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Preface

As we write this handbook, most nations of the world are facing economic pressures not seen
since the 1930s and consequently, it has never been more important to design products that
can be manufactured economically and at high levels of quality.

In order to facilitate the achievement of the required quality and cost objectives for the
manufacture of a component/product design solution, it is necessary to carry out the interre-
lated activities of selecting candidate processes and tuning a design to get the best out of a
chosen manufacturing route. These are difficult decision-making tasks that few experts do
well, particularly in the situation of new product introduction.

Failure to get this right often results in late engineering change, with its associated problems
of high cost and lead time protraction, or having to live with components that are of poor
quality and/or expensive to make.

There is a need for specialist knowledge across a range of manufacturing technologies to
enable the correct design decisions to be made from the breadth of possibilities. The difficulties
faced by businesses in this area are frequently due to a lack of the necessary process selection
strategies, knowledge and data.

The Handbook addresses this gap through the provision of a comprehensive range of process
groups; extensive knowledge and data on specific processes; and a set of process selection
strategies. The selection strategies guide the reader quickly to find the most appropriate set of
candidate processes for a design. The selection strategies are each supported by a number of
industrial case studies.

The Handbook title, rather than a standard new edition of our earlier textbook in this field,
was felt to be more appropriate, given the nature of the contents and our plans for substantial
growth in the reference material (number of processes) to be included. The Handbook holds
on to our notion of the PRocess Information MAp (PRIMA) as the means of providing the
required technological and economic data on specific processes. The PRIMAs provide
detailed data on the characteristics and capabilities of each process in a standard format under
headings including: material suitability, design considerations, quality issues, economics, and

xi



Preface

process fundamentals and variations. A distinctive feature is the inclusion of tolerance
capability charts for processing key material types and process-capable geometric tolerancing
data for some key processes and geometric characteristics. The Handbook contains some 85
PRIMASs covering primary and secondary shaping processes, rapid prototyping, surface
engineering, assembly processes and joining techniques.

The inclusion of assembly is very deliberate — assembly issues are too often neglected in
product engineering. Through consideration of assembly many strategically important issues
can be addressed. For example, Design for Assembly (DFA) impacts much more than
assembly itself for, in addition to reducing component fitting and handling costs, DFA
encourages part-count optimisation, variety reduction and standardisation.

Another distinctive feature of the Handbook is the inclusion of easily applicable methods for
estimating product costs, based on both design characteristics and process routes. The cost
associated with processing a component design is based on the notion of a design-independent
basic processing cost and a set of relative cost coefficients for taking account of the design
characteristics including material, geometry, tolerance, etc. The overall component cost is
logically based on the sum of the material processing and material purchase cost elements. A
simple method for estimating manual assembly costs has also been included. The effects of
design characteristics on handling and fitting process costs are enumerated and are used in
conjunction with a standard labour rate (cost per second) associated with a standard (most
simple) assembly operation to estimate assembly costs.

While, where possible, the costing methods should be used with company-specific data,
approximate data has been included on a sample of common manufacturing and material
groups and assembly processes. This can be used to illustrate the design costing process and
show, at least in relative terms, the effects of design choices and alternative processing routes
on manufacturing cost.

The Handbook is primarily intended to be useful to practising engineers as an aid to the
problem of selecting processes and costing design alternatives in the context of concurrent
engineering. The work will also be useful as an introduction to manufacturing processes and
their selection for students of engineering and management.
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Notation

List of Terms
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Total average cost of setting up and operating a specific process, including plant,
labour, supervision and overheads, per second in the chosen country.
Average annual cost of tooling for processing an ideal component, including
maintenance.

Basic handling index for an ideal design using a given handling process.
Basic fitting index for an ideal design using a given assembly process.
Relative cost associated with producing components of different
geometrical complexity.

Relative cost associated with obtaining a specified surface finish.

Value of C, or C, (whichever is greatest).

Labour rate.

Total cost of manual assembly.

Relative cost associated with material-process suitability.

Cost of the material per unit volume in the required form.

Relative cost associated with size considerations and achieving
component section reductions/thickness.

Relative cost associated with obtaining a specified tolerance.
Component fitting index.

Component handling index.

Material cost.

Manufacturing cost (pence).

Number of operations required to achieve the finished component.

Total production quantity per annum.

Penalty for additional assembly processes on parts in place.

Basic processing cost for an ideal design of component by a

specific process.

Insertion penalty for the component design.

General handling property penalty.
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P, Orientation penalty for the component design.
Ra Roughness average (surface finish).
R Relative cost coefficient assigned to a component design.

o

T Process time in seconds for processing an ideal design of component
by a specific process.

Vv Volume of material required in order to produce the component.

V. Finished volume of the component.

W Waste coefficient.

a Cost of setting up and operating a specific process, including plant,
labour, supervision and overheads, per second.

p Process-specific total tooling cost for an ideal design.

Units

m metre

um micron/micrometre

mm millimetre

t tonne (metric)

kg kilogramme

V4 litre

g gramme

h hour

min minute

S second

rpm revolutions per minute

Abbreviations — General
CAD Computer-aided Design

C.. Process Capability Index

DFA Design for Assembly

DFM Design for Manufacture

HV Vickers Hardness

JIT Just in Time

NDT Non-destructive Testing

OEM Original Equipment Manufacturer
PDS Product Design Specification
ppm parts per million

PRIMA  Process Information Map

xvi



Notation

Abbreviations — Manufacturing Processes

3DP
AIM
ATB
ATS
CM
CNC
CVD
CwW
DB
DS
DFW
DFB
DMLS
EBM
EBW
ECG
ECM
EDG
EDM
EGW
ESW
EXW
FB
FS
FCAW
FDM
FRW
FW
GW
IB
INS
IRB
IRS
IS
JPS
LBM
LBW
LOM

3D Printing

Abrasive Jet Machining
Automated Torch Brazing
Automated Torch Soldering
Chemical Machining
Computer Numerical Control
Chemical Vapour Deposition
Cold Welding

Dip Brazing

Dip Soldering

Diffusion Bonding (Welding)
Diffusion Brazing

Direct Metal Laser Sintering
Electron Beam Machining
Electron Beam Welding
Electrochemical Grinding
Electrochemical Machining
Electrical Discharge Grinding
Electrical Discharge Machining
Electrogas Welding
Electroslag Welding
Explosive Welding

Furnace Brazing

Furnace Soldering

Flux Cored Arc Welding
Fused Deposition Modelling
Friction Welding

Flash Welding

Gas Welding

Induction Brazing

Iron Soldering

Infrared Brazing

Infrared Soldering

Induction Soldering

Jetted Photopolymer System
Laser Beam Machining
Laser Beam Welding
Laminated Object Manufacturing
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MIG
MIM
MMA
NDT
NTM
PAW
PVD
RB
RP
RPW
RS
RSEW
RSW
SAW
SGC
SLA
SLS
SOUP
SW
TB
TIG
TS
™
USM
USW
USEW
WS

Metal Inert-gas Welding
Metal Injection Moulding
Manual Metal Arc Welding
Non-destructive Testing
Non-traditional Machining
Plasma Arc Welding
Physical Vapour Deposition
Resistance Brazing

Rapid Prototyping
Resistance Projection Welding
Resistance Soldering
Resistance Seam Welding
Resistance Spot Welding
Submerged Arc Welding
Solid Ground Curing
Stereolithography

Selecting Laser Sintering
Solid Object Ultraviolet Laser Plotter
Stud Arc Welding

Manual Torch Brazing
Tungsten Inert-gas Welding
Manual Torch Soldering
Thermit Welding
Ultrasonic Machining
Ultrasonic Welding
Ultrasonic Seam Welding
Wave Soldering

Manufacturing Process Key (for Chapter 12)

AM
CCEM
CDF
CEP
CF
CH
CM2.5
CM5
CMC
CNC

Automatic Machining
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Introduction to the Handbook

1.1 The Economic Case for Manufacturing Process Selection

A productive manufacturing engineering sector comes from making the best use of our
manufacturing processes — understanding and utilising their technological capabilities and the
economic opportunities they can offer. If we can get the quality and cost of our products right
for our customers, then our businesses will reap the financial rewards.

It is often thought that selecting manufacturing processes for making our products is the
responsibility of the production people. In reality, this can be highly influenced by

design — the processes used can be largely predetermined by the design alternative selected:
choice of materials, sizes, shapes, finishes and tolerances, etc. Therefore, process options
should feature at the concept selection stage. There are always design alternatives, with some
being more economic and robust than others. All other things being equal, the design
professional should select the most competitive design in terms of quality and cost while
ensuring that the functional requirements of the design are met.

So the designer has the huge responsibility of guaranteeing that the product will conform to
customer requirements, comply with specification and ensure quality in every aspect of the
product, including its manufacture and assembly, all within compressed timescales. Cost and
quality are essentially designed into products (or not!) in the early stages of the product
introduction process and thus consideration of manufacturing problems at the design stage is
the major means available for reducing manufacturing costs, improving quality and increasing
productivity. Such considerations are particularly important in the current economic climate,
where the vast majority of (if not all) manufacturing businesses are facing pressure on their
margins. Therefore, this Handbook has been designed to make process selection easy, efficient
and effective, providing a ready opportunity to engineer a product that gives customers the
functional performance they want at a competitive price and with a minimum of design risk.

Regarding design risk, the company that waits until the product is at the end of the line to
measure its conformity and cost will not be competitive. The need to understand and quantify
the consequences of design decisions on product manufacture and quality of conformance has
never been greater. It has been found that more than 30% of product development effort can
be wasted on rework [1] and it is not uncommon for manufacturing operations to have a ‘cost
of quality’ equal to 25% of total sales revenues [2].

M. £,

turing Process Selection Handbook. http://dx.doi.org/10.1016/B978-0-08-099360-7.00001-X
Copyright © 2013 Elsevier Ltd. All rights reserved.



2 Chapter 1

Why do we continually face these difficulties? The costs ‘fixed’ at the planning and design
stages in product development are between 60% and 85%, while the costs actually incurred at
that stage range from only 5% to 7% [3]. Therefore, the more problems prevented early on,
through careful engineering of a design for manufacture, the fewer problems that have to be
corrected later when they are difficult and expensive to change.

Increasing manufacturing efficiency, improving quality and reducing costs does not only
accrue from investment in automation and advanced machine tools. The benefits of picking
the right process can be enormous. This point is illustrated in Figure 1.1, which shows the
relative costs and technical merits for a number of components, and resulting from alternative
processing routes.

We know from Design for Manufacture (DFM) and Design for Assembly (DFA) research that
huge savings can also be made at the product level. The results of numerous applications of
these approaches, carried out across a wide variety of industries, show average part-count

Number R Relative o
" Manufacturing| Economic | = .
Compansit Material A Fer Process |and Technical| & &
fintim Merits | & ©
High waste
Machining [ Lewlemedum | 4 5
production rates 2
Low Poor strength
Carbon |1,000,000
Little waste
Steel Cold et :
Formini production rates
orming High strangth
High waste
Low to medium
Machining | production rates | 2.2
Non-porous.
Bronze | 50,000 propertias
No waste
Pncl)ﬂvev:ja?r High production 1
rates
Plain Bearing Sintering | Porous product
High labour costs
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Spinning rates 18
Limited detail and
-1 " Alum. accuracy
Alloy | %000 Tow labour corts
High produciion
i Deep rates 1
Cover Drawing High detall and
accuracy
Long lead times
Closed Dig | Hign woelne 13
Medium Forging High equipment
Carbon | 100,000 costs
Steel Short lead times
Sand Low tooling costs q
: Casting Low equipment
Connecting Rod costs
High waste
. Low to medium
Machmmg production rates 2.6
Low Poor strangth
I —— Carbon | 5,000
Little waste
Steel Cold ikt ;
: Extrusion production rates
Pump Gear High strength

Figure 1.1: Contrast in Component Cost for Different Processing Routes.
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reductions of almost 50% and average assembly cost savings of 45%. Associated savings in
product cost of the order of 30% are not uncommon [4-7].

Where do these product savings come from? DFA is particularly interesting in the context of
this Handbook, since its main benefits result from systematically reviewing functional
requirements and replacing component clusters by single integrated pieces and by selecting
alternative joining processes [4]. Therefore, invariably the proposed design solutions rely
heavily on adopting different manufacturing processes — material combinations as shown in
the part-count reduction examples in Figure 1.2. (A number of guidelines for manufacturing
and assembly-oriented design are provided for the reader in Appendices A and B.)

STAINLESS
Example 1 STEEL

SPINDLE

STEEL
HOUSING

This spindle/housing assembly (sheet metal housing) has ten
separate parts and an assembly efficiency rating of 7%.

NYLON

HOUSING

The two-part design, utilising an injection-moulded nylon housing, has
an assembly efficiency rating of 93%.

Example 2

b) 7

Two different types of sprocket and gear wheel: (a) includes assembly:
this is made of steel and produced by machining. The individual teeth
are cut. Itis necessary to divide it into two elements due to production
technique reasons. (b) does not include assembly: this is produced
from sintered metal, the teeth being sintered in accordance with the
required tolerance and surface quality; the advantages being no waste
material, short processing time and no assembly.

Figure 1.2: Sample DFA Case Studies to lllustrate the Power of Process Selection (Example 1
after Ref. [4], Example 2 after Ref. [7]).
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So what’s the underlying problem? While some designers have practical experience of
production processes and understand the limitations and capabilities they must work within,
there are many more that do not [4]. The designer needs to be aware of the importance of
manufacturing and assembly, and understand the processes and capabilities they are designing
for in order to mitigate problems and potentially save money. Furthermore, the effects of
assigning tolerances and specifying geometry and materials in design have far-reaching
implications on manufacturing operations and service life, and the associated risks are rarely
(if ever) properly understood. Understanding the effects of variability and the severity/cost of
failure is key to risk assessment and its management.

The use of design techniques such as DFM and DFA early in the product development
process has emerged as an effective way of reducing costs and improving competitiveness as
they help measure the performance of designs and support the experience of the designer.

In order to achieve the required quality and cost objectives for the manufacture of a design, it
is necessary to carry out the interrelated activities of selecting candidate processes and tuning
a design to get the most out of a chosen manufacturing route. This is not always so easy,
particularly in the situation of new product development. In most cases there are several
processes that can be used and selection depends on a large number of factors.

Different manufacturing technologies such as primary shape-generating processes, joining
techniques and assembly systems require that selection takes place based on the factors
relevant to that particular technology. Although there may be many important selection
drivers with respect to each process technology, a simple and effective strategy for selection
must be sought for the general situation and for usability.

Selection strategies based on key economic and technical factors interpreted from the Product
Design Specification (PDS), or other requirements, are necessary. The selection strategies,
together with the information provided by design guidelines, in-house data and handbooks,
must complement business strategy and the costing of designs in order to provide a procedure
that fully justifies final selection.

1.2 Manufacturing Process Information for Designers

The need to provide the design activity with information regarding manufacturing process
capabilities and costs has been recognised for many years and some of the work that has been
done to address this problem will be touched up on. However, there is relatively little published
work in this area. The texts on design rarely include relevant data and while a few of the volumes
on manufacturing processes do provide some aid in terms of process selection and costing
[8—13], the information is seldom sufficiently detailed and systematically presented to do more
than indicate the apparent enormity of the problem. Typically, the facts tend to be process
specific and described in different formats in each case, making the engineer’s task more
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difficult. There is a considerable amount of data available but precious little knowledge of how it
can be applied to the problem of manufacturing process selection. The available information
tends to be inconsistent: some processes are described in great detail, whilst others are perhaps
neglected. This may give a disproportionate impression of the processes and their availability.

Information in manufacturing texts can also be found displayed in a tabulated and
comparative form on the basis of specific process criteria. While useful, the design-related
data tends to be somewhat limited in scope and detail. Such forms may be adequate if the
designer has expertise in the respective processes, but otherwise, gaps in the detail leave room
for misconceptions and may be a poor foundation for decision-making. Manufacturing
catalogues and information on the Internet can be helpful; however, they tend to be sales
orientated and, again, data is presented in different formats and at various levels of detail.
Suppliers rarely provide much on design considerations or information on process capability.
In addition, there are often differences in language between the process experts and the users.

In recent years a number of research groups have concentrated specifically on the design/
manufacture interface. Processes and systems for cost estimation have been under
development in areas such as machining, powder metallurgy, die casting and plastic
moulding, and on broader techniques with the goal of providing DFM and cost-related
information for the designer. A selection of cost estimation techniques for the early stages of
design and a method for relating product cost to material cost, total batch size and level of
underlying technology can be found in Refs [14-16].

Companies recognising the importance of design for manufacture have also searched for many
years for a solution to this problem, with most opting for some kind of product ‘team’ approach,
involving a multitude of persons supposedly providing the necessary breadth of experience in
order to obtain ‘production-friendly products’. While sometimes obtaining reasonable results,
this approach often faces a number of obstacles, such as: assembling the persons with the
relevant experience; lack of formal structure (typically such meetings tend to be unstructured
and often involve ad hoc attacks on various ‘pet’ themes); the location of the persons required in
the team can also present problems (not only can designers and production engineers be found
in different functional departments, but they can frequently be on different sites, in foreign
countries and are, in the case of subcontractors, in different companies). In addition, the chances
are that the expertise in the team will only cover the primary activities of the business and hence
the opportunity to exploit any benefits from alternative processes may be lost.

1.3 This Handbook, its Objectives and Strategy

When considering alternative design solutions for cost and quality, it is necessary to explore
candidate materials, geometries and tolerances etc., against possible manufacturing routes.
This requires some means of selecting appropriate processes and estimating the costs of
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manufacture early on in product development, across a whole range of options. In addition,
the costs of non-conformance [17] need to be understood — that is, appraisal (inspection and
testing) and failure, both internal (rework, scrap, design changes) and external (warranty
claims, liability claims and product recall). Therefore, we also need a way of exploring
conformance levels before a process is selected. For more information on this important
aspect of design, the reader is directed to Ref. [18].

The primary objective of this Handbook is to provide support for manufacturing process
selection in terms of technological feasibility, quality of conformance and manufacturing
cost. The strategy adopted for the satisfaction of this objective is based on:

* Selection strategies, for each generic process group, that can be used to focus attention on
those processes that are likely candidates based on top-level product and process
requirements.

e Information on the characteristics and capabilities of a range of important manufacturing,
rapid prototyping, surface engineering, joining and assembly processes. The intention is
to promote the generation of design ideas and facilitate the matching and tuning of a
design to a process.

*  Methods and data to enable the exploration of design solutions for component
manufacturing and assembly costs in the early stages of the product design and
development process.

To provide for the first point, simple selection strategies have been formulated that enable key
economic and technical factors that may be readily interpreted from the PDS and other
important requirements, to be used to refine the process search space. In this way, processes
can be filtered out and smaller grouping of candidates created. The candidates may then be
further refined by considerations of more detailed technological and cost factors based on the
data provided under the second and third points discussed below.

To provide for the second point, a set of manufacturing PRocess Information Maps (PRIMAs)
have been developed. All in a standard format for each process, the PRIMAs present knowledge
and data on areas including: material suitability, design considerations, quality issues,
economics, and process fundamentals and process variants. The information includes not only
design considerations relevant for the respective processes, but quite purposefully, an overview
of the functional characteristics of the process so that a greater overall understanding may be
achieved. Within the standard format, a similar level of detail is provided on each of the
processes included. The format is very deliberate. Firstly, an outline of the process itself — how it
works and under what conditions it functions best. Secondly, a summary of what it can do — the
limitations and opportunities it presents — and finally an overview of quality considerations,
including process capability charts for relating tolerances to characteristic dimensions.

To provide for the third point, techniques are put forward that can be used to estimate the
costs of component manufacture and assembly for designs at an early stage of development.
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It enables the effects of product structure, design geometry and materials to be explored
against various manufacturing and assembly routes. A sample data set is included that enables
the techniques to be used to predict component manufacturing and assembly costs for a wide
range of processes and materials. The process of cost estimation is illustrated through a
number of case studies and the scope for, and importance of application with company-
specific data is discussed.

The body of the Handbook begins with the strategies employed for PRIMA selection, where
attention is focused on identification of candidate processes based on strategic criteria such
as material, process technology and production quantity. Having identified the possible
targets, the data in the PRIMAs is used to do the main work of selection. The PRIMAs
include the five main manufacturing process groups: casting; plastic and composite
processing methods; forming; machining, and non-traditional processes. In addition, rapid
prototyping, surface engineering process, the main assembly systems and the majority of
commercially available joining processes are covered. In all, 85 PRIMAs are presented,
giving reference to well over 100 manufacturing, assembly and joining processes. Note that
the PRIMAs have been designed such that they can also be used independently — as a source
of reference for process operational characteristics, process capabilities and key design
considerations.

Following on from the PRIMAs, the Handbook concentrates on the cost estimation
methodologies for components and assemblies, their background, theoretical development
and application. In practice, the selection strategies and PRIMAs facilitate the selection of the
likely candidate processes for a design from the whole range of possibilities, while cost
estimation techniques provide a means of gauging the manufacturing and assembly costs of
the candidate processes.

1.3.1 Outline Process for Design for Manufacture and Assembly

For process selection (or DFA for that matter) to be most effective, it all needs to be part
of the product introduction process. The placing in the product design cycle of process
selection, in the context of engineering for manufacture and assembly is illustrated in
Figure 1.3. The selection of an appropriate set of candidate processes for a product is
difficult to undertake without a sound PDS. A well-constructed PDS lists all the
requirements of the customers, end-users and the business that need to be satisfied. The
reader is referred to Ref. [19] for information on how to develop a PDS. It should be
written and used by the Product Team and provide a reference point for any emerging
design or prototype. Any conflict between customer needs and product functionality
should be referred back to the PDS.

The first step in the process is to analyse the design or prototype with the aim of simplifying
the product structure and optimising part-count. As shown earlier, without proper analysis,
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| PRODUCT DESIGN SPECIFICATION |

| PRODUCT DESIGN |
PART-COUNT
MATERIAL
ANALYSIS SELECTION
DESIGN OF PROCESS
COMPONENT SELECTION
A FOR EASE OF | g
HANDLING DESIGN
AND FOR
INSERTION PROCESSING
ASSEMBLY COMPONENT
COSTING COSTING
\_ _/
| DESIGN REVIEW |

'

| FINAL DESIGN |

Figure 1.3: Outline Process for Design for Manufacture and Assembly.

design solutions invariably tend to have too many parts. Therefore, it is important to identify
components that are candidates for elimination or integration with mating parts (every
component part must be there for a reason and the reason must be in the PDS). This must be
done with due regard for the feasibility of material process combinations and joining
technology. A useful and popular approach for material selection in mechanical design is
provided in Ref. [20] and related software [21]. Materials selection in terms of environmental
issues can be found in Ref. [22]. Also, Ref. [23] provides coverage and information of the
design/materials/manufacture interface. Figure 1.4 provides a general classification of
engineering materials.

The next steps give consideration to the problems of component handling and fitting
processes, the selection of appropriate manufacturing processes and ensuring that components
are tuned to the manufacturing technology selected. Estimation of component manufacture
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Electronic materials (Ferrites/Semiconductors)
Constructional ceramics (Porcelain/Stoneware/Earthenware)
¢- Ceramics Natural ceramics (Rocks)
Glasses (Soda/Borosilicates/Pyroceramics)

Engineering ceramics (Alumina/Carbides/Nitrides)

¢~ Composites (Natural/Fibre/Particulate/Dispersion)

Partially crystalline (Polyamides/Acetals/Polythenes)
[ ] Thermoplastics‘]

Amorphous (PVC/Polycarbonates/Polystyrenes)

Material -8~ Polymers —® Natural polymers (Cellulose-based/Protein-based)
Rubbers (Natural/Butyl/Silicons/Nitrile/Styrene)
@ Thermosets
Epoxies/Phenolics/Aminos/Polyesters/Silicones
Plain carbon steels (Low/Medium/High)
@ Ferrous alloys Alloy steels (Low Alloy/Tool/Stainless)

Cast irons (Grey/White/Malleable/Nodular)

o Metals —

Light alloys (Zinc/Aluminium/Magnesium/Titanium)
Heavy alloys (Copper/Lead/Nickel)
¢ Non-ferrous

alloys
Refractory metals (Tungsten/Tantalum/Molybdenum)

Precious metals (Gold/Silver/Platinum alloys)

Figure 1.4: General Classification of Materials.

and assembly costs during the design process are important for both assessing a design
against target costs and in trade-off analysis. Overall, the left-hand side of Figure 1.3 is
closely related to DFA while the right-hand side involves material selection, process selection
and component design for processing — essentially considerations of DFM.
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1.3.2 Classification of Materials and Processes

As mentioned previously, selecting the right manufacturing process is not always simple and
obvious. In the vast majority of cases there are several processes and materials that can be
used for a component design. The problem is compounded by the range of manufacturing
processes and wide variety of material types commonly in use. Figures 1.5-1.10 provide a
general classification, hierarchy and guide to the range of processes — component
manufacturing, rapid prototyping, assembly, joining, and bulk and surface engineering
respectively — that are widely available. All of these processes are discussed in detail in the
Handbook except bulk surface engineering treatments, and the reader is referred to Refs
[8—13] for more information on these. This is primarily because only surface treatments and
coatings modify component surfaces to improve wear resistance, fatigue life and corrosion
resistance, which are all key selection drivers.

Raw Material

PRIMARY SHAPING PROCESSES

Casting Moulding Forming Powder Special
Sand, die, Injection Forging, Powder Composite
investment moulding, presswork, metal lay-up
casting blow rolling sintering
moulding

SECONDARY PROCESSES
Bulk Heat Material Removal Surface
Treatment Processes Treatment
Hardening, Turning, drilling, Plating, painting,
tempering, milling, laser beam anodising,
annealing machining polishing

ASSEMBLY/TEST PROCESSES

Joining Processes Assembly Systems Test Processes
Bolting, riveting, Component feeding, Measurement,
welding, brazing, orientation, robotics, inspection,
soldering, adhesive placement, insertion functional testing
bonding

End Product

Figure 1.5: Hierarchy of Manufacturing Processes.
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1.3.3 Process Selection Strategy Overview

Different manufacturing technologies such as primary shape-generating processes, rapid
prototyping, joining techniques, assembly systems and surface engineering processes require
that selection takes place based on the factors relevant to that particular class of process
technology. For example, the selection of a joining technique may be heavily reliant on the
ability of the process to join dissimilar materials of different thickness. This is a particular

Manufacturing _¢

Process

- Casting/

Continuous casting

Gravity die casting
Pressure die casting
Squeeze casting
Centrifugal casting
Reaction injection moulding
Injection moulding
Rotational moulding
Compression moulding

Permanent mould

moulding
Sand casting

Shell moulding
Investment casting

||

Permanent pattern

Expendable mould and pattern Ceramic/plaster mould casting

b

Full mould/evaporative pattern casting

@ Water jet machining

Jet Do o
® Abrasive jet machining

Chemical machining
Electrical/chemical Electrochemical machining
Electrical discharge machining

y— Material Single point cutting (turning/shaping)
removal Mechanical machining Multiple point cutting (drilling/milling)

Grinding/honing/lapping

Electron beam
High energy Laser beam
beam machining Plasma arc

Ultrasonic machining

Sheet-metal forming

Vacuum formin
Sheet g

Blow moulding
Superplastic forming
Forging

Rolling

Extrusion

- Forming Bulk
Drawing

Slip casting

Powder processing Pressing and sintering

DL o0 oo'l0oo

Isostatic pressing

Figure 1.6: General Classification of Manufacturing Processes.
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Stereolithography (SLA)

Solid Ground Curing (SGC)

P Liquid
Form : g :
Solid Object Ultraviolet Laser Plotter (SOUP)
Jetted Photopolymer System (JPS)
Rapid : Three-Dimensional Printing (3DP)
Prototyping ——¢ SWder Selective Laser Sintering (SLS)
Process Sl
Direct Metal Laser Sintering (DMLS)
Sheet —e Laminated Object Manufacture (LOM)
Solid
— Form Fused Deposition Modelling (FDM)
Melt —I
Thermal Phase Change Inkjet Printing

Figure 1.7: General Classification of Selected Rapid Prototyping Processes.

requirement not necessarily defined by the PDS, but one that has been arrived at through
previous design decisions, perhaps based on spatial or functional requirements, whereas
assembly system selection may simply be dictated by a low labour rate in the country of
manufacture and therefore manual assembly becomes viable for even relatively large
production volumes.

Although there may be many important selection drivers with respect to each process
technology, a simple and effective strategy for selection must be sought that is widely
applicable and usable. Selection strategies can be formulated by concentrating on the key
economic and technical factors that may be readily interpreted from the PDS and other
important requirements. Put in a wider context, the selection strategies, together with the
information provided in the PRIMAs, must complement business strategy and the costing of
designs in order to provide a procedure that fully justifies final selection. A flowchart is shown
in Figure 1.11 relating the general factors and activity stages relevant to the process selection
strategies discussed in Chapter 2 of the Handbook.

However, for any process, design considerations that should be taken into account are
highlighted below:

*  What shapes can be manufactured?

*  What constraints on dimensional parameters are imposed by the process?
*  What accuracy can be produced by the process?

*  What are the implications of the process for surface condition?
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_ Bulk
Treatments
| Surface
Coatings
Surface
Engineering—
Process

| Surface ¢
Treatments

Softening (Annealing/Tempering)
Hardening (Ageing/Full Quench/Step Quench)

Stabilising (Freezing/Normalising/Stress Relieving)

Cladding (Adhesive/Braze/Diffusion/Explosive/Roll)

Organic (Elastomeric/Metal-loaded/Plastic)

Inorganic chemical (Electroless Nickel, etc/Oxide/Stove Enamel)
Electrochemical {Electroplating/Electrophoresis/Salt Bath Electroplating
Hot dip (Zinc/Aluminium/Lead/Tin and Alloys)

Thermal sprayed (Carbides/Nitrides/Polymers/Oxides/Metals, etc)

Weld Coatings (Cobalt/Irons/Carbides/Nickel Alloys/Copper Alloys/Steels)

CVD  (TIN/TiC/CrC/Hard Carbon/
Vapour deposition —I Refractory Metals)

PVD  (lon Plating/Vacuum Coating)

® Mechanical (Shot Peening/Rolling/Finishing)

® Passivation (Anodising/Phosphates)

Carburising
Nitriding
Boriding

P Thermochemical —@ Diffusion

Aluminiumising
Chromating

Silicon/Zinc Diffusion, etc

@ lon implantation (Carbon/Nitrogen)

@ Thermal (Flame/Induction/Electron Beam Hardening

Figure 1.8: General

and Melting/Laser Hardening and melting)

Classification of Surface Engineering Processes.

*  What are the costs of the process and of the required tooling?
*  What are the component integrity implications?

Remember, in all design for manufacture projects:

e Think about manufacturing upfront.

e Consult the manufacturer, whether in-house or supplier, but be informed about the
process and its capabilities, in order to get the most out of the dialogue.

e Search for general design rules and specific process guidelines.
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LEVEL OF MECHANISED ASSISTANCE
1
! Feeding (bin)
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: Fitting (simple hand tools e.g. spanner, allen key, socket)
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Figure 1.9: General Classification of Assembly Systems.
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Solid State

Thermochemical —I
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#——— Welding

Radiant energy —I
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Brazing

Soldering

and brazing

Soldering
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Mechanical
fastening
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Press Fit
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(Bolt A bly/S A Screw)
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Threaded Inserts

Figure 1.10: General Classification of Joining Processes.
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Figure 1.11: General Process Selection Flowchart.
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Case studies are used to support the application of each of the process selection strategies.
The studies are examples of real problems that provide for validation and show how to go
about the application of the strategic concepts. They provide the opportunity for the reader to
try out the strategies for themselves and bridge the gap between theory and practice. Case
studies are also employed later in the Handbook to contextualise component and assembly
costing methodologies (see Chapters 12 and 13).

1.3.4 PRIMA Structure

As touched on previously, selecting the right process and optimising the design to suit the
process selected involves a series of decisions that exert considerable influence on the
quality and cost of components and assemblies. Such decisions can significantly affect the
success of a product in the marketplace. Again, in selecting processes and tuning designs for
processing many factors need to be taken into consideration. The PRIMAs presented in this
Handbook attempt to provide the knowledge and data required to refine the decisions
coming out of the various process selection strategies. It is the PRIMAs that provide the
means of making more detailed assessments regarding the technological and economic
feasibility of a process.

Design considerations are provided to enable the designer to understand more about the
technical feasibility of the design decisions made. The process quality considerations give
valuable information on process conformance, including data on process tolerance capability
associated with characteristic dimensions. A good proportion of the PRIMAs are associated
with quality considerations as non-conformance often represents a large quality cost in a
business. Such losses result from rework, order exchange, warranty claims, legal actions and
product recall. The goal is to provide data that enables the selection of processes that have the
capability to satisfy the engineering needs of the application, including those associated with
conformance to quality requirements.

Each PRIMA is divided into seven categories as listed and defined below, covering the
characteristics and capabilities of the process:

e Process Description: an explanation of the fundamentals of the process together with a
diagrammatic representation of its operation and a finished part.

*  Materials: describes the materials currently suitable for the given process.

e Process Variations: a description of any variations of the basic process and any special
points related to those variations.

e Economic Considerations: a list of several important points, including: production rate,
minimum production quantity, tooling costs, labour costs, lead times and any other points
that may be of specific relevance to the process.

* Typical Applications: a list of components or assemblies that have been successfully
manufactured or fabricated using the process.
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* Design Aspects: any points, opportunities or limitations that are relevant to the design of
the part as well as standard information on minimum section, size range and general
configuration.

*  Quality Issues: standard information includes a process capability chart (where relevant),
typical surface roughness and detail, geometrical tolerance data (where relevant), as well
as any information on common process faults.

A key feature of the PRIMAs is the inclusion of process capability charts for many of the
primary shaping and material removal processes. Tolerances tend to be dependent on the
overall dimension of the component characteristic and the relationship is specific and largely
non-linear. The charts have been developed to provide a simple means of understanding the
influence of dimension on tolerance capability. The regions of the charts are divided by two
contours. The region bounded by these two contours represents a spectrum of
tolerance—dimension combinations where the process capability index Cpk >1.331is
achievable. If the process characteristic is a normal distribution, Cpk can be related to a parts
per million (ppm) defect rate. C,=133equatestoa defect rate of 30 ppm at the nearest
limit. At Cpk = 1, the defect rate equates to approximately 1350 ppm. See Ref. [24] for more
information about process capability indices. Below the lowest contour, tolerance—dimension
combinations are likely to require special control or secondary processing if C,=133 is to
be realised.

In the preparation of the process capability charts it has been assumed that the component
shape is well suited to the process and that all operational requirements are satisfied. Where
the material under consideration is not mentioned on the charts, care should be taken. Any
adverse affects due to this or shape-driven component variation should be taken into
consideration. For more information the reader is referred to Ref. [18]. The data used in the
charts has been compiled from contacts in industry and from published work. Although
attempts have been made to standardise the data as far as possible, difficulties were faced in
this connection since it was not always easy to obtain a consensus view. Consequently, as
many as 20 different data sources have been used in the compilation of the individual process
capability charts to provide an understanding of the general tolerance capability range offered
by each manufacturing process.

The process capability charts refer to dimensional tolerances and do not explicitly relate to
geometric tolerance capabilities such as roundness, flatness and parallelism, etc. However, it
can be argued that the process capability charts in the PRIMAs may sometimes provide clues
to the geometric tolerance capability of the process. As is the case with dimensional
tolerances, the geometric tolerance capability tends to vary widely with the manufacturing
process. For many processes, such as moulding, casting and forming, it might well be
assumed that the geometric tolerance capabilities of the process are no better than that
associated with the corresponding dimensional tolerances.
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Conversely, for machining processes, many of the geometric capabilities can substantially
exceed those associated with their linear counterparts. Frequently, given the nature of
machining processes, it is the case that the machines used tend to be set up to produce linear
dimensions, with geometric properties being implicit (dependent on the machine type, e.g.
solids of revolution) and the resulting geometric capabilities are closer to ‘machine’ rather
than ‘process’ capabilities.

Several of the machining process PRIMAs provide explicit data on likely geometric variation,
but this is not extensive due to the scarcity of published work in the field of process capable
geometric tolerancing. Given the widespread use of geometric tolerances and their importance
in engineering design, this is clearly an opportunity for future research.

In the following, we will briefly define the terms used in the Handbook in connection with
the data given in the PRIMAs on manufacturing variation associated with geometric charac-
teristics. The geometric data specifies the likely variation in form or position from true
geometry. The geometric variation data gives the width or diameter of the tolerance zone and
are not + values.

1.3.5 Definitions for Geometrical Characteristics

Taper: Variation in the conical form of a hole based on the differences in diameter over a
given conical length.

Ovality: Ovality or non-circularity is the degree of deviation from perfect circularity of
the cross-section of a hole, a condition in which a hole that should be round has two
opposing lobes, resulting in an oval shape.

Roundness: Describes the condition of a hole characterised by having the same diameter
relative to a central common axis.

Flatness: A three-dimensional geometric characteristic that controls how much a feature
can deviate from a flat plane.

Cylindricity: A three-dimensional geometric tolerance that controls how much a feature
can deviate from a perfect cylinder.

Straightness (cylinders or cones): A two-dimensional geometric characteristic that
defines how much a characteristic deviates from a straight line.

Parallelism of flat surfaces: A three-dimensional geometric characteristic that
defines how much a flat surface deviates from an orientation parallel to the specified
datum.

Parallelism of cylinders: A three-dimensional geometric characteristic that defines how
much a cylinder deviates from an orientation parallel to the specified datum.

For further information and resources on geometric dimensioning and tolerancing, the reader
is directed to Refs [25-27].
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Process Selection Strategies
and Case Studies

2.1 Manufacturing Process Selection
2.1.1 Selection Strategy

The term manufacturing processes used here represents the main shape-generating methods
such as casting, moulding and forming processes, as well as traditional and non-traditional
machining processes. The processes specific to this section are classified in Figure 1.6. The
purpose is to provide a guide for the selection of the manufacturing processes that may be
suitable candidates for a component. In most cases there are several processes that can be
used for a component and final selection depends on a large number of factors, mainly
associated with a range of technical capabilities and process economics, not least component
size, geometry, tolerances, surface finish, capital equipment and labour costs [1]. Some of the
main process selection drivers are listed below. The intention is not to infer that these are
necessarily of equal importance or occur in this fixed sequence.

Important process selection drivers are:

*  Product quantity.

e Equipment costs.

e Tooling costs.

*  Processing times.

e Labour intensity and work patterns.

*  Process supervision.

* Maintenance.

e Energy consumption and other overhead costs.
e Material costs and availability.

e Material to process compatibility.

e Component form and dimensions.

e Tolerance requirements.

e Surface finish needs.

e Bulk treatment and surface engineering.
*  Process to component variability.

* Process waste.

e Component recycling.

Manufacturing Process Selection Handbook. http://dx.doi.org/10.1016/B978-0-08-099360-7.00002-1
Copyright © 2013 Elsevier Ltd. All rights reserved. 21
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The strategy for selecting manufacturing processes is described below. Points 1, 2 and 3 are
specific to this category of processes, but points 4, 5 and 6 apply to all selection strategies.

Obtain an estimate of the annual production quantity.

Choose a material type to satisfy the PDS.

Refer to Figure 2.1 to select candidate PRIMAs.

Consider each PRIMA against the engineering and economic requirements:
*  Understand the process and its variations.

*  Consider the material compatibility.

*  Assess conformance of component concept with design rules.

sl S

*  Compare tolerance and surface finish requirements with process capability data.

5. Consider the economic positioning of the process and obtain component cost estimates
for alternatives.

6. Review the selected manufacturing process against business requirements.

The intention is that the candidate processes are selected before the component design is
finalised, so that any specific constraints and/or opportunities may be borne in mind. To this
end, the manufacturing process PRIMA selection matrix (see Figure 2.1) has been devised
based on just two basic requirements:

*  Material type — Accounts for the compatibility of the parent material with the manufac-
turing process and is therefore a key technical selection factor. A large proportion of the
materials used in engineering manufacture have been included in the selection methodol-
ogy, from ferrous alloys to precious metals.

*  Production quantity per annum — The number of components to be produced to account
for the economic feasibility of the manufacturing process. The quantities specified for
selection purposes are in the following ranges:

*  Very low volume = 1-100.

°  Low volume = 100-1,000.

*  Medium volume = 1,000-10,000.

*  Medium to high volume = 10,000—100,000.
* High volume = 100,000+

*  All quantities.

The justification for basing the matrix on material type and production quantity alone is that it
combines technological and economic issues of prime importance in a simple manner. Many
manufacturing processes are only viable for low-volume production due to the time and
labour involved. On the other hand, some processes require expensive equipment and are
therefore unsuitable for low production volumes. By considering production quantities in the
early stages, a process can be selected that proves to be the most economical later in the
development process. The boundaries of economic production, however, can be vague when
so many factors are relevant; therefore, the matrix concentrates rather more on the use of
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Figure 2.1: Manufacturing Process PRIMA Selection Matrix.
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materials. By limiting itself in this way the matrix cannot be regarded as comprehensive and
should not be taken as such. It represents the main common industrial practice, but there will
always be exceptions at this level of detail. It is not intended to represent a process selection
methodology itself. It is essentially a first-level filter. The matrix is aimed at focusing atten-
tion on those PRIMAs that are most appropriate based on the important considerations of
material and production quantity. It is the PRIMAs that do the task of guiding final manufac-
turing process selection.

The reader interested in other approaches to manufacturing process selection is referred to
Refs [2,3], and for a review of research associated with computer-based process selection
approaches, see Ref. [1].

With further reference to the manufacturing process PRIMA selection matrix in Figure 2.1, it can
be seen that the requirement to process carbon steel in low to medium volumes (1,000-10,000),
for example, returns 13 candidate processes. This is a large number of processes from which to
select a frontrunner. However, some processes can be eliminated very quickly — for example,
those that are on the border of economic viability for the production volume requested.

The next step involves reference to the PRIMAs. The process of elimination is also aided by
the consideration of several of the key process selection drivers in parallel.

For example:

*  For the required major or critical dimension, does the tolerance capability of the process
achieve specification and avoid secondary processing?

*  What is the labour intensity and skill level required to operate the process, and will labour
costs be high as dictated by geographical location?

e Is the initial material costly and can any waste produced be easily recycled?

e Is the lead time high, together with initial equipment investment, indicating a long time
before a return on expenditure?

In this manner, a process of elimination can be observed that gives full justification to the
decisions made. An overriding requirement is the component cost, and the methodology
provided in Chapter 12 of this book may be used in conjunction with the selection process
when deciding the most suitable process from a number of candidates. However, not all
processes are included in the component costing analysis and in this case it must be left to the
designer to gather all the detailed requirements for the product and relate these to the data in
the relevant PRIMAs.

Due to page size constraints and the number of processes involved, each manufacturing process
has been assigned an identification code rather than using process names, as shown at the bottom
of Figure 2.1. There may be just one or a dozen processes at each node in the selection matrix
representing the possible candidates for final selection. The PRIMA selection matrix cannot be
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regarded as comprehensive. Figure 2.1 reflects the process position (material and quantity) under
normal industrial practice, but there will always be exceptions at this level of selection and
detail. Also, the order in which the PRIMAs are listed in the nodes of the matrix has no signifi-
cance in terms of preference. Note that conventional machining and Non-Traditional Machining
(NTM) processes are often considered as secondary rather than primary manufacturing pro-
cesses, although they can be applicable to both situations. The user should be aware of this when
using the PRIMA selection matrix. Also note that conventional machining processes are grouped
under just two headings in the matrix: manual (M) and automatic (A) machining. Reference
should be made to the individual machining processes and their variants for more detail.

2.1.2 Case Studies
2.1.2.1 Chemical Tank

Consider the problem of specifying a manufacturing process for a small chemical tank. It is
made from thermoplastic, which is inert to most chemicals and has major dimensions 1 m
length, 0.5 m depth and 0.5 m width. A uniform thickness of 2 mm is considered initially with
the requirement of a thicker section if needed. The likely annual requirement is 5000 units,
but this may increase over time. The manufacturing process PRIMA selection matrix in
Figure 2.1 shows that there are four possible processes considered economically viable for a
thermoplastic material with a production volume of 1,000-10,000, and these are:

5.3 Compression Moulding.
5.5 Vacuum Forming.

5.6 Blow Moulding.

5.7 Rotational Moulding.

Next, we proceed to compare relatively the data in each PRIMA for the candidate processes
against product requirements. Figure 2.2 provides a summary of the key data for each process
upon which a decision for final selection should be based. A symbol ‘X’ next to certain
process data indicates that they should be eliminated as candidates. Vacuum forming is found
to be the prime candidate as it is suited to the manufacture of tub-shaped parts of uniform
thickness within the size range required. Vacuum forming is also relatively inexpensive
compared with the other processes and has low to moderate tooling, equipment and labour
costs, with a reasonably high production rate achievable. Production volumes over 10,000
make it a very competitive process.

2.1.2.2 Generator Laminations

The development of an experimental wind turbine generator based on a radial permanent
magnet machine topology requires the use of laminations as part of the active material on the
rotor, to accommodate coils of insulated copper wire. Each lamination is 0.5 mm thick,
fabricated from supplied sheets of iron—silicon alloy (coated with thin polymer coating to
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5.3 Compression Moulding

Economic Considerations

Production rates from 20 to 140/h.

The greater the thickness of the part, the longer the curing time.
Lead times may be several weeks according to die complexity.
Material utilisation is high. No sprues or runners.

Tooling costs are moderate to high. x

Equipment costs are moderate.

Direct labour costs are low to moderate.

Finishing costs are generally low. Flash removal required.

Typical Applications
e Dishes.

Design Aspects

e Shape complexity is limited to relatively simple forms. Moulding
in one plane only.

e Threads, ribs inserts, lettering, holes and bosses possible.

e Thin walled parts with minimum warping and dimensional deviation
may be moulded.

e Maximum section, typically = 13mm.

e Minimum section = 0.8mm.

o Maximum dimension, typically = 450mm. x

e Maximum area = 1.5m2.

Quality Issues

e Variation in raw material charge weight results in variation of part
thickness and scrap.

* Dimensions in the direction of the mould opening and the product
density will tend to vary more than those perpendicular to the mould
opening.

5.5 Vacuum Forming

Economic Considerations

¢ Production rates from 60 to 360/h commonly.

Lead times of a few days typically.

Material utilisation is moderate to low. Unformed parts of the sheet
are lost and cannot be directly recycled.

Set-up times and change-over times are low.

Sheet material much more expensive than raw pellet material.
Tooling costs are low to moderate, depending on complexity.
Equipment costs are low to moderate, but can be high if automated.
Labour costs are low to moderate.

Finishing costs are low. Some trimming of unformed material after
moulding.

Typical Applications

* Open plastic containers and panels.
* Bath tubs, sink units and shower panels.

Design Aspects

Shape complexity limited to mouldings in one plane.

Open forms of constant thickness.

Undercuts possible with a split mould.

Cannot produce parts with large surface areas.

Bosses, ribs and lettering possible, but at large added cost.
Maximum section = 3mm.

Minimum section = 0.05mm to 0.5mm, depending on material used.
Sizes range from 25mm? to 7.5m x 2.5m in area.

Quality Issues

e Thermoplastic material must possess a high uniform elongation
otherwise tearing at critical points in the mould may occur.

* Sheet material will have a plastic memory and so at high temperatures
the formed part will revert back to original sheet profile. Operating
temperature therefore important.

5.6 Blow Moulding

Economic Considerations

e Production rates between 100 and 2,500/h, depending on size.

e Lead times are a few days.

e There is generally little material waste, but can increase with some
complex geometries using extrusion blow moulding.

Set-up times and change-over times are relatively short.

Tooling costs are moderate to high.

Direct labour costs are low. One operator can manage several
machines.

¢ Finishing costs are low. Some trimming required.

Typical Applications

e Hollow plastic parts with relatively thin walls. X

Design Aspects

e Complexity limited to hollow, well rounded, thin walled parts with low
degree of asymmetry. X

* Undercuts, bosses, ribs, lettering, inserts and threads possible.

* Maximum section = 6mm.

* Minimum section = 0.25mm.

e Sizes range from 12mm in length to volumes upto 3m?.

Quality Issues
¢ Poor control of wall thickness, typically £50% of nominal. X
* Good surface detail and finish possible.

Equipment costs are moderate to high, especially for full automation.

5.7 Rotational Moulding

Economic Considerations

Production rates of 3 to 50/h, but dependent on size.
Lead time several days.

Material utilisation very high. Little waste material.
Tooling costs are low.

Equipment costs are low to moderate.

Labour costs are moderate.

Finishing costs are low. Little finishing required.

Typical Applications
e Water tanks.

* Buckets.

e Drums.

Design Aspects

e Complexity limited to large, hollow parts of uniform wall thickness. X

¢ Large flat surfaces should be avoided due to distortion and difficulty to
form. Use stiffening ribs.

® Maximum section = 13mm.

¢ Minimum section is typically 2mm, but can be as low as 0.5mm for
certain applications. X

* Sizes up to 4m?3.

Quality Issues

o Control of inside surface finish is not possible. X

o Wall thickness is determined by the close control of the amount of raw
material used.

* Wall thickness tolerances are generally between +5 to +20% of the
nominal.

Figure 2.2: Chemical Tank Case Study - Comparison of Key PRIMA Data for the
Candidate Processes.
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Figure 2.3: Generator Lamination Case Study - Detailed Component Drawing.

effectively reduce eddy currents). In total, 180 laminations of the design shown in Figure 2.3
are required. A very short lead time is required for the prototype batch, with high accuracy
and good surface finish and minimal burring to allow multiple laminations to stack together
without accumulated error on the width.

From the manufacturing process selection matrix shown in Figure 2.1, there are eight processes
initially considered viable for an iron material and a low production volume (100-1,000).

The candidate processes are:

3.2 Shell Moulding.

3.5 Centrifugal Casting.

3.6 Investment Casting.

3.7 Ceramic Mould Casting.

6M Manual Machining.

7.1 Electrical Discharge Machining (EDM).
7.3 Electron Beam Machining (EBM).

7.4 Laser Beam Machining (LBM).

The four casting processes (PRIMAs 3.2, 3.5, 3.6 and 3.7) can quickly be eliminated as the
iron—silicon alloy material is already supplied in 0.5-mm-thick sheet, therefore no primary
shape forming to this thickness is required.



28 Chapter 2

Manual machining, specifically vertical milling, is an obvious candidate initially (PRIMA 6.2),
but on further examination is not actually valid. Moving to automatic machining (CNC milling)
at these low volumes does not improve the situation either. It is mainly due to the complexities of
machining the 2D lamination geometry itself, and the special tooling required, that manual
machining must be rejected. Machining individual components would require sacrificial tooling
to avoid component deformation due to the low stiffness of the sheet material and the high
machining forces. It would also be slow and laborious to machine individual components this
way. It is possible that a stack of laminations could be machined simultaneously, again using
special (and substantial) tooling, and reducing the lead time; however, error propagation through-
out multiple laminations is a possibility, which means scrapping many components rather than
one. Milling would also produce a large radius at the slot profile root formed by the milling tool
diameter, when in fact to accommodate the preformed coils, a square corner is preferred. In
addition, edge burrs from milling would need to be manually removed from each component.

From these arguments, manual machining (PRIMA 6M) can be eliminated, leaving EDM,
EBM and LBM, three similarly accurate NTM processes that will now be compared with
reference to some key PRIMA data related to requirements.

EDM (more specifically wire EDM) has no cutting forces, but is relatively slow. EDM also
produces a recast layer with a surface roughness less than 25 pm Ra, which would indicate a
finishing process was necessary. The polymer coating (non-conductive) on each lamination
could be problematic using this process. This is especially the case when multiple sheets are
processed simultaneously in stacks in an attempt to improve lead time. Sharp corners are
possible though, and are related to the wire diameter used.

Laser beam cutting, a variant of LBM, is widely used for rapidly (up to 70 mm/s) producing
complex 2D profiles from sheet, where sharp corners are possible, producing surfaces with a
finish less than 6.3 um Ra. It does produce localised thermal stresses giving very small
heat-affected zones, a small recast layer with the possibility of low distortion of thin parts.
Recast layers can be easily removed if undesirable though. Individual sheets are processed
using simple tooling only, and the polymer coating is not a problem as it would simply be
vaporised during cutting.

EBM cutting also produces localised thermal stresses, giving very small heat-affected zones,
a small recast layer and the possibility of low distortion of thin parts. Although it is capable of
cutting speeds up to 10 mm/s and comparable surface finishes to LBM, the tooling costs are
high, lead times are long and sharp corners are difficult, with reference to its PRIMA data.

Considering the above arguments and with reference to several key technical and economic
capability requirements, LBM was finally selected, and 180 laminations to high accuracy and
a short lead time were delivered for the prototype generator, with very little post-manufacture
cleaning required before rotor assembly.
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2.2 Rapid Prototyping Process Selection
2.2.1 Selection Strategy

Rapid prototyping covers a wide range of relatively new manufacturing technologies, devel-
oped to take full advantage of modern 3D CAD modelling capabilities to produce physical
components with a minimum lead time. The aim is to shorten product realisation cycles and
communicate designs earlier to customers, whether internal or external to a business, by
visualising a physical component or, increasingly, to produce tooling and patterns for other
manufacturing processes, €.g. investment casting, an application termed rapid tooling.

In this Handbook, only five of the most established technologies and most commonly used
processes are covered in depth using PRIMAs, although over 30 commercial processes exist.
The following are included in the selection strategy for rapid prototyping: Stereolithography
(SLA), Three-Dimensional Printing (3DP), Selective Laser Sintering (SLS), Laminated
Object Manufacturing (LOM) and Fused Deposition Modelling (FDM). They are all based on
additive layer manufacturing principles. However, a number of related process variants are
also briefly described in the PRIMAs and are shown in Figure 1.7, the general classification
of rapid prototyping processes based on the initial material form. Processes based on subtrac-
tive material removal, e.g. CNC machining, are sometimes grouped within rapid prototyping;
however, they are treated separately in this Handbook under Section 2.1.

In general, all additive layer rapid prototyping processes share a number of basic steps for
component manufacture:

1. Create a 3D CAD model of the component.

2. Convert the CAD model to the .stl’ file format (a standard file format for rapid prototyp-
ing models and the original abbreviation for stereolithography).

3. Slice the .stl model file into thin layers (usually about 0.1 mm thick).

4. Build the prototype component up one layer on top of another using one of the various
manufacturing technologies.

5. Post-process the rapid prototyped component, e.g. remove supports (where applicable),
machine, clean, etc.

Rapid prototyping processes are not suited to any level of volume production. They are more
applicable for the generation of one-off components, i.e. prototypes (as the name suggests), and
models. However, very small batches of fewer than 50 components can be economically viable
for some processes depending on size and complexity. Therefore, these processes are not bound
by the same large-volume manufacture-related economic issues as the more traditional pro-
cesses when considering their selection. Although cost should always be important in engineer-
ing decision-making, the niche application domain of these processes in product development
suggests that final component cost may not be a key selection criterion. In addition, rapid
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prototyping does not necessarily mean instantaneous prototypes and the time it takes to make a
component depends on the technology used, and the size and complexity of the model. The
time can vary from a few hours to a day or more; therefore, speed is a tangible economic
selection criterion related to how quickly the 3D design model can be physically realised.

The material for the prototype is a key technical requirement, and should have the same level
of importance placed on it as in the selection strategy used for traditional manufacturing
processes, but for different reasons. In the more traditional manufacturing processes, the
material choice is often directed by the specification, manufacturing compatibility and/or
structural integrity issues. For rapid prototyping, the prototyping material may not be the same
type as the final larger production volume component material. Even if the same material is
chosen, the material processed using rapid prototyping technologies will rarely achieve or
exhibit the same physical properties as the material processed, perhaps for a mass-produced
component, using a more economically viable manufacturing process. A key design objective
when specifying rapid prototyping processes should be that the prototype component pos-
sesses sufficient strength, stiffness, dimensional stability and environmental protection charac-
teristics commensurate with its purpose. Significant strength would make a rapid prototyped
component certainly handlable, able to be assembled with other components to demonstrate
component qualities such as fit and form together with other components in a product, and
even structurally load bearing to sustain loads in a wind tunnel or test rig, for example.

The material choice is also dependent on its raw cost, of course, and the final volume of
material used. The final volume could be greater than the component volume as two of the
main rapid prototyping processes (SLA and FDM) require extra support material for under-
cuts and overhanging features.

Tolerances and surface roughness, two elements of form and fit [4], could also be useful
selection drivers, and vary between all technologies [5]. Models made by some rapid proto-
typing routes require extensive finishing of the surfaces, which adds cost and time to deliver
the models. A typical feature with most rapid prototyping processes, for example, is the
‘stair-stepping’ marks evident on walls in the vertical build direction, which may need to be
post-processed. With respect to shape and size, a distinct advantage of all rapid prototyping
processes over the more traditional manufacturing processes is their ability to create complex
features and geometries faster and usually more inexpensively due to the layered build-up of
the component. However, another variation is the maximum component size possible, or more
specifically component volumes, together with a variation between achievable width, height
and depth for any individual process.

Summarising, the main selection drivers for the rapid prototyping processes discussed are:

*  Prototyping material type/cost.
*  Speed of component production.
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e Achievable tolerances.
e Achievable surface finish.
e Overall component size/volume.

In reality, the selection of rapid prototyping processes is a difficult and complex task and here
the focus is on those issues that will largely satisfy product requirements [6]. It is also impor-
tant to maintain a simple and consistent approach for all the selection strategies in the initial
stages to identify candidate processes. Combining just two factors, one technical (material
type) and one economic (production volume), was discussed in Section 2.1 for manufacturing
processes. A combination of material type and production speed are selection drivers that
again combine technical and economic issues for rapid prototyping processes, and can vary
significantly from process to process to create an effective selection strategy for the five
processes included. A PRIMA selection matrix showing the relevance of rapid prototyping
processes with respect to material type and production speed is provided in Figure 2.4. The
matrix defines the following requirements or inputs:

*  Material type — The selection of the material is mainly based on the purpose of the
physical model, e.g. functional prototype, form and fit part, concept model, rapid tooling,
etc. The materials compatible for rapid prototyping processes include the categories:

*  Natural materials, e.g. plaster, wax, paper.

*  Elastomers, thermosetting plastics and thermoplastics, e.g. epoxy, ABS, PC, PA.
°  Metals, e.g. steels, titanium and other alloys.

e Ceramics and ceramic—metal composites.

*  Production speed — Based on build speed of the component in terms of volume of mate-
rial in ¢/h (litres per hour), or in terms of vertical build speed in mm/h (millimetres per
hour). The production speed does not include pre- and post-processing time for producing
the final component, which can be significant. The quantities specified for selection
purposes are broadly in the ranges:

*  Slow = Volume of material 0.05 ¢/h, vertical build speed 1.5 mm/h.
*  Medium = Volume of material 0.1 ¢/h, vertical build speed 5 mm/h.
*  Fast = Volume of material 0.25 ¢/h, vertical build speed 20 mm/h.

The information in Figure 2.4 represents a wide range of industrial and commercial practices,
and includes several new material combinations with existing rapid prototyping technologies.
In the case of 3D printing, both the binder and powder material have been highlighted as
relevant in the selection process, each having an approximate 50% contribution by volume to
the component. There will always be exceptions at this level of detail though, and more so
than in other process categories, the developments in rapid prototyping are numerous and
often. The matrix is not intended to represent a process selection methodology itself either. It
is essentially a first-level filter to identify candidates. Consistent with the other process
selection strategies presented, it is the PRIMAs that guide final selection.
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KEY TO RAPID PROTOTYPING PROCESS PRIMA SELECTION MATRIX:

RAPID PROTOTYPING PROCESSES

[8.1]  STEREOLITHOGRAPHY (SLA)
821 3D PRINTING (3DP)
[8.3]  SELECTIVE LASER SINTERING (SLS)

[8.4] LAMINATED OBJECT MANUFACTURING (LOM) PE
P

[85] FUSED DEPOSITION MODELLING (FDM)

MATERIALS

Acrylonitrile Butadiene Styrene
Polyamide
Polycarbonate
Polyethylene
Polyphenylenesulphone
Polystyrene
Polyurethane
Polyvinylchloride
Polyester

Figure 2.4: Rapid Prototyping PRIMA Selection Matrix.
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2.2.2 Case Study — Prototype Turgo Turbine

Figure 2.5 shows a 3D CAD model of a Turgo turbine used in the development of a new
pico-hydro power generation system. In order to assess its experimental performance, a
rapid prototyped component is required for integration in a test rig to conduct extensive
trials. The material choice should be a tough, lightweight material (to minimise mass
moment of inertia and fly-wheeling effects during testing), which does not absorb water and
can sustain its mechanical properties between a wide range of service temperatures, such as
a thermoplastic. The turbine has been designed for resistance to fatigue anticipated due to
the repeated loading of a water jet impacting on each cantilevered cup on rotation of the
turbine. The stresses at the major changes in section have been minimised in this respect.
From the CAD model, the volume of the turbine is 161,700 mm?, with a minimum thickness
of 4 mm and an outside diameter of 150 mm. The surface finish is important only inside the
cups in order that frictional losses are minimised during interaction with a water jet.

Scrutinising the material requirements, ABS is an inexpensive rubber-toughened thermoplas-
tic exhibiting good impact resistance, that can operate over a range of temperatures, and has
good water and chemical resistance. Although it is damaged by sunlight, this is not a major
problem during experimental testing of the turbine.

From Figure 2.4, with no speed requirement specified as yet, ABS is compatible with:

8.4 Laminated Object Manufacturing (LOM).
8.5 Fused Deposition Modelling (FDM).

FDM is slow in comparison with LOM. However, given the small volume of the Turgo turbine
model, the build time will be fairly short for both processes. Assuming the least volume of

Figure 2.5: Turgo Turbine Case Study - CAD Model of Prototype.
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material deposited with the addition of any pre- and post-processing time, the component could
be completed within hours. With reference to the PRIMAs, both processes can easily achieve
the maximum dimension of the Turgo turbine and have similar tolerance capability, which is
satisfactory for this component installation. With respect to surface finish, FDM outperforms
LOM, and with the requirement of a fine surface finish only being required on the inside faces
of the turbine cups, these surfaces can be hand finished at very low cost and time effort.

The structural integrity of a rapid prototyped component that will be subjected to loading, as in
this case, is an important issue for all rapid prototyping processes as the mechanical properties
are anisotropic depending on build direction. Preference in the build direction and therefore
the material strength orientation should be given to the geometry where highly stressed regions
are located. This is even more of an acute problem with LOM as individual layers of ABS
sheet will be built up, separated with a low interfacial shear stress adhesive. This also means
that LOM produces components that are essentially porous in that plane, and post-processing
would involve the addition of a water-resistant coating to avoid swelling for the pico-hydro
turbine application. FDM produces little porosity in the material in comparison.

FDM was selected mainly due to its ability to create a functional water-resistant, dimension-
ally and structurally stable prototype in ABS with satisfactory surface finish and tolerance
capability. Figure 2.6 shows the finished Turgo turbine (shown in off-white ABS material)
under test conditions, surviving hundreds of hours of operation to this day.

As can be seen in Figure 2.5, the Turgo design of turbine is very complex with repeated
re-entrant features and changing sections. Rapid prototyping is an ideal process choice for a

Figure 2.6: Turgo Turbine Case Study - FDM Rapid Prototyped Component under
Experimental Testing.
The water jet is entering the Turgo cups from the nozzle on the left-hand side.
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one-off prototype in a thermoplastic such as ABS. Looking further ahead, the economic and
technical viability of the pico-hydro system needs to be evaluated, of course. A key
component is the Turgo turbine component itself, as it is the power conversion interface
between the water and generator. With reference to Figure 2.1, specifying an aluminium
alloy material (corrosion resistant, lightweight, strong), together with a variable production
volume (associated with uncertainty in the number of units manufactured per annum,
initially), suggests that investment casting and sand casting are candidates for the primary
shape-creating manufacturing process for the turbine. Comparing the sand and investment
casting PRIMA, it is evident that the surface roughness capability is superior for invest-
ment casting, and much thinner sections are obtainable compared to sand casting. Therefore,
investment casting is a candidate process to make the turbine in low to medium volumes.

2.3 Surface Engineering Process Selection
2.3.1 Selection Strategy

The processes included in the selection strategy discussed next only include surface coatings
and treatments, and not those processes associated with bulk treatments, e.g. annealing,
quenching, tempering, etc. Bulk treatment processes are typically used to relieve stresses after
forming or machining of a component, to improve ductility or to increase the hardness of the
entire part. The exclusion of bulk treatments is intentional, as there is greater process knowl-
edge and routine utilisation of these processes than those strictly associated with engineering
just the surface. The 13 processes included in the Handbook cover a widely used subset of
available surface coating and treatment technologies. A full classification of surface engineer-
ing processes is shown in Figure 1.8. Several surface coating processes, e.g. weld coating
(hardfacing), diffusion bonding and rolling, are all discussed in Chapters 4 and 11, under
forming and joining processes respectively.

Typically, engineering of a surface using coatings and treatments is seen as a ‘band-aid’
solution to a wear, corrosion or fatigue problem in-service, rather than considered at the
design stage, and therefore the maximum benefit is not achieved. If a customer does know
what they require, this is usually based on prior experience with a coating system on similar
components. Surface engineering may be used in the design, but is seldom specified by
designers. Unless specified at the design stage, surface coatings and treatments will always
remain factors considered at redesign, incurring additional manufacturing costs that need to
be traded against quality loss reduction [7].

Where process data does exist, typically within companies specialising in a small range of
processes, it is often withheld, being regarded as commercially sensitive. Information on
coatings and treatments is therefore dispersed among a variety of sources and formats, making it
difficult for the designer to compare them objectively. Add to this the sheer number of possible
combinations, and the designer’s problem becomes substantial. Other information that exists in
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the public domain is either in the wrong form or purely qualitative and therefore subjective in
nature. The design guidelines that are available tend to be based on cumulative experience and,
consequently, design for surface engineering is still seen as an art rather than a science [8].

The provision of an effective process selection methodology is of prime importance to the
designer in this respect. There is much to be gained by the specification of an appropriate
surface coating or treatment for a particular working environment. However, the range of
processes available and the interaction with the substrate makes this task one where consider-
able expertise is required, and a great deal of research has been conducted in this area [9—-11].

The selection of the most appropriate surface engineering process has many guiding factors,
including [12]:

e Service conditions, e.g. contact, pressure, chemicals.

* Design constraints, e.g. geometry, size, hardness, friction.

*  Processing constraints, e.g. temperature, material compatibilities.

e Economic issues, e.g. cost, production volume, production rate.

* Conformance issues, e.g. coating thickness, surface finish, distortion.

The main reason for the growing importance of surface engineering (and its inclusion in this
Handbook) is an increasing realisation that a component usually fails when its surface cannot
withstand the external forces or environment to which it is subjected, e.g. wear, corrosion, fatigue,
etc. The use of surface coatings and treatments can improve the surface properties in a cost-effec-
tive manner, without processing the whole component to improve relevant properties. Therefore,
although the issues listed above broadly align with the PRIMA description categories, the
adopted selection strategy is initially based on the requirement to modify a surface in order that a
component can survive its anticipated operating conditions and/or improve its aesthetic qualities.

The focus for selection is limited to the improvement or increased resistance of a component
to one or more of the following three common life-reducing failure modes and the require-
ment to provide a decorative finish as defined next:

*  Fatigue — Failure mode of a component that is subjected to a repeated loading cycle in
service, ultimately resulting in total fast fracture well below a stress that would have
caused fracture under a single application of the load. Typically, cracks appear and
propagate from the surface of the component, where the highest stresses are present.

e Corrosion — Deterioration of a component usually initiating at the surface of the material,
due to the interaction with its service environment, typically through a chemical process
by which the metal is oxidised.

e Wear — The removal and deformation of material resulting from the mechanical sliding
interactions of component surfaces under pressure through abrasion and friction mechanisms.

e Decorative — Provision of colour and/or surface finish to a component’s surface to
improve aesthetic appeal.
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The surface engineering processes that satisfy each of these requirements are shown in Figure
2.7 using a Venn diagram. This can be used to identify candidate processes before referring to
the individual PRIMAs to aid final selection based on economic and technical requirements.
Preference can be given to processes that satisfy multiple requirements, e.g. nitriding is used
to improve fatigue, corrosion and wear. Otherwise, where there is a single need/functionality
of the surface, all candidate processes should be rigorously evaluated and no preference
given. Note that additional or secondary improvements to functionality that are not required
may be considered expensive.

2.3.2 Case Study — Fatigue Life Improvement of a Shaft

A low-cost surface treatment is required to increase the fatigue resistance of a shaft made
from low carbon steel, as shown in Figure 2.8. The shaft has a diameter of 10 mm and a
length of 100 mm, along which are located a number of stress-raising features. The maximum
temperature is 1,000°C and the hardness of the shaft cannot be altered by the treatment. An
allowance of 0.1 mm is specified on all dimensions.

Decorative Corrosion

Resistance
ﬂ [9.8]

[9.10]

! [9.13]

Fatigue Wear
Resistance Resistance

KEY TO SURFACE ENGINEERING PROCESS PRIMA SELECTION VENN DIAGRAM:

[9.1] CARBURISING [9.8] CHEMICAL VAPOUR DEPOSITION (CVD)
[9.2] NITRIDING [2.9] PHYSICAL VAPOUR DEPOSITION (PVD)
[9.3] ION IMPLANTATION [9.10] ELECTROLESS NICKEL

[©.4] ANODISING [9.11] ELECTROPLATING

[9.5] THERMAL HARDENING [9.12] HOT DIP COATING

[9.6] SHOT PEENING [2.13] THERMAL SPRAYING

[9.71  CHROMATING

Figure 2.7: Surface Engineering PRIMA Selection Venn Diagram.



38 Chapter 2

Figure 2.8: Shaft Case Study.

With reference to Figure 2.7, the PRIMA selection Venn diagram indicates that there are three
candidate processes for the improvement of fatigue resistance. These are:

9.1 Carburising.
9.2 Nitriding.
9.6 Shot peening.

Comparing PRIMA data, carburising is compatible with low carbon steels, but the
process temperature is around the 1,000°C temperature limit. Distortion problems can
occur around unsymmetrical features through the generation of residual stresses. In
addition, carburising raises the surface hardness. Although nitriding is a lower
temperature surface treatment with little or no distortion, it too raises surface hardness
considerably. Shot peening is chosen as it does not significantly increase surface hardness
and operates at ambient temperatures. It primarily improves fatigue resistance of
stress-raising features and can be localised around these features without treating the
whole shaft. Shot peening also has a maximum tolerance of +0.05 mm, which is within
the limits specified.

2.4 Assembly System Selection
2.4.1 Selection Strategy

Assemblies involve two or more combined components of varying degrees of build complex-
ity and spatial configuration. The assembly technologies used range from simple manual
operations through to flexible robotic operations, to fully mechanised dedicated systems. The
final system or combination of systems selected has the task of reproducing the product at the
volume dictated by the customer, in a cost-effective way for the producer, to be technically
appropriate for the components manipulated and composed, and ultimately to satisfy the
functional requirements dictated by the specification.
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The assembly phase represents a significant proportion of the total production cost of a
product and can outweigh manufacturing costs in some industries [13]. Through the identifi-
cation of the most effective assembly technologies early in the development process, down-
stream activity, inefficiency and costs can be reduced. Significantly, though, assembly is a
major source of engineering change, rework and production variability appearing late in
product development [14]. The cost of recovering from these problems during assembly is
high, estimated to be in the range of 5-10% of the final cost. In part, this is due to the fact that
assembly is governed by much less controllable and less tangible issues than manufacturing,
such as assembly actions and fixture design [15]. In practice, assembly selection is a very
difficult task. It does not mean, however, that a sound decision cannot be made about an
appropriate assembly technology to use for a given set of requirements. A number of
researchers have proposed strategies for assembly system selection. The reader interested in
this topic can find more information in Refs [16—18].

Three general types of assembly system are identifiable in industrial practice. Figure 1.9
showed a classification of these assembly systems, together with the variant technologies
involved.

*  Manual Assembly. Traditionally, low-volume assembly has been performed using manual
assembly; however, world markets are demanding flexibility, product variety, shorter lead
times and fault-free products. This is now accompanied by increasing labour costs and
strict legislation from the European community. In an attempt to reduce the cost of
manual assembly, many Western companies have moved their assembly plants to lower
cost regions in the Far East. This is not always the ideal solution as it increases transpor-
tation costs, places a physical barrier between design and production, and quality often
suffers. The need for product quality requires every product to be tested before dispatch
to the customer. Manual assembly is very susceptible to quality variations because
operators can easily make mistakes during assembly — for example, small parts can be
forgotten, assembled in the wrong position or assembled incorrectly, e.g. screws may not
be tightened to the correct torque. These demands have been met in industry through the
development of manual assembly with automatic aids or semi-automatic assembly
systems. Semi-automatic assembly mechanises these critical operations in the assembly
sequence, such as screwing or push-fit operations. This enables the manual assembly
tasks that traditionally suffer from quality variations to be controlled using automation,
whilst operators perform the part feeding and positioning tasks. In the event that a wrong
part is assembled or a part is forgotten, sensors within the assembly station will detect the
faults and alert the operator. In this way, assembly faults are corrected ‘on-line’ when
they occur and are not buried under layers of parts, which are assembled afterwards.

o Flexible Assembly. During the early 1980s a new assembly concept was born, called
flexible assembly. Flexible assembly utilises robots, a flexible materials handling system
and flexible part feeders in order to create a hybrid of manual, semi-automatic and
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dedicated assembly that is capable of assembling different products in small batches,
without suffering from the variability of manual and semi-automatic assembly and the
high cost of dedicated assembly equipment. A flexible assembly system can be compared
with a CNC machining station. Part programs and raw components are the system input
and finished products emerge. It was argued that such systems would be used to assemble
the middle range of production volume between manual assembly and dedicated assem-
bly. However, no such systems were successfully developed due to the cost and limited
capability of robot technology in this era and low-volume assembly remained a manual or
semi-automatic process. The flexible assembly machine can be considered as two basic
mechanical systems that operate in parallel: the assembly robot, which performs the
actual assembly tasks; and the materials handling equipment, which ensures that the
manipulator is fed with the correct parts, fixtures and tools at the correct time and place,
whilst performing other functions such as finished product removal from the assembly
area. The materials handling system can be further divided in two: small part flexible/
low-cost feeders, and the pallet and fixture handling system. The assembly robot is
equipped with a compliance device that is used to accommodate programming and part
tolerances, and quick-change tools that allow the robot to change its gripper fingers and
pick up special tools. During a product change the product-specific pallets, fixtures,
low-cost small parts feeders and gripper fingers are changed and the new product’s
flexible-feeder and assembly robot programs are loaded.

*  Dedicated Assembly. Dedicated assembly automates the assembly task by breaking it
down into simple operations that can be conducted by a series of work-heads, the assem-
bly being built up as it passes down the line. Parts are supplied in bulk, placed in
individual parts feeders and presented to an automatic work-head, which inserts them into
the part assembly at high speed. This form of assembly can achieve cycle times as low as
1 second per assembly. By and large, dedicated assembly machines are only suitable for a
single product. Any significant product design change will result in considerable assem-
bly machine redesign costs and lengthy reconfiguration time. It is also clear that such
equipment can only be justified for large production volumes, as the equipment cost is
spread over the life of a single product. For this reason the application of dedicated
assembly has traditionally been restricted to high-volume production. There are situations
where flexible system notions can be engineered into high-speed machines to offer
economic assembly with high flexibility at mass production volumes — essentially assem-
bly systems capable of mass customisation. The assembly system is built up from a
number of automated stations, which are linked together using a free transfer system. At
each automated station, vision system-based flexible feeders are used to feed those parts
that are used to create different product variants. Part insertion and handling is conducted
using a combination of robots and programmable assembly stations. Standard fixtures and
gripping locations have been defined so that gripper and fixture variants are not required.
In this way the cost of design changes and the introduction of new product variants has
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been minimised. The modular construction of the assembly line enables new assembly
stations to be introduced to increase capacity or replace the few remaining manual
assembly stations.

Prior to the selection of an assembly system, a number of activities should be undertaken and
factors considered, some of which also help drive the final quality of the assembly:

*  Business level — Identification and availability of assembly technologies/expertise in-
house; integration into business practices/strategy; geographical location and future
competitive issues, such as investment in equipment.

*  Product level — Anticipated lead times, product life, investment return time-scale, product
families/variants and product volumes required.

*  Supplier level — Component quality (process capability, gross defects) and timely supply
of bought-in and in-house manufactured parts.

The final point is of particular importance. A substantial proportion of a finished product,
typically two-thirds, consists of components or subassemblies produced by suppliers [19]. The
original equipment manufacturer is fast becoming purely an assembler of these bought-in parts
and therefore it is important to realise the key role suppliers have in developing products that
are also ‘assembly friendly’. Consideration must be given to the tolerances and process variabil-
ity associated with component parts from a very early stage, especially when using automated
assembly technologies, because production variability is detrimental to an assembly process.

There are a number of factors or drivers that influence the selection of assembly systems. The
main issues include:

*  Labour cost, availability and skill — Very dependent on geographical location.

*  Geographical location — For example, Boeing intends to build the new 7E7 Dream Liner
in a location that gives it the best opportunity to be successful, and has identified the
issues that it will consider in choosing the final assembly location, including: transporta-
tion; facilities and amenities; land and support services; workforce training infrastructure;
environmental and local natural disaster conditions; and community and government
support.

*  Production quantity — A minimum of 2 years future demand forecast information for all
product types is required for sufficient volume.

*  Production rate — Higher rates are obtainable with systems that have multiple assembly
stations. Also dependent on size, weight of parts and complexity of assembly operations
needed, although the latter is heavily influenced by design.

e Joining methods employed — Studies indicate that in many designs, large proportions of the
excess components identified through DFA are used only for fastening purposes. In many
cases, excessive or incorrect joining processes are used, possibly due to a lack of knowledge
of the availability, cost implications and functional performance of alternatives.
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*  Capital cost of assembly system — System costs range from a few thousand to many
millions of pounds, depending on the degree of automation and number of parts to be
assembled. Justifying the investment is a key factor when considering a new assembly
technology and the ability to manage the technology.

e System operating costs — Costs associated with the day-to-day running of the system
chosen. Can be substantial if manually centred, but less so with automated systems.

*  Number of components in the assembly — DFA aims to reduce the number of components
in an assembly design by identifying redundancy and consolidation of parts where
possible; however, there still remains a strong relationship between part-count and cost.

*  Number of variants to be accommodated — Flexibility of the system chosen is crucial to
accommodate variants and product families in order to minimise cost.

*  Component quality — Process capability, potential defects and tolerances required.

*  Component supply logistics — Outside, as well as in-house suppliers, are an integral
element in the production management system, for example Just in Time (JIT).

e Complexity/time of assembly operations — Increased complexity may be due to the design
of components (again, DFA can help here by improving component geometry for feeding,
handling, fitting and checking), interfaces or the joining method chosen. Some operations
may be beyond capabilities of human operators and therefore some degree of mechanised
assistance or automation is required.

*  Handling characteristics of components — Size, weight and environmental hazards of
parts to be assembled are important factors for operator fatigue or health and safety.

It is not the intention to imply that the above factors are of equal importance, or should be
considered in the fixed sequence listed above. There are too many factors to consider in a
single appraisal leading to the selection of one system and its variants. The assembly system
selection chart devised is shown in Figure 2.9. The chart is a general guide only and merely
aims to support the selection of the appropriate assembly system PRIMA. It is based on the
following key drivers:

e Number of product variants (flexibility requirement).

e Production rate, or

*  Production quantity per annum, or

e (apital cost of assembly equipment (though this is more of an outcome than a
requirement).

The form of the curves at the boundaries shown between the system types reflects the eco-
nomic consequences associated with the introduction and management of variants in the
assembly system. To accommodate variants at all, requires a significant investment in the
capital cost of the system, which rapidly ramps up the production volume requirement at the
transition to flexible and dedicated, as variants begin to appear at a low variant level. As the
number of variants climbs to a high level, the management of the variants is much more
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Figure 2.9: Assembly System PRIMA Selection Chart.

problematical (tooling, variability management, jams, etc.) and the running cost of the system
grows rapidly. Higher production quantities are again required to justify the transition from
manual to flexible, and flexible to dedicated systems.

Three basic assembly systems are summarised below with their respective PRIMA number:

10.1  Manual assembly system — Extremely flexible, easy to train operators, low capital
cost, short development times, low to medium production rate, high-level sensing and
checking capabilities. Also includes mechanised aids for the operator such as feeders
and work heads.

10.2  Flexible assembly system — Programmable with robots. Reasonably flexible, moder-
ate to high capital cost, long development times, medium production rate, involves
complex and lengthy programming/teaching, limited sensing capabilities.

10.3  Dedicated assembly system — High-speed special purpose machines. Generally
inflexible, high capital cost, low number of defects, long development times, high
production rate, minimal sensing capabilities.

Upon assembly system selection, the technical and economic implications of the final deci-
sion must be understood, including cost estimate(s) for the product (see Chapter 13). This is
particularly advantageous when Figure 2.9 shows that a set of requirements is on the bound-
ary of two assembly system types.
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In the design of the assembly system, further questions should be considered:

*  What is the main objective: quality, cost or production rate?

e (Care must be taken in the way we divide a product into subassemblies: How many and
what are the criteria?

*  How should we determine the sequence for the assembly?

* How should any necessary testing be carried out?

These issues can influence the degree of automation that can be implemented, for example.
A review of the selected assembly system against business requirements should also be
undertaken, as discussed earlier.

2.4.2 Case Studies

The case studies that follow describe where an automation technology has been success-
fully implemented as an economic and high-quality alternative to manual assembly. The
intention is to illustrate the application of the selection criteria and also to indicate some of
the opportunities for businesses associated with the implementation of assembly automa-
tion in industry. In the design of assembly systems, machine manufacturers have tended to
adopt, where at all possible, a modular philosophy, coupled with the application of a
well-trusted technology. This enables the suppliers to create systems for their customers
that can be realistically priced, be effective and highly reliable. The case studies used
illustrate what might be considered to be applications of automation, but with differing
forms and degree of flexibility. The cases are discussed under the headings of products and
customer requirements; the assembly process and machine design; and selection consider-
ations. The case studies are all in the public domain and for more information on the
studies the reader is directed to Ref. [20].

2.4.2.1 Assembly of Medical Non-return Valves
2.4.2.1.1 Product and customer requirements

The product to be assembled was a non-return check-valve used in medical equipment
including catheters and tracheotomy tubes. The requirement was for a highly process-
capable system with a defect rate (valve failure rate) of less than 1 part per million.
Therefore, there was a requirement for checks to be built in to the assembly system to
reject any part that does not conform to the process capability standard. The valve com-
prises six very small components and was configured in four different versions. The
variants result from the requirement for the use of different material types and differences
in the diameter of the caps that seal the valves. The demand for the product necessitated a
production rate of 200 items/minute and cleanliness was a critical requirement for the
assembly process.
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2.4.2.1.2 Assembly process and machine design

To achieve the level of reliability needed at the required production rate, a linear assembly system
was specially developed to assemble the six components of the valve. The cell was equipped
with six vibratory bowl feeders of different sizes to feed and orient the valve’s components on to
pallets containing four sets of nests. The assembly system was designed with 21 stations and to
enable the operator to select random samples for inspection from each of four nests. The system
was configured with an operating speed of 50 cycles/minute to realise the required overall
production output of 200 items per minute, and the flexible cell was capable of producing the
four different versions of the product. Despite this high rate of production the valves produced
were of the required quality, and displayed no surface faults (damage to the plastic components)
that could have led to rejects. To meet the cleanliness requirements the parts of the assembly
system that come into contact with the valve’s components were made from stainless steel, and
the machine was carefully designed to operate without traces of dust or particulates. In addition,
precise component fitting operations were required by the product design, with some of the items
having to be inserted into the body of the valve within a tolerance of 0.05 mm.

2.4.2.1.3 Selection considerations

Factors driving the selection of the assembly technology adopted for the application could be
considered to include:

e High production volumes and continuous demand.

e Four different product variants.

*  Very high levels of process capability (<1 ppm).

* Clean assembly process environment free from contamination.

The product volume, number of variants and process capability requirements support the
application of flexible assembly system for the product as indicated in Figure 2.9.

2.4.2.2 Assembly and Test of Diesel Injector Units
2.4.2.2.1 Product and customer requirements

The requirement was for a flexible system to assemble a family of diesel unit injectors that could
yield economic operation at fluctuating demand volumes. To realise the demanding tolerances
necessitated by the product technology the injector unit makes use of precision shims to com-
pensate for machining variation and the inevitable variation in the characteristics of the spring
embedded within the injector body. By choosing a shim of the correct characteristic thickness
and capability the business can vary the opening pressure of the valve to achieve an injector unit
assembly that operates correctly first time. The customer’s ‘lean manufacturing’ philosophy
required that automation should only be introduced where there is a clear quality and economic
case to do so. The automation project had to respect the customer’s principle of balancing the
relative benefits of automation against that of well-known manual assembly processes.



46 Chapter 2

2.4.2.2.2 Assembly process and machine design

The system created by the assembly machine supplier operated on the ‘Negari’ principle,
which readily allows production volumes to be varied depending on the number of operators
allocated to the system at any one time. The machine was designed such that a single operator
could operate all machine stations in sequence; however, up to four operators could work on
the same machine system to create a proportionate increase in production rates. The system
was designed to enable assembled injectors to be ‘wet tested’ to verify the functional perfor-
mance of the unit. The system provides the business with a means of directly responding to
fluctuations in demand for the product. The system was also designed so that when the
product is eventually withdrawn from service the Negari facility will be able to provide
‘service’ components to reflect demand with the minimum of downtime.

2.4.2.2.3 Selection considerations
Considerations driving the selection of the assembly technology adopted include:

*  Medium/high production volumes.

*  Fluctuating demand patterns.

e Very high levels of process capability.
e Integrate product testing.

In order to meet the requirement for volume flexibility, the assembly system needs flexibili-
ties in areas including: parts handling and fitting processes, machine capacity and processing
routes. Adopting the Negari machine layout with multi-stations and manual handling and
loading of parts, provides a natural way of dealing with this problem.

2.4.2.3 Accelerator Pedal Sensor Assembly
2.4.2.3.1 Product and customer requirements

The electronic pedal sensor provides a means of throttle control that is more accurate and
more reliable than cables, and