 in. ) diameter

2. 19.0 mm (0.75 in. ) diameter and less
Countersunk surfaces

. Spotfaced surfaces

1. Over 19.0 mm (0.75 in.) diameter
2. 19.0 mm (0.75 in.) diameter and less

. Dowel pinholes and taper pinholes
. Parts of breech mechanism
. Inside diameter of pinned hubs, collars, and

spacers

Lens, prism, and mirror mounting surfaces
Spring seat surfaces

Shafts and bores for ball bearings

1. Up to 51 mm (2 in. ) diameter

2. Over 51 mm (2 in. ) diameter

. Shoulder faces for shafts and housing (ball races)
. Surfaces contacting packing in glands and

retainers

X
X

X X X X

X X

X

TABLE 4-19. MATING OR BEARING SURFACESROTATING

um

127 635 318 16 081 041

0.2

0.1

AA Roughness Height Ratings

pin.

(500) (250) (125) (63) (32) (16)

®)

(4)

oo w>

TIOomm

=

K.
M.

Crankpins

Pivot holes—pivot pins

Bearings—ball track

Bearings deeve type (shaft OD*-bearing 1D**)
1. General

2. Precision

Shaft OD used with jewel bearing

Shaft OD used with oil sed or O-ring

. Piston pins
. Friction differential faces

Variable speed drivers—cone, disc, and
cylinder faces

Hub, collar, and shaft face bearing surfaces
1. Genera

2. Precision

Pressure lubricated bearings

Propeller blades

X

X

X
X

*OD = outside diameter
**ID = Inside diameter
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TABLE 4-20. MATING OR BEARING SURFACES-SLIDING

um 127 635 318 16 081 041 02 0.1
win. (500) (250) (125) (63) (32) (16) (8) (4

AA Roughness Height Ratings

A. Gear teeth and screw threads
1. DP* 10 or smaller
a Genera X
b. Precision X
2. Coarser than 10 DP* X
3. Heavy loads X
4. Worms X
5. Worm gears
a Generd X
b. Precision (lapped) X
c. For heavy loads X
6. Teeth of ratches and pawls X
7. Spline teeth X
8. Screw threads
a Chased X
b. Die or tap cut X
c. Milled
(1) 10 or more threads per inch X
(2) Fewer than 10 threads per inch X
d. Ground threads and breech threads for guns X
e. Rolled threads X
Gibs and ways X
Sliding plates X
Sliding plate guides X
Slip clutch surfaces
1. Metal to metal X
2. Metal to nonmetal X
Slip ring surfaces X
Vave stems and guide bushings X
. Cylinder bores, pistons, and piston rods X
Surfaces of fluid seats X
Valve seats X
Bearing seats bolts, nuts, screw heads X
Cam surfaces and followers
1. Three-dimensional X
2. Groove
a, Genera X
b. Precision X
3. Flat or disc lobe
a Genera X
b. Precision X
4. Throwout type X
. Locking plungers (round or square end holes) X
Keys and keyways X
Breech and firing mechanisms of cannons X
Parts dliding in packings X
Dynamic O-ring seal surfaces X
Dynamic T-seal (machined finish—no abrasive) X
Recoil mechanisms and equilibrators
1. Antifriction metal - X
2. Copper rings X

*DP = diametral pitch (cont’d on next page)

moo w

FrXoe—IOm

q9Uozg
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MIL-HDBK-727

TABLE 4-20. (cont'd)

AA Roughness Height Ratings

um

12.7 6.35

3.18

16 081

041

0.2

01

pin.

(500)

(250)

(125)

(63)

(32)

(16)

8

(4)

<c

3. Silver rings

4. Control rods-bronze buffer ends

5. Control rods-steel-control diameter
6. Internal bronze surfaces

. Propellant valves shafts

Rifling in cannon barrels

1. Lands
a. Cannon over 30 mm up to 75 mm
b. Cannon 75 mm up

2. Grooves
a. Cannon over 30 mm up to 75 mm
b. Cannon 75 mm up

W. Barrel chambers, lands, and grooves

Guns _through 30 _mm

X

* DP = diametral pitch
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TABLE 4-22. INTERFERENCE FITS

um

127 635 318 16 081 041 02 01

AA Roughness Height Ratings

pin.

(500) (250) (125) (63) (32) (16) (8) (4)

A. Push fit

B. Keys and keyways

C. Drive and press fits
1. Holes and shafts to 51 mm (2 in.) diameter
2. Holes and shafts over 51 mm (2 in.) diameter

X

4-1.2 .2.4.2 Nontraditional Finishing

Some recent developments in NC machining with a
single point diamond cutter have shown an excep-
tional capability in achieving optical quality finishes.
This technique employs the single point diamond tool
in conjunction with a very lengthy program, usually
compressed on magnetic tape. The program contains a
large quantity of extremely small changes in feed rates
and depths of cut. This is an economical process if
precise optical quality finishes are required in small
guantities.

One final note on mechanical surface finishes—it
has been said erroneously that the finer the surface
finish, the greater the degradation of producibility. If
the surface finish specified is absolutely required in the
design, then maximum producibility would be en-
hanced if the optimum process for achieving it were
used. Producibility would be degraded only if the speci-
fied surface finish were greater than required by the
design function.

4-1.2.2.4.3 Cleaning Processes

Generally, it can be stated that the quality of any
coating is dependent on the precleaning. Accordingly,
al 1 protective coatings require some cleaning process
that follows the manufacturing operations and pre-
cedes the application of the coating. It is important for
the design engineer to be familiar with the more prev-
alent cleaning processes because of the potential impact
on producibility, for example, the possibility y of entrap-
ping chemical cleaning fluids that could ultimately
react with the planned product environment. In this
situation the design engineer might want to specify
mechanical cleaning only.

How well a phosphate coating adheres depends on
the cleanliness and preparation of the surface. Four
steps are commonly required before plating: preclean-
ing with a solvent, intermediate cleaning with akaline
solutions, electrocleaning, and acid cleaning. The last
step conditions the surface, removes light oxide films
from previous cleaning, and microetches the surface.
One standing rule in electroplating that bears repeat-

ing is “The surface roughness you begin with is the
surface roughness you will get.”.

Selection of a cleaning process is influenced by the
type of soil to be removed; the degree of cleanliness
required on subsequent operations; the base materia to
be cleaned; the fragility, size, and intricacy of the part;
and the cost and ultimate purpose or use. The cleaning
processes are broken down into mechanical, electro-
chemical, and chemical types. Each is discussed:

1. Mechanical cleaning methods include grind-
ing, brushing, abrasive blasting, steam- or flame-jet
cleaning, and tumbling.

a Grinding cleans by wearing away dirt and
usually takes part of the base metal with it. This
method is commonly used to remove coarse irregulari-
ties as well as dirt from castings and other forms.
Grinding is done with motorized grinding wheels on
abrasive belts, both stationary and portable.

b. Brushing is an abrasive operation done with
wire or fiber brushes mounted on a motor-drive wheel.
Wire brushing may be uneconomical since further
cleaning usually is required. However, almost any part
that does not have precise dimensions and can be easily
handled by the operator may be wire brushed. With
stainless steel and aluminum, wire particles may become
embedded in the surface and later corrode, which pro-
duces surface staining and the appearance of poor cor-
rosion resistance. Use of stainless steel brushes will
overcome this problem. When wire brushes are used on
magnesium, close control of dust is necessary because
of the explosive nature of magnesium dust.

c. The abrasive blasting method consists of bom-
barding a surface with an abrasive at high velocity.
Many abrasives, e.g., sand, steel shot, steel grit or
crushed shot, silicon carbide, cut wire, rice hulls, corn
cobs, and alumina, may be used. Air is usually the
transfer medium for the abrasive, but liquid can be used
also.

The effects of the abrasive blast vary according to
type and hardness of the abrasive, particle size of the
abrasive, velocity at impact, and angle of impact with
the surface. On metal, sand gives a matte finish that
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varies with the grit size and pressure used. Steel grit
produces a matte finish that is similar to that produced
with sand, and steel shot produces a bright finish.

Blasting produces a good bonding surface for paints
and may be used for castings, forgings, stampings,
welds, and heat-treated parts of al shapes and sizes.
Guarding against possible dust explosions may be
required.

d. Seam- or flame-jet cleaning is an economical,
method of removing loose scale on large, unwieldy,
ferrous metal parts; it is not suitable for cleaning non-
ferrous metals. In the steam-jet process, a jet of high-
-pressure steam is directed onto the surface and physi-
caly removes heavy scale. In the flame-jet process a jet
of oxyacetylene flame is directed onto the surface and
rapidly heats the scale, which breaks away from the
base metal because of the differing rates of thermal
expansion.

e. The tumbling operation consists of rotating a
barrel containing small parts, either alone or with
abrasives and lubricating (cushioning) liquids. Clean-
ing, deburring, abrading, work hardening, burnish-
ing, or combinations of these may take place, depend-
ing on the type of barrel and media. The main
advantage of this cleaning process is its low cost. Large
volumes of small parts can be handled, and several
treatments and rinses can be carried out in the same
barrel, thus avoiding transferring parts from one piece
of equipment to another.

2. Electrochemical cleaning methods (electropol-
ishing). Most electropolishing methods are patented
proprietary processes that represent a wide range of
electrolytes and operating details. In genera, the meta
is made the anode at high current density in a concen-
trated acid bath. The action involves a rapid attack on
the elevated spots in the rough finish and a minimum
attack on the depressed ones. A smoothing or rounding
off results in a brilliant finish. Electropolishing is
applicable to most metals, with the exception of mild
steel. The main advantage of this process is that it can
be used to polish thin-sectioned or intricate shapes that
are too cumbersome for mechanical wheel finishing or
cleaning.

3. Chemical cleaning methods. The principal
chemical cleaning methods are solvent cleaning, emul-
sion cleaning, alkaline cleaning, acid cleaning, pickling,
descaling with sodium hydride, and paint stripping.
Discussion follows:

a Solvent cleaning is one of the most widely
used methods of cleaning metal surfaces. The solvents
include petroleum or coa tar hydrocarbons and chlo-
rinated hydrocarbons used either as emulsions or as
diphase systems. The types of soil most efficiently
removed are unsaponifiable mineral oils and greases.
Solvent cleaning is economical for high production
work, particularly when the surface must be imme-

4-50

diately ready for further treatment, and it can be used
for any metal. Although parts dry rapidly after clean-
ing, solvent cleaning has these limitations: solid soils,
saponifiable greases, and metallic soaps often are not
removed; a residual oil film may be left on the surface;
flammability and toxicity hazards are present; materia
costs are higher than for alkaline cleaning; and distilla-
tion is necessary to keep the solvent clean. The follow-
ing methods are used in solvent cleaning:

(1) Soak or tank cleaning. All three forms of
solvent—straight, emulsion, and diphase systems—
may be used. The parts are immersed in the solvent, and
some form of mechanical agitation is provided.

(2) Spray decreasing. The heated solvent—
either straight or emulsified—is pressure sprayed on
the surface. Spray degreasing is usualy followed by
rinsing with clean solvent or by akaline cleaning.

(3) Vapor degreasing. The parts to be cleaned
are suspended in the upper part of a vessel containing
boiling solvent, usually a chlorinated hydrocarbon
such as trichloroethylene. The solvent vapors condense
on the surface and clean it as the liquid returns to the
solvent reservoir. This method probably provides the
most efficient and economical means of removing min-
eral oil and grease.

(4) Ultrasonic cleaning. This method uses
ultrasonic vibrations in a liquid to obtain unusually
rapid and thorough cleaning. It is based on the use of
piezoelectric materials or transducers. The violent
action thoroughly scrubs the metal surface while the
liquid penetrates into deep crevices in the metal part
and removes minute particles of insoluble soils, greases,
oils, and metal chips, which are difficult to remove by
other methods. Chlorinated solvents are commonly
used in ultrasonic degreasers although akaline solu-
tions also can be used. Ultrasonic cleaning is rapid and
produces a very clean surface, even for parts with com-
plex shapes.

b. The emulsion cleaning process uses common
organic solvents dispersed in an aqueous medium with
the aid of an emulsifying agent. The cleaning process is
conducted between room temperature and 80°C (180°F).
The solvents used are generally petroleum base; the
emulsifiers include polyethers, glycerols, polyalcohals,
high molecular weight sodium or amine soaps of
hydrocarbon sulfonates, and others. Emulsion cleaners
are applied by spray and dip tank methods; dip tanks
are preferred for small parts that must be placed in
baskets, tubular parts, intricate castings, and other
complicated shapes.

This method is not recommended for some parts
unless it can be followed by some other method to
remove trapped emulsion, which would impair subse-
guent finishing operations. Parts in this category
include sand core brass plumbing fixtures, tubular
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parts for furniture, and parts with lapped and spot
welded sections.

Emulsion cleaning is less costly than solvent clean-
ing because it uses relatively small amounts of expen-
sive solvent and large amounts of water. It is safe to use
with most metals if the pH remains below 10. Also it
leaves a rust preventive film of oil on cleaned parts,
which may or may not be advantageous.

c. Alkaline cleaning, in al of its forms, is prob-
ably the most widely used cleaning method. Alkaline
compounds in aqueous solution are extremely effective
for the removal of organic and water-soluble soils,
vegetable and animal greases, and any solid dirt that
may be embedded in a surface. It is the least expensive
cleaning method for high production operations.

Alkaline cleaners work by detergent action and sa-
ponification to displace the dirt from the surface and
suspend it in the solution. Fatty soils are saponified.
Alkaline cleaning is done in soak tanks and by pressure
spray. In some cases, heat or mechanical agitation is
used and, for rapid action, an electric current. In cases
where electrofinishing is necessary, other cleaning
methods must be followed by alkaline cleaning. To
eliminate traces of akali, an akaline-cleaned surface
must be thoroughly rinsed or neutralized prior to most
finishing operations since poor rinsing causes paints to
deteriorate. Zinc, aluminum, lead, tin solders, and
brass are attacked by strong alkaline cleaners; therefore,
inhibited cleaners are required for these metals.

d. The sodium hydride process is a metal descal -
ing process that avoids several disadvantages of con-
ventional pickling and other methods. It is suitable for
ferrous metals, copper, nickel, and titanium. It easily
removes hot rolling, annealing, and heat treatment
scale from both ferrous and nonferrous metals.

In the process, sodium hydride is generated by react-
ing metallic sodium and anhydrous ammonia. The
immersion bath consists of fused sodium hydroxide, at
approximately 370°C (700°F), containing approximate-
ly 2% sodium hydride. Descaling is carried out by
immersing the metal part in the hot, molten bath. The
sodium hydride reacts with the metal oxides, and the
reduction takes place within a minute. Then the metal
is removed, drained, and immersed in water. The gen-
erated steam mechanically loosens the reduced flaky
metal. A water rinse and short acid dip remove any
traces of remaining akali and brighten the surface.

The process has these advantages. the base meta is
unaffected; the bath attacks only the scale and makes it
impossible to lose metal by overtreatment (an appreci-
able saving when processing expensive alloys); the
same bath can be used for several metals;, hydrogen
embrittlement is impossible as the metal under treat-
ment cannot absorb hydrogen (the tendency is to drive
off any hydrogen present in the metal); the fluid bath
penetrates deeply into minute recesses and complex
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shapes; a very clean surface is left because both oxides
and organic soils are removed, and occasionally, the
process can be combined with heat treatment.

The principal disadvantages are thin sections may
buckle or warp at the temperature used (370°C (700°F));
it is uneconomical for light oxide films; it is not a
useful process if the draw temperature of steel is less
than 370°C (7000 F), and it is not suitable for low melt-
ing metals and aloys of magnesium, zinc, tin, aumi-
num, and lead because they are readily attacked by
caustic soda.

e. Acid cleaning is commonly used on light soil
and rust. Although acid cleaning involves pickling,
these treatments must be considered distinct from
straight pickling because acid cleaners are usually
water solutions of phosphoric acid, organic solvents,
acid-stable detergents, and wetting agents.

Acid cleaning is performed, either hot or cold, in
soak tanks and spray systems. Cleaning results from
emulsifying oils on the surface and dissolving or
undercutting oxide films. A dlight etch is usualy left
on the surface. Acid cleaning is unsuitable for remov-
ing heavy coats of grease, oil, and dirt because a deep
etch would result from the long immersion time neces-
sary for thorough cleaning. This process is used on
ferrous metals, copper, and aluminum aloys, but it is
seldom used on nickel, magnesium, lead, or tin.

f. Pickling is an acidic treatment for chemically
removing surface oxide and scale from a metal. Wide
variations are possible and depend on the type, strength,
and temperatures, of the acid solutions used. The acid
is selected on the basis of the metal to be pickled and on
the type of foreign material to be removed.

A properly controlled pickling bath is much more
efficient for scale and rust removal than is mechanical
abrasion. However, pickling must be followed by a
thorough rinsing and neutralizing. Hydrochloric and
sulfuric acids, unless thoroughly removed, can cause
organic finishing difficulties. Pickling is applicable to
sheet, sand, and die-cast aluminum and its alloys;
copper and its alloys; iron and steel; stainless steel;
magnesium and its aloys; and nickel and its aloys.

The process has these advantages. the base meta is
unaffected, the bath attacks only the scale, which makes
it impossible to lose metal by overtreatment (an appre-
ciable saving when processing expensive aloys), and
the same bath can be used for several metals.

g. Stripping or removing old paint finishes is
often necessary before applying new ones. It can be
done by a combination of chemical strippers and
mechanical action. The type of stripper used depends
on the paint film to be removed. Strong, agueous akali
solutions are used for paints based on drying oils and
polymerized resins. In other cases, mixtures of organic
solvents work well. A third type employs a mixture of
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alkalies, solvents, and wetting agents. Also flame is
used occasiondly to burn off paint.

All paint stripping requires some sort of mechanical
assistance, usually brushing, to remove the loosened
film. Even after thorough rinsing, the metal surface
may require one of the other cleaning procedures.
Stripping is usually a quick acting method of remov-
ing paint from old painted surfaces but, on occasion,
may require long periods of time to attain best results.
Some strippers are toxic and flammable; other strippers
attack the metal surfaces. These processes can be more
efficient if ultrasonic agitation of the stripping medium
is used.

4-1.2.2.4.4 Protective Coatings

Since almost every situation presents the possibility
that some form of corrosion will occur, appropriate
means of protection must be routinely considered dur-
ing the design process. The design engineer, develop-
ing military equipment that involves metals, must
prescribe measures for protecting that equipment from
corrosive  attack.

Coatings are classified into three groups. metallurgi-
cal, electrochemical, and mechanical. The first group
depends on metallurgical adhesion (flame spraying);
the second depends on an electrochemical reaction for
application (anodizing, electroplating, etc.), and the
third depends on mechanical adhesion (paint, elasto-
meric coatings, etc. ). Each group is described.

1. Metallic Coatings: There are four major types of
metallic coating methods: flame spraying, weld deposi-
tion, diffusion, and hot dipped metal. Table 4-23 shows
some of the properties of these coatings and their basic
uses. The metalic coatings are

a. Flame-sprayed coatings are applied by spray-
ing molten material onto a previously prepared sur-
face. Their principal value is in increasing the wear
resistance of meta parts; however, they are useful in
building up worn and damaged parts, as well as in
providing corrosion protection and heat and oxidation
resistance. Flame-sprayed coatings can be applied to
cast iron, steel, aluminum, copper, brass, bronze,
molybdenum, titanium, magnesium, nickel, and beryl-
lium. The coating materials that can be used with
flame spraying include metals, ceramics, carbides,
borides, and silicides.

b. Weld deposition coatings are applied to pro-
duce a hard, wear-resistant facing on less expensive
base metals or on ones with special engineering prop-
erties, e.g., toughness. These facings are applied in
thicknesses between 1.588 and 6.4 mm (0.0625 and 0.25
in. ) by any standard fusion welding process.

Over 100 facing materials for use with weld deposi-
tion coatings are available. They have been classified
by the American Welding Society and the American
Society for Metals in order of increasing toughness or
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in order of decreasing abrasion resistance. Despite their
name, hard facings are often applied for corrosion or
thermal applications. Table 4-23 lists the major facing
materials and their properties.

c. A diffusion coating is a surface alloying
treatment for metal produced by changing the surface
composition of the metal and thereby improving its
properties. It is accomplished by heating metals to high
temperatures while the surface is in contact with some
appropriate substance. Diffusion coatings result in
wear- and abrasion-resistant surfaces; however, they are
also used to obtain corrosion- and hest-resistant sur-
faces.

d. The hot dipped metal coating process, gener-
aly applied to iron and steel, consists of dipping the
material to be protected in a molten bath of a more
corrosion-resistant metal. Aluminum, zinc, lead, tin,
and lead-tin aloy are the principal materials applied
by hot dipping as indicated by Table 4-23.

2. Electrochemical coatings. An electrolytic pro-
cess of depositing metal on metals either to protect
against corrosion or to increase the surface wearing
qualities. The value of chromium-plating plug and
ring gages has probably been more thoroughly demon-
strated than any other one application of this treat-
ment. Chromium-plated gages not only wear longer,
but when worn, the chromium may be removed and the
gage replated and reground to size. Table 4-24 gives an
indication of some of the plating materias, cost, fric-
tion on steel, wear resistance, and Brinll hardness.

In designing a part that requires protective finishes
on metal surfaces, the design engineer should use an
established order of precedence for equivaent specifi-
cations covering materials, processes, or parts. The
precedence is established to promote the use of the most
economical, applicable, and widely accepted plating
processes. The specification preference is as follows:

a Federa

b. Military

c. Non-Governmental standardizing organiza-
tions, such as Society of Automotive Engineers (SAE),
American National Standards Institute (ANSI), Ameri-
can Society for Testing and Materials (ASTM), and
National Electrical Manufacturers Association (NEMA)

d. Contractor-prepared specifications.

The following subparagraphs discuss various metals
and their use as coating materials and provide references
to the appropriate Federal specification:

a. Cadmium (Cd) is a soft, white metal used
primarily for corrosion protection. It is sacrificia to
most base metals, i.e., corrodes first. Added protection
is gained by adding a chromate coating over the cad-
mium plating. The chromate also provides improved
adhesion of subsequent organic films, such as var-
nishes and lacquers. The Federal Specification is QQ-
P-416, Plating, Cadmium (Electrodeposited).
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TABLE 4-23. PROPERTIES AND USES OF COATINGS

METALS THAT CAN BE FLAME SPRAYED AND PRINCIPAL APPLICATIONS

Metal Applications Metal Applications
Aluminum Corrosion protection in industrial and | Molybdenum  Hard wearing surfaces, bonding between
sat atmospheres, electrical applications substrate and sprayed ceramic coatings,
Babbitt For bearing buildup buildup - material
Boron Neutron absorber Nickel Hard facing, corrosion-resistant coating
Cadmium Corrosion resistance Platinum Electrical contacts, high temperature
bal For hard faci electrical connectors
0 . . .
EO t Elr ta.r Iacmgl. " Lumi Silicon Wear resistant coatings
opper ectrical applications, aluminum, . .
bronze, and phosphor bronze are used Silver Electrical contacts
for general purpose wear applications | Stainless steel  Corrosion protection, wear resistant
Carbon sted  UNS G10100, G10250, and G10800 are applications
used for rebuilding worn parts and wear | Tantalum High temperature applications
resistance Tin Electrical contact coating, food con-
Hafnium Neutron flux depressor tainer coating
Iron Magnetic applications Titanium Corrosion and oxidation resistance at
Lead Nuclear shielding, resistance against high temperature 180°C (360°F)
acids Tungsten Metal and nonmetallic parts exposed to
Magnesium Corrosion resistance hlgh_temperature as a means of fabricat-
. ing intricate parts from tungsten
Manganese Hard facing and wear . : . .
Zinc General atmospheric corrosion resis-
tance
Zirconium Nuclear applications
HARD FACING MATERIALS USED FOR WELD DEPOSITION
Material Properties Material Properties
Tungsten Greatest hardness and best wear resis- | Nickel base Used where abrasion resistance plus re-
carbide tance aloys sistance to heat and/or corrosion are
High Best for metal to metal wear, inexpensive required
chromium Copper base  Used where a combination of corrosion
iron aloys resistance and liquid erosion is needed
Martensitic Good abrasion resistance, subject to | Martensitic Good combination of low cost, hard-
iron internal stresses, and a tendency to crack | steels ness, strength, abrasion resistance, good
Austenitic Less abrasion resistance than marten- L‘n;é)sact resistance, and fairly high tough-
iron sitic, less tendency to crack
Cobalt base Used where wear and abrasion resis- Austenitic Used for moderately abrasive applica-
alloys tance must be combined with resistance | Ste€S tions or as a buildup material
to heat and oxidation or corrosion
HOT DIP COATINGS
Coating Base Metd Properties Uses
Aluminum Sted, Protects equipment subject to corrosion Oil refinery process piping, appliance
cast iron and heat up to 535°C (1000°F). Mini- parts, furnace heater tubes, brazing
mizes high temperature oxidation and fixtures
permits use of inexpensive materials for
use in corrosive or high temperature
applications
Zinc Steel Combines high corrosion resistance with  Nails, wire, tanks, boilers, pails, hard-

low cost. Effective life generaly is in
proportion to thickness

ware, lighting standards

(cont’d on next page)
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TABLE 4-23. (cont’d)

HOT DIP COATINGS (cont' d)

Coating Base Meta Properties Uses
Lead Steel, copper  High resistance to atmospheric corro- Wire, pole-line hardware, bolts, tanks,
sion and chemicals. Protective oxide barrels, cans, air ducts, outdoor gutters,
film regenerates itself when damaged flashing, and siding
Tin Stedl, cast Good resistance to tarnishing and stain- Milk cans, food grinders, cooking pans,
iron, copper ing indoors and in contact with foods. kitchen utensils, and electronic parts
Sheet lends itself to stamping, drawing, (Food cans generally are electrolytically
rolling; readily soldered tin-plated.)
Lead-tin Steel, copper  Provides some advantage of tin coatings Roofing, gasoline tanks, oil filters,
aloy (terne) at lower cost; ductility and good adhe- capacitor and condenser cans, connec-
sion allow deep drawing; excellent tors, and printed circuits
paint-holding properties;, good solder-
ability
DIFFUSION COATING PROCESSES
Process Base Metd Surface Mixture Use
Calorized Carbon and low aloy steel Aluminum compound or Resistance to high temperature
A1C1’, vapor oxidation makes useful for furnace
parts, chemical pots, air heater tubes
Carburized Carbon and low carbon Solid, liquid, or gaseous Gears, cams, pawls, shafts
aloy seels carbon
Cyanided Carbon and low carbon Carbon and nitrogen Gears, cams, pawls, shafts
aloy steels
Nitrided Special steels for nitriding, Nitrogen in contact with Gears, cams, pawls, shafts
medium carbon Cr Mo steel, ammonia
stainless steel, some cast iron
Chromized Carbon steels, alloy steel, Chromium High resistance to wear, abrasion,
cast iron, stainless sted, iron and corrosion; high hardness. Air-
powder parts craft, railroad, and auto parts; tools
Nickel- Ferrous metal Nickel phosphorus Pipe and fittings because of high
phosphorus corrosion resistance

Iron-aluminum

Nickel-
aluminum

Silicides and

metal additives

Siliconized

Sherardized

Cobalt, nickel, and iron base
superalloys, carbon and
stainless steel, some copper
aloys

Nickel base aloys

Columbium, molybdenum,
tantalum, tungsten

Low carbon, low sulfur steel

Ferrous metal

Iron-aluminum

Iron-aluminum

Silicides or metal additives

Silicon carbide and chlorine

Zinc

Gas turbine blades and components
subjected to high temperatures

Gas turbine blades and components
subjected to high temperatures

Aerospace components subjected to
high temperatures, 1920 K (3000°F)
for a short time

Pump shafts, cylinder liners, valve
guides, and valves

Small parts that must resist atmos-
pheric-corrosion, electrical conduit
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TABLE 4-24. ENGINEERING FACTORS OF PLATING DEPOSITS (Ref. 5)

Approximate Wear Friction

Material Brinell Resisiance on Process Cost
Hardness Steel

Cadmium 35-50 Poor Fair M edium
Chromium 800-1000 Excellent Good High
Copper 50-150 Fair Poor Medium
Gold 5-20 Poor Good Very high
Nickel 200-500 Good Fair M edium
Rhodium 260-400 Good Good Very high
Silver 50-150 Fair Good High
Tin 5-15 Poor Good Low to medium
Zinc 35-55 Poor Poor Low

Reprinted with permission. Copyright

b. Chromium (Cr) is a bright, hard metal that
provides excellent corrosion resistance, wear resistance,
and high strength. Brightness and type of finish
depend upon preparation of the basic metal. The Fed-
eral Specification is QQ-C-320, Chromium Plating
(Electrodeposited).

c. Copper (Cu) is a soft, ductile metal that can be
plated from a large number of solutions. Dull to bright
finishes are usually obtained. It is used principally as a
stop-off for carburizing or brazing operations, as a bar-
rier for subsequent plating layers, and as a substrate for
metals that are difficult to plate. The Military Specifi-
cation is MIL-C-14550, Copper Plating (Electro-
deposited).

d. Gold (Au) is a soft, yellow metal having a
high resistance to corrosion and oxidation. It has excel-
lent electrical conductivity and high reflectivity to vis-
ible light. Wear resistance of the deposit may be
improved by a nickel strike preceding the gold deposit.
The Military Specification is MIL-G-45204, Gold Plat-
ing (Electrodeposited).

e. Nicke (Ni) is a bright, magnetic metal with
high passivity. Nickel may be deposited in any condi-
tion from a highly stressed to a stress-free state. Because
of its excellent bonding characteristics, nickel is often
used as a strike deposit. The Federal Specification is
QQ-N-290, Nickel Plating (Electrodeposited). Other
specifications for nickel plating are provided in Ref. 5.

f. Nickel-Phosphorous (Ni,P) isa bright, medi-
um-hard deposit that can be either magnetic or non-
magnetic. The process plates uniformly on all surfaces.
Corrosion resistance is better than that of nickel, and in
the hardened state the deposit offers excellent abrasion
and wear resistance. It is used to rebuild worn parts, for
reflective coatings, and as undercoat for gold plating.
The Military Specification is MIL-C-26074, Coating,
Electroless Nickel, Requirements for.

© by Society of Manufacturing Engineers.

g. Palladium (Pal) is used as a solderable coat-
ing, as a diffusion barrier between copper and gold, and
on contacts requiring freedom from oxidation. Mil-
itary Specification MIL-P-45209, Palladium Plating
(Electrodeposited), specifies a minimum plating thick-
ness of 0.0013 mm (0.00005 in.).

h. Rhodium (Rh) is a hard, silvery metal that
provides excellent corrosion resistance. The metal has
good solderability above 370°C (700°F) and has good
resistance to wear. Thick coats are very brittle. Aero-
space Material Specification AMS 2413, .Slver and
Rhodium Plating, specifies a minimum plating thick-
ness of 0.0005 mm (0.00002 in.).

i, Slver (Ag) may be deposited with a finish that
can range from a slight yellow matte to a lustrous
white. Solderability and electrical conductivity are
excellent. Although it tarnishes easily, silver provides
fair corrosion protection and the silver tarnish can act
as an insulator when low current is used with silver-
plated contacts. Its antigalling characteristics make it
an excellent bearing material. Federal Specification
QQ-S-365, Silver Plating, Elect redeposited, General
Requirements for, suggests the following thicknesses:
for terminals to be soldered, 0.008 mm (0.0003 in.); for
corrosion protection of nonferrous basic metals, 0.013
mm (0.0005 in.); for electrical contacts, 0.013 to 0.28
mm (0.0005 to 0.011 in.). When silver is to be plated on
steel, the required thickness, unless otherwise specified,
should be 0.013mm (0.0005 in.), plus 0.013 mm (0.0005
in.) copper or nickel, or any combination of both not to
exceed 0.013 mm (0.0005 in.) preplate.

j- Tin (Si) is a soft, white, ductile metal with
high luster when flowed onto a suitable surface. It has
excellent corrosion resistance and solderability. Tin
also has excellent antigalling and antiseizing proper-
ties. Pure tin deposits are subject to “tin disease” at
temperatures below 0°C (32°F). Small additions of
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antimony and bismuth prevent this tin disintegration
at low temperatures. The Military Specification is
MIL-T-10727, Tin Plating, Electrodeposited or Hot-
Dipped, For Ferrous and Nonferrous Metals.

k. Zinc (zZn) is a white metal that can be depos-
ited in either dull or bright coat, and it offers excellent
corrosion protection since it is sacrificial to most basic
metals. Conversion coatings on zinc enchance its corro-
sion protective properties. These coatings may be ap-
plied in a variety of colors from clear to yellow to olive
drab. The Federal Specification is QQ-Z-325, Zinc
Coating, Electrodeposited, Requirements for. Other
specifications for zinc plating are provided in Ref. 5.

1. Hard-coating treatment of aluminum (Al)
alloys (anodizing). The primary purpose of this process
is to increase surface hardness and resistance to abra-
sion and corrosion. The treatment forms a dense alumi-
num oxide and is used for auminum and auminum
alloy parts. Careful consideration should be given to the
use of the hard-coating treatment on highly stressed
parts because of the resultant lowering of the endur-
ance limit. Also the use of it should be weighed care-
fully if the parts have sharp corners and edges where
chipping may occur. The Military Specifications for
surface treatments and finishes for auminum include
MIL-A-8625, Anodic Coating, For Aluminum And
Aluminum Alloys, and MIL-C-5541, Chemical Con-
version Coatings On Aluminum and Aluminum Alloys.

3. Chromate coatings are simple and economical
to apply; they provide a corrosion-resistant surface
film, an excellent base for paint, and may be a decora-
tive finish. They are applied on aluminum and aumi-

num alloys, zinc and cadmium plate, zinc castings and
galvanized metal, and, to a lesser extent, on copper, tin,
magnesium, silver, and chromium. These coatings
may be applied by dipping, brushing, spraying, swab-
bing, and electrolysis. Chromate coatings are self-
healing in that scratches and minor abrasions are pro-
tected by a bleeding of the chromium coating onto the
damaged area. The coatings can be dyed a variety of
colors. In the undyed state they vary from clear and
highly polished to a flat black (depending on treating
method used, substrate material, and thickness of the
coating).

4. Mechanical coatings. Elastomeric, vitreous
enamel, and paint coatings are among the commonly
used mechanical coatings. Each is discussed:

a. Elastomeric coatings may be applied to most
metals. In addition to being elastic, they offer a wide
range of interesting protective properties. The five
major elastomer types used in coating are polychloro-
prene (neoprene), chlorosulfonated polyethylene (hypa-
lon), urethane, polysulfide, and fluoroelastomer. Com-
binations of these are sometimes used, one as a primer
and the other as a top coating. This enables the
designer to take advantage of the best properties of
each. The typical properties of elastomeric coating
materials are listed in Table 4-25. Elastomers are usu-
ally applied manually by spraying, brushing, rolling,
etc. For production line use of the process, they can be
applied by dipping.

b. Vitreous or porcelain enamel coatings may be
applied to metals including cast iron. They provide a
hard, glass-like surface with excellent resistance to

TABLE 4-25. GENERAL PROPERTIES OF ELASTOMERIC COATINGS (Ref. 5)

Neoprene Hypalon Urethane Polysulfide  Fluoroelastomer

Acid resistance G GtoE PtoF F E
Adhesion GtoE Fto G G G Fto G
Alkali resistance FtoG E P F P
Electrical Fto G Fto G Fto G F Fto G
Heat resistance GtoE GtoE G Fto G E
Oil resistance G GtoE E E E
Ozone resistance GtoE E E G E
Permeability G GtoE F E E
Solvent resistance F F Fto G G G
Toughness G FtoG E F FtoG
Water resistance GtoE GtoE G G E
Weatherability GtoE E GtoE GtoE E
Temperature limit

approximate °C 90 135 105 100 230

P = poor; F =fair; G = good; E = excellent

Reprinted with permission. Copyright @ by Society of Manufacturing Engineers.
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atmospheric corrosion and most acids. A wide variety
of colors, color combinations (speckled, stippled, etc.),
and a variety of finishes are available. These coatings
are applied by a process of spraying the coating on and
then baking.

c. Paint, varnish lacquer, and related coatings.
Paint probably offers the most versatile type of coating
for protecting metals against corrosion. Generaly, a
properly applied paint coating offers much higher cor-
rosion resistance than an inorganic finish, such as a
plated coating or a bare surface coating. Therefore,
whenever the nature of the part and its intended usage
alow, it should be painted. Four types of transparent
coatings in use are varnish, shellac, lacquer, and lin-
seed oil. Pigmented coatings include oil-type paints,
varnish enamels, lacquer enamels, sealers, undercoat-
ings, and some stains.

4-1.3 TEST AND INSPECTION

This paragraph describes the major techniques for
testing and inspecting metal components to assure that
they conform to the technical data package require-
ments. Test and inspection affect producibility in a
very basic manner. Because test and inspection are fre-
quently overlooked in the production process, these
aspects of manufacturing may contribute greatly to
poor producibility. It is generally assumed that test and
inspection will provide the designer with the assurance
that the metal component conforms to the drawings
and specifications. However, for this to happen the
designer must be continually aware of how the product
will be inspected and that it can in fact be inspected. To
do this, an understanding of the basic test and inspec-
tion tools is necessary. There are two fundamental
types of inspection: one assures that the basic raw mate-
rial conforms to the drawings and specifications, and
the other confirms that the configuration of the fin-
ished component also conforms.

4-1.3.1 Material Test and Inspection

The paragraphs that follow describe some nonde-
structive testing procedures; al of them are suitable for
revealing material defects often encountered in manu-
facturing. Only a summary of the basic advantages and
limitations of the most sensitive nondestructive tests is
presented here for general consideration. Detailed in-
formation relating to the procedures, limitations, haz-
ards, interpretation, and reference standards appropri-
ate to the proper selection of nondestructive testing
methods can be found in inspection guides, specifica-
tions, and industrial publications.

4-1.3.1.1 Magnetic Particle Testing

Magnetic particle testing, although not a thorough
inspection, provides rapid visual indication of discon-
tinuities at and below the surface to a depth of one-
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third or more of the thickness of the part. It is limited to
those materials that will support magnetism (ferro-
magnetic materials). Only limited areas can be inspected
at each application, and orientation of application is
necessary since defects parallel to the magnetic field
may be missed. Parts can be damaged by arcing or
heating, and caution must be exercised in applying the
technique. The visua reaction is the attraction of fluid
particles or dry powder to the magnetic leakage field
directly over the defect or discontinuity.

4-1.3.1.2 Radiography

Radiography (with an adequate energy source) offers
relatively unlimited penetration. It provides a reason-
ably accurate shadow image of the interior of a mate-
rial. Surface preparation is not critical, yet the process
alows a high degree of sensitivity. Permanent images
are readily obtainable, and a wide choice of equipment
is available. Neutron radiography, a similar, less
expensive process, is also often used. It is done in red
time without the necessity for X-ray development and
reading.

Both sides of the material must be studied, and care-
ful alignment of the source and the registering media is
required. The technique is unable to detect material
weaknesses not caused by density differences; it will not
resolve fine cracks, laminations, or segregations unless
they are within a few degrees of the incident beam.
Radiography methods and processing are critical, and
interpretation of the results requires a knowledge of
materials, techniques, and standards. Detailed infor-
mation relating to procedures, limitations, and per-
sonnel hazards are highly dependent on the particular
equipment being used and should be checked and veri-
fied through appropriate equipment specifications
and equipment manufacturers.

4-1.3.1.3 Ultrasonic Testing

Ultrasonic testing, which has a material penetration
ability corresponding to the sound transmission index
of the material, provides rapid visual indications of
laminations, cracks, or other discontinuities present-
ing an interface perpendicular or angular to the axis of
the transmitted sound beam.

Ultrasonic tests are limited to situations requiring
the examination of objects that can be fluidly coupled
to the generating surface. Surface preparation is also
critical for surface contact methods. The search unit
must conform to the test surface, and an adequate coup-
lant must be employed, or the test objects must be
adapted for immersion in a liquid. Ultrasonic testing
fails to resolve discontinuities parallel to the sound
beam, Both sides of the material must be essentialy
parallel, or extensive experience must be gained with
parts that can be sectioned, to establish the standard
pattern for that part.
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Ordinary ultrasonic tests of metals lose indications
within the first 15.88 mm (0.625 in.) of transmission
and occasionally lose indications beyond the first
major defect. Specia techniques have been developed
that reduce these limitations. However, experienced
interpretation of the test results is mandatory. Images
can be photographed or test data recorded for test docu-
mentation purposes.

4-1.3.1.4 Penetrants

Penetrant tests, which disregard material size or
shape, develop high contrast indications of disconti-
nuities that are open to the surface of the material.
Orientation of application is not necessary.

Penetrant tests are limited to the detection of surface
discontinuities. Surface preparation is quite critical,
and the test procedures must be carefully controlled to
avoid developing false indications. Penetrant tests
inspect one side of the material only with each applica
tion, and indications must be photographed if they are
to be recorded.

Fluorescent penetrant is a method whereby detection
is accomplished only by backlight, and only surface
ruptures or discontinuities are reveaed.

4-1.3.2 Component Test and Inspection

The paragraphs that follow describe some proce-
dures and tools for the test and inspection of compo-
nents. Only a summary of some basic procedures nor-
mally found and used in most metaworking shops is
presented here. Detailed information relating to these
and numerous other special tools and techniques can
be obtained in inspection guides and from industrial
suppliers of inspection equipment.

4-1.3.2.1 General Shop Measuring Instruments

The most common shop measuring instruments are
the rule and combination set, depth gage, vernier
caliper, vernier height gage, micrometer, and the tele-
scoping gage. Descriptions of these basic instruments
can be found in any number of good reference books,
such as Ref. 9. However, for more accurate inspecting
and measuring, some basic methods and precision
measuring machines and instruments are described in
the paragraphs that follow.

1. Bench micrometer. For accurate shop measure-
ments to 0.03 mm (0.001 in.), a bench micrometer, as
shown in Fig. 4-17, may be used. This machine is set to
correct size by precision-gage blocks, and readings may
be made directly from the dia on the headstock, Con-
stant pressure is maintained on al objects being mea
sured, and comparative measurements to 0.0013 mm
(0.00005 in.) are possible. Precision measuring ma-
chines employing a combination of electronics and
mechanical principles are capable of an accuracy of
0.003 mm (0.0001 in.).
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Figure 4-17. Bench Micrometer

2. Optical instruments. Numerous optical instru-
ments have been devised for inspecting and measuring
because of their extreme accuracy and ability to inspect
parts without pressure or contact. A microscope for
toolroom work is shown in Fig. 4-18. An object viewed
is greatly enlarged, and the image is not reversed as in
the ordinary microscope. To be measured, a part is first
clamped in proper position on the cross-slide stage.
The microscope is focused, and the part to be measured
is brought under the crossline seen in the microscope.
The micrometer screw is then turned until the other
extremity is under the crossline, and the dimension is
obtained from the difference in the two readings. The
micrometer screws operate in either direction and read
to an accuracy of 0.003 mm (0.0001 in.).

Fiber optics can be used as an inspection tool by
lighting hard-to-see places and by enabling viewing
through a flexible probe. The Bausch and Lomb Flexi-
scope* has a fiber optic probe equipped with a light
and a viewing head. The probe is 610 mm (24 in.) long
and can be bent around corners having a radius of less
than 50 mm (2 in.). The cooling water passages in
automotive cylinder blocks, for example, can be in-
spected visually using this equipment by *“snaking”
the probe into the cored areas.

3. Snebar. A sine bar is a simple device used either
foraccurately measuring angles or for locating work to
a given angle. Mounted on the centerline are two but-
tons of the same diameter at a known distance apart.
The distance on most sine bars is either 127 or 254 mm
(5 or 10 in.). For purposes of accurate measurement the
bar must be used in connection with a true surface.

*The Bausch and Lomb Flexiscope is used only as an example
of the capability of fiber optics. This discussion does not
constitute an indorsement of the Bausch and Lomb Flexiscope.
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Figure 4-18. Toolmaker’'s Microscope

The operation of the sine bar is based on the trigono-
metric relationship that the sine of an angle is equa to
the opposite side divided by the hypotenuse. Measure-
ment of the unknown side is accomplished by a height
gage or precision blocks. In Fig. 4-19a sine bar is set to
check the angle on the end of a machined part.

Sine
Bar L ¥

\ _ —_— |

\ —xf /BT/?\///IH T
‘ T ]Gage / h
NN Blocks | /) 1

7/////// IZA Worlipiecie

Figure 4-19. Sine Bar Setup on Gage Blocks for
Measuring an Angle on a Workpiece
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In this case
hy — h;

L
where L is a known distance, either 127 or 254 mm (5 or
10 in.), depending on the size bar used. The heights h,
and h,are built up to correct amounts with precision-
gage blocks, and their difference in elevation over L
gives the sine of angle 0 being checked.

When work is setup to be machined at a given angle,
the operation is reversed. The bar is then set at the
proper angle, which in turn acts as a gage to position
the work correctly.

4. Dividing heads. Index or dividing heads were
originally developed for checking angles about a com-
mon center. The head is made up of a worm and worm
gear set having a ratio of 40:1. Hence one turn of the
crank will turn the spindle one-fortieth of a revolution
or 0.16 rad (9 deg). With the dividing head an angular
measurement may be determined to an accuracy of 29 X
10°rad (6 seconds of arc).

5. Three-wire system. The three-wire system for
checking screw threads can be used to obtain the pitch
diameter. This diameter is difficult to measure directly,
but by using three wires, as illustrated in Fig. 4-20, a
micrometer reading M across the wires may be made,
and the pitch diameter E calculated from the equation

e p— (3(; B 0.86603> (4-2)

Sin 6 = (4-1)

n

pitch diameter, in.
measurement over the wire, in.
diameter of the wires, in.
number of threads per inch.

The best size wire to use for this measurement is given
by G= 0.57735/n. Eq. 4-2 is satisfactory only for 1.05-
rad (60-deg) threads, which have a lead angle of 0.09
rad (5 deg) or less. For other threads the eguation must
be modified. Threads also may be checked using a
thread ring or thread plug gage.

4-1.3.2.2 Surface Measurements

Surface checking instruments are for obtaining some
measure of the accuracy of a surface or the condition of
a finish. Much of this work is done on a flat, accurately
machined casting known as a surface plate. It is the
base upon which parts are placed and checked with the
aid of other measuring tools. These plates are very
carefully made and must be accurate to within 0.03 mm
(0.001 in.) from the mean plane to any place on the
surface. Small plates, known as toolmakers flats, are
lapped to a much greater degree of accuracy. Their field
of application is limited to small parts, and in most
cases, they are used with precision-gage blocks.
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Figure 4-20. Measuring Pitch Diameter by the
Three-Wire System

The surface gage, shown in Fig. 4-21, checks the
accuracy of parallelism of surfaces and transfer mea
surements in layout work. When in use, the gage is set
in approximate position and locked. The spindle can
be finely adjusted by turning the knurled nut that con-
trols the rocking bracket. When used with the scriber,
the surface gage is a line-measuring or -locating
instrument. If the scriber is replaced by a dia indicator,
it then becomes a precision instrument for checking
surfaces.

4-1.3.2.3 NC Measuring Machines

These machines, sometimes referred to as digital
measuring machines, have provided a degree of auto-
mation to the inspection process. They have a surface
plate bed up to 910 mm X 1520 mm (3 ft X 5 ft). The
machines contain a contact probe driven on three axes
and precisely tracked by an inductosyn scale. The probe
is either manually positioned on the part or driven by
an NC drive over a precise measuring grid. It provides
inspection dimensions of the part either through a
digital readout or a computer printout. Its measure-
ment accuracies are in the range of 0.08 mm (0.0003 in,),
and it can be programmed to take these readings auto-
matically at preselected locations with the same degree
of accuracy.
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Figure 4-21. Surface Gage

4-2 SHEET METAL COMPONENTS

Sheet metal components are defined as those metal
components fabricated from materials 4.76 mm (0.1875
in. ) thick or less that employ the manufacturing pro-
cesses of shearing, forming (i.e., rolling or bending),
stamping, and drawing. Typical of the type of compo-
nents included in this class are metal boxes, cups,
brackets, springs, and cover plates. Common produci-
bility problems for this class of parts are given in pars.
4-5.1, 4-5.4, and 4-5.6.

4-21 MAJOR MATERIAL CONSIDERATIONS

The variety and quality of materials available today
give the designer broad latitude in selection and design.
Both Government and private sector research will con-
tinue to expand this inventory. Designers should be
aware of these changes and aert to the impact on pro-
ducibility of sheet metal components.

4-2.1.1 Materials

The designer of sheet metal components is initialy
concerned with the properties of the available materials
and their relationship to his design characteristics.
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However, there are other considerations relating to
producibility that should receive equal consideration.
The more commonly used sheet metal materials of
strip, sheet, and wire, along with some of the more
typical applications, were discussed in par. 4-1, Tables
4-1 through 4-11. These tables also provide remarks on
material adaptability to particular manufacturing pro-
cesses that enhance the characteristics of producibility.

4-2.1.2 Material Properties and Producibility

Mechanical properties give some indication of the
ability of a metal to be formed satisfactorily. If there is a
relatively large difference between yield and ultimate
strengths and elongation is high, the forming charac-
teristics of a materia are good.

These physical characteristics give only partial indi-
cation of the actua formability of a material. The rate
of work hardening has a profound effect on the reduc-
tion that can be given to a material before annealing is
required and is more important than the mechanical
properties of annealed material. Work hardening rates
of metals differ greatly, a factor that must be considered
in selecting a materia for forming operations. As the
hardness of a meta increases, its ductility decreases.
Some of the physical properties of materials in terms of
their effect on producibility with which the designer is
concerned were discussed in par. 4-1.1.2.

4-2.1.3 Cost Consideration

A primary consideration in the material selection
process is the relative cost of the material. This factor is
equally as important to good design practice as it is to
good producibility. Actual material prices are very
dynamic and should be specifically determined with
the potential supplier on a case-by-case basis.

4-2.1.4 Material Availability y

Availability of sizes and shapes in specific geograph-
ical locations is determined by the local industry.
Because there is such a vast array of size ranges in the
various forms, the designer should check the supply
listings of his local suppliers to verify these data

In addition to the base metal and alloys aready dis-
cussed, there is another line of materials common to
sheet metal products of which the designer should be
aware, namely, preplated or precoated materials. These
materials come in many forms and generally have the
same workability as the base materials from which they
are made. Significant gains in time and money can be
realized through use of these materials by avoiding the
secondary operations of plating and coating.

The widespread commercial demand for preplated
and precoated materials has greatly expanded the range
of materials available to the designer. While some coat-
ings merely improve appearance, most will also in-
crease corrosion resistance or improve some other char-
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acteristic. For example, vinyl plastic-coated steels have
wide decorative potential. However, vinyl film, which
has high corrosion resistance, can be substituted for a
more expensive corrosion-resistant material. Table 4-
26 lists some of the more common preplated or pre-
coated materials together with some typical applica-
tions. Tables 4-27 and 4-28 show some of the more
common metal combinations and their typical uses,
while Table 4-29 details the common preprinted metals
and their typical applications.

4-2.1.5 Material-Related Manufacturing Process

Not al materials can be used for all manufacturing
processes. As discussed earlier in this chapter, the selec-
tion of a material has a direct bearing on the manufac-
turing process selected. Each materia is directly asso-
ciated with either a specific manufacturing process or a
set of manufacturing processes. Consequently, since
production processes are oriented to lot sizes, consider-
ation of the ultimate production quantity must play an
important role in material selection because of the
resultant impact on producibility.

For example, if a cup is to be made of steel in small
quantities, spinning is implied; in large quantities, it
must be deep drawn. If the same cup is to have a hole in
it and small quantities are desired, the drilling process
is implied; medium quantities require that the cups be
manually fed and punched; and large quantities neces-
sitate automatic feed, punch, and egection. Similarly, if
the material to be used is stainless steel, heat trestment
is implied unless the draw can be made in one opera-
tion. It is obvious from previous paragraphs that the
physical characteristics, in addition to satisfying the
basic design intent, also impact the manufacturing
process or processes that may be used. Table 4-30 shows
the sheet metal manufacturing processes normally
associated with the more common manufacturing
materials.

A word of caution to the design engineer interested in
good producibility. Magnesium and beryllium are two
materials that should be used judiciously. Magnesium
creates a significant fire hazard in metaworking plants;
accordingly, selected plants should have experience
with magnesium and already have established correct
safety procedures. Beryllium also creates a toxicity
hazard in a metalworking plant and thus requires spe-
cid handling. These two materials, unless thoroughly
checked in advance with the potential manufacturer,
can have detrimental effects on producibility.

4-2.2 MANUFACTURING PROCESS CONSID-
ERATIONS
Increasingly, the need of US industry is to improve
productivity. Some significant contributions to this
need have been made through technology that con-
tinues to grow in sophistication. Despite all the im-
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TABLE 4-26. PREPLATED OR PRECOATED MATERIALS AND TYPICAL APPLICATIONS (Ref. 5)

*
= N
b —_ N .
Base % t = §
Metal e N o =
5 P
8 & & E =
S = < 2 I L
Surface 3 g < £ E_ » Applications
and Coating 2 & T g E 2 o <
Method e =2 ¢ £ = £ o 3
WAl uaou — (@] [75) N < [- =] |} ’k)
Aluminum, hot dipped Sh Sh Oven door liners, aircraft firewalls,
St St mufflers, space heater baffles
Aluminum, hot dipped w Guy wires, overhead ground wires
Brass, copperplated Sh Molding, ornaments, trim, badges,
St buttons
Brass, copperplated Sh Tubing, frames, luggage, hardware,
St costume jewelry
Bronze St Ornamental trim, shell cases
Chromium, plated Sh Sh Sh Sh Toys, reflectors, trim, automobile
St St St St accessories
Chromium, plated Sh Heater and toaster shells
St
Lead, plated Sh Telephone cable sheathing,
St containers
Lead, plated or hot dipped Sh | Roofing, flashing
St
Lead, hot dipped Sh Ammunition boxes, ducts
St
Terne, hot dipped St Gasoline tanks, door frames, paint
St and oil containers
Nickel, plated Sh Toys, trays, knives, nameplates
St
Tin, plated Sh Food product cans, kitchenware,
St parts to be soldered
Zinc, plated Sh Lighting fixtures, spools, reels, oil-
St cans, refrigerator parts
F
Zinc, hot dipped* Automobile mufflers, refrigerator and
air conditioner parts
Zinc, hot dipped** Water pipe, electrical conduits
Zinc, hot dipped W Fencing

Key: Sh = sheet, St = strip, W = wire, F = flat wire.

*Available as plate, bar, sheet, strip and shapes on low carbon steel (including ASTM A123).
**Available as tubing, pipe, and conduit on carbon or low alloy steel.

Reprinted with permission. Copyright ©by Society by Manufacturing Engineers.
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TABLE 4-27. TYPICAL FORMS AND APPLICATIONS OF CLAD METALS
(ALUMINUM, COPPER, AND COPPER ALLOYS) (Ref. 5)

g =
N\ S g
2 R
Base ) =
Metal c 3 £
— ) @»n -y T L o O
g y _ = - TS 3888
= n T T . O B R =
n . L T = ] 2 &5 & @ 5
138273, §1%iid
=1 2 2 ox o = E E €
S35 EET 8 5553553 -
Surface S §Q << & 2 E fg- 2 & £ E £ § Applications
: & £ 2 32 8 . 2 = E E E E E
E R @& E52 38 & E 335353 3
SICE- IR E AR N EEEE R
Aluminum St Anode plates for receiving
tubes
Aluminum with Anode plates for receiving
nickel on other side St tubes, except where temper-
ature is too high for alumi-
num
Aluminum A91100 Sh Aircraft frames, cooking
utensils
Aluminum A96053 Sh Aircraft fillings
Aluminum A96053 w Screen wire
Aluminum A97072 Sh Cooking utensils, gas tanks,
bus trim
Aluminum A97072 Sh| Aircraft structural parts
Brass St Gaskets, frames, cosmetic
cases
Brass over copper w Lamp stands, indoor TV
antennas
Copper w Lead wire for electronic
R tubes, power lines
Copper St Current-carrying springs
Copper St Gaskets, radiator tanks,
w electric contacts
Copper St Spiral-type springs, clips
Copper w Plated jewelry, grid sup-
ports for electron tubes
Copper P P Chemical process equip-
w w ment. lead wires, soft seals
Copper St Heat exchanger fins
Copper St Semiconductors, power
tubes
Cupro-nickel w Wire rope
Cupro-nickel St Chemical process equip-
ment
Phosphor bronze St Current-carrying springs
and blades

Key: St = strip, Sh = sheet, W = wire, R =ribbon, P = plate.

Reprinted with permission. Copyright © by Society of Manufacturing Engineers.
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TABLE 4-28. TYPICAL FORMS AND APPLICATIONS OF CLAD METALS (Ref. 5)

]
D
=)
Base R
Metal <
— b =
ER 8 =
A f - a )
=} 70] § (S < »
> >
2 s < E E £ &
8 2 & § .2 £ £ s 3] —_
Surf: g = = o« E E § & % Applications
duriace 2 2 E E = @ g g 8. g % pplications
Q Q S Q - _— — =] - R
2 3 5§ O & @& < < o & z
Hardenable steel St Current-carrying springs,
connectors, terminals
Stainless steel C Cookware, heat exchangers,
appliances, trim
Stainless S44500, w Glass sealing wire for heaters
52* alloy, F-15* alloy
Stainiess $30400, Heat exchangers, power tube
$31000 austenitic St parts
Stainless S43000 St Pots, pans, heating wells
Stainless P P Process equipment
Sh
Stainless, ferritic St Automobile bumpers, grills,
trim, cooking utensils
Lead T T Heat exchanger coils for chemi-
cal processing equipment
Inconel/monel Pp P Process equipment
Nickel w Typewriter key levers, grid
R support rods, tube lead-in wire
Nickel w Electrical circuits for high-
R temperature environment
A nickel w Electrical circuits in corrosive
R atmosphere
A or L nickel P P Process equipment
L nickel St St Process equipment
330 nickel* St Anode plates for electronic
tubes
Hastelloy, Rene | e L Honeycomb, aerospace users__
Platinum T T T T | Heat exchangers for chemical
w w W W | processes
Silver w W | High-temperature coils, radar
R R | cable braiding, lead wire
Silver T T Waveguides for electronic
transmission lines
Silver St St St Electrical contacts, slip rings
Gold, 14K or more St St St St St | Bursting disks, other chemical
process equipment, lead wire

Key: St = strip, Sh = sheet, P = plate, T = tube, W = wire,
R = ribbon, H = honeycomb, C = strip, sheet, plate.
*UNS numbers not assigned to all materials.
Reprinted with permission. Copyright ©by Society of Manufacturing Engineers.
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TABLE 4-29. PREPAINTED METALS AND TYPICAL APPLICATIONS (Ref. 5)

= F
Base g N
Metal o % %
T = 4 g §
5 =~ £ 2 5 T S
g & B § O & &
E - ®m £ =2 T g @«
= = - = « Q. 5 o
Prepainted g S8 g ¢ g & & £
Metal £ = 5 £ /8 £ 7 Typical Applications
Coati 2 g £ =T = 5 =2 ¢
oating < & B B ®E I < =
Alkyd-amino 2 2 2 3 2 2 2 3 | Venetian blinds, toolsheds, drums, pails, toys,
automobile parts
Vinyl-alkyd 2 2 2 3 2 2 2 3 | Roof decking, license plates, baseboard heating
covers
Silicone-alkyd 12 2 38 1 1 1 3 | Telephone booths, building panels, mobile
homes, siding
Acrylic 1 1 2 3 1 1 1 3 | Wall panels, siding, radio and TV cabinets, hot
water jackets
Epoxy (solution) 2 2 2 1 2 2 2 1 | Air conditioners, vending machines,
nondecorative interior uses
Epoxy (ester) 1 2 2 1 2 2 2 1 | Uses requiring high resistance to high
temperature, humidity, and chemicals
Polyester 1 1 1 1 1 1 1 1 | Building panels, TV cabinets, appliance
finishes
Vinyl (solution) 1 1 1 1 1 1 1 1 [ Siding, small appliances, wall tile, curtain rods,
deep draw parts
Vinyl (organasol) 1 1 1 2 1 1 1 1 | Siding, roof shingles, automobile parts, deep
draw parts
Vinyl (plastisol) 1 1 1 2 1 1 1 2 | Siding, luggage, business machines, furniture
Polyvinyl fluoride 1 2 2 2 2 1 1 2 | Siding, roof shingles, chemical resistant parts

Polyvinylidene

£1 Ao
iuoriac

-

o
4

M

N

N

—

—

]

Key: 1 = normal combination, 2 = combination used sometimes, 3 = combination not used.

Reprinted with permission. Copyright © by Society of Manufacturing Engineers.
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TABLE 4-30. SHEET METAL MANUFACTURING PROCESSES AND MATERIALS

Manufacturing Processes

Materials Stamping Welding,

Swaging Bending Drawing and Spinning Brazing,

Forming Bonding
Low carbon steels X X X X X X
High carbon steels X X X X
High alloy steels X X X X X
Tungsten carbide X
Stainless steel X X X X X X
Iron X
Copper X X X X X X
Bronzes X X X X X
Brasses X X X X X X
Nickel-base aloys X X X X X
Noble metals X X X X X
Zinc and its aloys X X X X X X
Lead X X X X
Tin alloys X X X
Aluminum and its alloys X X X X X X
Magnesium and its aloys X X X X X X
Titanium alloys X X X X

provements in technology, the essence of improved
productivity and good producibility is still found in
product design. Unless the designer is fully cognizant
of the manufacturing processes, both traditional and
nontraditional, these benefits cannot be gained.

4-2.21 Traditional Secondary Manufacturing
Processes
Table 4-31 provides an overview of the characteristics
of the secondary processes most commonly used for
sheet metal component manufacturing. All sheet metal
processes can be classed as either cutting or forming.
Cutting operations are those in which the metal is
completely sheared by stressing it beyond its ultimate
strength; forming operations are those in which the
metal is stressed beyond the yield point and perma-
nently deformed.

4-2.2.1.1 Stamping

Stamping consists of passing a cold sheet or strip of
metal through a pair of dies to cut it to a predetermined
size and shape. A stamped part is shalow formed and
involves little or no change in the thickness of the
metal. Parts that are deep formed are considered to be
drawn parts.
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Stamping is basically a mass production process, and
quantity is the key to the effective usage of it. Generaly,
if a product can be designed as a stamping, it can be
produced in large quantities at a lower cost than by any
other process. However, to consider stamping as prac-
tical only in mass production applications is errone-
ous. Some short-run stampings with low cost tooling
can produce as few as 100 parts in competition with
other processes. The minimum quantity for economi-
cal production by stamping is determined by the design
of the part. In fact, there are several low cost tooling
processes designed specifically for short-run stamping.

4-2.2.1.2 Punching

Punching is the cutting of shapes from sheet stock,
either to produce finished parts or to perform the first
operation before a forming operation. If size is impor-
tant, the die is made to size, and clearance is taken off
the punch. If the blank is very large in relation to the
metal thickness, curvature of the sheet may cause
measurable inaccuracy in the blank even though the
tools are accurate. Shearing and notching are punch-
ing operations, however, they differ from symmetrical
punching in that they set up unbalanced lateral forces,
which make it difficult to control dimensions. In the
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TABLE 4-31. SECONDARY PROCESSES FOR SHEET METAL COMPONENT MANUFACTURING

. S Tolerance *
Typical Lot Sizes Tooling Flmsh|tng Labotr

cost cos cos mm (in)
Forming Processes
Roll forming 7315 m (24,000 ft) min ~ High Low Medium 0.3 (0.01)
Impact extruding 100-10,000 Medium Low Low 0.13 (0.005)
Drawing 1000 (rein) High Low Medium 0.10 (0.004)
Spinning 10-1000 Low Low High 0.08 (0.003)
Reduction Processes
Stamping 1000 (rein) High Low Medium 0.13 (0.005)
Punching 1000 (rein) Medium Low Low 0.13 (0.005)
Nibbling 10-1000 Low M edium High 0.13 (0.005)
Note: All lot sizes are in quantities of items except roll forming, which is minimum linear length,
symmetrical punching operation, lateral forces are in - P
balance and alow closer dimensional control than in -.I Punch

shearing and notching. If holes are required in sheet
metal parts, they are usually formed by punching,
extruding, or piercing as shown in Fig. 4-22.

When a hole is punched, the bottom portion of the
stock is torn; therefore, a punched hole is not clearly
sheared. This results in the bottom end of a punched
hole being larger in diameter than the size of the
punch—this tearing varies with stock material, punch
design, and punch wear. Fig. 4-23 shows this effect and
uses 10% of the stock thickness as assumed tearing, This
has a significant effect on hole tolerances as shown in
Table 4-32.

]
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Punched Extruded Pierced

Reprinted with permission. Copyright @ by Society of Manu-
facturing Engineers.

Figure 4-22. Punched, Extruded, and Pierced
Holes (Ref. 5)
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Reprinted with permission. Copyright @ by the Society of
Manufacturing Engineers.

Figure 4-23. Punched Hole Process (Ref. 5)

4-2.2.1.3 Forming

Forming includes all operations that produce a
desired shape in sheet metal by stressing the metal
beyond its yield point to produce a permanent dimen-
sional change. This includes bending, drawing, and
spinning.

Physical properties give some indication of the abil-
ity of a metal to form satisfactorily. If there is a rela
tively large difference between yield and ultimate
strengths and elongation is high, the forming charac-
teristics of a material are good. These physical charac-
teristics give only a partial indication of the actual
formability of a material, Rate-of-work hardening has
a profound effect on the reduction that can be given to a
material before annealing is required and is more
important than the mechanical properties of annealed
material. Work hardening rates of metals differ greatly,
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TABLE 4-32. SUGGESTED MINIMUM TOLERANCES IN PUNCHED HOLES IN ALUMINUM, BRASS,
AND LOW CARBON STEELS (Ref. 5)

. Suggested Minimum Tolerances +
Metal Thickness Nominal Diameter of Hole
mm (in.) mm (in.) mm (in) mm (in.) mm (in.)
mm (in.) <25 (D) 25 (1 to 3) 76 (3t010) 254 (10 to 20) >508 (20)

to to to

76 254 508
<0.38 <(0.015) 0.038 (0.0015) 0.08 (0.003) 0.10 (0.004) 0.15 (0.006) 0.20 (0.008)
0.38 t0 0.79 (0.015t0 0.031) [ 0.08 (0.003) 0.10 (0.004) 0.18 (0.007) 0.20 (0.008) 0.3 (0.01)
0.79 to 1.57 (0.031t0 0.062) |0.10 (0.004) 0.13 (0.005) 0.18 (0.007) 0.3 (0.01) 0.38 (0.015)
157t03.18 (0.062t0 0. 125) 0.3  (0.01) 0.30 (0.012) 0.38 (0.015) 0.5 (0.02) 0.64 (0.025)
3.18 (0.125) 0.5 (0.02) 0.64 (0.025) 0.8 (0.03) 0.89 (0.035) 1.0 (0.04)
Reprinted with permission. Copyright @ by the Society of Manufacturing Engineers.
and this is a factor that must be considered in selecting a - --—-=-=—===='Mondrel
material for forming operations. As the hardness of a A 4
metal increases, its ductility decreases; therefore, the Q) Metal forms fo
rate-of-work hardening governs the total reduction R\ "'":"" ""d' i
possible before internal stresses become great enough :’,::c::::‘ onging

to require stress relieving.

Difficulties frequently occur when attempting to
make reduction beyond the capacity of the metal being
formed. For example, if a materia has a nomina elon-
gation of 25%, commercia lots of that material may
vary from 23 to 30%. If the tooling is established on the
basis of 25% elongation, high scrap losses may result
when a lot on the very low side of the range is received.
There is nothing wrong with the materia if it meets the
minimum ductility requirement; on the contrary, the
tooling is wrong because it was designed too close to
the working limits of the material.

Difficulties may arise if commercial tolerances of the
material are not taken into account in the designing
stage. Thickness variation in sheet metals can cause
parts made on the same tooling to be different in shape
because of springback or because the pressure applied
is either insufficient or excessive for forming the prede-
termined angles.

4-2.2.1.4 Spinning

Spinning is a method of forming sheet metal into
conical, hemispherical, or cylindrica shapes by com-
bined rotation and force. The forming is done by the
application of pressure by a roller or spinning tool on
the metal piece while it is being rotated by a revolving
wooden or metal form, called the chuck, in a spinning
lathe. Conventional spinning and displacement spin-
ning are the two categories of this method of metal
forming. Fig. 4-24 shows a compassion of these two
processes.
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Reprinted with permission. Copyright @ by the Society of

Manufacturing Engineers.

Figure 4-24. Comparison of Conventional and Dis-
placement Spinning (Ref. 5)

4-2.2.1.4.1 Conventional Spinning
Conventional spinning involves forming of the
metal back along the chuck. The area of the blank must
be approximately equal to the shell area; the shell
thickness remains constant. Three different types of

conventional spinning are described:
1. Chuck spinning refers to the spinning of open
shapes with no reentrant contours. The spun shapes
can be produced in tiers and by one or more regular
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spinning operations. This is the most common and
oldest method of spinning.

2. Sectional chuck spinning is used mainly on
drawn shells to produce shapes having reentrant con-
tours in which the neck or opening is smaller than the
body. These chucks must be well matched at the section
joints to prevent marks from showing on the finished
shell.

3. Internal roll spinning, an improved method of
spinning reentrant shapes, bulges, and necks, is capa-
ble of high production speeds since the piece can be
quickly removed from the roll without taking the tool

apart.

4-2.2.1.4.2 Displacement Spinning

Displacement spinning involves an ironing of the
metal back along the chuck. In this process, a smaller,
thicker blank is used so that the difference between the
blank and the shell areas is egualized by thinning out a
portion of the thick blank during spinning. Two dif-
ferent types of displacement spinning are described:

1. Hydrospinning. In the hydrospin process, a
metal, disc-type blank is rotated at high speed while
two opposing rollers force the material onto the rotat-
ing mandrel. The hydrospin machine is semiautomatic
and hydraulically controlled, which gives it both
power and flexibility. Hydrospinning can produce
strong parts with maximum resistance to fatigue fail-
ure. When the metal is hydrospun, it undergoes a shear
deformation that greatly elongates the grain structure.
This deformation results in work hardening of the
metal with a resultant increase in tensile strength.

2. Flowturning. Flowturn* is a trade name that
has been applied to a Lodge and Shipley development.
It is basically a cold-rolling process in which the metal
is displaced paralel to the centerline of a part in a
spiral manner. This differs from the application of
pressure in a cold-rolling mill only in that displace-
ment in a mill is in a longitudinal direction and the
displacement by Flowturning is in a spira manner.
This is accomplished by flowing the metal over a man-
drel with a roller that is actuated by mechanical or
hydraulic forces.

There is one basic difference between the Flowturn-
ing method of cold-rolling and spinning. In spinning,
a blank considerably larger than the finished piece is
used. By exerting pressure, the blank is folded in a
circular manner by using a hard tool against a round
mold; this requires considerable skill on the part of the
operator. In the Flowturning method the metal to form
the part is obtained from the thickness of the blank
instead of from the diameter of the blank. The blank

* The use of this trade name does not constitute an endorse-
ment of this process.
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diameter is the same as that of the finished part, but its
thickness is greater. The additional metal provided by
this greater thickness is flowed into the extended shape.
The machine controls all operations, and al parts are
produced to uniform accuracy. Some typical spinning
tolerances are shown in Table 4-33.

4-2.2.1.5 Deep Drawing

Deep drawing is the plastic deformation of sheet
metal usualy performed on a press. In this process a
blank of metal is stretched over a punch being forced
into a mating or die cavity under very high pressure.
There are three processes, i.e., marforming, conven-
tional forming, and hydroforming.

1. Marform. In marforming the punch forces the
blank into a series of rubber pads. The rubber forces the
metal against the walls of the punch. The marform
process shown in Fig. 4-25 uses a rubber pad to envelop
the part and also a blank holder or pressure pad around
the punch. A blank is laid on the punch and blank
holder. The blank is drawn from between the rubber
pad and blank holder as it is wrapped around the
punch while the press pressures are mostly from 37 to
55 MPa (5500 to 8000 psi), but sometimes as high as 80
MPa ( 12,000 psi). Typical parts produced are flanged
cups, spherical domes, conical and rectangular shells,
and asymmetrical shapes with an embossed or recessed
area. Marforming is slower but is more suitable for
deep drawing and gives better definition to shallow
forms than does rubber pad forming. Operation rates
range from 60 to 240 cycles/h.

2. Conventional: In this process there are match-
ing metal punch and die tools. The operations in this
category produce thin-wall, hollow, or vessel-shaped
parts from sheet metal. Examples are seamless pots,
pans, tubs, cans, and covers, automobile panels, fend-
ers, tops, and hoods; cartridge and projectile cases; and
parabolic reflectors. The sheet metal is stretched in at

Punch
old-Down Plate

Blank

Rubber Pads

Figure 4-25. Marforming
4-69
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TABLE 4-33. TYPICAL SPINNING TOLERANCES (Ref. 5)

Nominal Minimum Tolerances *
Part L L
Diameter 1 2
mm (in.) ‘ mm (in)) mm (in)) rad (deg)
<38 <(1.5) 0.3 (0.01) 0.38 (0.015) 0.03 2
38to 127 (1.5t05) 0.38 (0.015) 0.8 (0.03) 0.10 (6)
127 to 508 (5to 20) 0.8 (0.03) 0.8 (0.03) 0.10 (6)
508 to 914 (20 to 36) 15 (0.06) 114 (0.045) 0.17 (10)
914 to 1828 (36t0 72) 3.0 (0.12) 15 (0.06) 0.17 (10)

fe—— , ——

;
|

Reprinted with permission. Copyright ©

least one direction but also is often compressed in other
directions in these operations. The work is mostly done
cold, but sometimes it is done hot.

A great variety of shapes are drawn from sheet metal.
The action basic to al is found in the drawing of a
round cup. The cup depicted in Fig. 4-26 is formed by
drawing it from the blank shown beside it. Shaded
segments of the blank and cup indicate what is done to
the metal. A trapezoid in the blank is stretched in one
direction by tension and compressed in another direc-
tion into a rectangle. Metal must be stressed above the
elastic limit to form the walls of the cup but not to form
the bottom.

The drawing of a cup is shown in Fig. 4-27. The
blank is placed on the top of a die block. The punch
pushes the bottom of the cup into the hole in the block
and draws the remaining metal over the edge of the hole
to form the sides. The edges of the punch and die must
be rounded to avoid cutting or tearing the metal. The
clearance between the punch and die block is a little
larger than the stock thickness. As has been explained,
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A

(A) Blank

(8) Drawn Cup

Figure 4-26. An Example of a Cup Drawn from a
Round Blank

compressive stresses are set up around the flange as it is
drawn into smaller and smaller circles. If the flange is
thin (less than 2% of the cup diameter), it can be
expected to buckle like any thin piece of metal com-
pressed in its weakest direction. To avoid wrinkling,
pressure is applied to the flange by a pressure pad or
blank holder. In practice, pressure is obtained from
springs, rubber pads, compressed air cylinders, or an
auxiliary ram on a double-action press. The force
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Pressure

Block

Figure 4-27. Drawing a Cup

required is normally less than 40% of the drawing force.
Usually the blank is lubricated to help it slide under the
pressure pad and over the edge of the die.

3. Hydroform: Hydroforming, shown in Fig. 4-28,
employs a punch and a flexible die in the form of a
rubber digphragm backed by oil pressure. The blank is
laid on a blank holder over the punch. First the dome is
lowered until the diaphragm covers the blank, and
initial oil pressure is applied. Then the punch is raised,
and the oil pressure augmented to draw and form the
metal to the desired shape. Hydroforming produces the
same kind of parts as marforming with dlightly sharper
detail, particularly in externa radii.

Hydroform presses and equipment are available in
203- to 812-mm (8 to 32 in.) sizes, which designate the
diameter of the blank that can be drawn. Draw depths
range from 127 to 304 mm (5 to 12 in.), and operating
rates from 90 to 200 cyclessh. The small presses are
fastest. A complete outfit may cost as much as $250,000.

As a rule, the marform and hydroform processes are
not nearly as fast and cannot compete in production

Blank

Pressurized
Hydraulic Oil

L4

(73]
-
(s ]

.
T

Figure 4-28. Hydroforming
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rate with conventional forming for large quantities of
pieces. Marform and hydroform have an advantage for
guantities up to several hundred or thousand pieces,
depending on the part, because their tool costs are low
(only a punch is required), and lead times are short.
Only one member is needed, and if conditions are right,
the member generally can be made from easily machined
material, such as a plastic or soft metal, because the
service is not harsh. Tooling costs are from 30 to 80% of
those for hard steel dies, so savings are several hundred
to thousands of dollars for each job. The mild forming
action keeps maintenance costs low and does not mar
the work material, not even preprinted sheets. Stock as
thick as 6.35 mm (0.250 in.) to 9.52 mm (0.375 in.) is
commonly worked, and even much thicker material
has been formed from aluminum alloys. Tolerances of
+ 0.05 mm (0.002 in.) are possible, and + 0.13 mm
(0.005 in.) are practical. These are comparable to perfor-
mances with the best quality rigid dies. Fig. 4-29
explains some of the deep drawing process constraints
regardiess of the forming process.

Corners should be rounded
to prevent cracking.

Thick metal in compression
from flat blonk tends tobe

(_YD thinned by draw

Practicol depth of firstdrow
20 % reductionin diameter
also for each succeeding drow

Depth of draw approximately
two times the diameter
ofter third draw

Note: Shell should be annealed after third operation to
remove work hardening. Hardening can be delayed by work-
ing fast enough to prevent cooling between successive draws.

Figure 4-29. Drawing Depth and Diameter for All
Deep Drawing Processes
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4-2.2.2 Nontraditional Secondary Manufacturing
Processes

4-2.2.2.1 Numerical Control Machines (NCM)

Not a new technology, NCM have thus far made
relatively small inroads into the traditional manufac-
turing processes. This technology is just what its name
implies—control. It is a method of controlling ma-
chines at very high speeds and accuracies. Its largest
penetration into the work of sheet metal component
manufacturing has been on sheet metal punch presses.
Current industrial estimates indicate that NC punch
presses represent only about 4% of the total national
NCM inventory, yet their application probably results
in greater productivity improvements than does any
other metal-cutting NCM. Improvement ratios of 10:1
and higher are not unusual, and this improvement is
reflected in both the piece part cost and the throughput
of the machine.

The tool builders have been making additional
improvements in their machines and peripheral sys-
tems. A review of currently available equipment reveals
some of these improvements. Table speeds up to 0.85
m/s (2000 in./min) punching speed (on 25-mm ( I-in.)
centers) up to 280 strokes/rein, hole sizes up to 200 mm
(8-in.) diameter, press tonnages up to 90,700 kg (100
tons) are just a few of the more obvious ones. A few of
the more startling improvements include milling and
tapping attachments, contouring (not nibbling), spe-
cia software features (canned cycles) to reduce the part
programming work load, and control capabilities that
permit the generation of management reports.

NC punch presses may be new, but in many respects
they have led the trends specifically in the area of tool
standardization, The initial turret toolholders quickly
made the first users aware of how rapidly the turret
could index to the next tool. It also made them very
aware of the cost of changing tools in the turret. As
early as 1966 and 1967 some shops with NC punch
presses were beginning to standardize hole sizes. One
manufacturer of electronic chassis who had purchased
an eight-station turret press was quick to seize on the
advantage. This manufacturer standardized six differ-
ent hole sizes. These six punches (1.588, 3.18,6.4, 13,25,
51 mm (0.0625, 0.125, 0.25, 0.5, 1, 2 in.)) were perma-
nently loaded in the first six turret positions. Any spe-
cia sizes other than these must be justified. Two blank
turrets were left for these specials when they are abso-
lutely required. For amost 10 yr now that plant has
been operating successfully with that standard. The
resultant savings are obvious.

4-3 NET SHAPE OR MACHINED METAL
COMPONENTS (NS/MMC)

For purposes of this handbook, net shape or ma-

chined metal components (NS'MMC) are those metal
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parts ranging from very simple m very complex config-
urations containing multiple flat and curved surfaces
often in irregular shapes. Typical shapes of compo-
nents included in this classification are solid and hoi-
low concentric, cap or cone concentric, solid and
hollow nonconcentrics, cap or cone nonconcentrics,
flats and flanged parts, spirals and miscellaneous com-
plex shapes. There are no size constraints for this class
of parts; they are generally considered to fall within the
envelope of commercial bar stock sizes and shapes.
This class of parts generally would be produced by the
forming, reduction, and finishing processes. Typica of
the components in this category are fuze bodies, noz-
zles, gears, shafts, and other similar precision parts.
Common producibility problems in this class of parts
are given in pars. 4-5.2, 4-5.3, 4-5.5, 4-5.8, and 4-5.10.

4-3.1 MAJOR MATERIAL CONSIDERATIONS

NS/MMC probably offer the greatest range of mate-
rial for consideration. They, therefore, offer the greatest
mix of material characteristics and inherently provide
the largest base for aternative selections. As a conse-
guence, when selecting material to satisfy design crite-
ria, the designer should consider a base or optimum
material and a group of alternatives for producibility
considerations. Early in the material selection process
the design engineer should give some general consider-
ation to the best suited manufacturing process and
acceptable materials. This should result in a list of
manufacturing process-related materials and a list of
design characteristic materials. Subsequent trade-offs
between these two lists would then provide a relatively
firm basis for proceeding with the material selection
process.

4-3.1.1 Materials

There is a wide range of metallic materials available
for consideration in NS/MMC and hence a wide range
of alternatives to optimize the satisfaction of design
characteristics and producibility factors. The full range
of material options is shown in Tables 4-1 through 4-9.
These tables aso show. some typical applications for
each of the materials and some pertinent remarks rela-
tive to manufacturing constraints. The design engineer
should select material that best satisfies both the design
requirements and the producibility factors.

4-3.1.2 Material Properties and Producibility

In selecting a material to satisfy the design require-
ments, the characteristics or properties are of prime
consideration. These are al available in a number of
good reference books and, consequently, are not repeat-
ed here. During this initial step, severe constraints can
be placed on the producibility of the item unless the
designer is cognizant of how these properties impact
the manufacturing processes. Some of the more perti-
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nent material physical properties and how they affect
producibility were discussed in par. 4-1.1.2.

4-3.1.3 Cost Considerations

In the basic material selection process one of the
primary considerations is material cost, which will
vary with the shape, form, and geographical location of
the supplier in reference to the user.

Although the relative cost varies with changes in
shape, size, quantity, market prices, etc., it is a good
base for comparing costs when selecting materials for a
new design or when changing from one material to
another. The data in Table 4-12 are helpful in selecting
the best materials for a specific part. For exotic mate-
rials not evaluated in Table 4-12, the designer should
consult with metallurgists and suppliers to ascertain
the proper uses, mechanical properties, and other
required data on the material.

In addition to the base cost of materials, there are
other cost factors to consider that can have an even
greater impact on cost; specifically, materials affect
manufacturing costs. This fact is illustrated in Fig. 4-1,
which shows the relative costs for machining alumi-
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num, carbon steels, aloy steels, and corrosion-resistant
steels. Even for a given material there can be a substan-
tial cost difference based on the aloy used. As an exam-
ple, Table 4-34 shows manufacturing variations among
some commonly used aluminum alloys.

4-3.1.4 Material Availability

Availability of resources is one of the first and, con-
sequently, most important elements of good produci-
bility. Certainly, the design engineer could not be
expected to foresee every possible circumstance that
would preclude the availability of a material. However,
there are a number of precautions to be taken to avoid
major pitfalls in this area

Critical or strategic materials were discussed in
Chapter 3. In this era of growing criticality of our
natural resources, this factor must be considered in the
material selection process. Additionaly, world condi-
tions at the time of the selection process can have signif-
icant impact on material availability.

Other important factors determining material avail-
ability are the stock shape and form commercialy
available. These factors are largely determined by the

TABLE 4-34. ALUMINUM ALLOY MATERIAL SELECTION CHART

Resistance Weldability
Alloys to Corrosion Work- | \ 1o chin- | Braz-
and ability ability |ability Spot Typical
Temper | General Corrosion | (cold) Arc and Application
Stress Cracking Gas Resistance Seam
A92024 — — — D D D D D | Screw machine products and
T4 D C C B D C B B | aircraft structure.
T6 D B C B D D C B
A95052 A A A D C A A B [ Sheet metal work and
H32 A A B D C A A A | hydraulic tubes.
H34 A A B C C A A A
H36 A A C C C A A A
H38 A A C C C A A A
A96061 B A A D A A A B | Heavy-duty structural
T4 B B B C A A A A |requirements, good corrosion
T6 B A C C A A A A |resistance.
A07075 — — — D D D C B | Aircraft and other structures.
T6 C C D B D D D C

Ratings A through D are relative in decreasing order of merit. For weldability and brazability, ratings A through D are relative but

are defined as follows:

A—Generaly weldable by a1 commercia procedures and methods.
B—Weldable with special techniques or for specific applications which justify preliminary trials and testing to develop welding

procedure and performance.

C—Limited weldability because of crack sensitivity or loss in resistance to corrosion and loss of mechanical properties.
D—No commonly used welding methods have been devel oped.

4-73



Downloaded from http://www.everyspec.com

MIL-HDBK-727

commercial market. In Table 4-12 some commercialy
available metal aloys and the forms in which they can
be purchased are given.

Since the inventories of the suppliers will vary under
differing circumstances and geographic locations, spe-
cific information should be obtained directly from
potential suppliers.

4-3.1.5 Material-Related Manufacturing Processes

As discussed earlier in this chapter, there are definite
producibility constraints placed on the manufacturing
process selection by the material selection, To assist the
designer, Table 4-35 shows some of the more common
metal alloys and the related manufacturing processes
that are recommended for use with them. This table is
designed to provide only a general overview of material-
related manufacturing processes. Obviously, the differ-
ent alloys of each of the base materials have different
physical characteristics and inherently different manu-
facturing constraints. These details are shown in Table
4-13.

4-3.1.5.1 Lot Sizes and Producibility
Production quantity requirements of NS/MMC will
have significant bearing on material selection. The

material selection considerations for a component w be
produced in quantities of 1.500 yr are significantly dif-
ferent from the considerations for the same component
m be produced in quantities of 1,000,000 yr. Histori-
tally, this has been addressed after the requirement goes
to production, and invariably a hasty decision on the
acceptability of material aternatives has resulted. This
obviously can lead to poor producibility. Ideally, the
consideration of the impact of quantity requirements
on material selection should be viewed early in the
design process. Table 4-36 includes the production lot
sizes of some of the processes common to NS MMC.

4-3.2 MANUFACTURING PROCESS
CONSIDERATIONS

The selection of the manufacturing process has to
rank high as a maor producibility factor. In addition
to selecting the right process, the factors of process
availability, lead time, production time, and suffi-
ciency of resources must also be considered. Selection of
the most cost-effective manufacturing process that has
insufficient capacity to meet the required delivery data
does not result in good produibility.

In the subparagraphs that follow, the manufactur-
ing process options, to include their charactcristics and

TABLE 4-35. MANUFACTURING PROCESSES AND MATERIALS FOR NS/MMC

Manufacturing Process

. . : Cold . Powder Screw Welding,

Materials Castings Forgings Heading Extrusions Met* Machining Brazing,

Bonding
Low carbon steels X X X X X X X
High carbon steels X X X X X
High aloy steels X X X X X
Tungsten carbide X X
Stainless steel X X X X X
Iron X X X
Copper X X X X
Bronzes X X X X X X
Brasses X X X X X X X
Nickel base alloys X X X X X X
Noble metals X X X X
Zinc and its aloys X X X X
Lead X X X X
Tin aloys X X X X
Aluminum and its aloys X X X X X X X
Magnesium and its alloys X X X X X X
Titanium alloys X X X X X

*Powder Met = powder metallurgy
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TABLE 4-36. MANUFACTURING PROCESS CAPABILITIES
Surface Finishes Tolerances + Relative Cost Availability
) Lead
Process pum (Hin.) Lot Sizes mm (in)) Tooling Production Time,
Weeks
Sand casting 6.35  (250) 25— 1000 0.76 (0.030) | Low High Fair 6
Investment casting | 2.16 (85) 25-10,000 0.13 (0.005) [ Medium Medium |Fair 12
Permanent mold 2.16 (85) 1000-10,000 0,38 (0.015) | Medium Low Fair 12
Die casting 2.16 (85) 10,000+ 0.13 (0.005) [ High Low Fair 12
Drop forge 6.35  (250) 10,000+ 0.13 (0.005) [ High Medium | Fair 1
Rotary forge 254  (loo) 2000+ 0.13 (0.005) [ High Low Poor 16
Press forge 6.35  (250) 500- 100,000 0.89 (0.035) | High Medium |Fair 12
Machine forge 6.35  (250) 2000- 100,000 0.76 (0.030) | High Medium | Fair 8
Powder metallurgy | 3.18  (125) 1 000+ 0.25 (0.010) [ High Medium | Fair 10
Extrusion, direct 16 (63) 1000+ 0.13 (0.005) [ Medium Low Good 10
Extrusion, impact | 1.6 (63) 1000+ 0.13 (0.005) | Low Medium [ Good 4
Extrusion, hooker | 1.6 (63) 1 000+ 0.13 (0.005) | Medium Medium |Good 4
Coextrusion 16 (63) 1 000+ 0.13 (0.005) | High Low Fair 12
Machining 16 (63) 1-100,000 0.13 (0.005 | Medium Medium [Very good 3
t0o 0.38 to 0.015)
Machining, NC 16 (63) 1-10,000 0.013 (0.0005 | Medium Low Good 3
to 0.08 to 0.003)

capabilities, are discussed. These are addressed as tradi-
tional and nontraditional processes. Also provided are
data relative to the availability and lead times for each.
However, these latter two factors will vary under differ-
ing circumstances and geographic locations. Specific
information should be obtained from potential sup-
pliers at the time of need.

4-3.2.1 Traditional Secondary Manufacturing
Processes

In par. 4-1.2 the primary and secondary manufac-
turing processes were discussed. This discussion will
expand on those processes that are specifically applica
ble to the class of metal components under considera-
tion here—net shape or machined components. The
processes considered traditional are those conventional
manufacturing processes that are well established and
have been accepted as practice throughout the general
metalworking industry. Those processes generally con-
sidered to be in this group and a summary of their
capabilities are listed in Table 4-36 and are described in
the paragraphs that follow.

4-3.2.1.1 Casting

Casting is performed by pouring molten metal into a
cavity of desired shape, allowing the molten metal to
solidify, and separating it from the cavity. There are

several types of castings available, and Table 4-37 com-
pares various casting processes.

A word of caution to the design engineer considering
castings. environmental pollution controls and the Oc-
cupational Safety and Health Administration (OSHA)
have had a significant impact on foundries. As a result,
there has been a notable reduction in our national
foundry resources. Therefore, availability of such facil-
ities in the future should be watched carefully. Before
committing a design to a casting process, the availabil-
ity of foundry resources should be reviewed carefully
with potential sources.

4-32.1.1.1 Sand Casting

Sand casting, one of the more prevalent casting
methods, produces parts of moderate complexity in
moderate quantities. In this process a master pattern,
which contains the appropriate drafts and shrinkage
allowances, is made of the finished part, usualy from
an easy to form material. An impression of the pattern
is made in specially mixed sand. This impression is
filled with the appropriate molten metal (aluminum,
copper, magnesium alloys, beryllium copper, mallea-
ble iron, cast steel, or cast iron), which is alowed to
harden. The normal production tolerance is+ 0.76 mm
(0.030 in.) except for iron and steel, which will nor-
mally require approximately 0.13 mm (0.005 in. ) more.
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TABLE 4-37. GENERAL COMPARISON OF CASTING PROCESSES (Réf. 5)

Property Plaster
or Sand Permanent Die or
Characteristic Mold Investment

Strength A A B A
Structural density B A c A
Reproducibility C B A B
Pressure tightness B A c A
Cost per piece* C B A D
Production rate* C B A D
Flexibility as to aloys A B c A
Tolerances D c A B
Design flexihility A B c A
Size limitation A B B c
Surface finish c B A A
Time to obtain tooling A B B B
Pattern or mold cost A B o B
Thin sections c B A A
Freedom from porosity B B D A
Structural uniformity between pieces B B D A

Ratings A, B, C, and D indicate relative advantages; A is best.

* Although this rating covers the mgjority of castings, sand or permanent mold may take preeminence in the case of multiple

patterns or mold cavities.

Reprinted with permission. Copyright @ by the Society of Manufacturing Engineers.

Closer tolerances can be maintained, but only at addi-
tional cost. Fig. 4-30 shows the percentage of cost
increase that can be expected from different tolerance
levels. Holes and pockets may be produced in sand
castings either by incorporating them in the pattern
equipment or by inserting separately made sand cores.
Cast surface finishes are 6.35 pm (250 pin.) for nonfer-
rous metals and 12.7 pum (500 pin.) for ferrous metals.

4-3.2.1.1.2 Permanent Mold Casting

This process consists of pouring, without pressure
(relying on gravity), molten metal into a permanent
mold made of metal (iron, steel, or bronze). Draft angles
are necessary. Although enhanced quality plays a sig-
nificant role in selecting the permanent mold process,
the economy of the process itself is usualy the primary
basis of selection. The cost of the mold and the acces-
sory equipment is higher than that of the patterns used
in sand casting. Where the number of castings required
is sufficient to justify the initial tooling cost, perma
nent mold castings are usually more economical than
sand castings because of the higher production rates
and the generaly lower level of skilled labor required.
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Further economy is often found in the opportunity to
design to a smaller casting weight. Frequently, major
savings are possible because of the decrease in machin-
ing costs permitted by closer dimensiona tolerances.

In general, permanent mold castings must be of sim-
ple design. Some complexity is possible, however, by
using sand cores with steel molds.

The most common casting materials are aluminum,
brass, bronze, and magnesium. Permanent mold cast-
ings are usually very dense and have better surface
finishes than sand castings.

Solid die tolerances for auminum and magnesium
aloys are £ 0.38 mm (0.015 in.) up to the first 25 mm (1
in.), and £ 0.05 mm (0.002 in.) for each additional
increment of 25 mm (1 in.). Copper-based alloys have
solid die tolerances of + 0.38 mm (0.015 in.) up to the
first 25 mm (1 in.) and £ 0.13 mm (0.005 in.) for each
additional increment of 25 mm (1 in.).

The tolerances represent normal production capa-
bility at the most economical level. Closer tolerances
should be specified only when absolutely necessary,
i.e, to produce greater accuracy or finish. More liberal
tolerance values can be specified, where practical, to
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Figure 4-30. Sand Casting Tolerances and Cost
Comparison (Ref. 5)

further reduce production cost. Fig. 4-31 graphically
demonstrates the cost of various tolerances for perma
nent mold casting.

4-3.2.1.1.3 Investment Casting

Investment casting begins with the making of a wax,
plastic, or even a frozen mercury pattern from a die; the
pattern is then surrounded (invested) with a wet refrac-
tory material, which is referred to as the investment
material. The pattern is melted or burned out after the
investment material has dried and set. Molten metal is
poured into the cavity of the investment material, and
when the metal has solidified, the investment material
is broken off, which leaves the finished investment
casting. Investment casting is an established foundry
method that competes with machining. Generally,
investment castings are more expensive than other cast-
ings, but as an end product they can be more economi-
cal since little, if any, machining will be required.
Recent improvements in technology have both lowered
costs and markedly improved product quality, making
investment castings practical and available for many
applications formerly beyond their scope.
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Figure 4-31. Cost of Tolerance-Permanent Mold
Casting (Ref. 5)

When the acceptance of complex shapes, the tooling
costs, the economical tolerances, and the wide choice of
metals that can be cast are taken into consideration,
investment castings sometimes can be the most eco-
nomical method for fabricating a part. Experienced
users of investment castings take maximum advantage
of the process by specifying “practical” dimensional
tolerances (economical as well as functional).

-Used properly, investment castings offer new free-
dom of design and new areas of economy. The time to
decide whether a part is suitable for investment casting,
or any other casting method, is when the part is still on
the drawing board. Although it is easy to modify the
design of a machine part for investment casting, it is
even easier to design the part to be investment cast from
the start. Generally speaking, the designer can follow
the same basic design rules for an investment casting
that he would follow for any other casting method.

Deciding to use an investment casting is easy when a
part is so complex or the aloy so difficult to machine
that any other process is not economically feasible. An
investment casting should be considered as an alterna
tive for small lot sizes of parts planned for stamping,
forging, die casting, or any other low-cost, mass pro-
duction method.
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It is more economical to investment cast a part when
the machining operations can be reduced or eliminated
or when internal contours or configurations are impos-
sible to machine. This generally holds true—unless the
guantity is small and the design is very likely to
change—even if the part is made from various pieces
and assembled by soldering, brazing, or welding. Table
4-38 is provided to assist the designer in selecting mate-
rials for the investment casting process; it also provides
some suggested applications and design constraints.

4-3.2.1.1.4 Die Casting

Forcing metal, in a highly viscous state, under air or
hydraulic pressure, into a closed metal die is called die
casting. Die castings offer closer dimensional toler-
ances than any production casting process. As in any
other casting design. tolerances should be held to a
minimum only on dimensions that so require.

Simple forms that are easily cut into the die blocks
help to minimize die cost, but it is entirely possible to
make complex forms when they are necessary. Parts
that have external undercuts or projections on side
walls often require slides that materially increase the
die costs.

Along with significant savings in the amount of
metal actually used, die casting offers other advantages,
such as more uniform wall sections, all of which offset
the extra cost or effect a net economy in the overall cost
of the part. This is especialy true when large quantities
are involved since a small savings per die casting may
fully justify a much more expensive die. However, as in
any casting design, the designer must analyze his
design as to quantity and cost of machining and
whether other methods can be used to fabricate the part.
If the quantity is low and the die cost is high, it is
perhaps better and more economical to use other fabri-
cation methods. Table 4-39 provides some size con-
straints for the die casting process.

4-3.2.1.2 Forging

This is the age-old art of the blacksmith. Techni-
caly, it is the plastic deformation of material, usualy
hot, into desired shapes with compressive force. How-
ever, because of cost and OSHA requirements, both
casting and forging are to some extent being replaced
by weldments. The sources of supply are dwindling;
during the 1980's this may be critical. This is especialy
true of larger-sectioned components. Forging consists
of drop forging, rotary forging, press forging, and
machine forging.

Different metals respond differently to forging. The
amount of deformation a metal can be subjected to
without exhibiting adverse effects must be considered
in the selection of forging methods, the selection of
forging equipment, and the die design.

4-78

Costs are affected by the kind of material selected and
by the type of forging to be used with that material. The
materials that follow are ranked in order of increasing
forging difficulty:

1L Aluminum alloys
. Magnesium alloys
. Copper alloys
. Carbon and alloy steels
Martensitic steels
. Maraging stedls
. Augtenitic stainless steel
. Nickel aloys
. Semiaustrnitic PH stainless steels
. Titanium alloys
. Iron-based superaloy’s
. Cobalt-based superalloys
. Columbium a]loys
. Tantalum alloys
. Molybdenum alloys
. Nickel-based super-alloys
. Tungsten alloys
. Beryllium.

©CooON oA WN
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4-3.2.1.2.1 Drop or Hammer Forging

Drop, or hammer, forgings are formed by impact
pressure from either gravity drop hammers or direct-
powered drop hammers. The parts are formed from
pressure between impression dies, one of which is on
the hammer face and the other on the anvil. The pres-
sure is applied intermittently, and the plastic metal is
gradually formed into shape. This is the most common
of the forging processes. It is a high production process
adaptable to all materials except high-strength mag-
nesium alloys. The equipment cost is low, but the
required die maintenance is high. Parts cannot usually
be produced by this method to close tolerances.

4-3.2.1.2.2 Rotary Forging

This is a relatitely new process for producing accu-
rate, reliable, forged parts at a good production rate.
Unfortunately, the machines (which look likes hollow
spindle lathe) that perform this operation are not readi-
ly available at this time. The material to be formed is
preheated and fed into the machine through the head-
stock where a series of opposing radial forging hammers
impact the stock. The depth of stroke, cyclic rate of
stroke, and force of stroke are preprogrammed by’ a
computer control system. The parts produced have
good surface finish, about 1.6 pm (63 pin.), and a good
tolerance control, + 0.05 mm (0.002 in.). The parts can
be solid forgings or hollow forgings, which are pre-
drilled and forged over a mandrel on the rotary forge.
These parts generally come off the machine in a fin-
ished condition; therefore, a secondary finishing opera-
tion is not necessary.
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TABLE 4-39. APPROXIMATE DIMENSIONAL AND WEIGHT LIMITS FOR DIE CASTING
IN DIFFERENT ALLOYS (Ref. 5)

Type of Alloy Zinc Aluminum Magnesium Copper
(Base Metal) kg (Ib) kg (Ib) kg (Ib) kg (Ib)
Maximum weight of casting 15 (35) 9 (20) 4 (lo) 2 (5)
mm (in)) mm (in.) mm (in.) mm (in.)
Minimum wall thickness of large
castings over 0.9 kg (2 Ib) 1.27 (0.050) 2.03 (0.080) 2.03 (0.080) 229  (0.090)
Minimum wall thickness of small
castings up to 0.9 kg (2 Ib) 0.64 (0.025) 127 (0.050) 127 (0.050) 127  (0.050)
Minimum variation per 254 mm
(1 in.) of diameter 0.038 (0.0015) | 0.038 (0.0015)| 0.038 (0.0015) | 0.051 (0.002)
Cored holes, minimum diameter
mm (in.) 2.39 (0.094) 3.18 (0.125) 3.18 (0.125) 6.35  (0.250)
Minimum draft on cores mm/mm
(in/in.) of length or diameter 0.13 (0.005) 0.25 (0.010) 0.25 (0.010) 0.51 (0.020)
Minimum draft on side walls
mm/mm (in./in.) of depth 0.18 (0.007) 0.38 (0.015) 0.25 (0.010) 0.51 (0.020)
Cast threads, maximum number per
254 mm (1 in.) external 24 24 16 10

Reprinted with permission. CopyrighT @ by the Society of Manufacturing Engineers.

4-3.2.1.2.3 Press Forging

Press forging is similar to drop forging; the main
distinction is that press forging employs squeezing
pressure rather than impact pressure. The process usu-
aly is performed on mechanical or hydraulic presses
with impression dies, which contain mechanical eec-
tors to knock the work out of the die after the stroke is
completed. (