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Preface

Most prefaces tend to focus on the technical content of the textbook, why the
author felt the need to write it, what makes it different and most of all why
readers should buy it. However, this was such an extraordinary learning
experience for me, that I thought I should share some of it with you.

Near the end of session 1998-9, I was asked as Programme Leader for a
then HND/BSc Manufacturing to consider revamping the course. During the
process of developing this new programme, the focus of which was manu-
facturing management and in particular manufacturing planning and control,
I was developing a curriculum for a module on process planning. As part
of this, a number of references for library resources had to be identified.
Although there were many fine textbooks on computer-aided process plan-
ning and for postgraduate research, there appeared to be none that were par-
ticularly suitable for undergraduate study. Furthermore, as the emphasis of
the module was on the skills and knowledge required for process planning
and not on the technology, I needed a textbook that was easy for undergrad-
uates to follow while being reasonably thorough.

Having contacted a number of publishers, it became apparent that here
was an excellent opportunity to write and publish my first book. After all,
I had written and published distance learning material and how difficult
could it be? If only I knew then what I know now! Having estimated that it
would take me about eighteen months to write the book, I finally finished in
October of 2002, 18 months late! During this time there was a major illness
in the family, a car written off, a disastrous house move, the birth of our fifth
daughter (not a typing error I hasten to add!) and so many changes with my
job that would require a book for themselves. However imperfect it may be,
I was determined to finish it and here it is!

Finally, I make no apologies for the fact that I haven’t been strictly stick-
ing to conventions for technical writing or the fact that the odd colloquialism
has crept in. This is because the intended audience for this book is not
other academics, but students. I wanted it to be learner-friendly, which in my
experience, many academics aren’t!

Peter Scallan
October 2002
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1.1 Introduction

1 Introduction to
manufacturing

The prosperity of human kind has been inextricably linked with the ability to
use and work with the available materials and tools throughout history.
Indeed, there is archaeological evidence of man’s toolmaking ability dating
as far back as 2-3 million years (Mair, 1993). However, the basis for manu-
facturing as we know it today can be traced as far back as 50004000 BC,
with the manufacture of artefacts from materials such as wood, stone, metal
and ceramics (Kalpakjian, 1995). The modern manufacturing organization,
based on the factory system and the division of labour, was borne of the
Industrial Revolution of the eighteenth century. The roots of modern manu-
facturing processes can also be traced to the late eighteenth century with the
development of the cotton gin by Eli Whitney in the United States (Amstead
et al., 1987) and the first all metal lathe by Henry Maudsley in the United
Kingdom in 1794 (DeGarmo et al., 1988). The development of manufactur-
ing processes continued in the early part of the nineteenth century with the
introduction of a loom automatically controlled by punched cards in France
in 1804, the development of the milling machine by Whitney and the use of
mass manufacturing techniques by Marc Isambard Brunel in 1803 in the
United Kingdom (Mair, 1993).

The development of manufacturing industries to this day still relies heavily
on research into manufacturing processes and materials and the development
of new products. Those countries that have been at the forefront of the devel-
opment of manufacturing have come to be known as the developed countries,
while those that have very little manufacturing are considered underdeveloped
(el Wakil, 1989). This ability to manufacture products has a huge bearing on
the wealth and prosperity of a country. In theory, the greater the ability of a
country to manufacture, the wealthier that country should be (how this is
achieved is discussed later in this chapter). Prime examples of this type of
country are the United Kingdom and the United States. For example, in the
United Kingdom, manufacturing still makes a significant contribution to the
wealth and prosperity of the nation, despite the decline of manufacturing in
the 1980s. A recent government report estimated that there are 4.3 million
people directly involved in manufacturing and account for 20 per cent of the
Gross Domestic Profit or GDP (DTI, 1999). Similarly, figures for the United
States estimate that approximately 17.8 million people are employed in man-
ufacturing (van Ark and Monnikhof, 1996) and again account for around 20 per
cent of GDP (BEA, 1998). However, for the likes of the United Kingdom and
the United States to remain competitive in the global market, the resources
employed in manufacturing must be used in the most cost effective manner.
This means that the manufacturing of the products must be planned to make
best use of these resources, which is the very essence of process planning.




2 Process Planning

1.2 Aims and objectives

1.3 What is
manufacturing?

The aims of this chapter are to define manufacturing and present the main types
of manufacturing systems employed and their operational characteristics.
On completion of this chapter, you should be able to:
e define the manufacturing activity;
e state the main goals of a manufacturing organization;
e define the Principle of Added Value;
e define a manufacturing system;

e identify and describe the common manufacturing systems and their oper-
ational characteristics;

e identify and describe the main processing strategies and relate them to
the common manufacturing systems;

e identify and describe the main roles and responsibilities of a manufacturing
engineer.

In the introduction to this chapter the importance of manufacturing to the
wealth and prosperity of a country was explained. However, before proceed-
ing, the question “What is manufacturing?’ has to be answered.

Although the basis of manufacturing can be traced back as far as
50004000 BC, the word manufacture did not appear until 1567, with manu-
facturing appearing over 100 years later in 1683 (Kalpakjian, 1995). The
word was derived from the Latin words manus (meaning ‘hand’) and facere
(meaning ‘to make’). In Late Latin, these were combined to form the word
manufactus meaning ‘made by hand’ or ‘hand-made’. Indeed, the word
factory was derived from the now obsolete word manufactory. In its
broadest and most general sense, manufacturing is defined as (DeGarmo
et al., 1988):

the conversion of stuff into things.

However, in more concise terms, it is defined in the Collins English Dictionary
(1998) as:

processing or making (a product) from raw materials, especially as a
large scale operation using machinery.

In a modern context, this definition can be expanded further to:

the making of products from raw materials using various processes,
equipment, operations and manpower according to a detailed plan.

During processing, the raw material undergoes changes to allow it to become
a part of a product or products. Once processed, it should have worth in the
market or a value. Therefore, manufacturing is ‘adding value’ to the material.
The value added to the material through processing must be greater than the
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1.4 Whatisa
manufacturing system?

cost of processing to allow the organization to make money or a profit.
Therefore, added value can be defined as (ICMA, 1974):

the increase in market value resulting from an alteration of the form,
location or availability of a product, excluding the cost of materials and
services.

Finally, the income of an organization, calculated by deducting the total costs
from the sales revenue, is also sometimes referred to as the added value or
value added (Gilchrist, 1971). In fact, in the past organizations have used
bonus or incentive schemes for employees based on this definition of value
added. However, in the context of this book, the ICMA (1974) definition will
be used when referring to added value. Therefore, using this definition, a
manufacturing organization will only be successful if it not only makes prod-
ucts, but also sells them. This allows manufacturing to be further defined as:

the making of products from raw materials using various processes,
equipment, operations and manpower according to a detailed plan that
is cost-effective and generates income through sales.

This definition adds the dimension of the processing being cost-effective.

In general terms, based on the above definition, a manufacturing system can
be defined as:

a system in which raw materials are processed from one form into
another, known as a product, gaining a higher or added value in the
process and thus creating wealth in the form of a profit.

This is illustrated in Fig. 1.1. There is no one concept that will cover all indus-
tries in detail. Therefore, the concept defined above is generic. However, there
are numerous detailed definitions of what represents a manufacturing system.
One such definition that is particularly appropriate is that of Lucas
Engineering and Systems. This defines a manufacturing system as (Lucas
Engineering and Systems, 1992):

an integrated combination of processes, machine systems, people, organi-
zational structures, information flows, control systems and computers
whose purpose is to achieve economic product manufacture and inter-
nationally competitive performance.

Product
Raw material Manufacturing >
system
Value added )
by processing Profit

Figure 1.1 Basic model of manufacturing system adding value
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1.5 TInputs and outputs
of a manufacturing
system

The definition goes on to state that the system has defined, but progressively
changing objectives to meet. Some of these objectives can be quantified, such
as production output, inventory levels, manning levels and costs. However, other
objectives for the manufacturing system may be more difficult to quantify such
as responsiveness, flexibility and quality of service. Nevertheless, the system
must have integrated controls, which systematically operate to ensure the
objectives are met and can adapt to change when required. Some of
the aspects of this definition will be explored further in this chapter, namely
the organization of processes, people and structures.

Generally, the input/output analysis of a manufacturing system will be as
shown in Fig. 1.2. It can be seen from this that the system does not have an
influence or control over all the inputs, for example, social pressures. This
means that the system must be flexible enough to deal with input variations.
It must also be able to cope with the rapid changes in technology and the
market, particularly as product life cycles become increasingly shorter
(Evans, 1996).

The main output of the manufacturing system is obviously the product or
manufactured goods. These can be classified as either consumer products or
producer products. Consumer products are those that are sold to the general
public. However, producer products are those which are manufactured for
other organizations to use in the manufacture of their products, which in turn
could be either of the above categories of product. Therefore, in some
instances, the output of one manufacturing system is the input of another.
Thus, there may be considerable interaction between systems. Finally, it
should also be noted that not all the outputs are tangible or measurable. For
example, how is reputation measured although it can have a marked effect on
the manufacturing system?

External factors
Legislation
Market forces Competition
Social pressures l lTechnology

|

Sales l

- ] Product
Material —>
—’ 12
« Energy Profit 3
> —P>] >
2 Manpower Manufacturing ’ o
system Reputati
eputation
Capital >
—>
Plans

Figure 1.2 Inputs and outputs of a manufacturing system
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1.6 Common
characteristics of a
manufacturing system

Regardless of the nature of the manufacturing organization or the product
being manufactured, all manufacturing systems have a number of common
characteristics, which are:

1. All systems will have specific business objectives to meet in the most
cost-effective manner.

2. All systems consist of an integrated set of sub-systems, usually based on
functions, which have to be linked according to the material processing.

3. All systems must have some means of controlling the sub-systems and
the overall system.

4. To operate properly, all systems need a flow of information and a
decision-making process.

All of the above must be incorporated into the manufacturing system to
allow stable operation in the rapidly changing global market in which most
organizations compete. Each organization has its own unique manufacturing
system, developed to support its specific objectives and deal with its own
unique problems. However, the sub-systems within each can be represented
as shown in Fig. 1.3. It is clear from the figure that the sub-systems are built

Market
Product need Need satisfied
(Identified by (Supported by
market research) sales and customer service)
Money Product
from
sales
Product i
e Product
specification distribution
and design

Product
manufacture

Money from Money to banks
banks and and shareholders’
shareholders Materials materials and
wages, etc.

Figure 1.3 The manufacturing system (Mair, 1993)



6 Process Planning

1.7 Developing a
manufacturing strategy

around the main functions or departments of the organization and these can
be further broken down. This aspect of manufacturing organization will be
considered further in Section 1.8.

As stated previously, all manufacturing systems have specific business
objectives to be achieved, which are driven by the organizational mission
statement. These business objectives are then used to generate the business
strategy. The business strategy should be developed to allow the organiza-
tion to meet its business objectives but be flexible enough to accommodate
change. The business strategy in turn is used to formulate both the market-
ing strategy and the manufacturing strategy. Finally, the implementation of
these strategies will require people and processes as illustrated in Fig. 1.4.

The manufacturing strategy can be defined as a long range plan to use the
resources of the manufacturing system to support the business strategy and
in turn meet the business objectives (Cimorelli and Chandler, 1996). This in
turn requires a number of decisions to be made to allow the formulation of
the manufacturing strategy. Six basic decision categories have been identi-
fied and these are (Hayes and Wheelright, 1984):

Capacity decisions — these deal with how customer demand is met in terms
of the resources available and those required. In effect the questions being
asked are, what has to be made, what will be used to make it and when and
how will this be achieved?

Process decisions — this is basically about deciding which type of system
should be employed. This is complicated by the fact that most companies
employ hybrid systems. This decision is linked to four distinct processing
strategies that are discussed in Section 1.10.

statement

Business objectives

v
Business strategy
L] L]
Marketing strategy Manufacturing strategy
L] L]

People and processes

Figure 1.4 Developing a manufacturing strategy
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1.8 Manufacturing
organizational structures

Facility decisions — the main focus of this decision is the layout of plant at a
factory level, and the assigning of specific products to specific plants at an
organizational level. The types of plant layout that can be used will be con-
sidered further in Section 1.11.

Make or buy decisions — the essence of this decision is identifying what is to be
made inhouse and what is to be sub-contracted. This is particularly important
as it will influence the capacity, facilities and process decisions. This will be
discussed further in Chapter 9.

Infrastructure decisions — this decision considers the policies and organiza-
tion required to meet the business objectives. Specifically it will consider the
production planning and control system, the quality assurance system (con-
sidered further in Chapter 8) and the organizational structure.

Human resource decision — obviously other decision categories can have a
huge influence on this decision. The two main decisions are identifying the
functions and organizational structure required (both of which are consid-
ered further in Section 1.8) and the reward system, that is, pay, bonuses, etc.

All of the above will be considered further to some extent in this book. In the
remainder of this chapter the facilities decisions, process decision, infrastructure
decision and, in part, the human resource decision, will be discussed further.

In Section 1.4, it was explained that the sub-systems of the manufacturing
system are based on the functions or departments within the organization.
The organization of these functions plays an important role in the achieve-
ment of the system objectives. Therefore, once the functions required have
been identified, the most appropriate organizational structure must be
employed to help achieve the system objectives.

1.8.1 Typical functions in a manufacturing organization

Although every manufacturing organization is unique in some respect, there
are six broad functions that can be identified in almost any manufacturing
organization. These are sales and marketing, engineering, manufacturing,
human resources, finance and accounts and purchasing. The general respon-
sibilities of these functions are as follows:

Sales and marketing — this part of the organization provides the interface
with the market. The main responsibilities of this function are to ensure a
steady flow of orders and consolidate and expand the organization’s share of
the market. Typical sub-functions might include sales forecasting, order pro-
cessing, market research, servicing and distribution.

Engineering — typically under this functional heading the sub-functions would
include product design, research and development (R&D) and the setting of
specifications and standards. The level to which R&D is carried out will depend
on the product. For example, in high-tech products, R&D will play a major role
in determining the use of materials and processes and future product design.
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Manufacturing — the diversification of the manufacturing function will depend
very much on the size of the organization. Typical sub-functions might
include:

e Production planning with responsibility for producing manufacturing
plans such as the master production schedule (MPS) and the materials
requirements plan (MRP).

e Quality assurance whose job it is to ensure that products are being made
to the required specification.

e Plant maintenance with the responsibility of ensuring that all equipment
and machinery is maintained at an appropriate level for its use.

e Industrial engineering whose responsibilities include the determination of
work methods and standards, plant layouts and cost estimates.

o Manufacturing engineering whose responsibilities includes manufactur-
ing systems development, process development, process evaluation and
process planning.

e Production/materials control who coordinate the flow of materials and
work through the manufacturing plant (work-in-progress). Stores will
usually be included in this function.

e Production whose responsibility it is to physically make the product.

Human resources — this is again a broad heading that typically will include
sub-functions such as recruitment, training and development, labour rela-
tions, job evaluations and wages.

Finance and accounts — the main responsibilities of finance include capital
financing, budget setting and investment analysis. Accounts generally deal
with the keeping of financial records including cost accounting, financial
reporting and data processing.

Purchasing — this primarily involves the acquisition of materials, equipment
and services. They must ensure that the above support the manufacturing
capabilities by satisfying their supply need. They must also ensure the qual-
ity and quantity of supplies through vendor rating.

1.8.2 Types of organizational structure

How the above functions are represented within an organization will depend
mainly on the size of the organization. For example, in a small organization
some of these functions may be combined such as purchasing and finance and
accounts. However in a large organization there may be further diversification
of functions, creating more departments such as sales and marketing being
large separate departments. How these are organized will also depend on a
number of factors. These will include, among others, the size of the organiza-
tion, how many facilities/locations there are within the organization, the com-
plexity of the products being manufactured and the variety of products
manufactured. Finally, the ‘style’ of management employed, that is, central-
ized or decentralized, will be a major factor in the type of structure employed.
In an organization with a centralized structure, management responsibility
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and authority is held within the upper levels of the organization. However, in
a decentralized structure, some of the responsibility and authority is pushed
down to the lower levels. This allows decisions to be made at the levels most
affected by them. It also frees senior management from the day-to-day
decision-making. Taking all of the above into account, there are three basic
organizational structures employed in manufacturing (Coward, 1998):

e a functional structure;
e a product structure;

e a matrix structure.

Functional structure

The most common structure employed is that which organizes the depart-
ments around the functions within the organization, that is, a functional struc-
ture. This type of structure also tends to be hierarchical in nature as shown in
Fig. 1.5. The main advantage of this type of structure is that the knowledge
and expertise of each function is concentrated in one part of the organization.
However, in larger organizations with a functional structure, there tend to be
conflicts of interest between departments, based on conflicting departmental
objectives. For example, while marketing and production might want high
inventories to ensure availability of product and continued production, finance
will want to minimize inventories to minimize costs. Finally, a functional
structure usually employs a centralized style of management.

Managing
Director

i

Sales and ’ . . Human Finance and ;
marketing Engineering | - Manufacturing| | o551 rces accounts Purchasing
— Forecasting [—Product — Production Recruitment | Finance | |Accounts| Buying
design planning
— Order Training and Capital Vendor
processing Research and |~ Quality development [~ 2o Cost ) rating
development assurance ) accounting
L Market Industrial
research Standards and — Plant relations Budgeting Financial
specifications | maintenance reporting
L Service and Investment
distribution — Industrial analysis Data
engineering processing
— Manufacturing
engineering
— Production
control
— Production

Figure 1.5 A functional structure



10 Process Planning
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Engineering Engineering Engineering  |Finance and| | Sales and . Human
. Purchasing
. ) ) accounts marketing resources
Manufacturing =Manufacturing = Manufacturing

— Capital — Forecasting — Buying Recruitment

finance
— Order Vendor Training and

—Budgeting | processing  rating development

— Investment — Market Industrial
analysis research relations

— Cost — Service and
accounting  distribution

I~ Financial
reporting

— Data
processing

Figure 1.6 A product structure

Product structure

Many large manufacturing organizations produce a diverse range of prod-
ucts. In such organizations, it is common to employ a structure based on the
products manufactured, that is, a product structure. This generally means
splitting the organization into product divisions, all of which incorporate the
functions required to manufacture the specified product. However, indirect
functions such as sales and marketing, finance and accounts, human resources
and purchasing will generally be shared across the group. Each division will
also tend to act as an autonomous business unit. The main advantage of this
approach is that the required product expertise is incorporated into a single
part of the organization. However, the main disadvantage is the duplication
of functions across divisions as illustrated in Fig. 1.6. Finally, product struc-
tures tend to employ a decentralized management style.

Matrix structure

In essence, a matrix structure is an attempt to obtain the benefits of both func-
tional and product structures. This is based on one manager being responsible
for functions and products in one area and is similar to the product structure
in this respect. However, the main difference is that the matrix groupings are
temporary. This is to allow the resources for each group to be changed. This
is based on a continuous review of resources carried out to ensure that the
allocation of resources is appropriate for each group. Ultimately, this gives
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Managing
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Figure 1.7 A matrix structure

1.9 Categories of
manufacturing system

the matrix structure more flexibility than the product structure. Finally, the
management style employed in a matrix structure is decentralized. An exam-
ple of such a structure is illustrated in Fig. 1.7.

1.8.3 Organizational management levels

Within all manufacturing organizations there are usually three distinct levels
of management. These are referred to as strategic, tactical and operational
management.

Strategic level — this level is usually associated with senior management. This
involves the setting of short- and long-term business objectives that will give
the organization a competitive advantage over other similar organizations.

Tactical level — this level is associated with middle management. The main
function of this level is to develop the plans by which the business objectives
can be met using the organization’s resources.

Operational level — this level is the frontline management and the main function
of this level is to ensure the everyday operations are planned and monitored.

There are two basic categories of manufacturing system:

e discrete parts manufacturing;

e continuous process manufacturing.

Discrete parts manufacturing involves the manufacture of individual items
and can be further classified into:

e project manufacture;

e jobbing shop manufacture;
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e Dbatch manufacture;

e mass/flow manufacture.

However, in recent times another system of manufacture has been developed
called cellular manufacture. In cellular manufacture, processes are grouped
according to the sequence and operations required to make a particular prod-
uct. In effect, this is another discrete parts manufacturing system.

1.9.1 Project manufacture

The defining feature of project manufacture is the type of layout employed
and the fact that there is a very low production rate, that is, not many units
produced. The layout is known as a fixed position layout. In the fixed posi-
tion layout, the product remains at the same location, that is, a fixed position,
usually due to the size/weight of the product. The workers and all tools and
equipment are then brought to the product to carry out work. It should be
noted that component parts, sub-assemblies and assemblies might be manu-
factured elsewhere and then brought to the product location. The workers are
usually highly skilled and material handling is high. It is also common for
products manufactured using this layout to be one-of-a-kind, for example,
ships, aircraft, space vehicles, bridges, buildings, etc. This approach to manu-
facture offers a number of advantages:

e there is reduced material movement;

e used with a teamwork approach it can improve continuity of operations;

e it is flexible in terms of coping with changes in product design,
changeovers and volume.

There are also a number of disadvantages:

e increased movement of personnel and processing equipment;
e may require duplication of processing equipment;
e increased work-in-progress;

e increased space requirements.

This is, in effect, a specialist job shop environment.

1.9.2 Jobbing shop manufacture

The jobbing shop’s distinguishing feature is the production of a wide variety
of products. Manufacture is very often specific to customer order and specifi-
cation. This usually means very small lot sizes and very often the production
of one of kind. However, some job shops manufacture to fill finished goods
inventories. As a wide variety of products are produced, a wide variety of
manufacturing processes is required. The product variety also means that the
workforce must be highly skilled in order to fulfil a range of different work
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assignments. Typical products of job shops are special purpose machine
tools, fabricated sub-assemblies and components for the aerospace industry.

Within job shops, production equipment is usually general purpose and
generally arranged according to the general type of manufacturing process.
For example, the lathes are in one department, milling machines in another
and drill presses in still another and so forth. This is known as a process-
Sfocused layout and allows the job shop to make such a wide variety of prod-
ucts. Each different part requires its own unique sequence of operations and
therefore requires to be routed through the manufacturing system by means
of a routing sheet. In general, forklifts and handcarts are used to move
material from one process to another. It is estimated that as much as 75 per cent
of discrete part manufacture is made in lots of 50 (DeGarmo et al., 1988) or
less. Thus, the job shop system is an important method of manufacture.

1.9.3 Batch manufacture

The main feature of batch manufacture is the production of medium size lots
of a product in either single runs or repeated runs at given times. The lot size
range is approximately 5—1000 and even possibly more. Again, as the prod-
uct variety can be high, the number of processes required is high and there-
fore the equipment is general purpose. Similar to job shop manufacture, the
workforce must be skilled and flexible to cope with the high product variety.
The process-focused organization of the job shop is also equally applicable
for batch production. Therefore job and batch manufacture are often con-
fused because they have the following common characteristics:

o the flow of manufacture will be intermittent;
e some parts will be for customer orders and others for stock;
e schedule control of orders will be required to ensure delivery times are met;

e there is a high product variety.

To differentiate between job and batch manufacture, it is not the number
of components that is the deciding factor, but the organization of the manu-
facture itself. For example (Timmings, 1993), consider the manufacture of
one lot of five components. These could be made by five operators with each
making a component outright. This is what would normally happen in a job
shop. However, each component could be passed from operator to operator
with each specializing and completing a particular operation. In this case, the
manufacture would be classified as batch production.

1.9.4 Flow/mass manufacture

The main characteristic of flow line manufacture is the high volume of prod-
ucts produced. It is usually referred to as mass manufacture due to the very
large quantities of products manufactured. It is also common for mass manu-
facture systems to have high production rates.

With regards to the process equipment this tends be of a specialized
nature, with processes being dedicated to a particular product. In fact, very
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often processes are designed exclusively to produce a particular product. This
means that investment in specialized machines and tooling is high. The skill
level of the workforce tends to be lower than that of both job and batch manu-
facture. This is due to the fact that the manufacturing skill is transferred from
operator to machine through the specialist nature and design of equipment.

Products flow through a sequence of operations by material-handling
devices such as conveyors and other transfer devices. They move through the
operations one at a time with the time at each process fixed. In flow line manu-
facture, the organization of the process equipment is product focused. In this
type of manufacturing system, the equipment is arranged in order of the
product’s sequence of operations. This means that equipment is arranged in
a line with generally only one of each type of process. The exception to this
is where duplicates are needed to balance the time taken for a particular
product. The line is organized to make a single product or a regular mix of
products.

1.9.5 Cellular manufacturing

A cellular manufacturing system is usually composed of a number of linked
cells. The cells themselves usually compose of a number of grouped
processes. These are normally grouped according to the sequence and opera-
tions needed to make a particular component part, sub-assembly or product.
The arrangement within the cell is much like that of a flow system, but it is
more flexible. Cells are normally laid out in a U-shape so that workers can
move from machine to machine, loading and unloading parts. Usually there
are high levels of automation within cells, including all machines being
capable of running unattended and switching themselves off after the machin-
ing cycle is complete. This also allows the operators to carry out manual oper-
ations such as finishing and inspection or walk from machine to machine.

To implement a cellular manufacturing system, the current system must be
converted in stages. This will entail taking parts of the current system and
converting it into cells. The cells should be designed in such a way as to
allow the manufacture of specific groups or families of parts, that is, parts
which have the similar geometrical features and require the same manu-
facturing processes to make. One method used in converting traditional
manufacturing, particularly the jobbing shop, to cellular manufacturing is
group technology. This is a technique that helps group parts into compatible
families.

Cells are generally linked directly to each other or to assembly points.
They can also be indirectly linked by the pull inventory system known as
Kanban. Finally, the cells can be linked in such a way as to allow the syn-
chronous operation with sub-assembly and final assembly lines. With regards
to the workforce, it may be the case that they move around the cells employ-
ing different processes. Therefore, workers are usually required to be multi-
functional.

Cellular manufacturing has many features that make it different from the
traditional manufacturing systems. Parts usually move one at a time from
machine to machine instead of in batches. When a cell worker completes a
journey round the cell a part should have been completed. Set-up times also
tend to be shorter than for traditional systems. The lead times for parts and
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products also tend to be shorter. This is because the machines can run
unattended and thus more than one operation at a time can be carried out. In
general, cells are more flexible and more responsive, allow for shorter set-up
and lead times and can provide higher productivity.

1.9.6 Continuous/process manufacture

Continuous/process manufacture involves the continuous production of a
product and often uses chemical as well as physical and/or mechanical
means, for example, sugar production, fertilizer production, etc. The main
characteristic of continuous manufacture, sometimes referred to as process
manufacture, is the fact that the equipment is in operation 24h a day for
weeks or even months without a halt. However, this rarely happens due to
equipment breakdown and/or planned maintenance. There is no discrete
product manufactured. Instead the product being made is manufactured in
bulk and output is likely to be measured in physical volume or weight.

The process equipment will be highly specialized, probably automated,
and thus very expensive and will be organized in a product-focused arrange-
ment. However, the workforce is likely to be varied in skill level depending
on their role, that is, semi-skilled plant operators, skilled maintenance tech-
nicians, etc. Continuous processes tend to be the most efficient but the least
flexible of the manufacturing systems. Also, there tend to be by-products
from this type of manufacture as illustrated in Fig. 1.8.

Very often high-volume flow manufacturing is confused with continuous
manufacture because of the following common characteristics:

e manufacture is usually continuous in both;
e manufacture is in anticipation of sales;
e the rate of flow of manufacture will be strictly controlled,;

e there is a small product range.

The way to differentiate between the two is by the fact that in continuous
manufacture the product physically flows, for example, oil, food processing,
chemical processing, steel making, etc.

1.9.7 Summary

It can be seen from the above descriptions of the five traditional manufac-
turing systems that a trend emerges with regards to quantity and product
variety. This is illustrated in Table 1.1. At one end of the spectrum is the
project approach with one-offs and high product variety while at the oppos-
ing end is continuous manufacture with huge quantities of only a few
similar products. This illustrated in Fig. 1.9. It should also be noted that cel-
lular manufacturing attempts to apply flow-manufacturing principles
to the manufacture of small lots and therefore cuts across both job and batch
manufacturing in Fig. 1.9. All five traditional approaches are summarized
in Table 1.2.
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TABLE 1.1 Summary table of traditional manufacturing systems

Manufacturing system

Description

Examples

Project

Jobbing shop

Batch

Mass/flow

Continuous/process

The manufacture/construction of large
one-off products over a lengthy period
of time with very low production rates

One-off or small quantity manufacture of
products made or engineered to order
employing a single operator or a group
of operators

Involves the manufacture of products from
5 to 1000 units to order or sometimes
any quantity in anticipation of orders

The manufacture of very large quantities
of products made for stock in
anticipation of customer orders

The plant is in effect one huge process with
raw materials the input and finished
goods inventory the output in
anticipation of customer orders

Bridges, ships, aircraft, oil rigs, space
vehicles, large special purpose
machine tools

Special purpose machine tools,
fabricated sub-assemblies and
components for aerospace

Spares/components for aerospace and
automotive products, general purpose
machine tools, electronic assemblies

Cars, domestic appliances such as
televisions, fridges, cookers, etc.

Plastic, glass, petrochemical
manufacture, steel

1.10 Processing
strategies
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Figure 1.9 Product variety versus quantity for traditional manufacturing

systems

facturing, which are:

e make to stock (MTS);

e assemble to order (ATO);
e make to order (MTO);

e engineer to order (ETO).

The process decision is further linked to four distinct strategies within manu-



TABLE 1.2 Summary table of characteristics of traditional manufacturing systems

Characteristic Manufacturing system
Project Jobbing Batch Mass/flow Continuous
Type of equipment Mixture of general General purpose, General purpose, Specialized, single Specialized and
purpose/specialist flexible equipment  flexible equipment purpose equipment generally high
equipment technology based
Process layout Fixed position Process-focused Process-focused Product-focused Product-focused
Workforce Highly skilled Highly skilled Highly skilled Skilled but with Skill level varies
and flexible and flexible and flexible only one function according to
function
Lot sizes Mostly one-offs Generally small, but  Generally medium,  Large Very large
can be medium but can be small
Product variety Very high Very high High Medium-low Very low
Production rate Very low Low Low—-medium Medium-high High
Set-up time Very long and Long, but variable,  Long, but variable, Long and complex Long, complex,
variable and also frequent and also frequent expensive and
infrequent
Manufacturing lead time Very long and Long and variable Long and variable Short and generally ~ Very short

variable

constant
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1.10.1 Make to stock (MTS) strategy

Product-focused manufacturing companies tend to use an MTS strategy. The
feasibility of this strategy relies on the fact that companies with product-
focused manufacturing systems produce large quantities of a few standard
products for which there is a predictable demand pattern. Further character-
istics of this strategy are short customer delivery times, which is dependent
on the finished goods inventory and high inventory costs. The MTS strategy
also assumes reasonably long and predictable product life cycles. Finally, the
interface with the customer tends to be distant and they are unable to express
preferences with regards to the product design. All of the above are typical
of companies who operate a mass manufacturing system.

1.10.2 Assemble to order (ATO) strategy

The ATO strategy is an approach to producing products with many options
from relatively few major sub-assemblies and parts after having received
customer orders. This entails manufacturing the above sub-assemblies and
parts and holding them in stock until a customer order arrives. The specific
product the customer requires is then assembled from the appropriate sub-
assemblies and parts. The stocking of finished goods inventory is economi-
cally prohibitive because there are usually numerous options available and
demand cannot be accurately forecast.

Companies employing an ATO strategy usually also employ a hybrid of
process- and product-focused process layouts. This is because high-volume
sub-assemblies and parts can be manufactured with a product-focused layout
while low-volume sub-assemblies and parts can be manufactured with
process-focused layouts. A manufacturing company operating with this strat-
egy will primarily have contact with customers in a sales capacity only.
Delivery time is low to medium and is based on the availability of the major
sub-assemblies and parts.

1.10.3 Make to order (MTO) strategy

Many process-focused firms use an MTO strategy. This is because it allows
the manufacture of products to customer specifications. To cater for customer
specifications, this means that the product is not completely specified. This
in turn means that manufacture does not commence until the customer order
is received. Due to the fact that the customer is involved in the specification
of the product, they will have extensive involvement not only with sales but
also the engineering function of the manufacturing company. Delivery times
range from medium to long and are based on the availability of capacity in
both engineering and manufacture. This type of strategy is typically used in
project, jobbing and batch manufacture in order to cope with the wide prod-
uct variety required.

1.10.4 Engineer to order (ETO) strategy

ETO strategy is an extension of the MTO strategy with the engineering
design of the product based on the customer requirements and specifications.
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1.11 Plant layout
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Figure 1.10 Relationship between manufacturing system, product variety
and processing strategy (© Addison Wesley Longman Limited 1998,
reprinted by permission of Pearson Education Limited)

This strategy exhibits the same characteristics as MTO. However, the level
of customer contact with the manufacturing organization is even greater.
This approach is typical of jobbing shops that specialize in one-off or one of
a kind production.

1.10.5 Summary of strategies

Very few companies, with regards to both the manufacturing system and
strategy employed, belong to one specific category. In fact most companies
could be classified as hybrids. For example, a company may be a hybrid of
MTS and MTO. This implies that it holds finished goods inventory for which
there is a steady demand, but also has the ability to configure products to cus-
tomer needs when required. It is clear that in the progression from MTS to
ETO, product variety and the degree of customization greatly increase as is
illustrated in Fig. 1.10 (adapted from McMahon and Browne, 1993). It has
been argued that in recent times manufacturing has actually moved along
steadily from MTS to ETO as markets have become increasingly more
competitive and customers demand more specialist, customized products.
Table 1.3 compares the four strategies.

The focus of this part of the chapter is plant layout design. This will broadly
consist of identifying the types of layout employed in manufacturing and the
design of such layouts. In the previous sections, the process decision with
regards to the type of systems and processing strategies that can be used have
been considered. In this section, the facilities decision will be considered.
When developing the manufacturing strategy this is, in essence, about plant
design. This can be further broken down into three further subjects, namely
plant facility system design, plant layout design and material handling sys-
tem design (Tompkins et al., 1996) as illustrated in Fig. 1.11.
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TABLE 1.3 Comparison of MTS, ATO and MTO/ETO

Characteristic ATO MTO/ETO

Customer relationship Low/distant Sales level Engineering and sales level

Lead time Normally short and Short to medium and Normally long and dependent
dependent on dependent on the on the available capacity of
finished goods availability of finished both engineering and
inventory and sub-assemblies and manufacturing
availability component parts

Manufacturing volume High Medium to high Low

Product variety Low Medium to high due to High

Product specification

availability of different
arrangements of
sub-assemblies and
component parts

No customer input  Based on customer orders for ~ Generally based on customer

customized arrangements of requirements and
sub-assemblies specifications
and component parts

Facilities
decision

Plant

location

Plant
design

These can be further defined as follows:

Plant facility systems design considers the structural systems, heating, ven-
tilation and air conditioning (HVAC) and general services, that is, water,
electrics, lighting, etc.

Material ~ Plant  Plant  Plant layout design considers equipment and machinery within the produc-

handling facilities layout

system design
Y 9 facility.

Figure 1.11 Facilities deci-
sion (adapted from Tompkins,
JA., White, JA., Bozer, YA.,

tion area, all production related areas and often personnel areas within the

Material handling systems design considers the materials, personnel and
equipment handling systems required to support production.

Frazelle, E.H., Tanchoco, JM.A.  From the above, it can be seen that the first element is clearly the remit of the
and Trevino, J. Facilities Plan-  Building Services Engineer and outside the scope of this book. However, the
ning, 2 edn. © 1996. Reprinted  other two will be discussed briefly in this section.

by permission of John Wiley &

Sons, Inc.)

1.11.1 What is plant layout?

As discussed above, plant layout focuses on the equipment and machinery
within the production area and all related areas. However, this requires fur-
ther definition. Plant layout is about the physical arrangements of depart-
ments, workgroups within departments, workstations, machines and
stock-holding points within a manufacturing facility. These are also some-
times referred to as economic activity centres or work centres. The objective
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is to arrange the people and equipment to operate effectively and allow the
smooth flow of work. In general, the inputs to the layout decision are as fol-
lows (Chase et al., 1998):

e specification of the objectives and criteria used to evaluate the layout
design. Typical examples are the required space and the distance trav-
elled between centres;

e estimates of product demand on the system;

e processing requirements in terms of the number of operations and
amount of flow between the elements in the layout;

e space available within the facility, or if a new facility, the building
configuration.

Not only does the plant layout affect the operational level of an organiza-
tion, but can also have strategic implications. For example, layout can
improve how an organization meets its objective by (Krajewski and Ritzman,
1996)

e facilitating the flow of materials and information;

e increasing the efficient utilization of labour and equipment;
e reducing hazards to employees;

e improving employee morale;

e improving communication.

1.11.2 Types of plant layout

In the earlier part of the chapter, a number of manufacturing systems were
introduced. In discussing these systems, four types of layout were briefly
mentioned namely fixed position layout, process layouts, product layouts
and cellular layouts. The first three are the three basic types of layout.
Cellular layouts, or group technology (GT) layouts as they are also known,
are classified as hybrid type. All four will be defined in the following
sections.

1.11.3 Process layouts

A process layout is one where the processes, workstations or departments are
organized according to function. This type of layout is typically used in low-
volume, high-variety manufacturing where demand is too low or unpre-
dictable for resources to be dedicated to a particular product or product
groups, that is, a job shop. For example, in the metal-working job shop in
Fig. 1.12, similar processes are grouped together such as drills and lathes.
A part being manufactured then travels from area to area according to the
route sheets and is processed in accordance with the operations lists, that is,
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Figure 1.12 Process-focused layout

the process plans. Advantages of a process layout when compared to a prod-
uct layout include:

resources are general purpose and thus less expensive;
it is more flexible as it is less vulnerable to changes in products;

equipment utilization is higher as processes are used across a high
variety of products;

employee supervision can be more specialized which is important due to
the high skill factor of personnel.

However, the process layout also has some distinct disadvantages including:

processing rates tend to be slower;

production time is lost due to set-up due to frequent product changeover;
high inventory required to keep workstations busy;

lead times tend to be long and variable;

too much material handling;

the numerous routings and flows across the shop floor necessitate the use
of simple carrying devices such as carts;

production planning and control is more difficult;

Therefore, the major challenge of using a process layout is to locate centres
in such a way to minimize the jumbled flow across the shop floor.
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1.11.4 Product layout

In a product layout, processes, workstations and departments are arranged in
a line as illustrated in Fig. 1.13. The arrangement of these is determined by
what resources are required to manufacture the product, which will be
detailed in the process plans. This makes the location of centres easy as the
sequence of operations will also be as detailed in the process plans. Although
product layouts may be in a straight line, this is not necessarily always the
case, and they are often referred to as production lines. They typically
employ equipment dedicated to a particular task and each line deals with
only one product or product family. As such, they are employed for high-
volume, low-variety manufacture. Product layouts have a number of distinct
advantages over process layouts for high volume production. These include:

e high production rates;

e low work-in-progress inventory;

e minimizing material handling;

e minimizing lost production time due to changeovers;
e case of production planning and control.

However, there are also a number of disadvantages to consider for product
layouts. These are:

e as product designs change, so too must the product layout. This is a prob-
lem for organizations that manufacture products with short life cycles;

e as the layout is based on the product it is less flexible;

e process breakdowns can halt an entire production line;

e the capacity of the line is determined by the bottleneck work centre;

e poor use of resources for low-volume products.

The main objective of employing a product layout is to organize the work-

stations in such a manner as to achieve the required output with the minimum
resources.
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Figure 1.13  Product-focused layout
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1.11.5 Fixed position layout

In the fixed position layout the product remains at the same location, that is,
a fixed position, usually due to the size/weight of the product. The workers
and all tools and equipment are then brought to the product to carry out work
as illustrated in Fig. 1.14. It should be noted that component parts, sub-
assemblies and assemblies might be manufactured elsewhere and then
brought to the product location. The workers are usually highly skilled and
material handling is high. It is also common for products manufactured using
this layout to be one of a kind, for example, ships, aircraft, space vehicles,
etc. The advantages and disadvantages of a fixed position layout are the same
as those stated for project manufacture in Section 1.9.1.

1.11.6 Hybrid layouts

As was discussed in the earlier part of this chapter, in reality the majority of
organizations employ hybrid layouts. For example, many organizations have
process layouts to manufacture component parts that are unique to a single
product and produced in low volumes, but employ a product layout to manu-
facture high-volume common parts and for assembly. Cellular/GT layouts
are hybrid layouts as are flexible manufacturing systems (FMS). The use of
group/cellular layouts can result in the following advantages:

e higher process equipment utilization;

e less material movement than process layouts;

e offers benefits from both process and product layouts.

As always, there are disadvantages and these are:

e often requires multi-skilling of cell members;

e dependent on balancing flow through cells to avoid high work-in-progress;

e has some of the disadvantages of both process and product layouts.

A typical hybrid layout is illustrated in Fig. 1.15.
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1.11.7 Summary

In determining the layout of a particular plant, there are basically four types
of layout, namely process layouts, product layouts, fixed position layouts and
hybrid layouts. The major influence in determining which is the most suit-
able will be the volume and variety of product to be manufactured. Other cri-
teria that may be used will include the cost of the layout, the materials
handling requirements, the flexibility of the layout, stock requirements and
ease of maintenance.

There are two distinct engineering functions with direct responsibility for the
manufacture of a product, namely industrial engineering and manufacturing
engineering. Industrial engineering, whose main responsibility is usually to
support manufacturing engineering, is considered as an indirect function in
many manufacturing organizations and for costing purposes is included in
the plant overheads (Tanner, 1996). The main focus of the industrial engineer
is how the work is done and improving this if possible. Therefore, industrial
engineering is involved in:

Methods analysis — studying how the work is performed and determining
how this can be improved in terms of productivity and quality.

Work measurement — determining how long a job takes through carrying out
time studies and developing standard times for every task.

Plant layout — determining the physical layout of the equipment and machin-
ery on the shop floor and related areas, that is, influencing the facilities decision.

Material handling — determining the design of the handling systems required
to support the flow of material through the plant layout, that is, again influ-
encing the facilities decision.

Plant maintenance — determining a suitable plan for the upkeep of equip-
ment and machinery directly involved in manufacturing.
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1.13 Summary

It should be noted that the last three tasks listed above sometimes come under
the heading of plant engineering in manufacturing organizations.

Manufacturing engineering is generally responsible for all phases of prod-
uct manufacture, with the exception of product design. There are four specific
areas of responsibility for manufacturing engineering:

Manufacturing systems development — this particular aspect of manufactur-
ing engineering is often carried out in conjunction with industrial engineer-
ing. This is due to the fact that manufacturing systems development
incorporates the likes of methods analysis, work measurement, plant layout
and materials handling, which have already been defined as responsibilities
of industrial engineering.

Process development — again this tends to be carried out in conjunction with
industrial engineering and involves the evaluation, application and implemen-
tation of appropriate new technologies. Considering the rapidly changing tech-
nologies involved in manufacturing, this can often be a major undertaking.

Process evaluation — this involves determining the capabilities of the
machines, tools and staff to allow appropriate types of work to be allocated
to each work centre. This may be carried out in conjunction with quality
engineering, particularly if capability studies are required.

Process planning — this is traditionally considered to be the main role of manu-
facturing engineering and entails planning the manufacture of the product.
Based on a thorough knowledge of machines, tools, methods, staff, materials
and product specifications, manufacturing engineering will select and sequence
the processes and operations required to transform the chosen raw material
into the finished component. This particular task is the focus of this book and
in the next chapter the activities involved in process planning will be discussed.

As has been illustrated in this chapter, manufacturing and its organization can
be particularly complex. There are various decisions that have to be made that
will influence how a manufacturing organization will operate. Most will include
the functions outlined in this chapter to a greater or lesser extent and organize
these according to one of three types of structure, that is, functional, product or
matrix. Most will also employ a hybrid of particular approaches to manufac-
turing, that is, job and batch manufacture, batch and mass manufacture, etc.
depending on the complexity of the product and the demand for that product.

However, regardless of the functions, structures and approaches employed,
in a modern context manufacturing is about taking raw materials and pro-
cessing them and adding value. In an efficient manufacturing organization,
the cost of the processing will be less than the added value to allow a profit
to be made. Therefore, to ensure this is the case, manufacturing engineering
must develop plans for the manufacture of products that make the best use of
the resources employed, such as machines, tools, materials and people, that
is, cost-effective process plans.
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Case study 1.1:
Re-organization at
Edward Marks Ltd"

Introduction

The performance of Edward Marks Ltd had been poor recently. A number of
managers within the organization have identified the root cause of the prob-
lem as poor communication throughout the organization. This was based on
the observation that many of the departments within the organization were
pursuing their own objectives, regardless of the effects these had on other
departments. Frequently, the detailed information and the decisions made,
based on this detailed information, were not fully understood.

There had recently been a change in the position of the Managing
Director (MD), and as part of an initiative to improve performance, he had
decided that a management audit was required. This was to be carried out by
a consultant provided by the Management Services of the parent group.

Problems as perceived by the MD
During his short spell at the company, the MD had observed the following:

1. There was a flat organizational structure with 20 department heads,
some called directors, but with no particular seniority (see Fig. 1.16).

2. Quality control and stores were split across two departments.

3. Power struggles occurred between department heads due to lack of defi-
nition of their roles and responsibilities.

4. Decision-making involved too many people.

5. Decisions made were left open for interpretation, and not all concerned
or affected were always informed.

6. Corporate communications were not coordinated with at least five direc-
tors communicating with the same customers.

7. There was very little product innovation due to the fact that nobody had
been allocated this responsibility.

The audit process

The Consultant formed an audit team consisting of the Marketing Director,
Production and Operations Managers and the Director of Special Projects.
The audit objectives were clear:

Identify the targets that have been set in the company strategy.
Check the targets are realistic.

Identify the problems preventing the target being achieved.
Identify the cost of failing to meet these targets.

Identify the changes required in order to meet the targets.

A i e

Identify the resources required to solve the problems.

* Adapted from Coward (1998).
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Figure 1.16 Organizational structure at Edward Marks Ltd (Coward, 1998)

The audit was to be carried out from the MD down to department heads and
beyond, if required.

Problems identified

The problems listed below are not an exhaustive list of the problems identified
during the audit. These are the major problems as perceived by the audit team.

1. The flat structure of the management organization was causing problems
due to lack of defined roles and responsibilities at the director/
department head level.

2. There was lack of ownership and communication. This manifested itself
in people at lower levels of the organization being unhappy at the lack
of information about the decisions being made.

3. There were major quality assurance problems that required urgent atten-
tion. This would require a cross-functional team to investigate and solve
these problems.

Proposed solution

After considering a number of proposals, it was decided that radical restruc-
turing could help all three major problems identified above. A product-based
structure would be implemented as illustrated in Fig. 1.17. This would reduce
the MD’s involvement with so many department heads. This would identify
clear roles and responsibilities for all managers and provide clear channels for
communication. In addition, a Quality Department would be set up to deal
with problems identified in the audit. The long-term objectives of the Quality
Department would be to put in place an appropriate quality system incorpo-
rating quality assurance, quality control and testing for all divisions. The
organization of the Quality Department would be as illustrated in Fig. 1.18.



Introduction to manufacturing 29

Group Board

of Directors

Managing

Director
Edward
Marks Ltd
|
[ I I I I I 1
Director Director Director Director Director Director Divisional
Desk Business Office Decoration| |Office Equipment Office Furniture Quality Services
Division Forms Division Division Division Division Management
I— Personnel
— Company
Secretary
— Company
Lawyer
— Finance
'— Marketing
Figure 1.17 Proposed structure at Edward Marks Ltd
Director
(Quality
Management)
I
[ I ]
Manager Manager
anage anage Manager
(Quality (Quality (Testing)
Assurance) control)
I
[ [ 1 AN . ) ]
Vendor Process Field Statistical Inspection Equipment Equipment
rating improvement quality quality commissioning  calibration

Figure 1.18 Quality Management Department at Edward Marks Ltd

Summary

Although implementing the above solution would go a long way in solving
the problems identified by the audit, it would not be painless. The two major
problems the restructuring would present are that of staff demotion and the
possibility of redundancies. The final problem to be overcome now is how
the change would be financed.

Discussion questions

1. What kind of organizational structure is in place originally?

2. What kind of problems does this structure create? Are these typical of
this type of structure?

3.  What, in theory, are the advantages of the original structure?
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Case study 1.2:
Manufacturing at
Stickley Furniture”

4. What surprising omission is there in the original structure?

5. How is the new structure going to solve the problems identified in the audit?

6. What are the main disadvantages of the new structure?

7. Can you suggest any other alternatives or improvements for the com-
pany structure?

Introduction

L & J.G. Stickley is a furniture manufacturer that specializes in off-the-shelf
and customized furniture made from fine cherry, white oak and mahogany. It
sells this furniture through eight retail outlets throughout New York State
where the company is based. In the rest of the United States, a network of
100 approved dealers is employed.

Manufacturing facility

The manufacturing facility is a large (see Fig. 1.19 for layout), rectangular
building with a 10m ceiling. There is a wide variety of equipment used. As
would be expected in a plant primarily processing wood, there are a number
of saws and sanders. One of the saws is a computer-controlled ‘optimizer’
saw used to reduce the raw lumber into production lengths. There is also a
number of presses employed for holding the glued sub-assemblies. There is
also a number of drilling machines. For special jobs, there is also a broach-
ing machine. Finally, there are two manual routers and two computer
numeric control (CNC) routers used for producing grooves and specialist
cuts respectively. There is also a custom shop that mainly consists of spe-
cialist hand tools. In addition to the production equipment, there is also a tool
room area. This has a variety of equipment that is used for maintaining cut-
ting tools and making replacements as and when required.

Furniture-making tends to be labour intensive regardless of the equipment
being used. The skill level of the workers ranges from low skilled to highly
skilled. For example, there are low skilled material handlers and highly
skilled craftsman such as the three master cabinetmakers that handle cus-
tomized orders. Finally, due to the nature of the processes being used, power
costs are in the region of $40000-50000 a month.

Material processing

The manufacture of any piece of furniture commences with the processing of
the raw lumber. This is carried out on the large ‘optimizer’ saw for improved
productivity and reduced waste. The lumber is cut into standard lengths for use
in production and approximately 3500 m in length are cut every day. The stan-
dard lengths are then cut for specific jobs using other saws. At this point,
depending on the part being produced, the material takes one of two processing

“Adapted from Stevenson, W.J. (1996). Production/Operations Management,
5th edn, Irwin. Reproduced with the permission of the McGraw-Hill Companies.
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Figure 1.19 Layout at Stickley

routes. Pieces being used for the likes of tops of tables, desks and dressers will
be glued together and then held 20-30 at a time in one of the presses. Pieces
such as table or chair legs, chair backs and other such items will undergo fur-
ther shaping on the routers. Regardless of whether the piece has been glued
or shaped, they all go through sanding to remove any excess glue, where nec-
essary, and to improve the surface finish. For particular jobs, holes may be
required using either the drilling or broaching machines, depending on the
shape. For jobs with specialist cutting requirements the CNC routers may be
used or even finished by hand carving by the cabinetmakers.

Next, the various components are assembled, either into sub-assemblies,
or sometimes directly to other parts to make a finished piece. Each item is
stamped with the date of production and components such as dresser draw-
ers, cabinet doors and expansion leaves of tables are also stamped to identify
their location (e.g. top drawer, left door, etc.). Careful records are kept so that
if a piece of furniture is ever returned for repairs, complete instructions are
available (type of wood, finish, etc.) to enable the repair to closely match the
original piece. The furniture items then usually move to the ‘white’ inventory
section, and eventually to the finishing department where linseed oil or
another finish is applied before the items are moved to the finished goods
inventory to await shipment to stores and customers.

Production planning and control

Although the demand is seasonal, a level production plan is employed. This
allows for both a steady output and workforce. Demand usually peaks in the
first and third quarters of the year. Therefore, during the second and fourth quar-
ters when demand drops off, the excess production goes into inventory to cope
with the peak demand. Priorities for shopfloor scheduling are based on current
inventory levels and processing times. In general, lot sizes are calculated using
the economic order quantity (EOQ) method and typically are 25-60 units.
There are usually a number of different jobs being processed at any one time.
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Chapter review questions

Inventory

In addition to the ‘white’ inventory and a small finished goods inventory, the
company maintains an inventory of furniture pieces (e.g. table and chair legs)
and partially assembled items. This inventory serves two important functions.
One is to reduce the amount of time needed to respond to customer orders
rather than having to go through the entire production process to obtain
required items, and secondly, it helps to smooth production and utilize both
equipment and workers. Because of unequal job times on successive opera-
tions, some workstations invariably have slack time while others work at
capacity. This is used to build up an inventory of commonly used pieces and
sub-assemblies. Moreover, because pieces are being made for inventory, there
is flexibility in sequencing. This permits jobs that have similar set-ups to be
produced in sequence, thereby reducing set-up time and cost.

Summary

Although the company was on the verge of bankruptcy and had only
20 employees in the early 1970s, under new ownership the company has
prospered in its current form. Due, in part, to the introduction of the cus-
tomized products, the business has flourished and now employs 650 people
and has annual sales of $65 million.

Discussion questions

1. Which type of manufacturing system is the primary mode of operation
at Stickley and why?

2. What other types of manufacturing system are being used? Explain your
answer.

Comment on the type of manufacturing layout.
Comment on the type of equipment utilized at Stickley.

Comment on the skills level of the staff at Stickley.

oS kW

Comment on the variety of product produced.

—_

Why is a healthy manufacturing industry important to the wealth of a
country?

2. What is meant by ‘adding value’ and how does this relate to
manufacturing?

In your own words, define what you think manufacturing is.

4. What is a manufacturing system and what are the main elements in its
composition?

5. What are the main inputs and outputs of a manufacturing system?
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

What are consumer products and producer products and how do they
relate to the inputs and outputs of a manufacturing system?

What are the common characteristics for all manufacturing systems?

What is a manufacturing strategy and how does it relate to the develop-
ment of other organizational strategies?

What are the main decision categories within the development of a
manufacturing strategy?

What are the main functions that are incorporated into a manufacturing
organization? How do these vary for organizations of different sizes?

What are the main influences on how the functions of a manufacturing
organization are arranged?

What are the main organizational structures employed in manufactur-
ing? Describe these in terms of their similarities and differences.

What is meant by discrete parts manufacture and how does this differ
from continuous manufacture?

What are the four traditional approaches to manufacturing systems?
Briefly describe each one.

Job and batch manufacture are often confused. What are their similar-
ities and differences and what is the distinction between them?

Flow and continuous manufacture are often confused. What are
their similarities and differences and what is the distinction between
them?

What is cellular manufacture and how does it relate to the four tradi-
tional approaches?

What advantages does cellular manufacture offer over the traditional
approaches to discrete part manufacture?

The process decision within the development of a manufacturing strat-
egy is linked to four distinct processing strategies. Identify and describe
these strategies. How do they relate to the approaches to manufacture
already described in questions 14 and 15?

How do the above processing strategies relate to manufacturing system
characteristics such as production quantity and product variety?

Identify and briefly describe the four types of layout used in manufac-
turing. How do they relate to the manufacturing systems approaches
already identified in questions 14 and 15?

What are the main advantages and disadvantages of a process layout
when compared to a product layout?

What is the main disadvantage of a product layout?

What is meant by hybrid layout and how does it relate to both the
process and product layouts?

Where is a fixed position layout likely to be used and why?
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2.1 Introduction

2.2 Aims and objectives

2.3 Design and
manufacture cycle

2 What is process
planning?

For an organization to manufacture a product that meets the design
specification, the manufacture of each component part of the product must
be thoroughly planned. However, merely ensuring that the product
meets the design specification and is of the required quality is not enough.
The manufacture of the product must be cost-effective, that is, maximize the
added value, and meet the agreed deadlines, that is, be completed on time.
Therefore, through process planning the manufacturing engineer is respon-
sible for ensuring that the product is manufactured to the correct
specification, at the lowest possible cost and completed on time.

The main aim of this chapter is to define process planning including the
identification of the main tasks undertaken in process planning.
On completion of this chapter, you should be able to:

e identify the functions involved in product design and manufacture;

e define the process planning activity;

e identify and describe the main tasks undertaken during process planning;
e identify and describe the various data used in process planning;

e identify and describe the main process planning documentation;

e identify and describe the relationship between process planning and other
manufacturing functions.

In Chapter 1, the functions incorporated into a manufacturing organization
were identified. One of these was engineering, which has the responsibility
for product design and R&D. In organizations that design and manufacture
products, these two functions must work together to ensure the products
manufactured meet the customer’s requirements. Although there are numer-
ous models of the design and manufacture cycle, a number of common
stages can be identified from each model. These stages are illustrated in
Fig. 2.1, which is, in essence, a blend of several of these models (Hawkes
and Abbinett, 1984; Mair, 1993; Chase et al., 1998).

Within this model, marketing is responsible for the promotion of existing
products in order to gain sales. It is also their responsibility to carry out mar-
ket research and identify possible gaps in the market for new products. If a
gap in the market is identified and there is a need for a product to fill this gap,
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Figure 2.1 Design and manufacture cycle

then a new product idea is generated. In conjunction with R&D, a product
design specification (PDS) will be developed. The PDS is a statement of the
constraints or conditions that the product design must adhere to and it
controls the design and manufacture of a product. It is constantly referred to
during the product design and development process (Pugh, 1991). It formally
states the customer needs. It also begins to quantify many of the aspects



What is process planning? 37

of the product design. Typically, the contents of the PDS will include
(Dieter, 2000):

e in-use purposes and market;
e functional requirements;
e corporate constraints;

e social, political and legal requirements.

Within these broad headings, there are many sub-headings and consequently
there is a wide variation on the content of specifications. However, it might
include data such as product appearance and performance, life expectancy,
maintenance and working environment among others.

The specification provides the foundation for the remaining stages of the
product design and manufacture. It is used to generate a number of possible
solutions at the concept design stage. All solutions generated are then
evaluated in order to determine which idea should be pursued. In general, the
solution taken forward will be a synthesis of the best characteristics and
attributes of all the concepts generated.

The next stage is the detail design where the design specification and the
concept design are used to embody the design. This means that all the nec-
essary information required to manufacture the product will be generated,
that is, drawings, parts lists/bills of materials, material specifications, etc. It
is also quite common for a cost analysis to be carried out on the design to
determine if is cost-effective, as it is estimated that up to 80 per cent of the
cost of a product is committed at this stage of the process (Whitney, 1991).
If the results of this analysis are unsatisfactory, then modifications may be
made to the design as illustrated in Fig. 2.1.

With all the design information required to manufacture the product final-
ized, a prototype of the product will be constructed in order to evaluate both
the function of the product and identify any manufacturing problems. Again, if
any problems arise design modifications may have to be made before
proceeding. It is also important that differences in the performance of manu-
facturing methods for a one-off product compared with volume manufacturing
are taken into consideration. This often results in a trial batch being manufac-
tured as part of the pilot and test run stage. Once the manufacturing methods
have been fully established, the production plans are developed to enable the
demand for the product to be met by manufacturing the right quantities at the
right time. Based on these plans, the manufacture of the product commences.

Finally, sales play three important roles in ensuring that the product design
and manufacture is successful. The first role is to generate customer orders,
which will also involve marketing in the promotion of the product. Sales will
also provide production planning with demand data in the form of firm orders,
forecast orders and service and repair requirements. Finally, usually as part of
the continuous improvement of the product, sales will provide marketing with
after sales data. This could lead to design modifications or even the develop-
ment of new product ideas based on the feedback from the customer market.

Therefore, from marketing, which identifies a gap in the market, to sales
which satisfies the market need, a complex process is undertaken that involves
many functions within the organization. The main functions involved in the
design and manufacture of a product will be discussed further in Section 2.5.
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2.4 What is process
planning?

2.5 Process planning —
the design/manufacture
interface

Process planning comprises the selection and sequencing of processes and
operations to transform a chosen raw material into a finished component. It
is the act of preparing detailed work instructions to produce a component.
This includes the selection of manufacturing processes and operations, pro-
duction equipment, tooling and jigs and fixtures. It will also normally include
determining manufacturing parameters and specifying criteria for the selec-
tion of quality assurance (QA) methods to ensure product quality. In some
cases, the process planning may be very straightforward, for example, a
component produced by injection moulding would only require two basic
manufacturing steps, namely the injection moulding itself and finishing in
the form of deburring. However, many components and products are very
complex in shape and form and are more complex to manufacture. This is
most apparent when considering the manufacture of components by material
removal processes. The level of complexity increases even further when it is
considered that process plans will be required for every component in a prod-
uct, every sub-assembly and the final assembly of the product.

In terms of the manufacturing environments presented in Chapter 1,
process planning is employed in discrete part manufacture, namely job, batch
and mass/flow manufacturing. The level of detail incorporated into the
process plans depends on the type of environment employed according to
Rembold ef al. (1993). For example, in a job shop where the labour employed
is generally highly skilled and a process-focused plant layout employed, the
process plan will generally only detail the route the material takes from
workstation to workstation. The operational details will be left to the skilled
operator to develop. On the other hand, in a mass/flow environment where
the labour employed is generally semi-skilled and the manufacturing layout
is product focused, the process plan will be highly detailed and include
details of every individual operation.

However, the best example of the application of process planning can be
found in the batch environment, which falls between the extremes of the job
and mass/flow manufacturing environments in terms of system characteris-
tics. Also, as previously stated in Chapter 1, it is estimated that as much as
75 per cent of discrete part manufacturing takes place in batches of 50 or less
(DeGarmo et al., 1988). Therefore, bearing these points in mind, the book
will focus on the underpinning knowledge and expertise required to com-
plete the activities undertaken during process planning in the batch manu-
facturing environment.

As outlined in Chapter 1, there are various functions within a manufacturing
organization. In terms of the successful product design and manufacture,
there are three major functions involved, namely marketing and sales, design
and manufacturing (Chase et al., 1998) as illustrated in Fig. 2.2. The numer-
ous tasks undertaken by these functions in the design and manufacture of a
product traditionally occur in a sequential manner. Generally, marketing
is responsible for assessing the current market trends and needs and generat-
ing new product ideas. Also based on the market assessment, marketing
is responsible for generating specifications for the further development of
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Figure 2.2 Main functions involved in product design and manufacture

existing products. The role of sales is to generate interest in the products
being manufactured and obtain firm orders.

The design function will take the product ideas and specifications gener-
ated by marketing and provide a detailed specification of all the components
and sub-assemblies for the finished product. This will include all detail draw-
ings, assembly drawings and bills of materials. Very often, a prototype of the
product will be developed to help validate the design and establish which
manufacturing facilities are required.

The product and process requirements generated at the design and develop-
ment stage, are then passed to the manufacturing function. These will be used
to prepare the detailed work instructions required to manufacture the product.
These will then be passed to the manufacturing facility for execution.
Therefore, although the design and manufacturing functions are separated, the
process planning activity links them as illustrated further in Fig. 2.3 (adapted
from McMahon and Browne, 1993). Thus, process planning is the design/
manufacture interface in this sequential approach.

This sequential approach to the design and manufacture of products
has relied on there being a long product life cycle, that is, a stable demand
for the product over a long period of time. However, in today’s highly


user
Highlight

user
Highlight

user
Highlight

user
Highlight

user
Highlight

user
Highlight

user
Highlight

user
Highlight


40 Process Planning

Design —l
A
:_ ________ Process
Design planning
modifications a
1
I Manufacturing
Process
improvements Y
1
| I — Inspection
Process o
Time problems

O O >

Figure 2.3 Process planning — the design/manufacture interface (©
Addison Wesley Longman Limited, reprinted by permission of Pearson
Education Limited)

competitive global market, this is very often not the case. Therefore, manu-
facturing organizations have had to consider ways of compressing the time
taken to design and manufacture products or the time to market as it is also
known. Some have focused on the implementation of organizational change
to achieve shorter times to market using matrix-based structures and encour-
aging all functions or departments to contribute to the development, design
and manufacture of their products. This cooperative approach, based on the
use of cross-functional teams, is known as simultaneous or concurrent engi-
neering. The functions of such cross-functional teams include (Evans, 1996):

e ensuring all team members understand enough about the product
functions to be able to contribute to the design decisions;

e determining the appropriate design and manufacturing methods to use;

e relating all product functions to manufacturing methods.

Companies that have successfully employed this approach are Ford in the
development of the Ford Taurus/Mercury and Cincinatti Milacron (Evans,
1996). Another multi-functional approach employed, and closely related to
concurrent engineering, is the use of design for manufacture and assembly
(DFM/A) techniques. This has various definitions, but in its broadest sense, it
is concerned with understanding the interactions between the various parts
of the manufacturing organization and using this to optimize the design and
manufacture of product with regards to cost, quality and productivity (Stoll,
1991). The use of DFM/A usually involves the application of various quanti-
tative techniques for rating the design (Boothroyd and Dewhurst, 1991).

It is hardly surprising that many companies have focused on the integra-
tion of the design and manufacture functions when it is estimated that
between 70 and 80 per cent of the cost of a product is committed at the
design stage (Whitney, 1991). This is based on the selection of materials and
associated manufacturing methods, with the other 20 per cent being associated
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2.6 Process planning
activities

with the decisions made on how to manufacture the product, for example, the
use of production equipment, tooling, etc.

As stated previously in Section 2.2, the focus of the book will be on process
planning in the batch environment. In order to be effective in the role of a
process planner, the manufacturing engineer must possess a variety of skills
and knowledge. These have been identified as (Chang and Wysk, 1985):

e an ability to interpret engineering drawings;
e knowledge of materials for manufacture;

e knowledge of manufacturing processes;

e knowledge of jigs and fixtures;

e an ability to use reference material, for example, manufacturers, machin-
ing data, tooling data, etc.;

e knowledge of the relative costs of materials, processes and tooling;
e an ability to calculate manufacturing parameters and costs;

e knowledge of inspection/QA procedures and specifications.

These skills and knowledge are described further in the remainder of this
section when describing the activities undertaken during process planning.

2.6.1 Drawing interpretation

The first step in preparing the process plan for any component or product is
to consult the engineering drawings. The drawing of the component under
consideration will contain a variety of information which can help assess the
processing requirements. The interpretation of the drawing will include
assessing the part geometry, dimensions and associated tolerances, geomet-
ric tolerances, surface finish specifications, the material specification and the
number of parts required. From this interpretation, the critical processing
factors can be identified and give some indication of candidate manufacturing
processes. For example, all processes and production equipment will have
an economic batch quantity, that is, the batch size with which the process
or production equipment becomes economically viable to use. Therefore, the
number of parts required would eliminate certain processes and production
equipment from the list of possible candidate processes while indicating the
suitability of others. The interpretation of drawings is covered in Chapter 3.

2.6.2 Material evaluation and process selection

Although the design engineer specifies the material to be used, the process
planner will, on occasion, have to enter into a meaningful dialogue with the
design engineer about the materials specified, based on the availability of
manufacturing processes. Therefore, a thorough knowledge of the materials
used in manufacturing is essential for effective process planning. This is
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because every material has different properties and, based on these, will be
more suited to particular processes than others. For example, brittle materials
are more suited to casting or material removal processes. On the other hand,
they are not well suited for use with forming processes. Also, some materials
undergo changes in properties during processing and therefore due consider-
ation must be given to this fact. Finally, it is the job of the manufacturing
engineer to specify the raw material billet form for the component. This
will include the size and any special requirements for the raw materials,
for example, heat treatment. Knowledge of material properties is essential
to carry out this task, again because some materials undergo changes in
their properties during processing. For example, during forging a material
may undergo dynamic loading and it is important to know how it will react
to this sudden loading. Therefore, it is important to know about the mater-
ial’s impact resistance or toughness, as it is also known.

Based on the drawing interpretation and the materials evaluation, a shortlist
of candidate processes can be drawn up. Using some general rules for
process selection and criteria such as material form, component size and
weight, economic considerations, dimensional and geometric accuracy,
surface finish specification, batch size and production rate, the shortlist can be
evaluated further and a final selection of processes and operations identified.
The materials and processes used in manufacturing are covered briefly in
Chapter 4 along with material evaluation and process selection.

2.6.3 Selection of machines and tooling

Once the process planner has determined which processes are being used, the
specific production equipment required for this must be selected. Typical fac-
tors to be considered include the component size and weight, the physical
size and construction of the machine, and the power and torque of the
machine. Another factor to be considered is the number and type of tools
available for the machine under consideration.

Once the equipment decision has been made, the specific tooling for each
operation must be identified. Successful processing of a component relies
heavily on the selection of appropriate tools, particularly for machining.
This should be eased by the fact that available tooling should be a factor in
the selection of the machine in the first instance. There are various factors
that will be considered in selecting an appropriate tool including workpiece
material, type of cut, tool material, machining data and quality/capability
requirements. For example, all processes and production equipment have
an inherent capability in terms of surface finish. Thus, any process or
production equipment that can’t meet the surface finish specification would
be discounted at an early stage of the selection process. The selection of
machines and tooling will be covered more in depth in Chapter 5.

2.6.4 Setting process parameters

Once the machines and tooling have been selected, specific parameters must
be established for each operation for each machine. These include calculating
appropriate feeds, speeds and depth of cut for each tool for each operation. It
is also normal to calculate the time taken for each operation based on the part
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geometry and the speeds and feeds employed. Times taken for non-value
added tasks, such as setting and handling, are also established. This enables
the total time taken for the job to be compiled. A major part of this task will
be the use of reference materials such as machine manufacturer’s data and
tool manufacturer’s data. This is covered further in Chapter 6.

2.6.5 Workholding devices

In the context of this book, workholding devices are classified into two cat-
egories. These are general-purpose workholders, which include the likes of
chucks and collets, and specialist workholders, which are taken to mean jigs
and fixtures. From the drawing interpretation, the process planner identifies
any general location and restraint requirements and any critical location and
restraint requirements. The general requirements will be based on any
dimensional and geometric tolerances specified in the drawing, while the
critical requirements will be based on any instances of coupled dimensional
and geometric tolerances.

Having identified the need for a jig or fixture for a particular operation and
identified the location and clamping requirements, this data will generally be
passed to a specialist tool designer. Based on these requirements, the tool
designer will produce the detail drawings and a general arrangement drawing
(an example of which is shown in Fig. 2.4) of the workholding device to be
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Figure 2.4 Example of a general arrangement of a drill jig
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manufactured. Very often, this will be a modification of an existing arrange-
ment or will be based on the utilization of standard parts.

Regardless of whether a new jig or fixture is designed, an existing one mod-
ified or used as is, by the end of this activity all the workholding requirements
for the plan should have been identified and satisfied. The design and/or selec-
tion of appropriate workholding devices is covered in more depth in Chapter 7.

2.6.6 Selecting quality assurance methods

The critical processing factors such as dimensional and geometric tolerances
and surface finish specifications will have been identified during the drawing
interpretation. It is the job of the process planner to specify the inspection
criteria for all these critical processing factors as all manufacturing processes
have some degree of inherent variability. In some cases, the process planner
might be responsible for specifying the tools and techniques to be employed
to ensure adherence to specification. However, more commonly the inspec-
tion criteria will be passed to a Quality Engineer who decides which tools
and techniques are most appropriate.

Finally, it is important to strike the balance between ensuring the product
quality and avoiding unnecessary checking. The overuse of QA methods and
inspection will add to the processing time which, in turn, will add to the man-
ufacturing costs. The use of QA/inspection methods is covered in more detail
in Chapter 8.

2.6.7 Costing

The process planner is also tasked with estimating the costs of the process
plan. This means estimating the manufacturing costs of producing a compo-
nent or product based on the available cost and time data. This will be used
to determine the unit cost and the profitability of the product.

Cost data will also be used to formulate the process plan itself. Through
establishing relationships between cost and volume, decisions can be made
about what material to use, the manufacturing processes to be used, the batch
size to be employed and whether to make or buy a product or component.
Furthermore, relative cost data for materials and processes is used to help
make process planning decisions. The use of cost data in process planning is
detailed further in Chapter 9.

2.6.8 Preparing the process planning documentation

There are two documents involved in the preparation of the process plans.
These are:

e routing sheets;

e operations list.

Routing sheets

The routing sheet, as its name suggests, specifies the route the raw material
follows through the manufacturing environment. It usually lists the production
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Routing sheet

Part name: Lock

| Part no.: LH-0208-87 | Drg. no.: CS-2003-88

Quantity: 300

Matl: Mild steel Planner: L.E. Hall

Revision no.: Date: 27/02/01 | Page 1 of 1 | Order no.: RES-0704-1991
Op. no. Description Machine tool

10 Cut off 90dia. bar stock to 23 mm thick Hor. Bandsaw No.1

20 Face to 20mm thick Lathe No. 4

30 Turn to 10mm shoulder Lathe No. 4

40 Drill 10mm dia. holes X 2 Drill press No. 2

50 Mill 10mm wide slot Hor. mill No. 2

60 Deburr Tumbler No. 1

70 Inspect Not applicable

Figure 2.5 Example of a routing sheet

equipment and tooling to be used. It is normal practice for the routing sheet to
follow the material through the manufacturing shop floor providing ‘travel’
information for the operators. As stated in Section 2.2, quite often in the job
shop only a routing sheet will be used with the fine details of production left
to the highly skilled operators employed in such an environment. An example
of a routing sheet is shown in Fig. 2.5.

Operations list

Once the routing of a component has been established, the detailed plan for
every operation can be prepared using an operations list. This specifies in
more detail each individual operation. It is usual for an operations list to be
prepared for each workstation listed on the routing sheet, although it may
sometimes cover a group of machines in a work cell. Although the content
of an operations sheet will vary from organization to organization, it will typ-
ically include details of tooling (including workholding devices), feeds and
speeds, set-up and operation times as illustrated in Fig. 2.6.

Miscellaneous documents

In some companies, the total process planning package may include further
documentation. For example, the calculations for the speeds and feeds detailed
in the operations list may be detailed in a speeds and feeds calculation sheet as
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Operations list

Part name: Lock | Part no.: LH-0208-87 Drg. no.: CS-2003-88
Revision no.: | Date: 27/02/01 Page 1 of 1 Planner: L.E. Hall
Op. | Description Machine Tooling Speed Feed Set-up | Op. Remarks
no. tool (rev/min) (mm/min) | time time
(min) (min)
10 | Face end Lathe No. 4 HSS LH 100 20 2.25 Use universal
copy 3-jaw chuck
20 | Face to length Lathe No. 4 HSS LH 100 20 4.25
copy
30 | Rough turn 10mm | Lathe No. 4 HSS LH 130 25 2.2
shoulder copy
40 | Finish turn 100mm | Lathe No. 4 HSS LH 180 35 0.3
shoulder copy

Figure 2.6 Example of an operations sheet

2.7 Process planning
and industrial
engineering

illustrated in Fig. 2.7. It can also be the case that further details of the tooling
specified in the operations list is detailed in a tooling list, an example of which
is illustrated in Fig. 2.8. Finally, it is important to note that in some companies
a single process planning document may be used which is a combination of the
routing sheet and the operations list.

From the brief descriptions given above, it can be seen that the process
plan provides the complete work instructions required for the manufacture of
a component or product. Consequently, these instructions will affect the cost,
quality and production rate of the component or product.

In Section 2.6, the main outputs of process planning were identified as the
routing sheet and the operations sheet. The use of reference materials
such as machining and tooling data was also described. As machine and tool
manufacturers provide this, it is external information. However, there are
various sources of internal information that are used by the process planner,
the majority of which is generated by industrial engineering through work
study, previously described in Chapter 1. For example, the documentation
of manufacturing methods from a methods study usually takes the form of
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Speeds and feeds sheet
Page: 1/1 Planner: Peter Scallan Date: 08/08/02 Part no.: PS/0904/02
Drg. no.: Part name: Machined component Material: Aluminium alloy
JH/2905/02
Op. Surface cutting Spindle speed Feed rate
no. speed
1 S =300 m/min N = % mm/rev =mm/t X no. of t
X =0.6 X 10
=6mm/rev
N = 1000 x 300 F = mm/rev X N
7% 100 =6 X 956
=5736 mm/min
N =956 rev/min* =5750 mm/min*
2 S =300 m/min N= 1000x S mm/rev=mm/t X No. of t
mxd ~0.25 X 6
=15
N=M F=mm/rev X N
%20 =15 X 4775
=7163 mm/min
N = 4775 rev/min* =7200 mm/min #
3 S=120 m/min N = 1000x S mm/rev=mm/t X No. of t
7xd 017 x 2
=0.34
N = 1000x 120 F=mm/rev x N
7x10 =0.34 x 3820
=1299 mm/min
N = 3820 rev/min* =1300 mm/min #
4 S =120 m/min N = 1000x S mm/rev=mm/t X No. of t
mxd 017 x 2
=0.34
N=M F=mm/rev X N
%10 =0.34 X 3820
=1299 mm/min
N = 3820 rev/min* =1300 mm/min #
5 S=120 m/min N:M F=mm/rev X N
7xd =0.12 X 6366
N = 1000 x 120 =764 mm/min
X6
N = 6366 rev/min*

Figure 2.7 Example of speeds/feeds calculation sheet
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Figure 2.8

Tooling list
Page 1/1 | Planner: Peter Scallan | Date: 16/03/01 Part no.: PS/0904/02
Drg. no.: | Title: Middle centrifuge disc | Material: Polycarbonate
Op. | Tool Offset Tool description Tool material
no. no. no.
1 06 06 @100 mm facemill (10 teeth) Carbide insert
2 03 03 @20 mm endmill (6 teeth) Brazed carbide
3 04 04 @10 mm slot drill HSS
4 04 04 @10 mm slot drill HSS
5 08 08 @6 mm twist drill HSS

Example of tooling list

TABLE 2.1 Process chart symbols

Symbol  Description Definition Example

° Operation A job or task normally Machine material
performed at one location

- Transportation The movement of an item  Moving material
from one location to by hand,
another conveyor, etc.

] Inspection The determination of Examine material
acceptability of an item for quality or

quantity

> Delay A pause or interruption in ~ Material waiting
scheduled work to be processed

v Storage Scheduled holding of items Raw material or
before, during or after finished goods
production operations stock

a process chart. Although there are many variations of process charts,
standard symbols are used to represent the five tasks being analysed as illus-
trated in Table 2.1. Of these charts, the flow process chart is probably the
most useful because it clearly details not only the value-added activities,
but those non-value-added activities such as transportation and handling as
illustrated in the basic example in Fig. 2.9.

An extension of this is the use of this type of charting technique for prepar-
ing assembly process charts. As stated at the outset of this chapter, process
plans must be prepared not only for the manufacture of every component for
a product, but also for the assembly of the components. Therefore, assembly
process charts are used in the preparation of assembly process plans.
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Flow process chart

Job Machine part with NC drill
description press

Operation

Job no.: RH-0704-91

Transportation
Inspection
Delay
Storage

Analyst: R. Hall

Time
Step no. Details of method (min)

—_
—_

Inspect incoming part

Prepare part for machining

Position part
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Machine part

—_
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Figure 2.9 Example of a basic flow process chart
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Figure 2.10 Inputs and outputs for process planning

Another responsibility of industrial engineering, as detailed in Chapter 1, is
work measurement. The aim of work measurement is to establish a time stan-
dard for a specific task. Therefore, if standard times exist for all tasks, the
process planner’s job of estimating times, and therefore also costs, is a case of
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2.9 Process planning
and production planning

identifying the standard time for the tasks in the plan and aggregating these to
find the time of the job. Therefore, from the above it can be seen that the role
of the industrial engineer is closely related to that of the process planner by
providing numerous input data for the process plan as illustrated in Fig. 2.10.

Many of the charting techniques employed by industrial and manufacturing
engineers are also employed by quality engineers. These are used to identify
and reduce the seven wastes of production (Bicheno, 1991) which are over-
production, waiting, transporting, inappropriate processing, unnecessary
inventory, unnecessary motion and defects. These are equally of use to the
process planner not only in detailing the processes and operations, but also
in establishing the QA requirements for the plan.

Once the QA requirements have been specified, the QA function specifies
the details of the quality aspects of the process plan, often in conjunction
with the process planner. The specific details for the QA of a part or product
will include specifying the inspection location, that is, input, process or out-
put inspection. The tools and methods employed also have to be specified.
For example, will the inspection method used be sample inspection or
100 per cent inspection? The frequency of inspection also has to be deter-
mined. Another important role of the QA function is to evaluate the informa-
tion collected during inspection and determine if any action is required and
if so what action (Fox, 1995) as partially illustrated in Fig. 2.3. The availabil-
ity of this data is imperative if the process planner is to select processes
and production equipment capable of performing the necessary operations.
QA methods and inspection are covered in more depth in Chapter 8.

The preparation of the process plan is the first stage in the planning and con-
trol of the manufacture of any product as illustrated in Fig. 2.11. In fact, Chase
et al. (1998) consider that process planning should be a long-range planning
activity along with strategic capacity planning and aggregate planning. In
their model of operations planning activities, process planning is defined as
the activity that determines the specific technologies and operations required
to manufacture a product. However, in the context of this model, this defini-
tion is related to the process and facilities decisions described in Section 1.7.
Therefore, although the title of this particular section implies that process
planning and production planning are separate functions, process planning is
actually part of the production planning and control function. Indeed, as
Halevi and Weill (1995) point out, there is very little point in preparing pro-
duction plans before the feasibility of the process plan has been checked.

The focus of the process planner is to determine how a job is to be done
and how long it will take. Therefore, the process planner is not concerned
with resources of the shopfloor as such. For example, it is neither the respon-
sibility nor the concern of the process planner if certain workstations are over-
or under-loaded with regards to capacity. This is the responsibility of the
capacity requirements planning (CRP) function described later. However, in
the event that a selected piece of production equipment is unavailable due to
loading, the process planner must identify suitable alternatives.
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Figure 2.11 Operations planning activities

The responsibility of the manufacturing resources required for the process
plan falls on the manufacturing scheduling function. The outputs of the
process planning are the main inputs to the manufacturing scheduling along
with the materials requirements planning (MRP) outputs. The role of the
manufacturing scheduling function is to prioritize the manufacturing orders
and specify the timing and sequence of production based on the allocation of
jobs to specific work centres. Therefore, manufacturing scheduling is prim-
arily concerned with the ‘when’ and ‘how many’ decisions of manufacturing.
The schedule is then dispatched to production for execution where the
production activity control (PAC) function monitors the progress of the
schedule in terms of work-in-progress (WIP) and expediting orders
when necessary. The relationships between the inputs and outputs of these
functions are illustrated in Fig. 2.12.

The other area of production planning that requires knowledge of routing
sheets and operations lists is the CRP function mentioned above (Browne et al.,
1996). Based on routing sheets and operations lists that contain information
on the set-up time, processing time and transportation time, and work centre
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2.10 Process planning
methods
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Figure 2.12 Model of production planning and control

information that details the queue time for each work centre, Browne et al.
demonstrate how this information can be used to calculate first the operation
lead time, and then used to calculate the loading of each work centre involved
in the execution of the process plan. Thus, the routing information from the
process plan is also used to determine the feasibility of the MRP. This is also
illustrated in Fig. 2.12.

Before the formalization of approaches to process planning, the approach to
planning the manufacture of a component taken by manufacturing engineer-
ing was quite simple. The drawings would be consulted and the words ‘make
fit to print’ written on them that is, there was no process planning (Houtzeel,
1996). Generally, the manufacturing foreman would take the drawings and
determine the best way to manufacture the part, based on the workforce skills
and machinery at his disposal. However, most organizations now have a for-
mal method of process planning. There are two basic methods employed in
process planning and these are manual process planning and computer-aided
process planning (CAPP). Manual process planning can be broken down fur-
ther into two distinct approaches — the traditional approach and the work-
book approach (Zhang and Alting, 1994). The CAPP methods employed can
be categorized further as variant CAPP or generative CAPP and these will
briefly be covered in Section 2.10.5. Figure 2.13 illustrates the basic classi-
fications of these approaches to process planning.

2.10.1 Traditional approach

Carried out in the traditional way, the process planner is involved in the
activities outlined in Section 2.6 in three broad stages:

1. He looks at the drawing and uses his experience of manufacturing
methods, combined with knowledge of the types of resource available,
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Figure 2.13  Basic classification of process planning methods

to decide how the component or assembly should be made. In the case
of a component, the form and size of material to be used will also be
decided. It might be the case that a previously developed plan for a sim-
ilar part forms the basis of the new plan.

2. For each element of each operation, he refers to manuals to ascertain the
company’s recommended tools, feeds and speeds for the particular
material on the selected machine. Also using manuals, the planned times
for all the handling and machining elements involved are ascertained.
These are then used to synthesize the set-up time and the time per unit
quantity for each operation.

3. All of the above particulars in Step 1 are documented in the process
planning layout, also known as a routing sheet, which lists all the oper-
ations. For each operation there is a methods or operations list, which
specifies all the details referred to in Step 2.

2.10.2 Workbook approach

A derivative of the traditional approach is the workbook approach. This is
considered a more efficient approach to process planning. It involves devel-
oping workbooks of pre-determined sequences of operations for given types
of workpieces. After having carried out the drawing interpretation and iden-
tified the manufacturing processes required, the pre-determined sequence of
operations can be selected from the workbook and incorporated into the
process plan.

2.10.3 General guidelines for manual process planning

In a conventional manufacturing environment, process planning is carried
out manually. As detailed previously, the first step is the analysis of the engi-
neering drawings of the part in order to determine the appropriate processes
required to produce it. The previous experience of the planner is crucial to
the success of the planning. Manual planning can be considered as much an
art as it is a formal procedure.
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Although every part will have its own unique process plan, even for
complex machined components there are general guidelines which can be
followed when preparing the routing sheet. These include:

e ecstablishing one datum as soon as processing commences and using this
as a reference for all subsequent operations;

e creating as many surfaces as possible at the same setting (i.e. without
clamping and unclamping) to maximize dimensional accuracy;

e avoiding the use of secondary surface data as much as possible;

e precision operations, for example, those producing high-quality surface
finishes, should be carried out last to reduce the possibility of damage;

e inspection operations should be included at appropriate intervals to
minimize scrap and rework.

Adhering to these general guidelines should ensure that the process plan is
constructed in a logical fashion.

2.10.4 Advantages and disadvantages of manual process planning

The only real advantages of manual process planning are that it is a low-cost
task and is flexible, in terms that the system can be changed easily. However,
there are a number of distinct disadvantages:

Excessive clerical content — the paperwork generated by manual process
planning is excessive and is an inefficient use of engineering staff. It is also
very labour intensive due to the excessive paperwork.

Lack of consistency in planning — there are many ways to manufacture even
the simplest of components. The plan developed for any given component
will reflect the process planner’s knowledge and experience, and different
planners might manufacture the same part completely differently. This leads
to a lack of consistency in the process planning for similar parts if carried out
by different process planners.

Late design modifications — increasingly, design changes are required late in
the design and manufacture cycle and manual process planning is not very
responsive to these changes.

Changing technology — in the rapidly changing manufacturing environment,
new processes, tooling and materials are being introduced more frequently.
Again, manual process planning is not very responsive to these changes.

2.10.5 Computer-aided process planning

Considering the disadvantages listed above for manual process planning, a
huge amount of research has been carried out in the area of CAPP. In fact,
more research effort has been expended in this area than any other area of
manufacturing (Hannam, 1997). Not surprisingly, a huge number of CAPP
systems have been developed. This is highlighted in a survey by Zhang and
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Alting (1994) that identified 187 software packages. The advantages of such
CAPP systems are considered to be (Rembold et al., 1993):

e less time spent on process planning;
e less reliance on the knowledge and experience of the process planner;

e more efficient use of manufacturing resources leading to improvements
in costs;

e improved productivity;
e improved accuracy and consistency of process plans.

As highlighted in Fig. 2.13, there are two basic approaches to CAPP, namely
variant and generative.

Variant approach

This approach to CAPP is similar to the manual approach as it retrieves a
standard plan and modifies it to suit for a given part. The standard plan is
usually for a composite part that incorporates all the features for a particular
group or family of parts. The parts are usually grouped according to
how they are made using a GT classification and coding system. The process
plan for the part under consideration is compiled by retrieving those parts of
the standard plan that are relevant. Thus, the variant approach is also known
as the retrieval method. Although popular in industry due to their relative
ease of implementation and use, the major disadvantage of variant systems
is that plans can be developed only for parts that have previously been
classified as one of the part families.

Generative approach

As its name suggests, this approach to CAPP is based on developing a com-
pletely new plan for every part. These plans are produced by the computer
by means of decision logic, formulae, algorithms and geometric analysis. In
theory, there need be no human intervention. However, in reality this is rarely
the case as for most systems some intervention is required. The main com-
ponents of a generative system are (Wang and Li, 1991):

e a part description that defines the geometry including geometric and
dimensional tolerances and surface finish specifications;

e asubsystem that defines the process parameters based on reference data
and process analysis;

e asubsystem that identifies and sequences the individual operations using
the means described above;

e a database of information on the production equipment available;

e areport generator to produce the process plan.

The first three components are, generally, the areas that require human
intervention as existing means of part representation require additional
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2.11 Basic process
planning terminology

2.12 Summary

information input and because the other two are such complex tasks. Finally,
the implementation and development of such systems tends to be time-
consuming and expensive.

Although CAPP systems are an important development in process plan-
ning, they will not be considered further in this book. The reason for this is
that the focus of this book is on developing the underpinning knowledge and
expertise required for manual process planning.

As has already been discussed in Chapter 2, process planning comprises the
selection and sequencing of processes and operations to transform a chosen
raw material into a finished component. Therefore, before progressing to the
preparation of a process plan, a number of terms must be defined. The three
basic terms employed in process planning for machining processes are process,
operation and cut and these will be defined below (Zhang and Alting, 1994).

2.11.1 Process

A process is the basic unit for compiling a process plan. It can be defined as
a procedure in which one or more operators machine one or more workpieces
on one machine or workstation. Examples of this are rough turning on
a lathe, finish turning on a lathe or drilling a hole on a drilling machine.

2.11.2 Operation

An operation is the sub-unit of a process and is a basic part of the process.
Each operation is usually accomplished without changing the cutting
conditions or machining parameters. A process will consist of a number of
operations. The operations are carried out in a desired order known as
operations sequencing, which is an integral part of process planning.

2.11.3 Cut

A cut is the sub-unit of an operation and is a basic part of an operation. It is
defined as a procedure during which the cutting tool passes the workpiece
surface only once. Some operations may require several cuts, under the same
cutting conditions, or in some cases only one cut.

This chapter has defined process planning as the act of preparing detailed work
instructions for the manufacture and assembly of components into a finished
product in discrete part manufacturing environments. Using the engineering
drawings for the components and various reference materials, the process
planner will specify the processes and operations, production equipment,
tooling, workholding devices, manufacturing parameters and QA/inspection
criteria. All of these details will be incorporated into two documents, namely
the routing sheet and the operations list. The type of document and the level of
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Case study 2.1:
Manufacturing at
McCall Diesel Works"

detail used will depend on the type of environment with the trend being for
more detailed plans where less skilful operators are employed.

Process planning provides a valuable interface between the design and
manufacture functions. It is also closely linked with both industrial engi-
neering and quality engineering functions, with both of these providing
numerous input data. Finally, process planning is the first stage in manufac-
turing or production planning, and as such is an integral part of the
manufacturing planning and control function.

Introduction

McCall Diesel Motor manufactures a range of diesel engines for use in
marine applications, manufacturing plants and agricultural applications. The
company has always tried to be progressive in terms of product design and
in fact pioneered the development of a particular type of internal combustion
engine. Originally, they only manufactured large marine diesel engines but
have now diversified into small stationary type engines.

Design

Many of the engines designed were one-off products and made specifically to
order. Although this type of work still represents 60 per cent of those manu-
factured, there has been a move towards standardizing many of the component
parts to reduce the variety of parts. This allows a degree of interchangeability,
especially for small components such as mechanical fasteners. There also has
been reduction in the variety of engine sizes available with the introduction of
a standard range of three engine sizes: 20, 40 and 60 HP.

Production planning

In terms of production planning and control, there is no formal system in
place. In fact, there is resistance from the Production Manager to imple-
menting any such formal system. The lack of any such formal system has
resulted in high WIP and failure to meet delivery times due to lack of WIP
monitoring and information on manufacturing lead times. Production plan-
ning has also failed to take advantage of the economies of scale afforded by
the use of standard parts. They issue orders for small lots of the same part up
to eight times in a month. There is also lack of a formal approach to lot
sizing and how the lots are processed through the shop floor. This has led to
lots being lost and the order being reissued only for the lot to turn up.

* Adapted from Chase, R.B., Aquilano, N.J. and Jacobs, F.R. (1998). Production
and Operations Management, 8th edn, Irwin/McGraw-Hill. Reproduced with permis-
sion of The McGraw-Hill Companies.
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Manufacturing

In keeping with the approach to production planning and control, there is no
formal recording of any manufacturing data. This has resulted in there being
no operations lists for any parts as it is left to the discretion of the individuals
involved. The task of routing parts through departments and sequencing the
operations is left to the manufacturing department foreman. The manner in
which he carries this out has resulted in high set-up costs and thus, high
manufacturing costs in general. Despite all of the above, the manufacturing
methods employed are sound and reliable and appropriate for the type of
manufacturing system being employed. Most of the equipment is general
purpose in nature, although pieces of equipment are close to obsolescence. It
is intended that this will be replaced with dedicated, single purpose produc-
tion equipment. Although there is a facility for the design and manufacture of
special tooling, there is very little use made of this. Finally, there is poor
utilization of the production equipment available and this often leads to
bottlenecks occurring, despite the fact that there is sufficient capacity on the
shopfloor.

Summary

The senior management recognizes that in order to survive, there is an urgent
need for change. However, they are having difficulty in convincing the work-
force of this and implementing any change. In the main, the management
sees the problem as the resistance of the workforce to change their working
practices. However, the workforce see the main problem as being the fact
that the senior management are essentially sales minded and don’t under-
stand the problems of production planning and manufacturing.

Discussion points

1. What kind of manufacturing environment have McCall Diesel Works
traditionally employed? Comment on the type of workforce, plant
layout and equipment.

2.  How is the manufacturing environment changing based on the increased
use of standard parts?

Comment on the state of the design/manufacture interface.

4. Based on the type of manufacturing environment, what sort of process
planning documentation would you expect to see in a company like this?
What level of detail would you expect to see in such documentation?
List typical data you would expect to see.

5. What role do the industrial and quality engineering functions play in the
company with regards to process planning?

6. How does this company’s approach fit the model of production planning
and control presented in the chapter?
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Case study 2.2: Planning
at High Performance
Pumps

Introduction

High Performance Pumps is a small, successful manufacturing organization
that specializes in manufacturing a range of pumps. This success is due to the
performance, quality and reliability of the product and the excellent back-up
service. The pumps range in size from @75 mm to large @300mm pumps.
The smaller pumps are manufactured in batches of 100 and the large specials
in batches of five. However, regardless of size, all pumps use the same
manufacturing processes.

Manufacturing processes and planning

There is a major common component for all pumps and this is a camshaft. The
size of the camshaft varies according to the size of the pump. The process skills
involved in the camshaft manufacture are highly developed and considered
cost-effective compared with competitors. In fact, one of the areas of expan-
sion is the design and manufacture of camshafts for other companies for their
products, with camshaft production increasing by 400 per cent in the last
6 years. Nearly all of this increase was for customized products in a wide range
of volumes. However, regardless of the production volume, all camshafts are
produced according to the same process plan and machine routing.

Design and manufacture

Although business had significantly increased over the last 6 years, there are
some significant problems within manufacturing. The most noticeable of
these is the high WIP, which has tripled during the 6 years. However, there
was another major problem with regards to product costs. Product design
had initiated a value analysis programme to reduce the cost of standard prod-
ucts by 10 per cent. This initiative resulted in a number of design changes.
Manufacturing blamed the introduction of design modifications, in conjunc-
tion with the overall increase in product variety and drop in volume, for the
problems. However, product design refused to accept any of the blame for
the poor performance of manufacturing and suggested that the problem was
with the poor manufacturing planning and control system.

There are further problems with the method of product costing. There is a
lack of detailed information on component costs and process costs, therefore,
due to the use of common processes across the various product ranges, a
‘blanket’ overhead rate is used. This meant that the customized products were
costed using standard cost data. Finally, the cycle times and lead times being
used were very often inaccurate. An example of this is that the planners are
using lead-times of 1-2 weeks for small pumps when they are actually nearer
to 6 weeks.

Summary

The company had already invested in new processing equipment to cope
with the increase in demand. This had meant re-organizing the shop floor

* Adapted from Galloway et al. (2000).
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Chapter review questions

which had in fact reduced the floor space for assembly. However, it was clear
that further re-organization was required. This, in turn would require a
further detailed investigation to determine the appropriate course of action.

Discussion points

1.

What kind of manufacturing environment do you think is employed at
High Precision Pumps, based on the knowledge of processes and skills?

How are the changes in demand affecting the manufacturing
environment?

What kind of approach is being taken to the process planning? Comment
on the appropriateness of this approach.

What level of detail would you expect to see in the process planning
documentation for this company?

How much do you think the design modifications have contributed to the
problems of manufacturing?

What kind of role does the industrial engineering function play in the
organization?

What kind of further changes require to be made to solve the problems
encountered at High Precision Pumps?

[

10.
11.
12.

What is process planning? Describe it in your own words.

What is the relationship between process planning and the type of
manufacturing environment employed?

What are the main activities undertaken during process planning?

What functions are involved in the design and manufacture of a
product and what do they contribute?

Why is there so much emphasis on the integration of the design and
manufacture functions and how is this being achieved?

What sort of information can the process planner obtain from the
engineering drawings of a component?

Why is it important for the process planner to have a good knowledge
of materials used in manufacturing?

What is considered the most critical element in machining?

What are workholding devices and why are they used?

What process planning decisions can cost contribute to?

What are the main inputs and outputs for process planning activity?

How does the industrial engineering function contribute to the process
planning activity?
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References and further
reading

13. What is a flow process chart and how would it be used to help
formulate a process plan?

14. What is the relationship between quality engineering and process
planning?

15. How is process planning related to production planning and to what
planning and control functions does it directly contribute?

16.  What are the main approaches to process planning?
17. What are the general guidelines for process planning?

18. What are the advantages and disadvantages of manual process
planning?

19. How are a process, an operation and a cut defined in terms of process
planning and how are they related?
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3.1 Introduction

3.2 Aims and objectives

3.3 Engineering
communication

3 Drawing interpretation

In Chapter 2, the specific aim of the process planning activity was stated as
the selection and sequencing of processes and operations to transform a
chosen raw material into a finished component, that is, the detailed processes
required to manufacture a part. It was also shown that the main input to the
process planning activity is the product design and in particular the detail
design documentation, although there are a number of other major inputs as
identified in Chapter 2 (see Fig. 2.11). Therefore, the first step for the manu-
facturing engineer in preparing the process plans is to consult the engineering
drawings of the part(s) under consideration. Although some knowledge of
the production of engineering drawings is assumed, an introduction to the
types of engineering drawings used will be included, identifying which are
the most appropriate for process planning. There will also be brief coverage
of the systems of projection employed.

The drawing interpretation will require knowledge of the standards and sym-
bols used for both dimensional and geometric tolerances. These will also be
covered with reference made to the appropriate standards. The interpretation of
the drawing should include considering the geometric shape, dimensions and
associated tolerances, geometric tolerances, surface finish specifications,
material, the raw material size and the number of parts required. Finally, the
drawing interpretation should help identify the critical processing factors. These
should give some indication of candidate manufacturing processes.

The aim of this chapter is to identify the relevant drawing information that
helps the process planner identify critical processing factors.
On completion of this chapter, the student should be able to:

identify appropriate supplementary information from the drawing to aid
the process planning;

e identify and interpret dimensional information from the drawing;
e identify and interpret geometric information from the drawing;

e identify the critical processing factors for the component from the
dimensional and geometric information.

3.3.1 Communication in design

Just as raw material is the ‘lifeblood” of manufacturing, information is the
‘lifeblood” of design (Rhodes and Smith, 1987). Throughout the design
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Figure 3.1 Information flow in the design process (adapted from Hamilton et al., 1988)

process, from marketing to manufacturing, various types of information is
sent and received by numerous internal and external sources as illustrated in
Fig. 3.1. As can be seen from this figure, a vast amount of information is
required during the design process to formulate a design that meets the iden-
tified need. In terms of process planning, the most important stage is the
detail design. The output of the detail design is a complete description of the
product in written and/or graphical form. The main thrust of this output will
be the engineering drawings. These should contain all the information
required to convey the design representation and are therefore a major input
to the process planning activity.

3.3.2 Engineering drawing

The purpose of this section is to introduce the different types of engineering
drawings used in manufacturing and how they may, or may not, be used in
process planning. In engineering, the drawing is the most common form of
communication and is accepted as a universal language. There are several
types of drawings used in industry. These are (Parker, 1984):

e detail drawings;
e assembly drawings;

e combined drawings.
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These are briefly introduced below by way of a short explanation and an
exemplar.

Detail drawings

Detail drawings contain all the information required to manufacture the
item or items represented. This information will include all dimensions,
tolerances, surface finish specifications, and material specifications. There
are two different types of detail drawing. These are:

e single-part drawings;

e collective drawings.

A single-part drawing should show all the information required to com-
pletely define the manufacture of a single item. This will include the form,
dimensions, tolerances, material, special treatments, surface finishes, etc.
It should be noted that a drawing might consist of more than one sheet.
The complexity of the part will also determine the number of views required
to satisfactorily detail the part. An example is illustrated in Fig. 3.2.

There are also collective single-part drawings. These drawings show essen-
tially similar parts where only one or more details differ from the rest. These
are used for standard parts such as nuts, bolts, washers, etc. as illustrated in
Fig. 3.3. Due to the nature of the information in detail drawings, they are of
obvious use for process planning. They form the basic information for the
development of process plans for single parts or groups of similar parts.

Assembly drawings

Assembly drawings contain all the information required to assemble two or
more parts together. Normally, there will be no dimensions on an assembly
drawing. However, in some instances some dimensions that might be required
for assembly may be included. There are three types of assembly drawings:

e single-part assembly drawings;
e collective assembly drawings;

e arrangement drawings.

A single-part assembly drawing seems to be a contradiction in terms as
an assembly drawing by definition contains two or more parts. However, what
this actually means is that it contains the information to build a single
sub-assembly or assembly. An assembly drawing should show all the
necessary information to be able to assemble a product from a number of items.
Information about the items is listed in a parts list that may well be separated
from the actual drawing. Each item on the assembly drawing should have an
identification number. However, some organizations may use the detail drawing
numbers for the items as their identification number within an assembly draw-
ing. An example of a control handle assembly is shown in Fig. 3.4.
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A collective assembly drawing shows a number of products that are
assembled from the same or similar parts, the resultant assemblies only dif-
fering slightly from each other. Examples include die sets differing in size
and gearboxes with different ratios. Fig. 3.5 shows a typical example of a
standard coupler, which actually has a few dimensions to aid assembly.

An arrangement drawing, also sometimes referred to as a general arrange-
ment drawing, is an assembly drawing which shows the complete product.
This is in effect an assembly drawing of the assemblies or sub-assemblies as
they are called in some cases. It contains all the information required to
arrange the assemblies together, including any functional features of the
product. An example of a general arrangement of a jig is shown in Fig. 3.6.

Regardless of the type of assembly drawing, they are not used to develop
process plans for the manufacture of either single parts of or groups of
similar parts. However, they are used to prepare assembly plans for
sub-assemblies, assemblies and complete products from a number of parts.

Associated documentation

As previously mentioned under the heading of assembly drawings, a list of
all the parts required for an assembly will be required. The parts list may be
included as part of the assembly drawing as illustrated in Fig. 3.6. However,
in the case of extensive or highly detailed parts lists, these may be included
as a separate list, usually with its own drawing number. Finally, in the
absence of a parts list for an assembly drawing, reference may be made to
detail drawings containing the parts for an assembly. Known as a drawings
list, this will identify all relevant drawing numbers for the parts contained in
the assembly drawing as illustrated in Fig. 3.7. Therefore, the appropriate
drawing in the list must be consulted for part details.

Combined drawings

A combined drawing shows an assembly with parts list and the details of
these parts on one drawing as shown in Fig. 3.8. The individual parts need
not be given special identification numbers or separate drawing numbers
when using combined drawings.

3.3.3 Orthographic projection

Although there are several types of drawings commonly employed in engi-
neering, they are all usually multi-view drawings (Chang and Wysk, 1985).
This means that they have two or three views of the part or assembly being
represented. These views will usually be a view of the front (a front eleva-
tion), the top (a plan) and the side (a side elevation). This method of detailing
a three-dimensional object on paper, which is, of course, a two-dimensional
plane surface, is known as orthographic projection. To be able to fully rep-
resent a three-dimensional object using orthographic projection requires at
least two planes of projection. These two planes are known as the horizontal
plane (HP) and the vertical plane (VP). The intersection of these two planes
forms perpendicular quadrants known as the first, second, third and fourth
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Vertical plane

Figure 3.9 Planes of orthographic projection

angles as illustrated in Fig. 3.9. There are six basic rules that govern the use
of orthographic projection (Hart, 1970):

1. The angles are designated as shown in Fig. 3.9 and the object is situated
in the first angle.

2. The lines of sight are parallel and at right angles to the project planes.

3. The object is viewed from the top and front positions shown regardless
of the quadrant it is situated in.

4. The horizontal plane can be rotated about the XY intersection until it
coincides with the vertical plane.

The projection on the VP is known as the elevation.

6. The projection on the HP is known as the plan.

Using these rules, the object situated in the first angle would be repres-
ented as illustrated in Fig. 3.10. This is known as first angle orthographic
projection and this is commonly used in the United Kingdom and Europe.
However, if the object were situated in the third angle, the views of the object
would be depicted as illustrated in Fig. 3.11. This is known as third angle
orthographic projection and is commonly used in the North American
continent. It should be noted that the views are identical in both instances and
it is only the position of these that has changed. All engineering drawings will
normally be in either first or third angle orthographic projection. This will be
indicated on the drawing itself by one of the symbols shown in Fig. 3.12.
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— |

Figure 3.12 (a) First angle projection symbol. (b) Third angle projection
symbol

%\ s

SECTION A-A

Figure 3.13 Example of a sectional view

3.3.4 Sectioning

As stated above, orthographic projection is the method of detailing a three-
dimensional object on a two-dimensional plane using a number of different
views. However, for many components these views may not be sufficient to
depict all details. This could be due to hidden or internal features that cannot
be shown regardless of what view or views are taken. Although hidden details
are generally illustrated by using broken lines, these can make a view look
more complex. Therefore, in these instances a sectional view would be used.

The sectional view is obtained by cutting the component in two using a
designated cutting plane, which in many instances, will be a centre line. The
view is then drawn as if the part is cut in two and the hidden or internal
details are shown. The surface that has been cut is shown using evenly
spaced lines at 45° known as hatching. In the case where an assembly has
been sectioned, each item sectioned will have hatching at alternate angles
and sometimes have different spacing. A common derivative of this approach
is the use of a half-section where both internal and external features are
shown on a single view. An example of a sectional view is given in Fig. 3.13.
Further examples of sectional views are shown in Figs 3.6-3.8.
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3.4 Identifying useful
supplementary
information

3.3.5 Dimensions

The objective of providing an engineering drawing is to provide enough
information for the part to be manufactured. Therefore, each geometric fea-
ture must have an associated size or dimension and the units employed
clearly stated. If an engineering drawing has been properly dimensioned,
then no calculation should be required to determine the size of any feature.
Therefore, there must be sufficient dimensions to be able to manufacture the
part. All dimensions can be classified as one of three types (Hadley, 1999):

Functional dimensions — those that influence or control the manner in which
a part operates.

Non-functional parts — those that do not affect the way in which the part
operates but can influence the efficiency of the part.

Auxiliary dimensions — those that are not related to the way the part operates
but are required in order to manufacture the part.

In terms of process planning, the size and the shape of the geometric
features will have a major influence on the selection of manufacturing
processes.

Apart from the geometry, there will be various supplementary information on
the drawing sheet, most of which will be textual information. Some of this
will be basic information that will have no bearing on the process plan. This
will include information such as the company name, drawing number and
title, date, scale, projection symbol, copyright clauses, issue information and
signatures (draughtsman, checker, etc.).

However, there are certain items of additional information that will have
some bearing on the process plan and these must be identified and used
accordingly. These include:

e material and specification;

e notes on special material treatments;
e notes on surface finish;

e general tolerances;

e keys to geometrical tolerances;

e notes on equivalent parts;

e notes on screw thread forms;

e tool references;

e gauge references;

e quantity to be produced;

e parts lists (in the case of assembly drawings).
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3.5 Material and
specification

3.6 Special material
treatments

3.7 Equivalent parts
(interchangeability and
standardization)

The first five items listed above will have a major influence on the manufac-
turing processes to be used, based on the ability of the processes to meet the
specifications for dimensional and geometrical accuracy and surface finish.
Equally important to the selection of manufacturing processes, is the
quantity to be produced. This is because most processes and production
equipment have an economic batch quantity or a break-even quantity when
compared to other processes. Therefore, although easily overlooked on a
drawing, the above must be given as much attention as the drawing geometry
itself due to their importance in the selection of manufacturing processes.

As stated in Chapter 2, a thorough knowledge of materials is essential for
effective process planning. This is because the material used will have
certain physical and mechanical properties that will make it more appropriate for
use with some manufacturing processes and even completely unsuitable for
some processes. Therefore, the material specified will limit the manufacturing
processes that can be used. Finally, the material to be used will usually be
stated as a specification that will relate to a specific material. Therefore,
liarity of the appropriate material standards is essential in the first
ance, to correctly identify the material and in the second instance, to
enable suitable candidate processes to be identified. A summary of the most
commonly used materials for manufacture will be presented in Chapter 4.

All materials exhibit certain mechanical and physical properties. However,
in certain cases, these properties might change due to the manufacturing
processes used. In instances where this is the case, the material may have to
undergo a special treatment to improve or restore certain properties that
altered during processing. For example, some steels may lose some of their
toughness during processing. In order to improve the toughness the steel may
be tempered. This involves heating the metal to its specific temperature then
cooling it at a controlled rate. Therefore, this must be considered in the
process plan. A summary of commonly used special treatments and their
effects is presented in Chapter 4.

Modern manufacturing is based on three major concepts. These are mass
manufacture, interchangeability and standardization. Of these concepts,
both interchangeability and standardization influence the specification of
equivalent parts.

3.7.1 Interchangeability

The concept behind interchangeable manufacture is that parts, and in
particular mating parts, are manufactured in a manner that allows any one of
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a batch of parts to be used with any other appropriate mating part in a
sub-assembly or assembly. That is not to say that they are identical, but they
are made within certain agreed tolerances. Thus, interchangeable manufacture
requires (Black et al., 1996):

e the permissible variation of each dimension to be agreed (i.e. dimen-
sional tolerances as discussed further in Section 3.10);

e the mating condition of each pair of mating parts to be agreed (i.e. limits
and fits as discussed further in Section 3.11).

Therefore, in essence, interchangeable manufacture is about making parts
as near to identical as possible to allow then to function identically within a
sub-assembly or assembly. Process planning is, in fact, one of three activities
considered essential in the pursuit of interchangeable manufacture. Of the
other two activities, the first to consider is the design of special jigs and
tools to accommodate repeatability in manufacture, which is discussed in
Chapter 7. The final activity is the design of suitable limit gauges and gaug-
ing equipment to control the accuracy of manufacture, which is considered
in Section 3.12 and further in Chapter 8.

3.7.2 Standardization

In order to pursue the goal of interchangeable manufacture, methods of
standardization have been developed, such as those mentioned later in
this chapter for screw thread forms and limits and fits. The use of stand-
ardization in manufacturing usually involves five key steps (Matthews,
1998):

e identifying and using preferred numbers and sizes;

e identifying which dimensions should be toleranced,;

e setting the tolerance values;

e designing suitable measurement and inspection tools and procedures;

e specifying these requirements in the design specification.

In recent years, the use of standard parts has increased dramatically. The
use of standard parts has a number of distinct advantages over the use of
unique parts. The first of these is that they are more widely available and
should be of a known capability and reliability (Nicholas, 1998).
Furthermore, standard parts will be cheaper, also due to their widespread use
and availability. Therefore, in the event of service and repair, replacements
for standard parts should be easily sourced. Finally, as part of this use of
standard parts, it may be that more than one part can be used and there may
be equivalent parts that can be used. The standardization of parts may be
based on part families. Many organizations may use Group Technology (GT)
classification and coding as the means to formulate these part families.
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3.8 Screw thread forms

3.9 Tool references

TABLE 3.1 Examples of ISO threads

Nominal Coarse series  Fine series
diameter (mm) pitch (mm) pitch (mm)

M1.6 0.35 0.2
M2 04 0.25
M2.5 0.45 0.35
M3 0.5 0.35
M4 0.7 0.5
M5 0.8 0.5
M8 1.25 1.0
M10 1.5 1.25
Mi12 1.75 1.25
M16 2.0 1.5
M20 25 1.5
M24 3.0 2.0
M30 35 2.0

Many parts that will eventually form part of a sub-assembly or assembly will
be joined by means of mechanical fasteners such as screws and/or nuts and
bolts. Therefore, a thorough understanding of how these are represented in
graphical and written terms is essential.

Although there are many screw thread forms used in engineering (such as
Whitworth and Unified), the most commonly used is the ISO metric screw
thread. These can be manufactured as either coarse or fine pitch series threads.
For the vast majority of engineering applications, coarse pitch threads will
suffice. These are usually represented on an engineering drawing with an M
prefix followed by a value indicating the external diameter in millimetres. For
example, if a screw thread is designated as MS, it is a coarse pitch thread of
5 mm diameter. However, if a fine pitch thread is used, the M and associated
diameter value will be followed by the pitch. For example, if a thread is
designated as M5 X 0.5, it is a fine series pitch. Several of the standard
combinations of pitch and diameter are given for both coarse and fine threads
in Table 3.1.

It should be noted that if a thread is stated with a pitch that is not a stan-
dard combination of pitch and diameter it is not a fine series pitch thread. For
example, M5 X 0.35 is simply an ISO metric thread of pitch 0.35 mm, that is,
it is a non-standard combination of diameter and pitch (Davies and Yarwood,
1986). Finally, tolerances of fit may also be added to the thread. For more
details, the relevant standard should be consulted.

When designing and detailing a part some design engineers might specify
certain tools to produce particular features. Therefore, in terms of process
planning it is essential that these can be interpreted. In most instances, the
appropriateness of the tool specified will also be considered in terms of the
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3.10 Dimensional
tolerances

complete process plan. This is because the specification of a particular tool
may limit the processes that can be employed. For example, a designer may
specify that a hole is reamed to a specific surface finish and identify the
specific tool to perform this operation.

Although drawings are generally dimensioned without tolerances, in manu-
facturing engineering terms, the achievement of an exact dimension is a
practical impossibility. However, as mentioned in Section 3.4, notes on
general tolerances are usually included on the drawing. This usually takes the
form of a general statement such as tolerances = 0.5 unless otherwise stated
and this saves having a tolerance for every individual dimension. Therefore,
only those dimensions that do not adhere to this general tolerance require a
tolerance limit to be added to it.

Therefore, the limits within which a dimension is acceptable can be
included with that dimension. There are two basic methods used to indicate
the limit of size on an individual dimension, although they do the same thing,
that is, state the minimum and maximum size of a dimension. The first
method directly states the upper and lower limit of the size (in that order) to
the same accuracy. This is illustrated in Fig. 3.14. The second method states
the size with a tolerance value, that is, the value it can be over- or under-
sized. In cases where the over- and undersize are equal it will be as shown in
Fig. 3.15. In cases where maximum and minimum size are different, they
should be expressed to the same accuracy, except where a limit is zero.
These are also illustrated in Fig. 3.15.

#30 x 65 DEEP

7% 7

% 7

30.02 356.02 25.02 20.02
30.00 35.00 25.00 15 19.98

—_—

o
©Oo
oN>

Figure 3.14 Dimensional tolerances with limits directly stated (adapted
from McFarlane, 1999)
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Figure 3.15 Sizes toleranced with various values for upper and lower
limits (adapted from McFarlane, 1993)

Nominal size Nominal size

> o7 h

Min, size
Max. size

Min, size
Mox. size

Figure 3.16 Bilateral and unilateral dimensional tolerances

Finally, limits can be either unilateral or bilateral. In the first instance with
a unilateral tolerance, the maximum and minimum sizes are both on the same
side of the basic size, that is, both over or under the basic size. However, with
a unilateral tolerance the maximum and minimum limits are above and
below the basic size (Simmons and Maguire, 2001). Examples of both of

these are illustrated in Fig. 3.16.
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3.11 Limits and fits

The tolerances described above specify the acceptable upper and lower limits
within which a size may vary. However, in addition to these tolerances the
class of fit may be specified. There are two bases for systems of limits and
fits and these are (Simmons and Maguire, 2001):

Hole basis — in this system the shaft must fit the hole. This means the hole size
remains constant while the shaft size varies according to the type of fit. This
is usually the system of fits employed as it allows for economic manufacture.
This is because a single tool can be used to produce the hole and the type of
fit required can be varied by changing the limits of the shaft.

Shaft basis — in this system the hole must fit the shaft. This means the shaft size
remains constant while the hole size varies according to the type of fit.
However, this is more expensive because a range of tools is required to produce
the holes. However, this system might be employed when a number of fits are
required along a long shaft or when temperature can affect larger hole sizes.

Regardless of the base of the system, the class of fit to which a part is
manufactured will depend on its function within an assembly as described
below. Considering the hole-based system (i.e. the shaft fits the hole) as this
is more commonly used, there are three basic types of fit:

Clearance fit — where the shaft is made smaller than the hole under all extremes
of tolerance, that is, the upper size of the shaft is smaller than the lower size of
the hole, allowing it to rotate within the hole. Typical applications of this type
of fit are found in shaft bearings and where it is a requirement for one part to
slide within another.

Interference fit — where the shaft is made larger than the hole under all
extremes of tolerance, that is, the lower size of the shaft is larger than the
upper size of the hole, and pressure or heat will be used to mate the parts.
This type of fit results in a permanent assembly and typical applications are
found in press-fit bushes and couplings shrunk onto shafts after pre-heating.

Transition fit — where a light interference fit is often used and the parts can be
assembled and unassembled with the minimum of pressure. However, it
should be noted that a transition fit may provide either a clearance or inter-
ference fit at extremes of the tolerances. Typical applications of this fit include
fasteners such as keys, pins and parts fitted together for location purposes.

The tolerances of the fit are usually indicated by indicating the permitted
maximum and minimum sizes with the dimensions on the drawing, according
to the aforementioned class of fit required. These indicate the limits of a size
of a fit between mating parts, a series of which are defined in BS4500: ISO
limits and fits. It uses a system of two complimentary elements, known as a
fundamental deviation and a tolerance grade, to specify tolerances. A funda-
mental deviation is defined as the smallest permissible deviation, that is, that
which is closest to the nominal size using the designate tolerance grade.
Fundamental deviations for holes are designated using capital letters, while
for shafts lower-case letters are used. According to this standard, there are 27
fundamental deviations for both holes and shafts from the nominal size. There
are also 18 tolerance grades provided and they are designated with the letters
IT, which stands for ISO series of tolerances, and they range from ITO1, ITO,
IT1, etc. up to IT16 as illustrated in Table 3.2. Used in conjunction with the
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TABLE 3.2 SO tolerance grades

Nominal sizes (mm) 1SO tolerance grades (unit = 0.001 mm)

Over Uptoand IT01 ITO IT1 172 IT3 T4 ITS5 176" 117 T8 IT9 IT10 ITI1  ITI2  ITI3  ITI4* ITI5* ITI6?

including

- 3 03 05 0.8 1.2 2 3 4 6 10 14 25 40 60 100 140 250 400 600

3 6 04 06 1 1.5 2.5 4 5 8 12 18 30 48 75 120 180 300 480 750

6 10 04 0.6 1 1.5 2.5 4 6 9 15 22 36 58 90 150 220 360 580 900
10 18 05 08 1.2 2 3 5 8 11 18 27 43 70 100 180 270 430 700 1100
18 30 06 1 1.5 2.5 4 6 9 13 21 33 52 84 130 210 330 520 840 1300
30 50 06 1 1.5 2.5 4 7 11 16 25 39 62 100 160 250 390 620 1000 1600
50 80 08 12 2 3 5 8 13 19 30 46 74 120 190 300 460 740 1200 1900
80 120 1 1.5 2.5 4 6 10 15 22 35 54 87 140 220 350 540 870 1400 2200
120 180 12 2 35 5 8 12 18 25 40 63 100 160 250 400 630 1000 1600 2500
180 250 2 3 4.5 7 10 14 20 29 46 72 115 185 290 460 720 1150 1850 2900
250 315 25 4 6 8 12 16 23 32 52 81 130 210 320 520 810 1300 2100 3200
315 400 3 5 7 9 13 18 25 36 57 89 140 230 360 570 890 1400 2300 3600
400 500 4 6 8 10 15 20 27 40 63 97 155 250 400 630 970 1550 2500 4000

Notes:
1. Not recommended for fits over 500 mm.
2. Not suitable for sizes under 1 mm.
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3.12 Gauge references

letter code for the fundamental deviation, only the tolerance grade number is
used, for example, H8. If a hole is dimensioned as @50 H8/f7, this means it
is a hole-based system, that is, the shaft fits the hole. The H8 indicates that the
hole deviation is +0.046 mm and 0. For the shaft, the 7 indicates that the
upper tolerance is —0.03mm and the lower tolerance is —0.06 mm.
Determining the fit of the hole is achieved by comparing the extremes of the
shaft and the hole, that is the largest shaft is compared with the smallest hole
and the largest hole with the smallest shaft. The use of the above system is
best illustrated through a worked example.

Example 3.1 Using the example cited in Section 3.11, that is, a hole is
dimensioned as P50 HS/f7, and the data charts in BS4500, determine the
upper and lower limits, the extremes of fit and thus the type of fit for this com-
bination of shaft and hole.

As stated above, the H8 indicates that this is a hole-based system, that is,
the shaft must fit the hole.
Upper and lower limits

Hole HS8: upper deviation =0.046 mm .. upper limit = 50.046 mm
lower deviation = 0 mm .. lower limit = 50 mm

Shaft f7: upper deviation = —0.03mm .. upper limit = 49.97 mm
lower deviation = —0.06 mm ... lower limit = 49.94 mm

Extremes of fit

Largest hole = 50.046 mm
Smallest shaft = 49.94 mm
Difference = 0.106 mm (clearance)
Smallest hole = 50 mm

Largest shaft =49.97 mm
Difference = 0.03 mm (clearance)
Type of fit

Using the above calculations, the type of fit is a clearance fit. This is because
there is clearance at both extremes of tolerance as defined in Section 3.11 above.

Although the above limits and fits have been described in terms of holes
and shafts, these are equally applicable to parts of square section and to sizes
of length, height and depth of parts.

Dimensional tolerances and limits and fits on certain features must be
employed carefully for two main reasons. The first is that as the dimensional
tolerances/limits become tighter there will be fewer manufacturing processes
with the capability to produce the part, that is, there are greater limitations
on the manufacturing processes that can be used. The other reason is simply
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3.13 Geometrical
tolerances

that as the tolerances/limits become tighter the cost of manufacturing the part
increases. In addition, these features must be checked to ensure that they
conform to the specifications in the engineering drawing. This usually
falls under the general heading of quality control that would determine the
sampling system to be employed for inspection. The inspection will usually
use a system of gauging to measure any toleranced dimensions. However,
not all toleranced dimensions need be measured, as this would be time-
consuming and expensive due to the level of skill required to perform it,
particularly for mass/flow manufacturing. Therefore, only a number of key
toleranced dimensions which are indicative of the process accuracy will be
measured (Matthews, 1998). A common application of gauging is the use of
GO/NO-GO gauges. The idea is that the GO gauge must fit and the NO-GO
must not fit for the feature to be within the specified tolerances. These are
particularly useful for checking mating parts and threaded parts. Therefore,
in a case where there are a number of key toleranced dimensions for which
a system of gauging is already being employed, references may be made to
this system on the engineering drawing. The use of inspection and measure-
ment tools, and in particular gauges, is discussed further in Chapter 8.

3.13.1 Symbols for geometrical forms and features

Just as dimensional tolerances restrict size to certain limits, geometrical
tolerances limit the shape of a component to certain limits. The symbols for
these are illustrated in Table 3.3 and these are taken from BS EN ISO 7083:
Geometrical tolerancing. Symbols for geometrical tolerancing, while
Table 3.4 shows additional symbols that can be used in conjunction with the
main geometrical symbols. These are used in an engineering drawing in a
tolerance frame as shown in Fig. 3.17. The tolerance frame is usually divided
into two or more sections. These will contain a geometrical tolerance sym-
bol in the first section followed by a tolerance value in the second. With some
geometrical tolerances, there will be one or even maybe two further
sections with letters identifying a datum or datums for the object being
dimensioned. There may also be a further section below the main tolerance
frame with a further datum identifier. In this instance, the datum identifier is
identifying the toleranced feature as another datum. Finally, it should be
noted that more than one tolerance frame can be used at one time. This
occurs when a feature is being toleranced with respect to two geometric
forms or positions.

3.13.2 Description and interpretation of geometrical tolerances

In effect, a geometrical tolerance limits the permissible variation of form,
attitude or location of a feature (Kempster, 1984). It does so by defining a
tolerance zone within which the feature must be contained. Although a full
listing of geometrical tolerances is provided in BS EN ISO 1101: Technical
drawings. Geometrical tolerancing, a list with a brief description of the
tolerances is given below (Hawkes and Abinett, 1981).
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TABLE 3.3 Commonly used symbols for
geometric tolerances

Tolerance Characteristic Symbol
Form Straightness =
Flatness 7]
Circularity [O]
Cylindricity
Attitude Parallelism
Squareness
Angularity
Location Concentricity
Symmetry E
Position

TABLE 3.4 Additional symbols for
geometric tolerances

Description Symbol

Boxed dimension 8 5
(theoretically exact)

Feature indication \

Datum indication J

Circular or cylindrical @
tolerance
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Tolerance

value Letter identifying
Characteristic datum
symbol _\

0.2 A

Figure 3.17 Basic tolerance frame for geometric tolerances

Straightmess — limits the amount of ‘waviness’ of a surface in two dimensions
between two parallel straight lines set a specified distance apart (see Fig. 3.18a).

Flatness — limits the amount of ‘bumpiness’ of a surface in three dimesions
between two parallel planes set a specified distance apart (see Fig. 3.18b).

Roundness — limits the amount of ovality of a surface in three dimensions
between concentric circles set a specified distance apart (see Fig. 3.18c).

Cylindricity — limits the amount of ovality of a cylindrical cross-section and
the ‘bumpiness’ along its length between two concentric cylinders set a spec-
ified distance apart (see Fig. 3.18d).

Parallelism — limits the extent to which a surface is out of true between two
parallel planes set a specified distance apart from the datum (see Fig. 3.18e).

Squareness — limits the extent to which perpendicular surfaces are out of true
between two parallel planes set a specified distance apart that are square to
the chosen datum (see Fig. 3.18f).

Angularity — limits the extent to which two surfaces at a stated angle may be
out of true between two parallel planes set a specified distance apart that are
true to the required angle and datum (see Fig. 3.18g).

Concentricity — limits the extent to which a cylinder axis can vary within a
cylinder of a specified diameter whose axis is in line with the chosen datum
axis (see Fig. 3.18h).

Symmetry — limits the extent to which the symmetrical axis of two planes is
out of true between two parallel planes set a specified distance apart which
are also symmetrical about the central datum axis (see Fig. 3.18i).

Position (or true position) — limits the extent to which an axis may deviate
from its stated position in three dimensions to lie within a cylinder of
specified diameter whose axis is in the true position (see Fig. 3.18j).

The best way to gain familiarity with the application and interpretation of
these symbols is through examples. Examples of these tolerances are given
in Fig. 3.18 as indicated above in the brief descriptions.



(a) Straightness

Application Interpretation
[—Ig0.02]
————————————————————————————— g
| 4+ — g e —

(d) Cylindricity

8
(7]0.05 <
I |
(b) Flatness Surface to lie within planes as shown
(OJo.02]
(c) Circularity
(4&/]0.05]

(e) Parallelism

[_L[0.05]

(f) Squareness

i 0.05

]

Surface to lie within planes as shown

Figure 3.18 (a)—(j) Examples of geometric tolerances




Application

Interpretation

(g9) Angularity

Inclined surface to lie within planes as shown

25

(h) Concentricity

The axis of the hole should lie within the

cylinder as shown

20 [=T0.05[A]

.4.0_.>_E|

(i) Symmetry

005

The axis of the @20 cylinder is to lie within

the cylinder as shown

EETEOR 23

fade)

(j) Position

[&]70.05]A[B]

P

5

The centre of the hole to lie within the &0.05

cylinder as shown

Figure 3.18 (continued)
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3.14 Surface finish

Manufacturing
process

Laser cutting
Electro-discharge m/c

Electro-chemical m/c

Chemical milling
4. Non trad. machining

Lapping

Honing
Grinding
Drilling
Milling
Turning

3. Trad. machining
Deep drawing
Hot forging
Cold forming
Shape rolling

2. Shaping/forming
Injection moulding
Die casting
Investment casting

Shell Casting

Sand casting
1. Casting

0.0125 0.025 0.05 0.1

All manufacturing processes have an inherent ability to produce a range of
surface finishes, sometimes also referred to as surface texture or surface
roughness (although this actually refers to a specific type of surface irregu-
larity). This is illustrated in Fig. 3.19, which was compiled from various
sources (Hawkes and Abinett, 1984; Schey, 1987; Mair, 1993; Kalpakjian,
1995; Swift and Booker, 1997). Surface finish is defined as the depth of
irregularities of a surface resulting from the manufacturing process used to
produce it. The smaller the irregularity, the smoother the surface.

There are three basic types of surface irregularities that can occur, and
these are illustrated in Fig. 3.20. The first of these is a geometric or form
irregularity, that is, the actual surface deviates from the geometric surface.
These types of error have already been discussed in Section 3.13. However,

02 04 08 16 32 63 125 25 50
Surface finish (um)

Figure 3.19 Surface finishes for some common processes (adapted from © B. Hawkes and R. Abinett, 1984,
reprinted by permission of Pearson Education Limited)
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Lay (direction of dominant pattern)

Geometric surface

Waviness

Geometric profile Roughness Real surface

Figure 3.20 Basic type of surface finish irregularities (Kempster, 1984)

TABLE 3.5 Preferred values for surface

roughness

wm N-Value Microinches

50 NI12 2000

25 NI1 1000

12.5 N10 500
6.3 N9 250
32 N8 125
1.6 N7 63
0.8 N6 32
0.4 N5 16
0.2 N4 8
0.1 N3 4
0.05 N2 2
0.025 NI 1
0.0125 0.5

two further irregularities can also occur that tend to form the surface texture.
The first of these is known as waviness and is generally caused by machine
vibration or heat. This is also the larger of the two irregularities. The last
irregularity is superimposed on the waviness and is known as roughness.

These irregularities are inherent in the manufacturing process itself. The
most commonly used method of indicating the surface finish is to use the
average depth of surface irregularity resulting from the use of a manufactur-
ing process. This is termed the R, value and is measured in micrometres
(pm) or microinches. When specifying a value, it should be selected from
the ISO range of preferred values for surface finish as shown in Table 3.5
and can be indicated by the corresponding N-value. The table also shows
the equivalent N-value in microinches, which are still widely used in the
United States.
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When indicating a surface finish on a drawing, machining symbols are

used. A variety of information can be included with the symbol:

e the manufacturing process or treatment to be used;

e the sampling length (the length over which the surface finish has to be

measured);

e the direction of lay (the direction of cutting);

e the machining allowance (how much material is to be left for removal by

machining);

e the surface finish required of the machining process.

This information is used with the machining symbol as shown in Fig. 3.21
and it should be noted that only some of this information may be used and
not necessarily all of it. However, there are three basic variations of this
symbol as illustrated in Table 3.6. The first of these indicates the surface

Manufacturing
/ process
\\ Sampling

length
Machining o
allowance Direction
of lay

Figure 3.21 Basic machining symbol

Roughness
value

TABLE 3.6 Variations of machining symbols

Symbol Interpretation

Surface finish to n pm to
N be achieved by machining

Surface finish to n wm to be achieved
N by machining if required, that is,
machining is optional

Surface finish to n wm to
be achieved but machining
is not allowed
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3.15 Identifying the
critical processing
factors

finish required and that the surface must be machined, in this case to a sur-
face finish of npm. The second symbol again indicates the surface finish
required but this time machining is not mandatory, that is, any process cap-
able of producing the specified surface finish can be used. For example, some
casting processes have the capability to provide the specified surface finish
for a feature without secondary processing, that is, machining. Finally, the
third variation of this symbol again states the surface finish required.
However, if this symbol is used then the surface must not be machined.
For example, machining a surface might be prohibited if other surfaces or
features might possibly be damaged through either the workholding or the
machining itself.

The identification of the critical processing factors is the first step towards
identifying the appropriate manufacturing processes to be employed. The
drawing interpretation forms the basis for this and there are three distinct
analysis and outputs from this. These are the geometry analysis, the manu-
facturing information analysis and the material evaluation. These analyses
will include considering the geometric shape, dimensions and associated
tolerances, geometric tolerances, surface finish specifications, the raw
material size and the number of parts required. Particular attention should be
paid to instances where there are combinations of dimensional tolerances
and geometrical tolerances and/or surface finish specifications. The correla-
tion of the output from these analyses allows the critical processing factors
to be formulated. These are a list of requirements that the manufacturing
process or processes selected must meet. This is best illustrated by a worked
example.

Example 3.2 The bearing housing shown in Fig. 3.22 below has to be
manufactured and the process planner has been given the detail drawing for
the part. The drawing specifies that the part material is cast iron and
the batch size is 250. The general tolerance is *=0.5 and the general surface
finish is N9. The drawing has been deliberately simplified to help in this
example.

Solution
Let us consider the three analyses identified above separately:

Geometric analysis —based on the complexity of the part the most appropriate
category of process to manufacture this part would be casting. In terms of
size, the part is relatively small.

Manufacturing considerations — these are the process parameters stated
within the drawing. These are:

e the 100 mm diameter bore that holds the bearing cannot deviate from the
nominal size by more than 0.02 mm;
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ﬁ
<
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45

35

32.5%0.01
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=
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100+0.02

150%0.02

Figure 3.22 Sectional view of part for worked example

e the 100 mm diameter bore must also be perpendicular to the bottom
surface within 0.1 mm tolerance zone;

e the 150 mm diameter bearing cannot deviate from the nominal size by
more than 0.02 mm;

e the shaft hole must be machined and have a surface finish of 0.5 pm;

e the shaft hole surface and centreline must be parallel to each other to
within a tolerance zone of 0.02 mm;

e the position of the shaft hole centreline cannot deviate from the nominal
size by more than 0.01.

The general dimensional tolerance, surface finish specification and batch size
must also be taken into consideration as stated on the drawing. It should be
noted that an N9 surface finish is 6.3 pm.

Material evaluation — the material specified is cast iron. This concurs with
the assertion made in the geometric analysis that a casting would be the most
suitable process.

Correlating the above allows the critical process parameters to be formu-
lated. These are essentially a list of requirements that the initial manufactur-
ing process must meet. In this case, they are as follows:

e Dbe suitable for use with cast iron;
e Dbe able to meet the general dimensional tolerance of =0.5 mm,;

e be able to meet the general surface finish specification of 6.3 wm;
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3.16 Summary

Case study 3.1:
Standardization at JH
Engineering”

e be able to produce in batches of 250 economically;

e be able to meet the majority of the specific dimensional and geometric
tolerances stated on the drawing.

Although the process must meet all of these requirements, the final require-
ment is less critical in this instance with regards to the selection of the initial
process. This is because secondary processing has already been specified on
the drawing, that is, the shaft hole must be machined. Therefore, it is likely
that some of the other specific dimensional and geometric tolerances will
also be met through secondary processing.

The three analyses identified above will be considered further in Chapter 4
when the material evaluation and process selection is considered in detail.
All three will be discussed as part of a systematic method for process selec-
tion. This includes the use of a number of appropriate tables as tools to aid
the material evaluation and process selection.

This chapter has highlighted that the process planner’s task commences with
the analysis and interpretation of the engineering drawings of the part or
assembly under consideration. There is a variety of information included on
an engineering drawing. Although some of this might be general information
such as names and dates, the majority of the information will be relevant to
the material evaluation and process selection. Numerous factors can influence
the selection of particular manufacturing processes and much of the informa-
tion on the drawing pertains to these factors and is therefore relevant in terms
of identifying manufacturing processes. The drawing interpretation is carried
out from the perspective of identifying the critical processing factors. In doing
so, the drawing interpretation consists of three distinct analyses, that is,
geometric analysis, manufacturing considerations and material evaluation.
The output of these analyses is correlated to form a list of critical processing
factors. These will then be used for the purpose of identifying the manufac-
turing processes to be employed and are the basis of the material evaluation
and process selection, which will be the focus of the next chapter.

Introduction

JH Engineering had a long and successful history as a manufacturer of large
axial fans. However, the company share of the market was decreasing and it
was decided to diversify. The basis of this diversification was the development
of a new radial fan assembly utilizing new technology, shape and materials.
The development of this new product would also require the development of
a completely new range of standardized fasteners. After receiving the first
order for 200000 of these new units, it was decided to manufacture the new

*Adapted from Matthews (1998).
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range of standardized fasteners in-house. This would require the fasteners to
be carefully standardized and controlled and therefore quality was paramount.

Methodology

Due to the importance of quality control, it was decided to lay down a
methodology that was to be strictly adhered to in the design and manufacture
of these standard fasteners (see Fig. 3.23). The starting point for this was to
assess the design in terms of the range of fastener sizes required. As the use
of a preferred number series was prevalent in the company, all the sizes
should then be rounded off to preferred sizes. In the case of this particular
product, the final requirements for the fasteners for the radial fan assembly

Estimate size range

of fasteners required

Match sizes to a

preferred number
series

Round preferred

numbers to give
preferred sizes

Select toleranced

dimensions

Define fundamental
deviations

v

Set tolerance

ranges

Design a gauging
system

Select a preferred
number series for |———p»
fundamental

Define statistical
process control
criteria

Product design
specification

Figure 3.23 Standardization methodology at JH Engineering (adapted
from Matthews, 1998)
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TABLE 3.7 Fastener requirements for new

fan assembly

Requirement

Size (dia.) and description

Casing mounting
Casing mounting
Motor assembly
Motor assembly
Motor assembly
Bearings
Bearings
Bearings
Bearings
Bearing casing
Shaft collar
Shaft collar
Shaft coupling

10 mm bolts

9 mm bolts

3 mm hex screws

4 mm hex screws

4.5 mm hex screws

1 mm precision screws
I mm grub screws
2mm grub screws

3 mm grub screws

9 mm locating studs

7 mm Allen screws

6 mm countersunk screws
8 mm bolts

are given in Table 3.7. Once the dimensions to be toleranced have been
identified, the fundamental deviation for the parts has to be selected.

Once the fundamental deviations have been defined, the tolerance grade
must then be set. When the toleranced dimensions have been fully defined in
terms of fundamental deviation and grade, the next step is to decide how this
is going to be controlled. In the case of these threaded components, a system
of gauging is to be used. Therefore, the next step is to design a gauging
system. Once the gauging system has been designed, a statistical process
control approach will be used to determine a sampling level for the use of the
gauges for the completed fasteners.

Design communication

As with the design and manufacture of all products, the accurate commun-
ication of the designs is essential. The information generated during the
above process will have a huge influence on how the fasteners are manufac-
tured and how much they will cost to make. For this reason, the information
is recorded in the product design specification (PDS). This will be used by
production planning to help determine the actual manufacturing costs and
allow drawings to be produced for the fasteners to be made.

Summary

The design and manufacture of the range of standard fasteners required to be
controlled by strict adherence to a standardization methodology. However,
once manufactured, the conformance of these parts must equally be strictly
controlled. Therefore, once all of the design decisions have been made and
communicated to manufacture, appropriate quality control procedures must
be developed to ensure conformance to the specifications.
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Case study 3.2: Analysis
and interpretation of
adapter ring

Discussion questions
1. Based on the information available, what types of drawings would you
expect to see in JH Engineering?

2. What are the two major concepts upon which the manufacture of the
standard range of fasteners will be based?

What do you think of the decision to manufacture the fasteners in-house?

4. What kind of information would you expect to see on the engineering
drawings?

What is meant by a fundamental deviation and a tolerance grade?

6. What is a product design specification and how is it being used in this
instance?

7. What type of manufacturing environment is being employed at JH
Engineering?

Introduction

You are the process planner for a small-to-medium sized sub-contracting
manufacturer who specializes in the precision manufacture of parts for the aero-
space and petrochemical industries. You have been given the drawing shown in
Fig. 3.24. and asked to develop the process plan. Therefore, the first task is to
analyse and interpret the drawing to identify the critical processing factors.

Additional information

The customer has provided the design drawing including the material speci-
fication for the adapter ring. The job has been sub-contracted due to the lack
of expertise within the customer organization. The raw material is supplied
in a @160 X 50 mm billet and the general surface finish has been specified as
10.0 = 1.0 pm.

This is processed through a traditional job-shop environment with a wide
range of production equipment but no CNC capabilities. The job will be
allocated to one shop floor operative who will be responsible for the entire job.

Discussion points

1. Study the drawing and identify the useful information included on it.

2. What important information is missing from the drawing? A useful
comparison can be made with Fig. 3.2.

3. What do you notice about the general surface finish specified?

4. Study the drawing thoroughly, interpreting all dimensional and geomet-
rical information, and identify the critical processing factors.

5. Based on the type of manufacturing environment, what sort of process
planning documentation would you expect to see in a company like this?
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Figure 3.24

Adapter ring for case study

Chapter review
questions

What level of detail would you expect to see in such documentation?
List typical data you would expect to see.

el

Describe the main types of drawing employed in engineering.
Which of these is most appropriate to process planning and why?
What is orthographic projection?

Identify at least two types of components that could be detailed using a
collective part drawing.

What is meant by interchangeability and how does the use of standard
parts relate to it?

What are the three types of screw thread used in engineering and which
is most commonly used?

There are numerous miscellaneous items of data on an engineering
drawing that can be used for process planning. Identify and describe at
least five of these items of data.
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10.
11.
12.

13.

14.
15.

16.
17.
18.

19.

20.
21.

22.

23.

What is a dimensional tolerance and how is it indicated on a part drawing?
What is meant by a unilateral and a bilateral tolerance?

What is meant by ‘limits and fits’?

Describe the two bases for systems of limits and fits.

Describe the three main types of limits and fits and how they are
identified.

Why must dimensional tolerances and limits and fits be used carefully
when designing components?

What is a system of gauging and why are they used?

What is a geometrical tolerance and how is it defined? How does it
relate to a dimensional tolerance?

Identify and describe at least five types of geometrical tolerance?
How is surface finish defined and measured?

What are the three types of surface irregularity that can occur? Provide
a brief description of each.

Why are surface finish specifications for parts important in process
planning?

How is surface finish indicated on an engineering drawing?

Do you notice anything about the surface finish specifications for the
part in Example 3.2?

What are the three analyses carried out during the drawing
interpretation?

What are the outputs of these analyses used for and why are they
important in terms of the process planning activity?

Chapter review 1.
problems

Consulting the data sheets from BS4500, determine the upper and lower
limits, extremes of fit and thus the type of fit for the following toleranced
sizes:

(a) @100 H8/f7 (f) @125 H11/c11
(b) @50 H7/k6 (g) @75 H7/n6
(c) @80 H7/h6 (h) @225 H7/g6
(d) @150 H8/f7 (i) @75 H7/n6
(e) @25 H7/p6 (j) @15 H9/e9

Identify the critical processing factors for the part detailed in Fig. Q3.2
in the chapter.

Analyse and interpret the drawing below (Fig. Q3.3; Mair, 1993) and list
the critical processing factors for the part.



Drawing interpretation 103

70£0.2

PNV
yE-HH- e
N
L

35101

B

850£0.1

4R

"l

_t
s

L | .
" N
| ?90
Figure Q3.2
330
% R6
08, 1x45°
o3 -
/A 7
v, =13
40
Q\’Q §‘ T 1000
| 80+0.01 280
| I

MATERIAL: Mild Steel @30mm

Figure Q3.3



104 Process Planning

1 2 |
| RevNol Revision note | | Date |Signafure| Checked
A A
B B
20 10 25 10 20
f=1
[£=7]0.02 N
1N [OJo.05
C 3 H C
+
—-1— B + +
f=1
Q)
- _
[OJo.05
10 20 20
D 8510.05 D
2 x 910 HOLES
E E
ALL TOLERANCES #0.2 UNLESS OTHERWISE STATED
Quantity | 150 Matl. Spec. Mild Steel All dimensions in mm
Drawn by Checked by Approved by - date File name Date Drawn Scale
F P SCALLAN JHALL 07/07/01 FIGA3_3 14/06/01 11 F
LOCK BRACKET
JH ENGINEERING LTD, T
PS/0904/02 ; "
Nz
1 I N I N L

Figure Q3.4




1 | 2 | 3 |

| RevNol Revision note | | Date |Signafure| Checked

A
840
| @ 230
2 1 [7005[A]
i
B |
|
Za
— |
|
I
£20 O|#.03[B]
C 120£0.05
10 30 45 25
L ]
=1 | | I’
ol s ) {.\ .
" ]
- - - |- - - —=—015

. N/ g

®
/I\
. |
: |
10 70
ALL DIMENSIONS #0.1 UNLESS OTHERWISE STATED

Quantity [600 Matl. Spec. CAST IRON All dimensions in mm

Drawn by Checked by Approved by - date File name Date Drawn Scale
F P SCALLAN JHALL 17/07/01 FIGB3_5 10707701 11

BASE COMPONENT

Edition | Sheet

JH ENGINEERING LTD.
PS/0904/003 5 o

ANV
o rrry r rr [ 1 &

Figure Q3.5



106 Process Planning

1 2 3 |
| RevNol Revision nate | Date |Signafure| Checked
30.00
A $ 0.05[A[B 29.98
c (3]
R3 | SR
[eelny
— — C
! 88
— s

B
[Z7]0.05 EES
A

C
< —
D
£
| ALL CHAMFERS 3x3 UNLESS OTHERWISE STATED.
ALL DIMENSIONS £0.5 UNLESS OTHERWISE STATED.
Quantity [10 Matl. Spec. Mild Steel All dimensions in mm
Drawn by Checked by Approved by - date File name Date Drawn Scale
F P SCALLAN JHALL 15/07/01 FIGA_3 6 08/07/01 11
TEMPLATE JIG
JH ENGINEERING LTD. —
PS/70904/004 0 "
AN VA
1 L [ [ [ 1 [ [ [ [ 1 L

Figure Q3.6



Drawing interpretation 107

References and further
reading

Relevant standards

4. For the part shown below (Fig. Q3.4), identify the critical processing factors.

5. For the sectional view of the part shown below (Fig. Q3.5), identify the
critical processing factors.

6. For the part shown below (Fig. Q3.6), identify the critical processing factors.
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BS ISO 128: Technical drawings. General principles of presentation.

BS ISO 129: Technical drawings. Dimensioning.

ISO 262: ISO general-purpose metric screw threads. Selected sizes of screws,
bolts and nuts.

ISO 286: ISO systems of limits and fits.

ISO 724: ISO general-purpose metric screw threads. Basic dimensions.

BS ISO 406: Technical drawings. Tolerancing of linear and angular dimensions.

BS ISO 1101: Technical drawings. Geometrical tolerancing.
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BS EN ISO 1302: Geometric product specifications. Indication of surface texture
in technical product documentation.

BS EN ISO 1660: Technical drawings. Dimensioning and tolerancing of profiles.

BS EN ISO 2162: Technical product documentation. Springs.

BS EN ISO 2203: Technical drawing. Conventional representation of gears.

ISO 2553: Welded, brazed and soldered joints — symbolic representation in
drawings.

BS ISO 2692: Technical drawings. Geometrical tolerancing. Maximum material
conditions.

BS ISO 3040: Technical drawings. Dimensioning and tolerancing. Cones.

BS EN ISO 3098: Technical product documentation. Lettering.

BS EN ISO 3650: Geometric product specification. Length standards.
Gauge blocks.

BS EN ISO 5455: Technical drawings. Scales.

BS EN ISO 5456: Technical drawings. Projection methods.

BS EN ISO 5457: Technical drawings. Size and layout of drawing sheets.

BS EN ISO 5458: Geometric product specifications. Geometrical tolerancing.
Positional tolerancing.

BS ISO 5459: Technical drawings. Geometrical tolerancing. Datums and datum
systems.

BS EN ISO 6410: Technical drawings. Screw threads and threaded parts.

BS EN ISO 6411: Technical drawings. Simplified representation of centre holes.

BS EN ISO 6413: Technical drawings. Representations of splines and serrations.

BS EN ISO 6433: Technical drawings. Item references.

BS EN ISO 7083: Technical drawings. Symbols for geometrical tolerancing.

ISO 7200: Technical drawings. Title blocks.

BS ISO 7573: Item lists.

ISO 8015: Technical drawing. Fundamental tolerancing principles.

BS EN ISO 8826: Technical drawings. Roller bearings.

BS EN ISO 9222: Technical drawings. Seals for dynamic applications.

BS ISO 10578: Technical drawings. Tolerancing of orientation and location.

BS ISO 10579: Technical drawings. Dimensioning and tolerancing. Non-rigid
parts.

BS EN ISO 14660: Geometric product specifications.

British standards

In addition to the harmonized BS EN ISO standards listed above,
the following British standards are also relevant:

BS 499: Welding terms and symbols.

BS 919: Specification for screw gauges. Limits and tolerances.

BS 969: Specification for limits and tolerances on plain limit gauges.

BS 1044: Specification for gauge blanks. Plug, ring and caliper gauges.

BS 1134: Assessment of surface texture.

BS 2045: Preferred numbers.

BS 3643: ISO metric screw threads.

BS 4311: Specification for gauge blanks and accessories.

BS 4500A: ISO limits and fits. Data sheet: selected ISO fits — hole basis.

BS 4500B: ISO limits and fits. Data sheet: selected ISO fits — shaft basis.

BS 5346: ISO metric trapezoidal screw threads.

PD 6481: Recommendations for the use of preferred numbers and preferred sizes.

BS 8888: Technical product documentation. Specification for defining and graph-
ically representing products.



4.1 Introduction

4.2 Aims and objectives

4 Material evaluation and
process selection

In Chapter 1, manufacturing was defined in terms of transforming raw
materials into a product. The selection of a specific material for a particular
part or product is an important part of the design and manufacture cycle. It
is the responsibility of the design function, not only to design a product that
meets the specific need, but also to select the correct material for the part or
product. However, once specified, the selection of a specific material ulti-
mately limits the manufacturing processes that can be used. It is important to
recognize that the material and process selections are not made from a
limitless range and are in fact limited by the products manufactured, and the
materials and processes available, within an organization. Generally, the role
of manufacturing is to evaluate the material selected at the design stage. In
some instances, this evaluation may lead to an alternative material being
suggested by manufacturing and thus a meaningful dialogue must be entered
into with the designers. Reasons for specifying such an alternative might
include poor manufacturability (leading to high manufacturing costs) and
high costs of the material itself. To enter into such a dialogue, manufactur-
ing must have a good knowledge of the materials available and their associ-
ated properties, in addition to their suitability for specific manufacturing
processes. Therefore, it can be seen from the above that the selection of
materials is closely linked to the selection of appropriate manufacturing
processes. In summary, four important factors influence the use of materials
in manufacturing (Edwards and Endean, 1990).

e the product design must meet the specified need;

e materials with appropriate properties must be selected;

e Dbased on both of the above, suitable manufacturing processes must be
selected;

e the response of the material during manufacture and in service.

The aims of this chapter are to introduce the common materials and
processes used in manufacture and the methods for their selection.
On completion of this chapter, you should be able to:
e identify and describe the common materials used for manufacture;
e identify and describe the main properties of materials;

e identify and describe common material selection processes;
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4.3

Basic classification
of materials for
manufacture

4.4 Basic material
properties

e identify and describe the common processes used for manufacture;

e carry out an overall evaluation of the selection of materials for manufac-
ture in terms of processes;

e select suitable processes for a given part/product based on the critical
processing factors identified during the drawing interpretation.

In modern manufacturing, the range and diversity of materials used is vast.
However, there are three main categories of materials used in manufacturing,
as illustrated in Fig. 4.1. These are metals, polymers and ceramics, all three
of which will be discussed further in this chapter. Although these three
categories will be focused on in the remaining chapters, there are another
two classes of material used in manufacturing, namely composites and
semiconductors (Schaffer ef al., 1999). These will also be considered further,
albeit briefly.

Regardless of the type of material, all materials will exhibit specific charac-
teristics and properties during processing and in use. These characteristics
and properties are heavily influenced by the atomic structure of the material.
However, the consideration of material structures is outside the scope of this
text and readers are advised to check the references at the end of this chapter
for further reading. This section will focus solely on the characteristics and
properties of materials.

Regarding description of materials in terms of their properties, there are
two distinct property sets to be considered. The first of these are the mechan-
ical properties, which describe how a material reacts under applied loads.
The other set is the physical properties of the material such as density and
melting point. The major mechanical and physical properties to be consid-
ered are illustrated in Fig. 4.2.

Materials for
manufacture

[

I Metals || Ceramics || Polymers || Composites
Semiconductor Laminar

materials
Particulate

Fibre-reinforced

Figure 4.1 General classification of materials for manufacture
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Material
properties
I
[ ]
IMechanicaI properties | I Physical properties
— Strength — Density
— Hardness — Melting point
— Toughness
— Specific heat
— Ductility
— Elasticity — Thermal conductivity
— Impact resistance
— Thermal expansion
— Fatigue resistance

'— Electrical conductivity

Figure 4.2 General mechanical and physical material properties

4.4.1 Mechanical properties

The intention of this section is to briefly describe the main mechanical prop-
erties of materials for manufacture. It is not to provide detailed coverage of
these properties as some previous knowledge is assumed. Again, for detailed
coverage, refer to the reference list at the end of the chapter.

Strength

The strength of a material is measured in three ways. The first of these is the
tensile strength. This is the strength of a material when two loads pull it apart
and is calculated by dividing the force applied by the cross-sectional area of
the material. Thus, tensile strength is measured in newtons per square metre
(N'm™?). Compressive strength is equally important and measures its resist-
ance to squeezing forces without cracking. Finally, there is shear strength,
which measures a material’s ability to withstand forces acting perpendicular
to the main axis of the part and which can cause failure across the cross-
sectional area. This is also measured in newtons per square metre (N m™2).

Hardness

In its broadest sense, hardness is a measure of a material’s resistance to abra-
sion. It is determined by applying a load to the material surface with an
indenter and measuring the indentation. This is carried out again with a
larger load and the indentation measured again. The hardness is measured in
terms of the difference in the indentation caused by the increase in loading.
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There are a number of tests and associated scales used to determine hardness,
the most common of which is the Rockwell test (Mair, 1993).

Toughness

Again, in broad terms, toughness is a measure of the energy per unit volume
required to break or fracture a material. It is often referred to as the modulus
of toughness and can be determined with a tensile test. Finally, toughness is
often associated with impact or shock loading.

Ductility

Another mechanical property that can be determined during tensile testing is
ductility. This is a measure of how much deformation occurs before a material
will fracture under tension. This is commonly measured as the percentage
elongation based on the original length of the material. It can also be expressed
as the percentage reduction of the cross-sectional area of the material.
Materials with poor ductility are often described as brittle, which is gener-
ally the case with hard materials. The ductility of materials is often referred
to as malleability, workability and formability. However, these are not
material properties as they relate to the response of material to certain
processes (DeGarmo et al., 1988).

Elasticity

As a material undergoes elongation during tension, the relationship between
the stress and strain is proportional. The ratio of stress to strain during this
elongation is known as Young’s modulus or the modulus of elasticity. This
ratio is a measure of the stiffness of a material and the higher the value, the
higher the stiffness. Also, as it is a ratio there is no unit of measurement.
Therefore, it is a measure of the ability of material to resist deflection during
loading. All materials have an inherent and constant value for the modulus of
elasticity. Finally, up to a certain stress, known as the elastic limit, if the load
is removed the material will return to its original length. This is known as
elastic deformation.

Impact resistance

During some manufacturing processes or in-service, materials may undergo
cyclic or dynamic loading. Therefore, it is important that it is known how a
material will react to sudden loading and this is known as impact resistance
or toughness. This is determined by using one of two test methods known as
the Izod and Charpy tests, respectively. Impact resistance is generally meas-
ured as the amount of energy required to break the material in joules (J).

Fatigue resistance

Fatigue resistance, like impact resistance, relates to how a material reacts
under cyclic loading. Due to the effects of cyclic loading, a material may fail
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at a load lower than would be expected under normal loading conditions.
This load is often referred to as the endurance limit or the fatigue limit and
is measured in newtons (N).

4.4.2 Physical properties

The physical properties are those which tend to be inherent due to the nature
and structure of the material. The list provided here is not intended to be
exhaustive. It should be noted that, in some instances, the physical properties
might be more important than the mechanical properties with regards to
selecting an appropriate material for manufacturing.

Density

The density of a material is its weight per unit volume and is expressed in
kilograms per cubic metre (kgm™3). It is used to help determine the specific
strength (strength-to-weight ratio) and the specific stiffness (stiffness-to-
weight ratio).

Melting point

The melting point of a material is the temperature at which it transforms
from a solid state to a liquid state. This will have an influence on the
material selection process if the application means that the part or product
must operate at high temperatures. It will also have an influence on the use
of casting operations and heat treatments.

Specific heat

Specific heat is defined as the energy required to increase the temperature
of a unit mass of a material by one degree and is measured in joules per
kilogram per kelvin (Jkg='K™!). This can have a bearing on forming and
machining processes where the workpiece heats up during processing.
Materials with low specific heat will heat up to higher temperatures. This, in
turn, could affect geometrical and dimensional accuracy and surface finish.

Thermal conductivity

This is a measure of the rate at which heat can pass through a material. For
metals, thermal conductivity is usually directly proportional to electrical
conductivity and is measured in watts per metre per kelvin (Wm™'K™!).

Thermal expansion

As heat is applied to most materials, they will expand and then contract
when cooled. The rate of expansion and contraction is different for any given
material and is known as the coefficient of thermal expansion and the units
are 1076°C™ 1
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4.5 Metals

Ferrous metals

Electrical conductivity

Electrical conductivity is a measure of the rate at which an electric current
can pass through a material and is measured in reciprocal ohm metres
(Q 'm™!). Materials with electrical conductivity are known as conductors,
while those with a high resistance to current flow are known as insulators.

Metals are by far the most commonly used materials in manufacturing.
Metals can be classified further into those that are ferrous and those that are
non-ferrous as illustrated in Fig. 4.3.

4.5.1 Ferrous materials

Ferrous materials, as their name suggests, are iron-based metals. As can be
seen from Fig. 4.3, these can be categorized further as irons or steels. This
will form the basis for this brief résumé of ferrous metals. For more detailed
information, please refer to the references listed at the end of the chapter.
Wrought iron has been produced from the late eighteenth century.

Generally, it contains less than 0.1 per cent carbon and 1-3 per cent finely
I Non-ferrous metals

Iron

l_l_l

Wrought
iron

Figure 4.3

Cast
iron

— Grey cast
iron

— White cast
iron

— Malleable
iron

— SGiron

| [ I I |
Steel Light Heavy Refractory Precious

alloys alloys metals metals

——

Carbon Alloy Aluminium  Copper Molybdenum Platinum
steel steel alloys alloys
Mobium Gold
Titanium .
Low-carbon Low alloy alloys Copper-zinc Tantalum Silver
steel (MS) steel
Magnesium Brass Tungsten
Medium-carbon — High alloy alloys
steel steel Bronze
High-carbon
steel Tool
steel
High-speed
steel
Stainless
steel

General classification of metals
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divided slag, evenly distributed throughout it. The slag also accounts for
about 4.5 per cent of the weight of the metal (Amstead ef al., 1987). It is
relatively cheap and it has good resistance to corrosion and shock, good
toughness and high ductility. It is generally used for products subjected to
corrosive conditions.

Cast iron usually refers to a family of materials that are ferrous alloys con-
sisting of iron, 2-4.5 per cent carbon and up to 3.5 per cent silicon
(Kalpakjian, 1995). Silicon is usually added to ease the casting by improving
fluidity. Grey cast iron is very cheap and has good damping properties due to
its graphite flake structure absorbing the vibration energy. It is also easily
machined as the graphite tends to act as a lubricant between the material and
the cutting tool and breaks up the chips formed during cutting (DeGarmo
et al., 1988). White cast iron is a hard but brittle alloy and is obtained through
the rapid cooling of grey cast iron. This, in turn, can be transformed to mal-
leable cast iron through a heat treatment called process annealing. This yields
improved ductility, strength and shock resistance. Finally, spherical graphite
(SG) iron is formed by adding manganese to grey cast iron. This improves the
strength, hardness and toughness while maintaining ductility and ease of
machining, resulting in a material similar to mild steel.

Carbon steels can be classified as low-, medium- or high-carbon steels.
Low-carbon steels have less than 0.2 per cent carbon and are generally
referred to as mild steel. It is generally used for applications that do not
require high strength such as sheet and plate. Medium-carbon steels contain
between 0.3 and 0.8 per cent carbon. These steels generally have good fatigue
resistance, toughness, strength and hardness and are used for components for
automotive applications such as gears and crankshafts. High-carbon steels
have greater than 0.8 per cent carbon and have good strength, hardness and
wear resistance but poor toughness. Typical applications for these steels are
for cutting tools, springs and cable. The carbon steels are the lowest-cost
steels and, thus, that most commonly used.

Although carbon steels are an alloy of steel and carbon with quantities of
manganese, phosphorus, sulphur and silicon, they are not classed as an alloy
steel. This is due to the fact that the amount of the above alloy elements are
small in comparison. Therefore, only those steels with significant amounts of
alloying elements are termed alloy steels. Low alloy steels generally have
5 per cent or less of the combined alloying elements, while those with greater
than 5 per cent combined alloying elements are termed high alloy steels.
Table 4.1 is a summary of the major alloying elements for steel and their
effects (Edwards and Endean, 1990).

Stainless steel is a special high alloy steel with greater than 12 per cent
chromium. This increases its corrosion resistance, which is the main reason
for its use. They also exhibit high strength and ductility. Stainless steels are
classified according to their structure and, as such, there are three types,
namely austenitic, ferritic and mortensitic. Austenitic stainless steels
generally consist of chromium, nickel and manganese. Typical applications
are in kitchenware and for heat exchangers. Ferritic stainless steels have up
to 27 per cent chromium (Kalpakjian, 1995) and are also used for kitchen
equipment. Finally, martensitic stainless steels have up to 18 per cent
chromium, but no nickel content. Typical applications are for cutlery and
surgical tools.
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TABLE 4.1 Major alloying elements for steel and effects (Edwards
and Endean, 1990)

Element Weight added (%) Effects
Aluminium Small Increases surface hardening on
nitriding
Boron 0.001-0.003  Increases hardenability
Chromium 0.54.0 Increases hardenability and strength
4.0-18 Increases corrosion and oxidation
resistance
Cobalt 1-12 Increases hardness
Manganese 0.25-0.4 Reduces brittleness
<1 Improves hardenability, strength
and hardness
Molybdenum 0.2-4.5 Improves hardenability, strength
and hardness
Nickel 4.0-5.0 Increases toughness, particularly at
low temperatures
12-20 Improves corrosion and oxidation
resistance particularly with chromium
Silicon 0.2-0.7 Increase strength
>4.0 Increases electrical resistance
Sulphur 0.08-0.15 Usually undesirable; but combined with
magnesium improves machinability
Tungsten Up to 20 Increases hardness at normal and
elevated temperatures improves
hardenability
Vanadium Upto5 Increases strength while retaining
ductility at normal and elevated
temperatures

Tool steels are another special category of alloy steels used for cutting
tools and dies. They may contain up to 18 per cent tungsten, which improves
the hardness. High speed steel (HSS) is one such alloy steel that contains
tungsten, and in addition, the alloying element vanadium (for increased
strength). Tool steel can be classified into two types; the first is M type, with
molybdenum as the major alloying element. The other is T type tool steel,
which has tungsten as its major alloying element. These tend to be expensive
and can be as much as eight times more expensive than carbon steels.

The above is only a selection of the most commonly used ferrous metals
and is not intended to be exhaustive.

4.5.2 Non-ferrous metals

Non-ferrous metals, similar to ferrous metals, are mostly used as alloys. As
our general classification in Fig. 4.3 indicates, these can be categorized as
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light alloys, heavy alloys, refractory metals and precious metals (Edwards
and Endean, 1990).

Light alloys

Generally, the light alloys are used where a high strength-to-weight ratio
and/or a high stiffness-to-weight ratio are required. The most commonly used
of the light alloys are aluminium alloys. These are used in aerospace and auto-
motive applications and for cans and foils. They usually have good electrical
conductivity and corrosion resistance. Common alloying elements for alu-
minium are copper, silicon, manganese, zinc and, for some applications,
lithium to further improve the stiffness-to-weight ratio. Titanium alloys are
becoming more widely used in the aerospace industries due to their low
density and high strengths, especially at high temperatures. They are also
used for components in petrochemical and marine applications due to their
excellent corrosion resistance. The major disadvantage of titanium alloys is
the cost of production. Although more costlier than aluminium alloys, mag-
nesium alloys are used where further savings in weight are required. Typical
applications are for components for aircraft, material-handling equipment
and portable power tools. This is due to the fact that magnesium is two-thirds
the weight of aluminium. Magnesium alloys have good strength, although
weaker than aluminium alloys, but poor corrosion resistance to certain
substances.

Heavy alloys

Although called the heavy alloys, they are, in fact, only slightly heavier than
steels. The majority of the heavy alloys are copper alloys. The most common
of the copper alloys are brass and bronze. Brasses and copper—zinc alloys
have good strength, good corrosion resistance and reasonable ductility.
Typical applications of copper and brass are automotive radiators, radiator
cores and plumbing components. Bronzes tend to be copper—tin alloys,
although they may include the likes of aluminium, manganese or silicon.
Again, they tend to have good strength (higher than brasses) and corrosion
resistance. They also tend to be more expensive than brasses. These are used
for bearings, bushes and thrust washers.

Refractory metals

The most common metals in this group are molybdenum, niobium, tantalum
and tungsten. The major use of these metals is as alloying elements for steel.
Finally, they typically have melting points above 1600°C and thus the name
refractory metals. Even at such high temperatures, they maintain their strength.

Precious metals

Of the precious metals, gold, silver and platinum are the most important.
Despite their high cost, all three are used for industrial applications. For
example, gold has good corrosion resistance and ductility and is used for
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4.6 Ceramics

Oxide Carbide Nitride
ceramics ceramics | fceramics
Alumina Tungsten Cubic
carbide boron
Magnesia
Titanium Titanium
Zirconia carbide nitride

Figure 4.4 General

classification for ceramics

4.7 Polymers

electrical contacts and terminals. Silver is also used for electrical contacts
and, in fact, has the highest electrical and thermal conductivity among met-
als. Platinum is ductile and is resistant to corrosion at high temperatures.
Typical applications are again as electrical contacts, spark-plug electrodes
and as catalysts in exhaust systems.

Although most ceramics are a formation of both metallic and non-metallic
materials, they tend to have a higher strength and hardness than metals at
high temperatures. However, they do tend to be more brittle than metals,
which is the major disadvantage of using them. They can be classified into
one of three categories, based on their composition, as oxides, carbides and
nitrides as illustrated in the general classification for ceramics in Fig. 4.4.

Frequently, the non-metallic element is oxygen and these ceramics are
known as the oxides. Typical oxide ceramics are alumina, magnesia and
zirconia. Another class of ceramics is the carbides. Two good examples of
these are tungsten carbide and titanium carbide, which are both used as cut-
ting tool materials. Nitrides also have application in cutting tool technology.
For example, cubic boron nitride is used for cutting tools and grinding wheels.
Titanium nitride is used to improve the cutting tool life by being used as a
tool coating. Finally, due to the wide variation in elements used in ceramics,
they have a wide range of mechanical and physical properties.

The use of polymers in manufacturing, particularly in material substitution,
has become increasingly important in the last two decades. One just has to
consider the average car to see how polymers are being used and to realize
their importance as a material for manufacture. For example, consider the
widespread use of polymers for car interiors and for bumpers (see Case study
4.2 for an example). Polymers can be broken down into three distinct cat-
egories; thermoplastics, thermosets and elastomers as illustrated in Fig. 4.5.

IThermopIastics| I Thermosets | I Elastomers

Nylons — Epoxy Latex
resins

Acrylics Neoprene
— Phenolics

Polyethylenes Urethane
— Polyesters

Poly(vinyl Silicone

chloride) '— Polyurethanes

Figure 4.5 General classification of polymers
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4.8 Composites and
semiconductors

Thermoplastic materials can be further categorized as commodity plastics
and engineering plastics (Strong, 2000). In the context of this chapter, only
the engineering plastics are of interest. Most thermoplastics have high
strength, stiffness, toughness, impact strength and corrosion resistance.
Typical examples of thermoplastics are nylons, acrylics, polyethylenes and
poly(vinyl chloride). Typical applications are in the automotive industry and
household appliances for the likes of gears, shafts, impellers and bearings.

Unlike thermoplastics, which can be reset by applying heat, thermosets
cannot be reprocessed or reshaped. Generally, when subjected to high
temperatures they retain their shape. In terms of mechanical properties, ther-
mosets tend to be stiffer and more brittle than thermoplastics. Reinforced
thermosets have good strength and impact toughness. Typical examples
of thermosets are epoxy resins, phenolics, polyesters and polyurethanes.
Typical applications for thermosets include electrical switches, automotive
electrical parts, coatings and bonding adhesives.

The final type of polymer, elastomers, are rubbers. These obviously
exhibit a huge amount of elastic elongation and can be typically stretched to
twice their original length and retain their original shape when loading is
removed. Similarly, they can be compressed to half their size and still return
to their original size. Examples of elastomers are latex, neoprene, urethane
and silicone. There are numerous applications for elastomers and these
include tyres, seals, engine mounts, belts and gaskets.

Although for the purposes of this chapter, only the three major classes of
materials are considered in any detail, there are two other classes of material
as mentioned in Section 4.3. The first of these two classes is composites. A
composite material is one that contains two or more component materials
combined. These are usually combined mechanically or metallurgically to
produce a material which has properties not exhibited by conventional
materials. The component materials generally remain discrete during
processing and, as such, retain their characteristic properties. Although there
are many types of composite materials, they can be categorized into three
types (DeGarmo et al., 1988):

Laminar composites — where the component materials are bonded together
in layers. A common example of this is plywood, where layers of wood
veneer are bonded together.

Particulate composites — where one or more component materials is sur-
rounded by another component material known as a matrix. A good example
of this is concrete, which is sand and gravel surrounded by cement.

Fibre-reinforced composites — where thin fibres of one component material
are embedded within a matrix of another component material. A good exam-
ple of this type of composite is glass-fibre-reinforced resins.

Due to the unique combination of properties that can be gained by the use
of composites, they have found application in many areas. These application



120 Process Planning

4.9 Material selection
process and methods

areas include aerospace components, automotive bodies and components,
boat hulls, sports equipment and pressure vessels.

The other class of material identified by Schaffer et al. (1999) and not
included in our basic classification is that of semiconductors. As the name
suggests, these materials have electrical properties that fall between those of
conductors and insulators. This is because the electrical conductivity of
semiconductor materials can be controlled through the addition of other
substances, known as dopants. The major semiconductor materials are silicon
and germanium. Finally, semiconductors are generally considered as a type of
ceramic material due to their similar material properties and characteristics.

4.9.1 The material selection process

The selection of an appropriate material or materials for a product design
is a difficult and complex task. However, regardless of the level of difficulty
or complexity, two distinct approaches arise for the materials selection
process:

e the design and development of a new product;

e the modification of an existing product.

The most thorough approach to any materials selection problem is to view
it as the design and development of a new product. There are five basic steps
that can be followed for this approach (Dieter, 2000):

1. Specify the performance parameters of the design and translate these
into the required material properties, for example, strength, hardness,
etc. taking into account the cost and availability of materials.

2. Specify the manufacturing considerations such as the quantity/
batch size; size, weight and complexity of the part; dimensional and
geometrical accuracy required, the surface finish required, any quality
requirements and the overall manufacturability of the material.

3. Draw up a shortlist of candidate materials from the largest possible
database of materials deemed suitable for the application.

4. Evaluate the candidate materials in more detail. Compare each, based on
product performance, cost, availability and manufacturability. The result
of this evaluation should be the selection of a single material.

5. Develop design data and/or a design specification for the chosen
material.

The second approach of modifying an existing product is usually carried out
to reduce costs and/or improve quality. In terms of the material selection
process, this is often referred to as materials substitution. However, it should
be noted that the manufacturing processes associated with the materials are
also evaluated to optimize the material substitution. Again, there are five
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4.10 Material
evaluation method

basic steps to the material selection process:
1. Evaluate the current product in terms of the materials performance,
manufacturing process requirements and cost.

2. Identify which characteristics have to be improved for enhanced product
performance.

Search for alternative materials and/or manufacturing routes.

4. Compile a shortlist of materials and manufacturing routes. Evaluate
each in terms of the cost of manufactured parts.

5. Evaluate the results of Step 4 and employ the best alternative.

There is a third approach, which is similar to the above approach, known as
the case-history method. The assumption is that something similar has been
previously manufactured successfully and that the combination of materials
and processes can be used again. Although a useful approach, even the slight-
est difference in product performance requirements can render the previous

material selection useless. The other disadvantage of this technique is that
developments in technology, materials and processes tend to be overlooked.

4.9.2 Material selection methods

Several methods have been developed for material selection problems, some
not only applicable to material selection but also any design selection pro-
cedure. Although no one method is accepted as the standard approach, there
are a number of commonly used methods (Dieter, 2000):

e selection with computer-aided databases;

e performance indices;

e decision matrices;

e selection with expert systems;

e value analysis (particularly for materials substitution);

e failure analysis;

e cost-benefit analysis.

Full coverage of the above methods is outside the scope of this book.

However, for further information on all of the above, consult Dieter (2000)
who provides excellent summary coverage.

In terms of the material evaluation, one of the prime considerations for
the manufacturing engineer or process planner is the shapes or features
required. Any number of processes can be used to produce a particular
shape as given in Table 4.2. Once a number of suitable processes have been
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TABLE 4.2 Shape/features produced by some common manufacturing processes

Shape/feature Manufacturing processes Surface finish ~ Tolerance (mm)
Flat Surface Planing/shaping N5-N11 +0.05
Broaching N5-N9 +0.005
Milling N4-N11 +0.1
Grinding NI-N7 +0.005
Parts with End milling N4-N11 *0.1
cavities Electrical-discharge N4-N10 +0.005
machining
Electrochemical machining N4-N9 +0.01
Ultrasonic machining N4-N9 *0.005
Parts with Permanent mould casting N4-N10" +0.05-9.00!
sharp features Machining 0.0125-N11! +0.005-0.1"
Grinding NI1-N7 +0.005
Fabricating NA +0.5-2.0!
Thin hollow Slush casting N4-N10 +0.05-5.0
shapes Fabricating NA +0.5-2.0!
Tubular shapes Extrusion N5-N11 *0.1
Drawing N4-N6 *0.1
Centrifugal casting N7-N10 *0.2
Spinning N5-N8 *0.2
Curvature on Stretch forming NA +0.2-0.5!
thin sheets Fabricating NA +0.5-2.0"
Openings in Blanking N3-N10 +0.02
thin sheets Chemical blanking N4-N9! +0.005-0.01"
Cross-sections Drawing N4-N6 *0.1
Extrusion N5-N11 *0.1
Turning N2-N10 *0.05
Square edges Fine blanking N3-N8! +0.001-0.01"
Machining 0.0125-N11'  £0.005-0.1"
Belt grinding NI1-N7 +0.005
Small holes Laser cutting N6-N9 +0.025
Electrical-discharge N4-N10 *0.005
machining
Electrochemical machining N4-N9 +0.01
Surface Knurling NA NA
textures Grinding NI1-N7 *0.005
Belt grinding N1-N7 *0.005
Detailed Machining 0.0125-N11'  £0.005-0.1"
surface Investment casting N5-N8 +0.05
features Permanent mould casting N4-N10! +0.05-9.00"
Note:

1. Dependent on specific process and/or production equipment.
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identified based on the shapes and features, they should be evaluated in terms
of dimensional and geometrical tolerance requirements, surface finish
requirements, component size, material selected, relative processing costs
and the quantity required (some of which are included in Table 4.2). It is
also important to remember that the processing will nearly always affect
the properties of the material. For example, ductility and hardness will be
relevant properties to consider if the material is to be hardened by heat
treatment.

Therefore, although in Section 4.9 there was brief coverage of material
selection processes and methods, the process planner merely evaluates the
result of the material selection process, that is, the material selected in terms
of how the part should be manufactured. This evaluation should focus on
three main areas (DeGarmo et al., 1988):

e shape or geometry considerations;

e material property requirements;

e manufacturing considerations.

This three-stage evaluation procedure was originally developed as a materials

selection procedure (DeGarmo et al., 1988) and has been adapted to be used
for the purpose of material evaluation.

4.10.1 Shape or geometry considerations

This particular consideration affects the manufacturing process. Although
most of these considerations are obvious, some can be more complex than
first imagined. Typical considerations are:

1. What is the relative size of the component?

2. How complex is the shape? Is it symmetrical at all? Uniform cross-
sections? Will it be more than one piece?

3. Are there enough dimensions to enable manufacture?

b

Are there any dimensional tolerances outside the general tolerance
requirements?

How does this part mate in a sub-assembly or assembly?
What are the surface finish requirements?

Have allowances been made for wear during service?

S &6 8 &

Are there any minor design modifications that can significantly improve
manufacturability, that is, design for manufacture?

All of the above should have been considered during the drawing
interpretation to help identify the critical processing factors. A useful tool
in assessing the geometry in terms of manufacturing processes is the
geometry classification matrix in Fig. 4.6. Used in conjunction with the
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Increasing spatial complexity ——
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Figure 4.6 Geometry classification matrix (from Schey (1987). Introduction to Manufacturing Processes,
2nd edn, McGraw-Hill. Reproduced with permission of the McGraw-Hill Companies)

process selection detailed later in this chapter, candidate processes can be
identified.

Finally, the material and shape/geometry should also be assessed in terms
of the raw material or billet form. Raw materials come in many shapes and
forms for many different processes as given in Table 4.3. In many cases, the
forming of the billet may simply be a case of cutting the material to the
required size from stock material. However, for complex geometry the billet
may be formed using manufacturing processes from the casting and
forming/shaping categories. This will obviously have a significant influence
on the general form of the process plan as discussed in Section 4.12.2.

4.10.2 Material property requirements

This is a much more complex task and can be split into three distinct
considerations namely:

e mechanical properties;

e physical properties;

e service environment.
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TABLE 4.3 Some raw material forms for common manufacturing
processes

Basic form Variations Manufacturing processes
Bar Round Turning, grinding, milling, forging,
cold forming
Square Grinding, milling, forging, cold forming,
shaping/planing
Hexagonal Turning, threading
Tube Blow moulding
Sheet Metal Shearing, blanking, fine blanking,

bending, deep drawing, stretch
forming, spinning, continuous

extrusion
Polymer Blow moulding, vacuum forming
Plate Metal Rolling, fabrication
Powder Metal Powder metallurgy
Polymer Continuous extrusion
Granules Polymer Injection moulding, continuous extrusion

Mechanical properties

1. Are there any static loading needs with regards to particular
processes?

2. Is failure likely during manufacture and, if so, how?
3. s there the likelihood of impact loading? Type and magnitude?

4. TIs there the likelihood of cyclic loading? Type, magnitude and
frequency?

5. Is wear resistance needed? Where? How much?
6. Is there a temperature range within which the properties are stable?

7. How much can the material deform and still function properly?

Physical properties
1. Will processing affect electrical property requirements?
2. Will processing affect magnetic property requirements?

3. Will processing affect thermal property requirements?
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126 Process Planning

4. Is weight a significant factor?

5. Is appearance a significant factor?

Service requirements

1. What is the range of operating temperatures and rate of temperature
change?

2. What is the most severe environment anticipated with respect to
corrosion and deterioration of material properties?

3. What is the desired service lifetime of the product?
What is the anticipated maintenance for this component?

What is the potential liability if the product should fail?

S & &

Should the product be manufactured with recycling in mind?

4.10.3 Manufacturing considerations

A final concern is to determine the various factors that would influence the
potential manufacturing processes. These include:

1. Have standard components and parts been specified wherever
possible?

Has the ease of manufacture of the design been considered?
How many components have to be made and at what rate?

What is the minimum and maximum section thickness?

2 & & B

What is the desired level of quality compared to similar products on the
market?

o

What are the anticipated quality control and inspection requirements?

7. Are there any special considerations to be made for assembly?

It is important that evaluation of the selected material is as thorough as
possible. The above factors cover all the main considerations for the process
plan. However, it is not intended to be exhaustive and it should be recognized
that every product and/or part might have some unique requirement not
considered above. Finally, another useful tool in identifying candidate
processes, in terms of the material selected, is the PRIMA selection matrix
developed by Swift and Booker (1997) as illustrated in Fig. 4.7. For exam-
ples of material evaluation and selection, consult the case studies at the end
of the chapter.
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Note — The PRIMA selection 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. Also, the order in which the PRIMAs are listed in the nodes of the matrix has no significance in terms of preference.

Material | Irons Steel Steel Stainlees Copper Aluminium Magnesium| Zinc Tin Lead Nickel Titanium ®
(carbon) (tool, alloy) steel and alloys and alloys and alloys | and alloys | and alloys | and alloys | and alloys and alloys 8 4 % ]
= = @ [}
(%2} [0} a
2 2 « s |8 |2
Quantity = = w o o o
[1.5](1.7] [1.1]01.7]
Very small [1.5]1.6] | [3.6][4.M] [3.6][4.M] [1.7][3.6] [1.5][1.7] [1.5][1.7] [.e1.7] |[1101.71 | (.07 | [1.1]13.6] | [1.5][1.7] [1.1]01.6] | [2.3] [2.6] | [5.6] [5.5]
1-100 [1.7]4.M] | [5.1][5.5] [5.1][5.5] [4.M][5.1] [3.6][4.M] [3.6][4.M] [3.6][4.M] |[3.6]4.M] | [3.6][4.M] |[4.M][5.5] | [3.6][4.M] [4.M]5.1] | [2.5]
[5.6] [5.6] [5.5][5.6] [5.1] [5.1][5.5] [5.1][5.5] [5.5] [5.5] [5.1][5.5][5.6] | [5.5][5.6]
[1.2]11.3] | [1.2][1.3][1.5] | [1.1][1.7](3.6] | [1.2][1.7] [1.2][1.3][1.5] | [1.2][1.3][1.5] | [1.3][1.6] |[1.1][1.3] | [1.1][1.3] [1.2][1.3][1.5] | [1.1][1.6]
Small [1.5]1.6] | [1.7][3.6] [4.M][5.1] [3.6][4.M] [1.7]01.8][3.3] | [1.7][1.8]3.6] | [1.7][1.8] |[1.7][1.8] | [1.7][1.8] |[1.1]1.3] | [1.7][3.6] [4.M]5.3] | [2.2] [2.2]
100-1000 [1.7][4.M] | [4.M][5.1] [5.3][5.4] [5.1][5.3] [3.6][4.M][5.1] | [4.M][5.3] [3.6][4.M] |[3.6]4.M] | [3.6][4.M] |[1.8][3.6] | [4.M][5.1] [5.4]5.5] | [2.3] | [2.2] | [2:6] | [5.6] [5.5]
[5.3]5.4] | [5.3][5.4][5.5] | [5.5][5.6] [5.4][5.5] [5.3][5.4] [5.4][5.5] [5.5] [5.5] [5.5] [4.M][5.5] | [5.3][5.4]5.5]| [5.6] [2.5]
[1.2]11.3] | [1.2][1.3](1.5] | [1.2][1.7](3.1] | [1.2][1.7][3.1]| [1.2][1.3][1.4] | [1.2][1.3][1.4] | [1.3][1.4] [1.2]11.3][1.5]| [3.1118.7] | [2.1]
Small to medium | [1.5](1.6] | [1.7][3.1][3.2] | [3.2][3.7][4.A] | [3.2][3.7][4.A]| [1.5](1.8][3.1] | [1.5][1.8][3.1] | [1.6][1.8] | [1.3][1.4] | [1.3]1.4] |[1.3][1.4] | [1.7]3.1][3.2]| [4.A]5.2] | [22] | [2.2] | [2.2] | [5:2] [5.5]
1000-10000 [1.713.7] | [3.7][4.A]5.2] | [5.2][5.3] [5.2][5.3] [3.2][3.7]4.A] | [3.2]3.7][4.A]| [3.1][3.2] |[1.8]3.2] | [3.2] [3.2] [3.7][4.A]5.2]| [5.3]5.4] | [2.3]
[4.A]5.2] | [5.3][5.4][5.5] | [5.4][5.5] [5.4][5.5] [5.2][5.3][5.4] | [5.3][5.4][5.5] | [4.A][5.5] | [4.A][5.5] [5.3]5.4][5.5]| [5.5] [2.4]
[38.1]3.2] [1.2][1.4] [1.2][1.3][1.4] | [1.3][1.4] [2.1]
Medium to high | [1.2][1.3] | [3.3][3.7] [3.2][3.3] [3.1]13.2] [3.1]13.2] [3.1][3.2]3.3] | [3.1]132] |[1.43.2] | [1.4]3.2] |[1.4][3.2] | [3.3][3.7] B.713.8] | [2.3] | [21]
10000-100000 |[3.7][4.A] | [3.8][4.A] [3.8][4.A] [3.3]3.7] [3.3]3.7] [3.7][3.8] [3.3][3.8] |[3.8][4.A] [3.8] [3.3][3.8] | [3.8][4.A] [4A5.2] | [24] | [22] | [22] | 37 [3.3]
[5.5] [5.2] [3.8][4.A] [3.8][4.A] [4.A][5.5] [4.A] [4.A] [5.2][5.5] [5.5] 2.7 | 2.7]
[1.2](1.3]
High [1.2]11.3] | [3.1]3.2] [1.2]3.2] [1.4]3.2] [1.3][1.4] [2.1] | [2.1]
100000+ [3.7] [3.3][3.8] [3.3]3.7] [3.3][3.8] [3.1]13.8] | [1.4][3.2] [1.4]3.2] [2.4] | [2.2] [38.7]
[4.A] [3.8][4.A] [4.A] [4.A] 2.7] | 2.7]
[1.1]11.6] [1.1][1.6] [1.1]11.6]
All quantities [1.1] [1.1]1.6] [1.6] [3.4][3.5] [3.4][3.5] [3.4][3.5] [1.1]13.4] | [3.4]3.5] [1.1][1.6] [3.4][3.5] [5.5] | [1.6]| [1.6]
[3.4][3.5] [5.5] [3.5] [3.4][3.5]
Key to matrix:
[1.1] Sand casting [2.1] Injection moulding [3.1] Closed die forging/ [4.A] Automatic machining [5.1] Electrical discharge machining
[1.2] Shell moulding [2.2] Compression moulding upset forging [4.M] Manual machining [5.2] Electrochemical machining
[1.3] Gravity die casting [2.3] Vacuum forming [3.2] Cold forming (The above headings cover a [5.3] Electron beam machining
[1.4] Pressure die casting [2.4] Blow moulding [3.3] Cold heading broad range of machining [5.4] Laser beam machining
[1.5] Centrifugal casting [2.5] Rotational moulding [3.4] Sheet metal shearing processes and levels of [5.5] Chemical machining
[1.6] Investment casting [2.6] Contact moulding [3.5] Sheet metal forming control technology. For [5.6] Ultrasonic machining
[1.7] Ceramic mould casting [2.7] Continuous extrusion [3.6] Spinning more detail, the reader is
[1.8] Plaster mould casting (PLASTICS) [3.7] Powder metallurgy referred to the individual
[3.8] Continuous extrusion processes.)
(METALS)

Figure 4.7 PRIMA matrix (Swift and Booker, 1997)
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4.11 Manufacturing
processes

4.11.1 General classification of manufacturing processes

There is a vast array of manufacturing processes available for selection to the
manufacturing engineer. All processes have an inherent ability to produce
within certain ranges of surface finish, dimensional accuracy and geometrical
accuracy. Equally, certain processes will be more suited to producing certain
shapes or features. Regardless of the above inherent abilities of manufacturing
processes, invariably more than one process will be able to meet the manu-
facturing needs. Therefore, familiarity of the types of processes available is
essential, as is knowledge of specific processes.

In general, processes can be classified into one of five broad categories. These
are casting, forming and shaping, joining, machining and surface processes as
illustrated in Fig. 4.8. In the remainder of this chapter, there will be brief
descriptions of the above types of processes with data tables for specific
processes within each type included. For detailed descriptions and information
on specific processes, please refer to the reference list at the end of the chapter.

4.11.2 Casting processes

With so many casting processes available, nearly any shape or size of part or
product can be manufactured by casting. In fact, the use of casting processes
is one of the quickest methods of converting raw material to finished part.
In addition, the use of an appropriate casting process can reduce the need
for secondary processing. However, as with all manufacturing processes,
the best results and economy are achieved only if the designer understands
the various processes and tailors the design to the most appropriate one.

General classification of casting processes

Casting processes involve the use of molten material, usually metal. This
molten material is then poured into a mould cavity that takes the form of the
finished part. The molten material then cools, with heat generally being
extracted via the mould, until it solidifies into the desired shape. Although
the above describes a relatively simple process, casting is generally quite a
complex process due to the complex metallurgy of using molten metal.
Casting processes can be broken down into two broad categories:

e expendable mould processes;

e permanent mould processes.

Manufacturing
processes

[

processes

Casting Shaping/forming Machining Joining Surface
processes processes processes processes

Figure 4.8 General classification of manufacturing processes
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Casting
processes

=

Expendable Permanent
mould mould
processes processes
Sand casting — Low-pressure PM casting
Shell casting — Vacuum PM casting
Plaster casting — Die casting
Ceramic casting — Squeeze casting
Investment casting — Centrifugal casting
— Semi-centrifugal casting
I— Injection moulding

— Compression moulding

Figure 4.9 General classification of casting processes

With expendable mould processes, the moulds are destroyed in order to
remove the casting. Typical mould materials include sand, plaster and ceramics
mixed with a bonding agent. However, with permanent mould processes, the
mould itself is reused and must therefore be designed to allow the easy
removal of the casting. Typically, permanent moulds are made from metals
that retain their strength at high temperatures.

As can be seen from Fig. 4.9, numerous casting processes can be used.
Most can accommodate complex geometry in various weights and sizes.
However, overall casting processes are used because:

e they can produce complex shapes with internal cavities or hollow
sections;

e many casting processes can produce very large parts;
e they can process materials difficult to process otherwise;

e depending on the lot size, casting may be the most economical method of
production.

There are a number of other factors used to assess the suitability of
specific casting processes for a particular part. These are discussed under the
heading of general characteristics. Finally, it should be noted that a number
of plastic processing methods are classified as casting processes.

Castability

As already stated, casting processes are versatile in terms of the complexity
of geometry that can be produced and the range of sizes of part that can be
produced. They are equally versatile in terms of the material that can be
used, which include metals, plastics and ceramics. The ease with which
a material can be cast, while satisfying quality requirements, is known as
castability. Although casting practises will have an impact on the castability
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Shaping/forming
processes
|
[ [ 1
Bulk Sheet Powder
forming forming processing
Rolling  — Sheet metal
forming
Drawing
— Vacuum forming
Extrusion
Forging |~ Blow moulding
— Superplastic
forming
— Contact
moulding

Figure 4.10 General classifi-
cation of shaping/forming

processes

of a particular material, the main influence on castability is the fluidity of the
molten material. Fluidity refers to the ability of the molten material to flow and
fill the mould cavity. Therefore, in broad terms, castability is a measure of:

e how the molten material flows in the mould cavity;

e the ability of the molten material to solidify into the shape of the mould
cavity.

It is important that these two functions of the molten material are performed
in the above order, as the casting will have serious defects if the molten mate-
rial solidifies before filling the mould.

General characteristics of casting processes

The selection of an appropriate casting process will depend on a number of
factors which include the material, size, weight and complexity of the
geometry, labour, equipment and tooling costs, tolerances and surface finish
required, strength and quantity and production rate required and the overall
quality requirements. These factors are listed for several more commonly
used casting processes in Table 4.4. This has been compiled from a number
of sources including Kalpakjian (1995), Mair (1993), Schey (1987) and
Swift and Booker (1997).

4.11.3 Forming and shaping processes

Although strictly separate types of processes, forming and shaping will be
considered together. This is because they are more similar than different. In
forming, a solid billet of material is usually manipulated by force to give the
shape required. However, shaping usually involves the moulding of molten
material similar to casting. Although complex shapes can be produced using
forming, it is not as flexible as casting in terms of the geometry that can be
produced. However, forming can produce better material microstructures
that improve mechanical properties.

General classification of forming/shaping processes

Although there are differences between forming and shaping processes, they
can be classified into three distinct categories of process as illustrated in
Fig. 4.10. These are:

e bulk forming;
e sheet forming;

e powder processing.

Bulk forming processes are often referred to as deformation processes.
This is because the vast majority of the shaping is due to the deformation
caused by compressive loading with a tool. In fact, most processes within
this category will cause changes in shape, usually a change in cross-sectional



TABLE 4.4

Casting process selection table

Process Material Weight Shape'  Section thickness (mm) —Typical Surface Costs EOQ  Production
k . tolerance nish rate/per
(kg) Min.  Max. ot fum " E T o
Sand casting ~ Any, but steel difficult 0.05-No  All 2.5 No *1.0 3.2-25 Low— Low Low <100 1-60
limit limit medium
Shell casting ~ Most metals except 0.05-100  All 2.0 50 *0.2 0.8-6.3  Low- Medium— Low— >100 5-200
Pb, Zn, Mg, titanium medium high medium
alloys, refractory and
zirconium alloys
Plaster Non-ferrous metals 0.025-25 All 1.0 No +0.05 0.8-3.2  High Medium  Low— 10-100 1-10
casting (Al, Mg, Zn, Cu) limit medium
Investment Any metal 0.005-100 Al 1 75 +0.05 0.4-3.2  High Low— Medium—  10-1000 1000
casting medium high
Die casting Non-ferrous metals 0.05-300  All but 0.5 12 *0.05 04-32 Low- High High 500-1000  5-200
(Al, Mg, Zn, Cu) T3/5, F5 medium
Centrifugal Any metal and 1-5000 TO/1/2/7 2 100 *0.2 1.6-12.5 Low— Medium—  Medium <1000 50
casting some ceramics medium high
Injection Most thermoplastics, 6-25 All but 0.4 13 *£0.05-8.0 0.2-0.8 Low Medium—-  High >10000 60-360
moulding but also some T3/5, F5 high
thermosets,
composites and
elastomers
Reaction Most thermoplastics, 6-25 All but 0.4 13 +0.05-8.0 0.2-0.8 Low Medium—-  High >10000  60-360
injection some thermosets, T3/5, F5 high
moulding composites and
elastomers
Compression ~ Most thermoplastics, 0.05-15 All but 0.25 25 +0.05-9.0 0.2-0.8 Low Medium—  High >1000 5-200
moulding but also some T3/5, F5 high
thermosets,
composites and
elastomers
Note:

1. Taken from Fig. 4.6.
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area, through the use of compressive loading (Ludema et al., 1987).
Therefore, by the nature of this definition, materials suitable for bulk forming
must be ductile. The term bulk is used due to the low surface area to thick-
ness ratio. Generally, bulk forming processes involve hot working of the
material, that is, heat is applied to it. This is the processing of metal at a
temperature above its recrystallization temperature. The recrystallization
temperature of a material is the temperature at which new crystals form from
a distorted structure. This means there is no detrimental effects on the
mechanical properties of the material. Bulk processing includes rolling,
drawing, extrusion and forging. In fact of these, hot rolling is the most widely
used forming process (el Wakil, 1989).

Sheet forming, as its name suggests, involves the use of material billets
with very high surface area to thickness ratios. The change in shape is
usually due to bending, stretching or shearing loads (Edwards and Endean,
1990). Therefore, in most sheet forming processes deformation is due to the
effects of tensile loading (Ludema et al., 1987). Similar to bulk forming
processes, sheet forming requires materials to be ductile in nature to be
successfully formed. Sheet forming processes include sheet metal forming
(including bending, deep drawing and stretchforming), vacuum forming and
blow moulding. As can be seen from this list of processes, polymers can be
processed by sheet forming.

Powder processing, also known as powder metallurgy, is the forming of
components from metal powders using pressure and heat, sometimes simul-
taneously. The actual powder metallurgy process generally consists of four
steps sometimes followed by secondary processing. The first step is the
blending of the metal powder with any required additives such as lubricants
or binding agents. The compacting of the powder blend follows this. In the
case of cold compacting, only pressure is applied to the metal powder, while
in hot compacting both heat and pressure are applied simultaneously. In the
case of hot compacting, the process is complete, unless secondary process-
ing is required. However, in the case of cold compacting, once completed the
part undergoes a process known as sintering. This is the controlled applica-
tion of heat that allows metallurgical bonds to form between the powdered
metal particles. The temperatures used are generally about 70-80 per cent of
the melting point of the constituent metals (DeGarmo et al., 1988). After sin-
tering, secondary processing may be carried out if required. The powder met-
allurgy process is illustrated in Fig. 4.11. This type of process is used to mass
manufacture small, complicated geometries that are difficult to process by
other means and often no secondary processing is required.

Formability

Formability refers to the ease with which a material can be formed while
satisfying quality requirements. In effect, it refers to a material’s ability to
undergo plastic deformation. Therefore, as already mentioned, ductile mate-
rials tend to be more suited for forming processes. However, two major
factors affect the formability of a material. As already mentioned, heat is often
used in forming processes, that is, hot rolling. This is because many materials
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Figure 4.11 Steps in powder processing

have good formability at elevated temperatures, but poor formability at room
temperatures. Therefore, the first major influence on formability is the
temperature at which forming is undertaken.

Similarly, many materials have good formability when the rate of defor-
mation is low, that is, slow loading. However, these same materials may react
in a brittle fashion when undergoing a high rate of deformation, that is,
impact or sudden loading. Therefore, the other major influence on the forma-
bility of a material is the rate at which it is deformed. Thus, there is no hard
and fast rule that guides the formability of material due to the variations in
forming processes and therefore each combination of material and process
must be considered individually.

General characteristics of forming and shaping processes

The selection of an appropriate forming and/or shaping process will depend
on a number of factors that include the material, size, weight and complexity
of the geometry, labour equipment and tooling costs, tolerances and surface
finish required, strength and quantity and production rate required and
the overall quality requirements. These factors are listed for a number of
more commonly used forming and shaping processes in Table 4.5. This has
been compiled from a number of sources including Mair (1993), Schey
(1987) and Swift and Booker (1997).



TABLE 4.5 Shaping/forming process selection table

Process Material Weight Shape' Section thickness (mm) Typical Surface Costs EOQ Production
(kg)/size Min. Max. tolerance finish L £ T rate/per
(mm) (pm) hour
Shape rolling Most metals 10-1000 RO, BO, TO 0.5 No +0.5 0.8-25 Low— Medium—  Medium— 50000 m 20-500 m/hr
limit medium high high
Shape drawing  Steel or Al and/or 10-1000 RO, BO, TO, SO 0.1 10 *0.1 02-0.8  Low- Medium—  Medium 1000 m 10-2000 m/hr
Cu alloys medium high
Cold forging and Most metals 0.001-50 R, B, S SS, 1.0 No +0.1 0.4-3.2 Low— Medium—  High 1000 10-10000
extrusion T1/4, Sp limit medium high
Hot extrusion Most metals 1-5000 R, B, S SS, 1.0 No *+0.1 1.0-25.0 Medium High Medium 1-10 10-100
T1/4, Sp limit
Hot forging Most metals 0.1-200000 RO-3, B, T1/2, 5 No *+0.5 1.0-25.0 High Medium Low 1-100 1-50
(open die) FO, Sp6 limit
Hot forging Most metals 0.01-100 R, B, T1/2/4, 0.1 No +0.5 1.0-25.0 Medium High Medium 100-1000 10-300
(impression) Sp limit
Bending Steel or Al and/or ~ Any R3, B3, S0/3/7, 0.1 100 *0.2 0.2-0.8  Low- Medium Medium 100-10000  100-100000
Cu alloys SS, T3, F3/6 medium
Deep drawing Steel or Al and/or  Any T4, F4/7 0.1 10 *0.1 02-0.8  Low- Medium—  High >1000 10-10000
Cu alloys medium high
Vacuum forming Thermoplastics 20m? T4, F4/7 0.05 3.0 *0.25 Good Low— Low— Low— 10-1000 50-350
medium medium medium
Blow moulding  Thermoplastics 3m? T4, F4/7 0.25 6.0 *0.5 Good Low Medium—  Medium— 1000-1 X 10° 100-2500
high high
Contact Glass reinforced  0.01-500m?> B3; 1.5 30 *0.03-20.0 Good High Low Low 1-500 1-10
moulding fibres, S0,2,5,7;F

thermosetting
liquid resins

Note:
1. Taken from Fig. 4.6.
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4.11.4 Machining processes

Machining processes are, by far, the most commonly used of manufacturing
processes. This is due to the diversity of shapes and degree of accuracy
that can be obtained with many machining processes compared to primary
manufacturing processes such as casting, forging and powder metallurgy.
Indeed, many parts that start out as castings or forgings are finished by
machining. Alternatively, some parts may be completely machined from bar
stock or plate. The vast majority of manufactured parts will undergo some
machining.

General classification of machining processes

Machining processes involve the removal of material from the workpiece
and there is a variety of processes that fall into this category. These can be
broken down further into three broad sub-categories:

e cutting processes;
e abrasive processes;

e non-traditional machining processes.

The vast majority of machining processes used will fall into the category
of cutting processes where material is broken away in chips from the work-
piece to leave the finished geometry. These can be classified even further by
considering whether the tool translates, the tool rotates or the workpiece
rotates, as illustrated in Fig. 4.12.

As already stated in the chapter introduction, the diversity of shape and
accuracy achievable by machining processes is the main reason for their use.

Machining
processes
[
[ | |
Cutting Abrasive Non-tragjitlional
processes processes machining
processes
[
[ [ ] S
Tool translates | | Tool rotates | | Workpiece rotates | Grinding Chemical m'!"”g o
Honing Electrochemical machining
Lapping Electrical-discharge machining
Broaching Polishing Laser cutting
Shaping Vertical machining | |Horizontal machining| | Vertical machining | | Horizontal machining Buffing Abrasive-jet cutting

Planing L
Drill press Milling Boring Lathe

Milling Boring Turret lathe

Figure 4.12  General classification of machining processes
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Moreover, specific reasons for the use of machining processes are:

e the need for closer dimensional accuracy than is achievable from casting
or forming processes alone;

e the need for improved surface finish than is achievable from casting or
forming processes alone;

e the need for part finishing due to heat treatment;

e in the manufacture of small lots, machining may be the most economical
method of production.

There are, however, a number of distinct disadvantages of using machining
processes:

e Dby their very nature there is waste material;

e they require more capital, energy and labour than casting and forming
processes per volume of production;

e removing material generally takes longer than casting and forming
processes per volume of production.

Regardless of these disadvantages, machining processes are widely used and
play an indispensable role in manufacturing.

Machinability

Many materials can be machined, including most metals and plastics, with
varying degrees of ease. This ease of machining is known as machinability,
which generally refers to the ease with which a material can be machined to
the desired surface finish. There are three factors used to assess machinabil-
ity and these are the cutting forces, the tool life and the chip disposal (Dieter,
2000):

1. Cutting forces — the lower the cutting force required the better the
machinability. This factor obviously depends on both the tool and work-
piece material.

2. Tool life — if tool wear is low then tool life will be longer. Therefore, the
longer the tool life the better the machinability. This is usually defined
by the relative cutting speed of a tool cutting a standard material.
International standard ISO 3685 has machinability index numbers based
on 30 min of tool wear.

3. Chip disposal — this refers to how the material is removed. If the chips
break into small pieces instead of long snarls, and the surface finish is
acceptable, then machinability is said to be good.

Table 4.6 lists a number of commonly used materials in decreasing order
of machinability. Machinability of materials generally becomes less as the
workpiece material becomes harder.
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TABLE 4.6 Common materials for machining listed in order of
machinability

Material Comments

Magnesium alloys Very easy to machine, good surface finish,
high tool life

Aluminium alloys Very easy to machine, although cast
aluminium alloys require hard tool
materials

Copper alloys Good machinability

Grey cast iron Generally machinable but abrasive

Carbon steel Generally machinable but can have poor
surface finish

Low alloy steels Generally machinable

Stainless steels Austenitic difficult to machine

Ferritic easy to machine

Hardened/high alloy steels ~Work-hardening and abrasive, can be
difficult to machine

Nickel-base superalloys Generally difficult to machine, depending
on alloying element

Titanium alloys Difficult to machine, very abrasive

General characteristics of machining processes

The selection of an appropriate machining process will depend on a number
of factors which include the material, size, weight and complexity of the
geometry, labour, equipment and tooling costs, tolerances and surface finish
required, strength and quantity and production rate required and the overall
quality requirements. These factors are listed for several more commonly
used machining processes in Table 4.7 and for some non-traditional machin-
ing processes in Table 4.8. These have been compiled from a number of
sources including Kalpakjian (1995), Mair (1993), Schey (1987) and Swift
and Booker (1997).

4.11.5 Joining processes
General classification of joining processes

The other manufacturing processes considered so far have focused on
the formation of specific geometries. Generally, they make a component
from one material. However, there are occasions when a part may have to be
made from two different materials. Thus, some sort of joining process must
be employed. Joining processes can be categorized into three distinct
types of process, namely welding, adhesive bonding and mechanical fasten-
ing as illustrated in Fig. 4.13.

There is such a variation of processes that can be classified as welding,
that this can be broken down further into fusion welding, solid state welding
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TABLE 4.7 Traditional machining process selection table

Process Material Size Shape' Typical Surface Costs EOQ Production
tolerance  finish rate per
(mm) (m) L E r hour
Turning All except some  <@3000 mm RO-2.,7; *0.05 0.05-12.5 High Low Medium 1+ 1-50
ceramics T0-2,4,5;sP
Milling All except some <1000 mm? B; S; SS; +0.1 0.2-25 Medium-high Medium Medium-high 1+ 1-100
ceramics TO; FO-4,7
Drilling All except some  <@250 mm TO *0.05 0.4-6.3 Low-medium Low Low-medium 1+ 10-500
ceramics
Planning/  All metals 25m long(P) B; S0-2; FO *0.05 0.4-25.0  Medium-high Low Medium-high 1+ 1-50
shaping 2m long(S)
Broaching All metals 25mm-3m long BO0,2, SO, 2, 3, +0.005 0.4-6.3 Low-medium High Low—medium 1+ 1-400
TO, FO
Grinding  All metals ?0.5mm-2m R0-2;7;B; S; *+0.005 0.025-6.3 Low-high Medium Medium-high 1+ 1-100
6m long SS; T0-2,4,5;
FO0-4,7; Sp
Honing All including ?6-750 mm RO-2; *0.005 0.025-1.6 Medium Low-high Medium 1+ 10-1000
some ceramics 12m long TO0-2, 4-7;
and plastics FO-2; Sp
Lapping  All hard 500 mm RO-2; *0.005 0.012-0.8 Low-medium Low-high Medium 1+ 10-3000
materials TO0-2, 4-7;
FO-2; Sp
Note:

1. Taken from Fig. 4.6.



TABLE 4.8

Non-traditional machining process selection table

Process Material Weight/size Shape' Typical Surface Costs EOQ Production
tolerance finish rate per
(mm) (pm) L E r hour
Chemical Most material 3.7m X 15m B; S; SS; +0.005- 0.4-6.3 Low Low Low 1-100  Low
milling F0-4,7 0.3
Electro- Any electrical <1000 mm? B; S; SS; +0.01- 0.2-6.3  Low-medium High High 1-100  Medium
chemical conductive TO; FO-4,7 0.25
machining metals and
ceramics
Electrical- Any electrical Up to B; S; SS; *0.005- 0.4-12.5 Low-medium High High 1-100  Very low
discharge conductive 150 mm FO0-4,7 0.075
machining metals thick
section
Laser cutting  Any metal 25 m thick B; S; SS; *0.025- 0.8-6.3  Medium-high High Very high 1-100 Medium
?12m TO; FO-4,7 0.075
Ultrasonic Any metal 25 mm-3m B; S; SS; +0.005 0.4-6.3 Low—medium High Medium 1-100  Low
machining long TO; FO-4,7
Note:

1. Taken from Fig. 4.6.
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Figure 4.13  General classification of joining processes

and brazing and soldering. Fusion welding can be defined as the melting
together and coalescing of materials through the application of heat
(Kalpakjian, 1995). The heat source can be further classified as either chemi-
cal or electrical. Chemical fusion welding covers welding processes that use
a flame to apply the heat, for example, oxyfuel gas and thermit welding.
Electrical fusion welding includes welding processes such as arc welding,
resistance welding, electron beam welding and laser beam welding.

Brazing and soldering are also classified as welding processes. Brazing
and soldering allow the joining of metals at lower temperatures. The other
major difference from other welding processes is that a filler metal is used to
join the two materials. The filler metal usually has a significantly lower melt-
ing point than the parent metals and thus they do not melt. The final welding
category is that of solid state welding. The principle of solid state welding is
that if two metals whose surfaces are free from contamination are forced
together with a great enough force they will form a joint. In some solid state
welding processes, such as cold pressure welding, no heat is applied but
is generated during the process. However, in most processes heat is applied
to improve the bonding between surfaces. This type of welding process can
be classified as either electrical, chemical or mechanical solid state welding.

At its most basic, adhesive bonding is referring to the gluing together
of materials. However, in recent years the use of adhesive bonding has
increased due to the development of structural adhesives. Many dispa-
rate materials can be joined using adhesives, which has also increased the use
of composite materials. Commonly used adhesives include epoxies, acrylics,
urethanes and silicones.

With mechanical fasteners, neither fusion nor adhesion of the joining
surfaces takes places. The most common type of mechanical fastener is the
threaded fastener. This category includes screws, nuts and bolts. These
tend to be bought-in items and should therefore be of a known quality and
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reliability. Non-threaded mechanical fasteners, including rivets, pins, retain-
ing rings and staples, are also commonly used. Finally, there are a number of
integral mechanical fasteners. These are generally interlocking tabs or seams
on the joining parts themselves.

Weldability

Unlike other classifications of processes, there is such a wide variation in
welding processes that it is difficult to define weldability in general terms.
However, it has been defined as the ability of a metal to be welded into a
specific structure while exhibiting certain properties and meeting the quality
requirements placed upon the joint. Therefore, the mechanical and physical
properties of the material employed will have a huge influence on weldability.
In terms of the process influences, these include material type and thickness,
surface contaminants and costs.

General characteristics of joining processes

Due to the disparate nature of joining processes, the selection of an appro-
priate joining process is difficult to assess in terms of a list of general factors.
However, it will depend on the factors listed above as an influence on
weldability. Some of these are illustrated in the welding process selection
table (Table 4.9) compiled from a number of sources including Kalpakjian
(1995), Schey (1987) and Swift and Booker (1997).

4.11.6 Surface processes

Surface processes are normally carried out once all manufacturing process-
ing is completed, with the exception of heat treatments. Thus, many of these
processes are often called finishing processes. Surface processes can be clas-
sified as bulk treatments, surface treatments, surface coatings and cleaning
processes as illustrated in Fig. 4.14.

The first category, bulk treatments, are so called due to the fact that they
change the microstructure, and hence the properties, of the bulk of the material
undergoing the treatment. However, surface treatments are used to change the
mechanical properties of only the surface of the material by mechanical means
or the application of heat. Coating processes are also used to improve both
mechanical and physical properties. Coatings such as powdered metals and
alloys, carbides and ceramics are applied to metal surfaces to improve corrosion
resistance, impact resistance and act as a thermal barrier. Finally, during pro-
cessing many parts and/or products may pick up surface contaminants. Cleaning
processes such as vapour degreasing, pickling and solvent cleaning may be
employed to remove such surface contaminants. Some of the treatments listed
in Fig. 4.14 are also listed in Table 4.10 along with their effects.

4.11.7 Assembly processes

In Chapter 1, manufacturing was defined where it was stated that value is
added to material through processing. However, there has been no mention of
assembly as a process. Therefore, where does assembly fit into the definition



TABLE 4.9 Welding process selection table

Process Material Sheet thickness (mm) Fabrication Costs Weld rate
Min. Max,  lorerance L E T (m/min)
(mm)
Gas welding  Ferrous alloys, low 0.5 3mm *1 Medium-high Low-medium Low-medium 0.1
carbon steels, low alloy *3.0 *30 mm
steels, stainless steel,
cast iron*
Manual metal Carbon, low alloy and 1.5 200 mm *1 High Low Low 0.2
arc welding stainless steel; nickel *6.0
alloy, cast iron
Brazing Almost any metal 0.1 50 *1 Low-medium Low Low-high High
Soldering Most metals 0.1 6 *1 Low-medium Low Low-high High
Resistance Best with low carbon 0.3 6 *1 Low Low-medium Medium-high High
welding steels but any metal

except cast iron and high
carbon steels
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Figure 4.14 General classification of surface processes

of manufacturing provided above? In terms of the processing of raw materi-
als mentioned in the above model, this is carried out in two stages. The first
stage is the manufacture of the raw materials by means of a primary manu-
facturing process, for example, casting. This raw material is then processed
further into a component by means of a secondary manufacturing process, for
example, machining. However, any product which consists of more than one
component must have a third stage where the parts are joined together, known
as assembly. Therefore, the model presented in Fig. 1.1 can be refined to that
shown in Fig. 4.15.

Assembly processes usually involve the joining of component parts and
sub-assemblies into a complex product. The processes involved in assembly
can be categorized as (Andreasan et al., 1988):

Handling — where two or more parts are placed into position.

Fitting — where parts are joined.

Testing — where the joining of parts is checked to ensure it has been carried
out correctly.

These three basic assembly processes can then be broken down further
into assembly operations. Handling is usually one of three operations.
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TABLE 4.10 Selected treatments and their effects

Treatment Description Effects Materials
Precipitation Metal heated to an Improves strength Aluminium alloys,
hardening intermediate temperature and hardness copper alloys, some
and held there for a stainless steels
period of time
Process Metal heated to set Improves ductility Low-carbon steels
annealing temperature and then
air cooled
Tempering Metal heated to Reduces brittleness, Most steels
specific temperatures improves ductility
and then cooled at a and toughness
controlled rate
Burnishing Surface is pressed by Improves surface Most metals
polished roller while finish and corrosion
cold resistance
Shot peening Material is bombarded Improves fatigue Most metals
by small ceramic or resistance by
steel shots stress-relief
Anodizing Metal immersed in Improves corrosion Aluminium, beryllium,
acid bath and used as resistance magnesium, titanium,
anode to oxidize surface zine
Carburizing Metal heated in Improves hardness Low-carbon steels,
carbonaceous gas and alloy steels
then quench cooled
Nitriding Material heated in Improves hardness Most steels, alloy steels,
ammonia gas and then stainless steels,
cooled high-speed steel
Flame Metal surface heated Improves hardness Medium-carbon steels,
hardening by oxyfuel torch and cast irons
then quenched
Thermal Metals coated with Depends on Most metals
spraying metals, alloys, material being
ceramics or carbides sprayed
by spray gun with
oxyfuel flame
Electroplating Metals used as cathode Depends on Most metals

Electroless plating

in electrolyte solution
and plated with metal

Metal coated with
usually nickel by
means of chemical
reaction induced by
electricity

plating materials

Improves hardness
and corrosion
resistance

Most metals
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Figure 4.15 Processes used to add value in manufacturing
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Figure 4.16 General classification of assembly processes

The first is positioning where parts to be joined are placed relative to each
other. Transportation is another handling operation and this is essentially
moving the components by some means as illustrated in Fig. 4.16. The final
handling operation is that of storage. Fitting can also be classed as one of
three basic operations of joining by mechanical means, for example, screws,
nuts, bolts, etc.; joining by material means, for example, gluing, soldering,
welding, etc.; or joining by force, for example, snap fits, interference fits,
etc. Finally, testing will generally be for presence (making sure the part is
there), positioning and for quality. This general classification is illustrated in
Fig. 4.16.

Clearly, some of the joining processes already covered in Section 4.11.5
are also considered assembly processes. This is not surprising, as
assembly has already been defined as usually involving the joining of
parts.
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4.12 Process selection

4.12.1 Factors in process selection

Regardless of the material selection process employed (as detailed in
Section 4.9), the result will be the selection of a suitable material or materials.
The material itself will limit the manufacturing processes that can be used,
as not all materials are suitable for all processes. For example, when consid-
ering joining processes, cast iron cannot be used for resistance welding.
However, there are a number of factors common to both the material and
process selection decisions:

e the number of components to be made;
e the component size;

e the component weight;

e the precision required;

e the surface finish and appearance required.

All of these factors have already been considered at the material evaluation
stage. However, In terms of the material evaluation for process planning, the
focus will be firmly on ‘manufacturability’ or ‘processability’, as it is also
known. This is defined as the ability of a material to be worked or shaped into
the finished component (Farag, 1979) and is sometimes referred to as ‘work-
ability’. Thus terms such as ‘weldability’, ‘castability’, ‘formability’,
‘machinability’ are used to describe how easily the material can be used for
specific processes. The workability will also have a significant influence on
the quality of the part, where quality is defined by three factors (Dieter, 1988):

e freedom from defects;
e surface finish;

e dimensional accuracy and tolerances.

Thus, the combination of material and process will have a significant bear-
ing on the quality of the part and thus the process selected must be appro-
priate for the material.

Finally, apart from all of the above technical factors, there are also the
economic factors to be considered. Many of the decisions to be made in the
design and manufacture of a product will be influenced by the costs involved.
Therefore, the total cost of the product must be considered as early as poss-
ible. Other economic considerations will be based on the quantity required in
terms of the production volume, the production rate and the economic batch
size. This aspect of the process planning activity will be considered further
in Chapter 9. Figure 4.17 illustrates some of the factors that influence both
material and process selection.

4.12.2 General guidelines for process selection

Numerous criteria can be used in the selection of manufacturing processes.
These could include such as material form, component size and weight,
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Figure 4.17 Material and process selection factors

economic considerations, dimensional and geometric accuracy, surface fin-
ish specification, batch size and production rate as already mentioned. In
many instances, the technology used to manufacture a product may be so
well established that the choice is obvious. Regardless of the factors, some
general guidelines can be applied for the selection of manufacturing
processes.

1. Select a process capable of providing the specified dimensional/
geometric accuracy and surface finish.

2. Specify the widest possible tolerances and surface finish variation for
products to allow the widest possible choice of manufacturing
processes.

3. Use prototypes as much as possible, taking into consideration the varia-
tion in performance of methods used to manufacture a one-off compared
with volume manufacturing.
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4. Carry out a detailed comparison of candidate processes early in the
design process, paying particular attention to the variation in assembly
costs for different processes.

Two useful tools in identifying candidate processes are the geometry
classification matrix and the PRIMA selection matrix illustrated previously
in Figs 4.6 and 4.7, respectively. Once candidate processes have been identi-
fied, these can be narrowed down by using the process selection tables from
Section 4.11.

4.12.3 Process selection method

As can be seen from the coverage in this chapter so far, process selection is
a complex activity. Therefore, a process selection method is required to help
make the approach to process selection more systematic. The process selec-
tion method illustrated in Fig. 4.18 was developed to help undergraduates
grasp the complexity of process selection while providing them with a sys-
tematic method to follow. Two basic assumptions are made in using this
method. These are:

e the material has been selected first, as opposed to manufacturing
processes first, and specified at the design stage;

e all the information contained within the design documents, that is, draw-
ings, parts lists, etc. is comprehensive and that all information required
for manufacturing can be derived during the drawing interpretation.

There are four stages to this process selection method as follows:

Drawing interpretation

As detailed in Chapter 3, the drawing interpretation forms the basis for the
process selection. This analysis can be broken down into three distinct analy-
sis and outputs. The first of these is the geometry analysis. Using the geom-
etry classification matrix in Fig. 4.6, a number of candidate processes can be
identified based on the complexity of shape required. The size of the part will
also be considered. The second analysis and output is that concerned with the
manufacturing information in the design documents. This includes informa-
tion such process parameters as the surface finish, dimensional and geomet-
ric tolerances, limits and fits, special treatments, gauge references and
tooling references. The third and final analysis and output is that of the mate-
rial evaluation stage. This considers the material in terms of the desired
geometry, the material properties and the manufacturing considerations as
outlined in Section 4.10. Using the PRIMA matrix in Fig. 4.7, a number of
further candidate processes can be identified.

Critical processing factors

The combined output from the first stage must be correlated to identify the
critical processing factors. In particular, the correlation of the candidate
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Figure 4.18 Process selection method
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processes from the geometry analysis and the material evaluation may allow
the list of candidate processes to be shortened using these factors. This is
because they provide quantitative limits within which the candidate process
must operate.

Consult process tables

Using the correlated data from the previous stage, the candidate processes
are compared by using the appropriate process selection table. In most cases,
this approach will enable a clear-cut decision to be made using all the infor-
mation gathered. However, in a case where more than one process can meet
all the requirements, economic data such as labour, equipment and tooling
costs, batch size and production rate, may provide further clarification. In
some instances, a detailed cost comparison may have to be made between
processes to help make a decision. Finally, in some instances the decision
being made maybe whether to make or buy in a part/product where the
process expertise is not available in-house. Some of the methods associated
with making decisions based on economic factors will be covered in Chapter 9.
It should be noted that the use of costing methods should be incorporated as
early as possible in the design and manufacture process.

Identifying a process

Using the data from the second stage, and if required a detailed economic
analysis, a suitable process should be selected. If it is the case that one
process is all that is required to make the part, then the process selection is
complete. However, except in the case of the use of some primary processes,
secondary processing is usually required. Therefore, in cases where further
processing is required, the critical processing factors should be reconsidered
and stage 3 repeated. Once all the required processes have been identified,
the process selection is complete.
This four-stage method is illustrated further in Example 4.1.

Example 4.1 Using the adapter ring component from Case study 3.2 (see
Fig. 3.24), identify suitable manufacturing processes.

Solution
Drawing interpretation

Geometric analysis

Considering the geometry of the part in Fig. 4.6, the most appropriate
classification is T1 (a tube with a change in cross-section at the end). This
gives an initial list of candidate processes of any of the casting processes
listed, hot forging, turning, grinding, honing or lapping. Of these, grinding,
honing and lapping are essentially finishing processes and can be discounted
in terms of the formation of the initial geometry.
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Manufacturing considerations

The manufacturing considerations are the process parameters stated within
the drawing. In this instance the important process parameters are:

e the 100 mm diameter bore that holds the bearing cannot deviate from the
nominal size by more than —0.01 or +0.05 mm;

e the 100 mm diameter bore must also be perpendicular to the bottom sur-
face within 0.1 mm tolerance zone;

e the 100 mm diameter bore must be machined and have a surface finish of
0.1 pm;

e the 100 mm diameter bore surface and centreline must be parallel to each
other to within a tolerance zone of 0.02 mm;

e the position of the shaft hole centreline cannot deviate from the nominal
size by more than 0.01;

e the shoulder depth and the overall depth of the part must not deviate from
the nominal size by more than *£0.05;

e the slot width and depth must not deviate from the nominal size by more
than £0.05.

Although not stated on the drawing, the general dimensional tolerance is
*0.5mm and the general surface specification is 12.5 pm. Finally, the part
is being made in batches of 400 and the raw material billet is @160 X 50 mm.

Material evaluation

The material specified by the designer is cast iron. Although it appears to be
satisfactory in terms of property requirements, it obviously limits the process
selection to a casting process. However, it is still worthwhile evaluating the
material selected in case there is an equally suitable material that can be used
not previously considered. Using the PRIMA matrix (Fig. 4.7) confirms the
suitability of casting for irons. However, depending on the quantity required,
both automatic machining and powder metallurgy are identified as candidate
processes for iron.

Critical processing factors

Correlating the above information, the initial process required must:

e Dbe suitable for use with cast iron;

e be able to meet the general dimensional tolerance of =0.5 mm;
e be able to meet the general surface specification of 12.5 pm;

e be able to economically produce in batches of 400;

e be able to meet the specific dimensional and geometric tolerances stated
on the drawing.
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4.13 Process and
operations sequencing

From the above list, it is important that the initial process meets these
requirements. However, the last requirement is less important as it has
already been specified on the drawing that machining must be carried out.
Therefore, some of the specific dimensional and geometric tolerances can be
met through secondary processing. From this, it is quite clear that the initial
processing will be casting.

Consult process selection tables

Consulting the casting process selection table (Table 4.4), there are three
possible processes that could be used. These are shell casting, investment
casting and centrifugal casting. All three can meet the general tolerances and
surface specifications set and are considered economical for batches of 400.
In addition, investment casting can also meet the specified dimensional tol-
erance of =0.5mm. This would reduce the machining required but would
increase the complexity and cost of the casting. Finally, in terms of labour,
equipment and tooling costs shell casting is the cheapest.

Identify a suitable process

Taking into consideration the information from Steps 1 to 3, the most suit-
able process in terms of meeting the process parameters and being econom-
ical for the batch size is shell casting. However, secondary processing is
required and this has already been designated as machining and therefore the
process will have to be repeated. Taking into consideration the features to be
produced and the dimensional and geometric tolerances specified, the fol-
lowing would be appropriate:

Turning — to produce the @100 mm bore.
Milling — to produce the 40 X 12.5 mm slot.
Drilling — to produce the 6 X @10 mm holes on the 140 mm PCD.

4.13.1 Processes and operations

As has already been discussed in Chapter 2, process planning comprises the
selection and sequencing of processes and operations to transform a chosen
raw material into a finished component. The three basic definitions were also
introduced, namely:

Process — defined as a procedure in which one or more operators machine
one or more workpieces on one machine or workstation.

Operation — defined as a task usually accomplished without changing the
cutting conditions or machining parameters.

Cut — defined as a procedure during which the cutting tool passes the work-
piece surface only once.

The sequencing of these is an integral part of the process planning.
However, only the sequencing of processes and operations will be considered
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in this chapter. This is because the sequencing of cuts is largely dependent
on the type of machine and tooling being used for that particular operation
and/or process.

4.13.2 General guidelines for process sequencing

The sequencing of processes is largely dependent on the experience of the
process planner. It will also be based upon company specifications and
standards and the processes and equipment available within the company
(Zhang and Alting, 1994). Therefore, rather than detailing a prescriptive
method for process sequencing, some general guidelines will be presented
that are applicable regardless of context. This requires all surfaces to be
designated as either major or minor surface as follows (Demyanyuk, 1963):

Major surfaces — are those that characterize and determine the main
processes to be employed, for example, turning for a rotational part or
milling for a prismatic part.

Minor surfaces — are those surfaces that do not characterize the main
processes to be used and as such are insignificant in size, that is, drilling hole
or milling a keyway for a rotational part.

Based on the above definitions and regardless of the component being
manufactured, the order of processing can be broken down into six distinct
phases as follows:

Preparing the billet

A billet in the context of this book is the initial material form at the outset
of the process plan, that is, the raw material. In many cases, particularly
for complex geometry, forming the billet will involve the use of processes
from either the casting or forming and shaping groups of processes. The use
of an appropriate casting or forming/shaping process will significantly influ-
ence the general surface finish characteristics and dimensional accuracy. The
use of such processes may also drastically reduce or even eliminate the need
for secondary processes. However, for rotational and prismatic parts, forming
the billet may simply be a case of cutting the billet to the required size from
bar or slab stock. Regardless of the process involved in forming the billet,
it should be done with the minimum machining allowance possible, that is,
the least amount of material left to be removed. For most casting processes,
there is usually an associated machining allowance.

Rough machining

After preparing the billet, the next phase is generally to ‘rough out’ the
billet and form the general shape required. However, the initial machining
operations should be used to provide a datum surface to be used for all sub-
sequent processing. The rough machining will typically involve machining
processes such as rough turning and boring for rotational parts and routing
and rough boring for prismatic parts. These will be used to remove the bulk
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of material from the major surfaces of the part in the most efficient manner
possible and any minor surfaces.

Finish machining

The finish machining in this phase is carried out first for major surfaces of
the part. The finish machining will typically involve processes such as finish
turning, finish boring and drilling for rotational parts and milling, finish
boring, reaming and drilling for prismatic parts. The minor surfaces are also
finished in this phase. These will include drilling small holes, chamfers,
bosses, countersinking, keyways and cutting threads.

Heat treatments

In some cases, although not all, heat treatment may be required due to
changes in property that a material may undergo during phases 1-3 of the
processing. Numerous heat treatments may be used for a variety of reasons
as already detailed in Fig. 4.14. Reasons for heat-treating include improve-
ment of properties such as strength, hardness, ductility, toughness and corro-
sion resistance.

Finishing operations

This phase refers to the finishing of major surfaces that require further refine-
ment in terms of surface finish characteristics. Typical processes employed
in this phase are rough and smooth grinding, fine turning, broaching and
finish reaming. Coating and/or cleaning processes may be employed at
this phase if no further finishing is required.

Special finishing

Special finishing is generally only required where particularly fine surface
finishes are required. Consequently, the typical processes involved here are
honing, lapping, buffing and polishing.

Again, this is best illustrated by a worked example.

Example 4.2 Continuing with the part in Example 4.1 and using the
process sequencing guidelines above, develop an outline process plan by
sequencing the processes.

Solution

The initial formation of the billet is carried out by shell casting. As the shell
casting is going to form the billet in the general shape required, there is
little in the way of rough machining required. All of the machining will
be finish machining. The @100mm bore will be finished by finish
boring on a lathe. However, before this the @125 mm will be faced and
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Routing sheet

Part name: Part no.: | Drg. no.:
Quantity: Matl: Mild steel | Planner: L.E. Hall
Revision no.: Date: 16/08/01 | Page 1 of 1 | Order no.:
Op. no. Description Machine tool

10 Cast initial geometry

20 Face to @125mm

30 Face shoulder

40 Bore @100 mm

50 Mill 40 mm wide slot

60 Drill 10mm diameter, holes X 6

70 Deburr

80 Inspect

Figure 4.19 Outline process plan for Example 4.2

finished and the shoulder will be faced. The next step will be to mill the slot
and mill the shoulder to a finish. Finally, the holes will have to be drilled. As
there are no heat treatments specified or required and no finishing required,
the part requires no further processing. This outline process plan is illustrated
in the partially completed route sheet in Fig. 4.19.

4.13.3 General guidelines for operations sequencing

The task of operations sequencing cannot be fully addressed until the partic-
ular machine has been selected, which will be covered in Chapter 5. At this
level the number of cuts to produce a certain feature would also be consid-
ered but, again due to the influence of the equipment employed on the num-
ber of cuts required, it cannot be covered in any great detail. However,
general guidelines for operations sequencing developed by Marefat and
Britanik (1998) can be presented. These guidelines depend largely on the
features required to be manufactured and the relationship between them. The
relationships between features help to identify the accessibility of the fea-
tures and therefore the order in which they must be produced. What is meant
by accessibility is that some features may not be able to be produced to the
required specification, for example, size, surface finish, etc. until a related
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feature is produced. In order to apply these feature-based guidelines, all
features must be categorized as either an external or internal feature:

External feature — has at least one of their opening faces on the boundary
face of the component and can therefore be accessed directly.

Internal feature — has all opening faces belonging to other features and
therefore can only be accessed after the production of one of these related
features.

Again, in order to apply these guidelines, the relationships between the
features must be classified as one of the following:

No relationship — no interaction between features.

Parallel — features are on the same boundary face.
Perpendicular — features share a common area.

Contained in — features are nested, that is, one within the other.

Intersecting — features share a common volume.

Based on this, a general approach can be followed as follows:

1. Categorize all features as either external or internal features.
2. Address the external features.

3. Re-evaluate the internal features and re-assign them as external and
internal features.

4. Repeat Steps 2 and 3 until all features have been addressed.

In terms of the relationship between two features A and B, there are also a
number of rules that can be applied to determine the sequence in which they
must be produced:

1. If there is no relationship between feature A and B then the order in
which they are produced is not affected.

2. If feature A is external and feature B is internal, then produce feature A
first.

3. If feature A is parallel or perpendicular to feature B, then produce that
with the greatest area.

4. If feature A contains feature B (or vice versa), then produce feature A
first (or vice versa).

5. [If the relationship between features A and B is intersecting, then produce
that with the greatest volume first.

Although not sufficient in themselves to help formulate a detailed operations
list that includes the number of cuts, these can be used in conjunction with any
equipment-specific information as a guide for the sequencing of operations for
process planning. The use of these is best illustrated by a worked example.
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Example 4.3 Consider the simple component illustrated in Fig. 4.20. An
analysis of the geometry, based on the matrix in Fig. 4.6, indicates that this
type of component would be produced by milling the slots and drilling the
holes. The production of both the slots and the holes can be carried out on a
milling machine. Therefore, determine the sequence of operations to produce
these features on a milling machine if the billet is 200 X 120 X 65 mm.
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Figure 4.20 Orthographic and three-dimensional wire model of part for Example 4.3
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Solution

The three-dimensional wireframe model illustrates the main features incor-
porated into the component for machining:

Slot 1 — which represents the clearance of material to form the ‘step’ and is
175 X 120 X 25 mm.

Slot 2 — which is the rectangular slot 110 X 80 X 20 mm.

Hole 1 — two through holes @15 X 65 mm.

Hole 2 — two through holes @15 X 40 mm.
Hole 3 — one through hole 20 X 20 mm.

Using the approach outlined above, based on the initial billet size, Slot 1
and Hole 1 are the only external features while the others are internal. This
is because the rest will only be produced after Slot 1 has been produced. As
Slot 1 and Hole 1 are parallel, Slot 1 is produced first because it has the great-
est area of the two. Re-evaluating the features, this means that the Slot 2 and
Hole 2 can now be considered external features along with Hole 1. Again, the
relationship between all features is parallel, except the relationship between
Slot 2 and Hole 3, which is perpendicular. Therefore, this means Slot 2 will
be produced next as it has the greatest area. This now leaves all three holes,

Operations list

Part name:

| Part no.: Drg. no:

Revision no.: | Date: 17/18/01 Page 1 of 1 Planner: P. Scallan

Op. Description

Machine | Tooling | Speed Feed |Set-up | Op. | Remarks

no. tool (rev/min) | (mm/min)| time | time
10 Mill 175 X 175 X 120 X 25 mm slot

20 Mill 110 X 80 X 20 mm slot

30 Drill hole @20 X 20 mm

40 Drill 2 X holes @15 X 20 mm

50 Drill 2 X holes @15 X 40 mm

Figure 4.21 Operations sequence for Example 4.3
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4.14 Summary

Case study 4.1: Material
evaluation for a car
alternator”

which can now be considered as parallel. Based on this, Hole 3 would be
produced first as it has the greatest area. The remaining two features, Hole 1
and 2 can be produced in any order due to the fact that they have the same
surface area. Therefore, the operations sequence will be as shown in the
operations list in Fig. 4.21.

The selection of materials for a component or product is a complex process.
Although there a number of approaches employed, as detailed in Section 4.8,
there are no hard and fast rules that can be followed for optimum material
selection. Furthermore, in the course of this chapter it has been shown that
the material selection process is inextricably linked with process selection
and vice versa. Thus, more organizations take an integrated approach to
product and process design such as that employed in concurrent engineering
or simultaneous engineering.

In terms of process selection, it has been shown that any number of processes
may be used to produce a specific shape or feature. Once these have been iden-
tified there are numerous other factors which come into play and are used for
further material evaluation to help in the final process selection. Once selected,
the process then must be placed into some order or sequence for manufactur-
ing. The sequence of operations for each process must then be determined.
However, the process selection will have a bearing on the production equipment
used, the various operations required and the tooling required. Therefore, the
sequencing of specific operations cannot be finalized until the production equip-
ment used is identified, which is the focus for the next chapter.

Introduction

A company who specialize in the design and manufacture of automotive
components has decided to review the basic design of one of their car alter-
nators. As an alternator is a functional component, there is no need to con-
sider the design changes from an aesthetic perspective. In terms of the
materials selection process, the approach is one of modifying an existing
product. The main aim of this is to improve manufacturability and reduce
costs. The first part of this analysis is a thorough evaluation of the present
materials and parts used.

Evaluation of current product design

Considering the car alternator shown in Fig. 4.22(a), the parts and material
are assessed against three basic criteria:

Material performance — there are no specific problems with the performance
of the materials in terms of operation/use and as such they are considered
satisfactory.

* Adapted from Mair (1993).
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Figure 4.22 Alternator assembly (Mair, 1993): (a) Prototype design,
simplified sketch, (b) assembly redesigned for ease of manufacture

Manufacturing process requirements — there are three basic categories
of process currently being employed in the manufacture of the alternator.
The first of these is casting for the alternator casing. The second is forming
as the fan is pressed from an aluminium strip. Finally, the remaining parts
for the alternator are manufactured by a mixture of machining processes.

Cost — the current manufacturing costs for the alternator are unacceptable on
three counts. Firstly, the diversity of materials and processes used is leading
to high manufacturing costs. In particular, the cost for the aluminium strip
and the press tools are unacceptably high. Secondly, the variation and
number of parts is leading to excessively high assembly costs and currently
account for approximately 70 per cent of the total manufacturing costs.
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Finally, also due to the variation and number of parts, the inventory costs are
unacceptably high.

From the above analysis, the focus for the modification of the car alternator
will be on reducing the diversity of materials and processes used and
reducing the number of parts. In summary, the approach will be one of
design simplification.

Evaluation of current product design

In trying to simplify the design as outlined above, three basic approaches can
be taken. These are parts count reduction through combining parts, using
standard parts and basic part design modification.

Parts count reduction

In trying to reduce the number of parts in the design, three basic criteria can
be applied to each part:

1. Does the part need to move relative to the rest of the assembly?

2. Does the part need to be a different material from the rest of the
assembly?

3. Does the part need to be separate for reasons of assembly access or
service and/or repair?

There are three areas where this approach can be employed successfully.
The first of these is the pulley/fan assembly. The pulley is machined from
mild steel and the fan is pressed from aluminium. However, they can be
successfully combined using the above criteria. This single part would be a
polymer moulding. Linked to this, the second area for combining parts is the
locking nuts and washer arrangement for the fan/pulley assembly. These can
be replaced by a single part in the form of a circlip. This will be used to retain
the combined pulley/fan part on a splined shaft as opposed to a threaded
one as at present. The use of the splined shaft/pulley/fan arrangement will
prevent slippage. Finally, the end plate to the right of the assembly
can be combined successfully with the casing assembly according to the
above criteria.

Standardization

All of the above changes will significantly reduce the number of parts
involved and therefore greatly simplify the assembly process. However, there
is a high variety of fasteners used in the design, although combining parts
as detailed above has already eliminated some. To further simplify the
assembly a process of standardization should be used similar to that used in
Case study 3.1. In this case, all remaining screws are standardized to @6 mm
screws of the same length.

The final step in the design simplification is to consider any further
simple design changes that can be made to improve manufacturability. In this
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case, the part that can be redesigned further is the shaft. Already splined
instead of threaded, the use of a stepped shaft will eliminate the need for
spacers. Furthermore, adding a chamfer to the right-hand side will ease
assembly.

Benefits of design modifications

There are a number of benefits gained from implementing the above design
changes:

Pulley/fan combination — by designing the pulley and fan as one item, as in
Fig. 4.22(b), a number of cost savings are made:

e the costs of the mild steel bar and machining for the pulley are saved;

e the aluminium strip and presswork tooling costs for stamping out the fans
are saved;

e the costs of holding separate stocks of finished pulleys and fans are
reduced, as are the costs of transporting and assembling the parts since
only one component is now involved.

Lock nuts/washer combination — the new arrangement reduces the number of
parts and makes assembly much quicker.

Casing/end plate combination — as well as reducing the number of parts, this
type of design change also reduces the effect of tolerance build up, that is,
the mating faces of the end plate and casing no longer exist therefore machin-
ing of them to within specified sizes is no longer required. The 4 mm nut, bolt
and washer arrangement for holding the assembly together is also no longer
necessary. Thus, cheaper hexagonal-headed screws can be used for assembly,
again reducing material and labour costs. This principle is also applied to the
6 mm bolts holding the alternator to the engine block. From a functional per-
spective, the clamping forces will have to be checked to ensure they remain
adequate and that vibration will not loosen the screws.

Standardization — by standardizing the size of all the screws to 6 mm dia-
meter and making the lengths the same, savings are again possible by intro-
ducing the opportunity for reduced costs due to high-quantity buying, and by
simplifying storage, material handling and assembly. An additional advan-
tage to the customer is that maintenance is easier since only one size of tool
is now necessary for removal and disassembly.

Shaft modifications — the need for retaining the plate and associated bolts,
has been removed by adding stepped diameters to the shaft. As well as
removing the need for four parts, assembly of the whole product is much
improved since a ‘stacking’ sequence can now be followed. Previously the
left-hand end plate assembly would have to be completed as a ‘sub-
assembly’ before completing the final assembly of the product. Removal of
the retaining plate allows the right-hand section of the alternator to be used
as the ‘base’ for assembly into which the other components can be stacked
sequentially. This means that only one fixture need be used to hold the work,
and that automatic assembly of the product becomes economically attractive.
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Case study 4.2: Material
and process selection for*'
car bumpers’

The use of stepped diameters removes the need for the two spacers, again
reducing the number of parts, simplifying assembly, reducing assembly time,
and lowering handling and storage costs. A chamfer has been added to the
right-hand side of the armature spindle to ease assembly.

Summary

Considering the design in Fig. 4.22(a) with that of the re-design in
Fig. 4.22(b), they are very different. The diversity of processes and materials
has been reduced simplifying the manufacturing route. The approaches to the
design simplification will greatly ease assembly, with the parts count being
reduced from 31 to 13. Overall, the manufacturability of the alternator has
been greatly improved. Finally, the cost will be significantly reduced through
simpler assembly.

Discussion points

1. How does the approach taken to the modification of this existing
product compare to that presented in the chapter?

2. Interms of the manufacture of the product, how have the company made
improvements? Comment on the changes in processes and materials.

3. How will the improvements affect the manufacturability of the alternator?

4. In terms of process planning, what will be the result of the design
changes?

5. What kind of approach is the company taking towards the re-design of
this product?

Introduction

In the 1970s, legislation was introduced in the United States and Europe that
meant car manufacturers had to re-design bumper systems. The legislation
demanded that car bumpers be able to withstand collisions at low speeds
without sustaining any permanent damage. One way of meeting these new
legislative requirements, while still having an aesthetically pleasing design
solution, was to use a polymer material instead of the traditional chromium-
electroplated steel. This also was appealing to car manufacturers as they
were trying to introduce more polymers into their products in a bid to reduce
overall weight and therefore improve fuel economy.

As with all design and manufacture problems, the first step towards a
solution is to identify suitable materials that can be processed with existing
manufacturing facilities at the required volume. Therefore, let us consider
the material and process selection process for a typical polymer car bumper.

* Adapted from Edwards and Endean (1990).
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Materials performance

The first step in developing a solution to the above problem is to specify the
performance parameters of the design in terms of the material performance
requirements. This is identifying the properties required of the material. In
summary, the main material properties of a material for a car bumper are:

e impact resistance down to —30°C;
e adequate rigidity to stay within the dimensional limit of the structure;
e resistance to ultraviolet degradation and fuel spillage;

e dimensional stability to prevent distortion over the expected operating
temperature range;

e ability to be finished to match the surrounding painted metal parts (could
be self-coloured or paintable).

Manufacturing considerations

Once the materials performance has been specified, the manufacturing
parameters must be specified. These include quantity/batch size, weight and
complexity of part, dimensional and geometric accuracy, surface finish and
any other quality requirements. However, the fact that the type of material
has already been specified as a polymer limits the processes that can be used.
Considering this, only four candidate processes can be used:

e injection moulding;

e reaction injection moulding (RIM), which is a derivative of injection
moulding that uses reactive fluids;

e compression moulding;

e contact moulding.

The four candidates are then compared using the process selection tables
(Tables 4.4 and 4.5). However, to avoid going in to too much detail, the
processes will be compared using a list of general manufacturing considera-
tions derived from the process selection tables. These are cycle time, quality,
cost and production volume. Each of these has been given a rating, with 1 for
the highest value and 4 for the lowest, except for the production volume
which has been stated in units as given in Table 4.11.

Although there is very little difference between all four in terms of quality,
a pattern develops between the others. As the cycle time increases, the costs
increase and the production volume decreases. Therefore, a major factor in
selecting the most appropriate process will be the production volume required.

Material selection

Having gathered all the relevant data on the material property and manu-
facturing requirements, a shortlist of candidate materials can be drawn up.
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TABLE 4.11 Process performance ratings
Process Cycle time Quality Costs Production
volume
Mins.  Rating L E T Rating

Injection 3 4 3 Low Medium-high  High 1 >10000
moulding

RIM 6 3 2 Low Medium-high Medium 2 >10000

Compression 6 2 2 Low— Medium-high  Medium-high 3 >1000
moulding medium

Contact 60 1 2 High Low Low 4 1-500
moulding

Numerous polymers meet the material performance requirements. However,
the principal commercial polymers are glass-reinforced polyesters and
polyurethanes (polyurethanes can be tailored to do just about anything),
rubber-modified polypropylene, and ‘blends’ of thermoplastic polyesters and
polycarbonates. From the shortlist, the most suitable material will depend on
the process being used, which in turn, will depend on the production volume
required. However, the best material/process combination can be identified
as follows:

e contact moulding and polyester—glass-fibre composites;

e compression moulding and polyester—glass-fibre composites. (The
material, known as sheet moulding compound or SMC, used in this way
consists of sheets of glass fibres of various orientations impregnated with
a low molecular mass polyester and other fillers. The sheets are cut to
size and placed in the mould, and the polymer cross-links rapidly when
heated.);

e RIM and polyurethanes;

e injection moulding and polyester—polycarbonate blends, rubber-modified
polypropylene.

Possible solutions

As stated above, the final material/process combination will depend very
much on the production volume required. Therefore, assuming material cost
to be the same, the most suitable solution will depend on the type of product
being manufactured. For example, as contact moulding is only suitable for
low production volumes, the combination of contact moulding and
polyester—glass-fibre composites is suitable only for prototypes and custom
or kit cars. The suitability of all the combinations for particular products is
summarized in Table 4.12.
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TABLE 4.12  Process and materials for particular product types

Process Material Production Product
volume
Injection Polyester—glass-fibre High Mass produced
moulding composites models
RIM Polyester—glass-fibre High Mass produced
composites models
Compression  Polyurethanes Medium Limited edition and
moulding prestige models
Contact Polyester—polycarbonate Low Prototypes, custom
moulding blends, rubber-modified cars and kit cars
polypropylene
Summary

It is clear from the above that the choice of material and process are inextricably
linked, regardless of which is selected first. What drives the entire material/
process selection is the material and manufacturing performance parameters.
However, with material selection, availability and costs are major considera-
tions and with manufacturing cost is equally important. It is also equally
clear that the type of product and the production volume required have a sig-
nificant influence on both material and process selection. In arriving at a
solution for a problem of the above nature, an iterative selection procedure
should be used. It may also be that a more complex problem may require
much iteration before a satisfactory solution is arrived at as the above prob-
lem has been greatly simplified.

Discussion questions

1.

How would you classify the above approach to material and process
selection in terms of the approaches outlined in Section 4.9 in the
chapter?

How does this approach compare with that in Case study 4.1?

What are the main factors that drive the material/process selection in this
instance?

Although there was very little difference in this instance, what other fac-
tor may influence the material/process selection?

Can you identify any other factors not mentioned in the case study?

Chapter review 1.

questions

What are the four main factors that influence the use of materials in
manufacturing?
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11.

12.
13.
14.
15.

17.
18.

20.
21.
22.
23.

24.
25.
26.

217.

What are the four major classifications of material for manufacture?

Why are the properties of a material important for its use in
manufacturing?

Metals are generally classified as ferrous and non-ferrous. What is
meant by ferrous and non-ferrous metals?

Why are carbon steels not classified as an alloy of steel?
What are the two types of tool steel?
What are the main application areas for ceramics in manufacturing?

What are the three main types of polymers used in manufacturing and
how do they differ? Identify one application area for each type.

What are the two basic approaches to material selection?

What is the alternative to the approaches in question 9 and how does
this compare with these?

What are the three main areas focused upon during the material
evaluation? Identify at least three typical considerations for each area.

What is a composite material?
What are the five basic categories of manufacturing processes?
What are the main reasons for considering the use of casting?

What is meant by castability and what are the two major factors that
influence this characteristic?

How do forming and shaping processes compare in terms of
differences and similarities?

What is powder processing and how is it carried out?

What is meant by formability and what are the two major factors that
influence this characteristic?

Why are machining processes the most commonly used of the
manufacturing processes? Give specific reasons.

What are the disadvantages of using machining processes?
What are the main influences on machinability?
What are the three types of joining processes?

What is meant by weldability and what are the major factors that influ-
ence this characteristic?

Why are assembly processes so important to manufacturing?
What are the three classifications of assembly process?

What are the factors that are common to both materials and process
selection?

Manufacturability is also sometimes referred to as workabaility. What
does this mean and how does it relate to the material properties?
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Chapter review
problems

References and further
reading

28. How does workability affect the quality of a part?
29. What are the general guidelines for process selection?
30. What are the three main influences on the critical processing factors?

31. When sequencing the manufacturing processes, what are the two
designations for surfaces?

32.  What are the six basic stages that all machined parts go through during
manufacture?

33. What are the two classifications for features when sequencing
operations?

34. What are the five basic relationships used between features when
sequencing operations?

35. What are the rules that are applied in the feature-based approach to
operations sequencing?

In Chapter 3, the Chapter review problems 2-5 asked you to identify the
manufacturing process parameters for given parts. Revisit these problems
and develop outline process plans, including operations sequencing, for these
parts using the methods given in Chapter 4. Use Examples 4.1-4.3 as guides
for these exercises.
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BS EN 12020: Aluminium and aluminium alloys.

BS EN 485: Aluminium and aluminium alloys. Sheet, strip and plate.
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BS EN 515: Aluminium and aluminium alloys. Wrought products.

BS EN 573: Aluminium and aluminium alloys. Chemical composition for
wrought products.

BS EN 755: Aluminium and aluminium alloys. Extruded rod/bar, tube and
profiles.

BS EN 1652: Copper and copper alloys. Plate, sheet, strip and circles for general
purposes.

BS EN 1982: Specification for copper alloy ingots and copper alloy and
high-conductivity copper castings.



5.1 Introduction

5.2 Aims and objectives

5 Production equipment
and tooling selection

There are many factors to be considered when selecting production equip-
ment for a particular component. The factors considered in this chapter
include the machine’s physical size, construction and power. These in turn
will be factors in determining the speeds and feeds available and the maxi-
mum depth of cut the machine is capable of. Another factor is the number
and type of tools available for the production equipment under consideration.
All of the aforementioned factors will ultimately have some effect on the
production rate, batch size and economic viability of the production equip-
ment. Therefore, most of these factors will be incorporated into a five-step
selection procedure for production equipment.

Once the equipment decision has been made, the tooling for the operations
identified previously during the process selection must be selected. In its
broadest sense, the word ‘tooling’ in manufacturing refers not only to cutting
tools, but also to workholders, jigs and fixtures (also known as durable tool-
ing). However, this chapter will focus firmly on the selection of cutting tools
(also known as consumable tooling) for manufacturing processes and work-
holders, jigs and fixtures will be covered in a subsequent chapter. The justi-
fication for this focus on cutting tools is that the majority of secondary
processing will be material removal processes, more commonly known as
machining. A successful machining process relies on the selection of the
proper cutting tools for the operation at hand and is in fact the most critical
element in the machining system. Among the factors to be considered in
selecting appropriate tooling include workpiece material, type of cut, part
geometry/size, lot size, machining data, machine tool characteristics, cutting
tool materials, tool holding and quality/capability requirements.

The main aim of this chapter is to present a systematic and logical approach to

the selection of the production equipment and tooling to be used for the

processes and operations identified using the approaches outlined in Chapter 4.
On completion of this chapter, you should be able to:

identify and describe the main factors in the selection of production
equipment;

e select appropriate production equipment for a given problem;
e identify and describe the main factors in the selection of tooling;

e select appropriate tooling for a given problem.
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5.3 Production
equipment for specific
processes

As already described in Chapter 4, manufacturing processes can be classified
in five categories, namely casting, shaping/forming, machining, joining and
surface processes. Although assembly processes were also considered in this
chapter, for the purposes of this chapter only the manufacturing processes,
where a part is formed from raw material, will be considered. These five cat-
egories will form the basis upon which to present a summary of the most
commonly used production equipment.

5.3.1 Casting equipment

There are a large number of casting processes that can be used as highlighted
in the general classification in Chapter 4. However, for the purposes of this
chapter, the scope will be limited to the major casting techniques employed
with steel and aluminium alloys as these are the two most commonly
used engineering materials (Beddoes and Bibby, 1999). It should be noted
that the processes presented are not limited to use only with these materials.
According to the general classification previously presented, casting-
processes can be classified as one of two types, that is, expendable mould or
permanent mould processes.

Expendable mould processes

With expendable mould processes, the moulds are broken in order to remove
the casting. The most basic of these processes is sand casting. It is by far the
oldest and most widely used of all casting processes. A pattern is made in the
shape of the required casting in two halves. The top half (known as the cope)
and the bottom half (known as the drag) are then packed tightly with moist
bonded sand, usually silica sand (SiO,) (Kalpakjian, 1995). The patterns are
then removed and the cope and drag joined. Molten metal is then poured into
the mould via a sprue formed during the sand packing. Once solidified the
mould is broken to release the casting. The process and equipment are illus-
trated in Fig. 5.1. Although often used for producing simple shapes, it is also
widely used for more complex shapes such as engine blocks, manifolds,
machine tool bases, pump housing and cylinder heads.

Shell casting is increasingly being used as it can produce castings with a
high degree of accuracy at a relatively low cost. A metal pattern is made in two
halves. Each pattern is heated and clamped to a box (known as a dump box)
containing sand with a thermosetting resin binder. The dump box is then
inverted and the sand and thermosetting mixture takes the shape of the pattern.
The dump box is then placed in an oven to cure the resin. The oven in most
shell casting processes generally consists of gas-fired burners in a metal box
which swings over the dump box. Once the mixture has cured, the clamp
box is turned round again and the pattern and shell removed from it using the
built-in ejector pins. The two shells are then joined and filled with molten
metal to form the casting. The process and equipment are illustrated in Fig. 5.2.

The last of the expendable casting processes to be considered is invest-
ment casting, sometimes referred to as the lost wax process. A pattern is
formed by injecting wax or thermoplastic resin into a mould or die. The pat-
tern is then removed and coated with a refractory material slurry, usually
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Figure 5.1 Sand casting process and equipment (Swift and Booker, 1997)
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Figure 5.2  Shell casting process and equipment (Swift and Booker, 1997)

some sort of ceramic. Once this coating has been built up to a suitable thick-
ness and dried, the pattern is then melted out. The ceramic mould is then
filled with molten metal to form the casting. When solidification is com-
pleted, the mould is broken to remove the casting.

Permanent mould processes

The major disadvantage of expendable mould processes is the fact that
the mould is not re-used. Although this is acceptable for small quantities,
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Figure 5.3 Die casting process and equipment (Swift and Booker, 1997)

permanent mould processes are more suitable for high volume production.
One such process used for high volume production is die casting, also
referred to as pressure die casting. A mould or die is machined from metal.
Molten metal is then poured into the die under pressure. Once solidified, the
die is opened and the part removed. There are two basic variations of pres-
sure die casting, the hot-chamber and the cold-chamber process. The main
difference between them is that a piston is used to trap and force the molten
metal from the shot cylinder in the hot-chamber process, whereas in the cold-
chamber process the molten metal is poured into the shot cylinder (which is
cold) and a plunger used to force the molten metal into the die. Both of these
processes are illustrated in Fig. 5.3.

Another widely used permanent mould casting process is centrifugal cast-
ing. Molten metal is poured into a mould rotating between 300 and 3000rpm
(DeGarmo et al., 1988). The rotation forces the molten metal against the walls
of the mould allowing hollow castings to be produced. Finally, the axis of rota-
tion can be either horizontal or vertical. Both are illustrated in Fig. 5.4. In terms
of polymeric casting processes, injection moulding is used more than any other
process to produce thermoplastic products. Granules of raw material are fed
into a pressure chamber via a hopper. While in the hopper the granules are
heated up and forced under pressure into the die. The die remains cool and
therefore the plastic cools as soon as the die is filled. A variation on this is
reaction injection moulding (RIM) where two reactive fluids are forced under
pressure into the die and react to form a thermosetting polymer. The process
and equipment are illustrated in Fig. 5.5.

5.3.2 Shaping/forming equipment

As described in Chapter 4, shaping/forming processes can be broken down into
three categories, namely bulk forming, sheet forming and powder processing.
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Figure 5.5 Injection moulding process and equipment (Swift and Booker, 1997)

Bulk forming

The basic theory behind bulk forming processes was explained in Chapter 4
and, although cold forming is employed, generally hot forming is more com-
mon. The most widely used forming process is hot rolling where material
passes through a number of rollers until the desired shape is achieved.
Hot rolling is used to form steel sections and sheet from large ingots or
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thick plate, which will generally undergo further processing. Roll-forming
machines, or rolling mills as they are also known, are generally classified
according to spindle support, station configuration and drive system
(Goetsch, 1991). For the purposes of this chapter, we will consider only the
station configuration. Rolling mills usually consist of a number of rollers and
the manner in which they are arranged determines the shape formed. There
are four basic types of roll mill:

Single duty machines — used for rolling one profile using a particular set of
rollers, which are not easily changed.

Standard machines — used for different profiles as the rollers are easily
changed.

Side-by-side machine — used for multiple profiling and has more than one set
of rolling tools mounted at one time (see Fig. 5.6).

Double-high machines — consists of two sets of rollers at two different levels
on the same frame (see Fig. 5.7).

Of the other hot forming processes, hot forging is probably the most com-
monly used. There are three types of forging namely closed-die, open-die
and impression forging. For open-die forging, equipment can range from a
simple anvil and hammer to huge computer-controlled presses capable of
producing huge forces. Only simple shapes can be produced with open-die
forging. Closed-die forging also uses presses but is capable of more complex
geometry. Particular importance must be paid to the die design to ensure that
it completely fills without creating pressure on the die due to over-filling.
This is overcome in impression forging by including a flash cavity in the die
as illustrated in Fig. 5.8.

Roll tooling

I\ - [

Figure 5.6 Side-by-side rolling machine (Goetsch, 1991)
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Figure 5.8 Forging processes and equipment (Swift and Booker, 1997)

Sheet forming

In terms of sheet metal forming, various processes are used to form
cold rolled sheet. The most common of these are deep drawing, bending and
stretch forming. Roll forming is also used but has been covered under
the heading of bulk processes. Die sets and formers are used and applied
with some force using a press machine of some type. Figure 5.9 illustrates a
typical brake press used for bending, while Fig. 5.10 illustrates roll forming,
deep drawing and stretch forming.

Of the forming processes used for polymers, vacuum forming is widely
used. Also known as thermoforming, the thermoplastic sheet is heated until
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soft. It is then drawn to the mould by means of a vacuum. The mould is usu-
ally at room temperature and this causes the sheet to set upon contacting the
mould as illustrated in Fig. 5.11.

Powder processing

The steps involved in powder processing were previously described in
Section 4.10.3 and these are powder blending, compacting, sintering and
finally secondary processing. In terms of equipment, the compacting requires
a press that can deliver forces in the region of 1.0-1.7 MN. However, most
applications will require a press capacity of less than 1 MN. However, for
large parts, presses with capacities as high as 45 MN may be used.

5.3.3 Machining equipment

Machining processes can be broken down into three types, namely cutting,
abrasive and non-traditional processes. The vast majority of those used will
fall into the cutting category. However, equipment will be considered for all
three categories, albeit briefly.

Cutting processes

Cutting processes can be further classified according to the primary motion,
that is, tool translates, tool rotates and/or workpiece rotates. The main cut-
ting processes where the tool translates are:

Shaping — as the tool translates, the workpiece is fed into the tool. The work-
piece is clamped to the worktable and the worktable feeds across the tool
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Figure 5.12 Shaping machine (Beddoes and Bibby, 1999)

between stroke as illustrated in Fig. 5.12. Shaping is generally used for rela-
tively small workpieces.

Planing — primary motion is applied to the workpiece that is clamped to the
worktable. The feed motion is applied to the tool as illustrated in Fig. 5.13.
Planing is very similar to shaping but is generally used for larger workpieces.

Broaching — broaching is similar to shaping and planing. However, broach-
ing finishes a surface in one stroke as opposed to a series of strokes. The tool
translates across the workpiece while the feed is provided by the increase in
size of the teeth of the broadening tool. Broaching can be carried out on both
internal and external surfaces.

The main cutting processes where the tool and/or workpiece rotates are:

Drilling — the primary motion is the drill bit rotating and being fed into the
workpiece. Drill presses tend to be vertical machines as illustrated in Fig. 5.14.

Milling — the milling tool rotates and the workpiece is fed into the tool while
clamped to the worktable. Milling machines can be either vertical or hori-
zontal as illustrated in Fig. 5.15.

Boring — depending on the application and machine, tool rotation and
workpiece rotation are both possible. Generally, for complex geometry the
workpiece will be rotated. Precision boring machines are available in many
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Figure 5.15 Milling machines and operations (Mair, 1993): (a) knee-type
horizontal mill; (b) slab milling; (c) slot cutting (horizontal); (d) knee-type
vertical mill; (e) end milling; (f) face milling

sizes and types and include both horizontal and vertical machines (see
Fig. 5.16). Finally, boring tools can also be used on lathes.

Turning — is carried out on a lathe. The workpiece rotates and the cutting tool
is fed along and into the workpiece. In terms of equipment, there are four
categories of lathe: manual, semi-automatic, automatic and computerized.
There are a number of manual lathes and these are the engine lathe (see
Fig. 5.17), the bench lathe and the turret lathe. The engine lathe is the basic
standard lathe, while the bench lathe is a smaller version of this designed
to be mounted on a bench. The turret lathe is similar to an engine lathe with
the difference that the tailstock is replaced with a tool turret, typically hexa-
gonal, upon which six tools can be mounted. The turret is mounted on
the cross-slide. Therefore, it can move along the z-axis and across the x-axis.
It is not to be confused with the capstan lathe where the turret can only
move along the z-axis. The copy or contouring lathe is a semi-automatic
engine lathe that allows a template to be copied. Automatic lathes are classi-
fied as those where manual machine controls have been replaced by mecha-
nisms and can have horizontal or vertical spindles. There are also automatic
bar machines. The bar stock is automatically fed into the machine after each
part is completed. Originally used predominantly for producing threaded
parts, they are now used to produce a variety of parts. Many of the parts
produced on semi-automatic and automatic lathes are now produced on
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Figure 5.17 Typical engine lathe (Black et al., 1996)

computer numerically controlled (CNC) lathes or machining centres. These are
fully automated machine tools where the movement and control of the machine
tool is performed by a computer via stepper motors. The use of numerically
controlled equipment is discussed in more depth later in this section.
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Abrasive processes

The main use for abrasive processes is improving the surface finish of
previously processed surfaces. Therefore, some of these processes are
often referred to as finishing processes. The main abrasive processes and
equipment are:

Grinding — there is a variety of grinding processes and equipment available.
These include hand grinders, belt grinders and grinding wheels. The most
commonly used of these is the grinding wheel. This is used for both surface
and cylindrical grinding as illustrated in Fig. 5.18.

Honing — uses abrasive stones mounted in an expanding mandrel to remove
very fine amounts of surface material (see Fig. 5.19). Its main application is
for finishing holes to a fine surface finish. Honing is mostly carried out on
internal cylindrical surfaces. However, it is sometimes used on cylindrical or
flat external surfaces and for removing edges on cutting tools.

Lapping — is another process for producing fine surface finishes. It is
primarily used for external cylindrical and flat surfaces. Most production
lapping is carried out using a lap plate (see Fig. 5.20). However, internal lap-
ping can be carried out using a centreless lapping machine (also shown in
Fig. 5.20).

Polishing — tends to be carried out with discs or belts made of fabric or leather
coated with abrasive powder. The fine abrasive action removes material from
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Figure 5.18 Grinding processes and equipment (Beddoes and Bibby, 1999): (a) surface grinding; (b) cylin-
drical grinding
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Figure 5.19 Honing process and equipment (Swift and Booker, 1997)
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Figure 5.20 Lapping processes and equipment (Swift and Booker, 1997)

the surface while the frictional heat softens and smears the surface. This
combined action produces a smooth, shiny surface.

Buffing — is very similar to polishing. The main difference is that the discs
used are generally softer and the abrasive powder finer to allow for an even
finer surface finish.
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Figure 5.21 Schematic of chemical milling. (From Amstead, B.H., Ostwald, P.F.
and Begeman, M.L. Manufacturing Processes, S8th edn. © 1987. Reprinted by
permission of John Wiley & Sons, Inc.)

Non-traditional machining processes

A number of non-traditional processes were already introduced in Chapter 4.
Therefore, the scope for production equipment will be limited to a few
processes only.

Chemical milling — material is removed by means of a chemical reaction.
Material not to be machined is masked off. Once the process is completed,
the parts are thoroughly cleaned to prevent further reaction and material
removal. It is primarily used in the aerospace industry for removing material
from skin panels to reduce weight (Kalpakjian, 1995). Figure 5.21 shows a
schematic of chemical milling.

Electrochemical machining (ECM) — material is removed from the work-
piece through electrolysis and it is, in effect, the reverse of electroplating.
The workpiece is immersed in an electrolytic fluid. The tool acts as the neg-
ative electrode and the workpiece as the positive electrode. The material is
dissolved by the electrochemical reaction in the shape of the tool. A
schematic of the process is shown in Fig. 5.22.

Electrical-discharge machining (EDM) — the tool and the workpiece act as
electrodes. The workpiece material is vaporized by the spark discharges
created by the power supply. A dielectric fluid is used to cool the vaporized
chips and flush them away from the workpiece. A typical EDM set-up is
illustrated in Fig. 5.23.

Numerical control of machine tools

Numerical control (NC) is now widely accepted as a generic term for the
whole field of numerical control. This includes all techniques used to control
machine tools through coded instructions, including CNC. The application
of NC technology is now widespread and covers many of the processes
and equipment mentioned above, including turning, milling, drilling, EDM,
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Figure 5.23 Typical EDM set-up (Swift and Booker, 1997)

forming, bending and grinding. In comparison to manual processes, NC
machines offer a number of distinct advantages in terms of:

Component feature generation — the control systems employed by CNC
machines generally allow the simultaneous motion of at least two axes. Thus
the complexity of geometry achievable is far greater than that of manual
machines.
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5.4 Factors in
equipment selection

Component inspection — many CNC machines incorporate probing technol-
ogy similar to that of coordinate measuring machines (CMMs). This is used
for in-process inspection and greatly reduces the likelihood of errors.

Machine set-up — CNC machines are very often capable of generating com-
plex geometry with a single set-up. This leads to fewer set-ups and reduced
processing time. This can also reduce the need for jigs and fixtures.

Machining conditions — most modern CNC machine tools can provide vari-
able speeds and feeds to both machines axes and spindles using servomotor
drives. This means that near optimum machining conditions can be achieved
which in turn reduces processing times and therefore costs.

Positional repeatability — the use of servomotors also greatly enhances the
positional repeatability in terms of achieving desired dimensional and geo-
metric accuracy. This leads to improved quality and a reduction in inspection
that should result in reducing manufacturing costs.

Therefore, the availability of such equipment must be considered carefully
during the machine selection process.

Although there is a huge amount of processing equipment, and variables
of such equipment, the problem of selecting a suitable machine is easier
than selecting a suitable process. In fact, with the process already selected,
the range of machine tools to select from is already narrowed. Some of the
factors used to select a suitable process will be used again to select a suitable
machine, for example, surface finish and machine accuracy. These factors
can be categorized as either technical or operational factors.

5.4.1 Technical factors

The focus of the technical factors is to ensure the machine tool selected is
capable of producing the part to the required specification. The main factors
considered are:

Physical size — the machine tool must be of a sufficient size to cope with the
dimensions of the workpiece and be physically able to carry out the desired
processing. In addition, the structure of the machine must be able to cope
with the weight of the workpiece.

Machine accuracy — this refers specifically to the capability of the machines
under consideration to be able to manufacture parts within the required
dimensional and geometric tolerance specification. Although already used to
help identify suitable processes, the parameters specified for individual
processes are stated in ranges. Therefore, machines for specific processes
may operate within any part of that range. Thus, these parameters are con-
sidered for specific machines to ascertain their suitability for a particular job.

Surface finish — this refers specifically to the capability of the machines
under consideration to be able to manufacture parts to the required surface
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Figure 5.24 Cutting forces

specification. The reasoning behind considering this factor again is the same
as for machine accuracy.

Cutting forces — the calculation of cutting forces should be carried out for the
operations identified using the method outlined in Section 4.12.3. The cutting
forces involved are functions of the manufacturing parameters such as feed,
speed and depth of cut, which will be covered in detail in Chapter 6. Although
these manufacturing parameters have not been calculated for each operation,
each machine will have maximum values for these parameters. In orthogonal
cutting, there are two forces to be considered. The first of these is the main
cutting force F,. In terms of the machine selection, this is the most important
force, as it will be used to determine the power requirements. The other force
is the thrust force F,. Both of these are shown in Fig. 5.24. The cutting force
F, can be calculated from the equation (Chang and Wysk, 1985):

F.=Wd.K,

where F, is the cutting force (N), W the width of the cutting tool (mm),
d, the depth of cut (mm) and K the specific cutting force (Nmm ™ 2).

From the above equation, the width of the cutting tool multiplied by the
depth of cut is the contact area between the tool and the chip. Since the actual
contact area will vary, it is assumed that the chip only contacts the tool over the
area of the cut (Black et al., 1996). The specific cutting force, or specific cut-
ting resistance as it is also known, is a constant. Values for various materials
are available and Table 5.1 gives values for some commonly used materials.

Power — the machine power P, required for each operation can be calculated
by multiplying the cutting force by the cutting speed as follows:

P,=FJV

where P, is power (W), F. the cutting force (N) and V the cutting speed
(ms™h).
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TABLE 5.1 Specific cutting force values for some
commonly used materials

Material Specific cutting
force K (Nmm ™)

Low-carbon steels 2200
Medium-carbon steels 2600
High-carbon steels 3000
Low alloy steels 2500-3300
High alloy steels 30004500
Malleable cast iron 1200-1300
Grey cast iron 1300-1500
White cast iron (nodular) 1200
SG iron 2100
Cast steel (unalloyed) 2200
Cast steel (low alloy) 2500
Cast steel (high alloy) 3000
Stainless steels 2450-2800
Titanium alloys 1680
Aluminium alloys (wrought) 800
Aluminium alloys (cast) 900

The power required for each operation would have to be calculated to
determine the maximum power required of the machine. For the same con-
ditions, the greater the volume of material removed per unit time, the greater
the power required. Finally, reducing feeds and speeds and/or the depth of
cut can reduce the power required. Example 5.1 illustrates a typical example
of both cutting force and power calculations.

Example 5.1 A low alloy steel bar is being roughed to size on a lathe. The

depth of cut is 5Smm and the width of the cut is I mm. The cutting speed for

the roughing is 10mmin~".

Solution

F.=? F. = WdK,

W =1mm F.=1X5X2500
d. =5mm F, =12500N

K, =2500Nmm 2

P,=? P,=F.V

F. =12500N P,,=12500X%0.167

V =10mmin !'=0.167ms™! P, =2087.5W
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5.5 Machine selection
method

5.4.2 Operational factors

The focus of the operational factors is really about the available resources
and how they can be used cost-effectively to fulfil the master production
schedule (MPS). The MPS is a time-phased plan for all end-items, that is, it
is a schedule of what is to be made and when (Evans, 1996).

From this perspective, the factors considered are more operations man-
agement issues than processing planning issues. The factors include:

Batch size — just as every process has an economic batch quantity (EBQ) that
must be achieved before it can be considered economically viable, so too
does specific machinery. A common approach is to compare different
machines for a given batch size using a break-even analysis to see which is
most economic. This will be considered in more depth in Chapter 9 when
considering the economics of process planning.

Capacity — as equally important as the EBQ is the production rate of the
machines under consideration. All machines are capable of achieving a par-
ticular output per unit time. Therefore, parts must be assigned to machines
capable of output that can match the MPS requirements.

Availability — this can be defined on two levels. The first definition is that of
whether the machine required is already being used or not, that is, is it avail-
able or unavailable. However, in terms of equipment effectiveness, availabil-
ity can be defined as the proportion of time a machine is actually available
to perform work out of the time it should be available (Nicholas, 1998). This,
in turn, relates to the overall efficiency and reliability for the machine.

Although these are important issues to consider, as stated in Chapter 2, the
process planner is concerned with how a job is going to be made and how
long it takes. Therefore, the issue of manufacturing resources at a machine
level is the concern of the capacity requirements planner. As such, of the
operational factors listed above, the process planner would only consider the
batch size in any great depth.

Even though there are various factors that must be considered in the selec-
tion of a suitable machine for a given job, relatively speaking it is still an eas-
ier task than the initial process selection. A systematic approach to machine
selection, incorporating the factors described in Section 5.4, is outlined
below. This is based on a preliminary machine selection method developed
by Halevi and Weill (1995).

5.5.1 First cut selection

The types of machine will be specified by the virtue of having already pre-
selected the manufacturing processes. For example, if turning is the selected
process then a lathe will be the type of machine to be used. At this first cut
selection, the only factor considered is the physical size of the machine in rela-
tion to the workpiece. Any machine that cannot perform any one operation is
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5.6 Tooling for specific
production equipment

excluded from further consideration. For example, a lathe whose machine bed
is shorter than that of the length of the part cannot be used to turn that part.

5.5.2 Power/force analysis

After having calculated the power requirements for all operations, those
machines that cannot meet the maximum power requirement can be dis-
counted. The only exception to this is if there are no other machines avail-
able. Similarly, those machines with a far greater power output than required
can also be discounted. This is on the basis that machines with far greater
power than required offer no significant advantage over those closest to the
actual power requirement. The only exception to this is if such a machine has
a higher spindle speed required by one or more operations.

5.5.3 Capability analysis

The factors considered in the capability analysis are the dimensional and
geometric accuracy and the surface finish required. The machine or machines
that are most suitable should be shortlisted and the remainder considered
no further.

5.5.4 Operational analysis

The only operational factor to be considered in any detail by the process
planner is that of the batch size. Those machines that do not meet the EBQ
should be discounted. Any remaining machines can be compared using a
break-even analysis, which will be covered in Chapter 9.

5.5.5 Final selection

Although it is unlikely that there will be more than one machine still being
considered at this stage, a single machine can be selected by selecting the
machine with the lowest machining time. If there is still more than one
machine after this, then select the machine with the lowest time for any oper-
ation. The final criteria to be used if still searching for a single machine is to
consider that with the lowest time for the most operations.

This selection method, in effect, considers the machine limitations (phys-
ical size, power and force) first and then the machine capabilities (machine
accuracy and surface finish). After this, the economics of the machines under
scrutiny are compared to give a single machine selection. The selection
method is summarized in Fig. 5.25.

As stated in the introduction to the chapter, the tooling selection is focusing
on cutting tools for machining processes. This is due to the fact that the vast
majority of secondary processing is machining. However, there is brief cov-
erage of tooling for other processes.
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Figure 5.25 Machine selection method

5.6.1 Tooling for casting, shaping and forming

Tooling for casting, shaping and forming processes falls into one of two cat-
egories, both of which have already been briefly mentioned in Section 5.3.
The first of these types is a mould. Various materials are used for moulds in
casting and shaping processes and again some of these have been briefly
described in Section 5.3. The other type of tooling is a die. Dies are used for
some casting processes and various shaping and forming processes. The dif-
ference between a die and a mould is that with a mould, molten material is
poured into it, whereas with a die, the die is usually applied under force to
the material, for example, stamping and forging, or the material is forced into
the die under pressure, for example, pressure die casting. In terms of ensur-
ing the tooling is suitable for the product specification, the design of the
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Cutting motion
«—
Pull end

Chip breakers

mould or die is the most critical aspect, including the selection of the
mould/die material.

5.6.2 Tooling for machining

In machining, it is very rare that all cutting operations can be performed with
a single tool. Therefore, a number of tools are usually required for different
operations. For example, separate tools are used for roughing and finishing.
Other operations, such as drilling, machining slots and thread cutting also
require specific tools.

Therefore, it is important that the correct tool is selected for the particular
operation required. The size and shape of the cutting tools used will also
depend on the size and shape of the part being machined. The tool manufac-
turer’s catalogue will usually give a complete listing of the types of tool
available and the applications of each. It is also important to remember that
the depth of cut that can be achieved is dependent on the workpiece material,
the coolant used, the tool itself and of course the machine tool.

Tooling for broaching

Broaching can be carried out on both internal and external surfaces. Internal
broaching can be used to produce a variety of profiles. Apart from regular
profiles such as round, square and rectangular shapes, hexagonal, keyway
and spline profiles can also be produced. Broaching tools can also perform
either roughing or finishing operations. Some typical broaching tool profiles
are illustrated in Fig. 5.26, along with the typical geometry for a typical
broaching tool.

Rake
Notched tail angle

‘

Rise per

Pitch —>| tooth
N T

Rear pilot
Tooth rise in this section —>|

Tooth
WWW depth
Front i inishi v

t pilot
Shank length

Slo

i 'S'eml_ Finishing t Clearance angle
Roughing teeth —»{ finishing |  teeth Follower
teeth end
Total broach length | Cutting tooth geometry

broaching
Rectangular Hexagonal ~ Keyway Double Spline

Round Square

Some typical examples of internal broaching profiles

broaching '

Some typical examples of surface broaching profiles

keyway y

D)

v

Figure 5.26 Broaching tools (Swift and Booker, 1997)
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Tooling for shaping and planing

As explained earlier in this chapter shaping and planing are very similar
processes and as such the tooling for these are also similar. The tooling for
these processes depends very much on the operation being performed. The
basic operations carried out by shaping and planing machines are roughing,
slotting, side cutting, dovetail cutting and finishing. The cutting tools used
for these particular operations are illustrated in Fig. 5.27.

Tooling for drilling

The most common tool used for making holes is the fluted or twist drill.
Drills are made with two, three or four cutting lips. The two-lip drill is used
for drilling solid material. The three- and four-lip drills are usually used for
enlarging holes previously drilled. Other variations on this basic drilling tool
are spade drills, indexable insert drills, gun drills, hole saws and trepanning
tools. Examples of these are illustrated in Fig. 5.28. Another set of related

Roughing Slotting Side Dovetail Roughing  Finishing

Figure 5.27 Shaping/planing tools and operations (Swift and Booker,
1997)
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Figure 5.28 Drilling tools (Swift and Booker, 1997)
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Figure 5.29 Reaming tools (Swift and Booker, 1997)

cutting tools that can be used with drilling machines are those used for reaming.
Often referred to as a process in its own right, reaming actually refers to the use
of specific cutting tools of various types and with multiple cutting edges. These
are generally used to improve accuracy, roundness and surface finish of existing
holes/bores. Some typical reaming tools are shown in Fig. 5.29.

Tooling for milling

There are various types of milling machine operations including slab milling,
form milling, slotting and straddle milling. However, regardless of the type
of machine, in general, the cutter rotates while the workpiece is fed against
it. The rotating cutter, known as a milling cutter, can take numerous forms.
The shape of the milling cutter usually depends upon the shape and size of
the geometry being cut.

The most common milling cutter is the endmill. Endmills come in various
shapes and sizes, with each shape designed to perform a particular operation.
The three basic shapes are the flat, the ballnose and the bullnose cutters (Nanfari
etal., 1995), two of which are illustrated in Fig. 5.30. Others that are commonly
used are the face mill, slot drill, dovetail cutter, reverse cutter and the woodruff
cutter. When milling, care must be taken to ensure that the milling cutter can
handle the depth of cut required. Finally, it should be remembered that many of
the tools listed for drilling and reaming can also be used on milling machines.

Tooling for turning

On a lathe, the cutting tool is fixed while the workpiece rotates, unlike the
milling machine. In turning operations, the tool is driven through the mate-
rial to remove chips from the workpiece to leave the shape required. The
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Figure 5.30 Typical tools for vertical milling (Swift and Booker, 1997)
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Figure 5.31 Turning and boring tools (Swift and Booker, 1997)

shape or form of turning tools depends on the type of operation required and
the shape of the geometry required. Examples of lathe operations and associ-
ated tools are shown in Fig. 5.31. These are straight turning, facing, tapering,
contouring, profile forming, parting off, knurling, external/internal threading
and internal forming. Their use is illustrated in Example 5.2. It should be noted
that tools for straight and face turning can be either left or right handed. It is
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important to remember that some boring, drilling and reaming tools can also
be used with lathes and vice versa in the case of boring.

Tooling for boring

Boring is essentially internal turning and there are two basic boring operations.
In cylindrical boring, cylindrical surfaces are produced using a boring bar. The
other operation is taper boring and is used to produce conical surfaces. Both of
these are illustrated in Fig. 5.31. Many of the operations and cutting tools listed
for turning, drilling and reaming can be used with boring machines.

Tooling for grinding

The most commonly used grinding machines use wheels as the cutting tools.
Grinding can be carried out on external and internal surfaces. There is a huge
variety of grinding wheel geometries available for both external and internal
grinding. Some of the more commonly used grinding wheel geometries are
shown in Fig. 5.32.

Tooling for honing

As explained in Section 5.3.3, honing uses abrasive stones mounted in a man-
drel to remove very fine amounts of material from internal cylindrical surfaces,
although honing can be carried out on external surfaces. Therefore, honing does
not use cutting tools of the type already illustrated and usually employs fixtured
tooling. A typical fixtured honing tool was previously illustrated in Fig. 5.19.

Additional tooling factors for NC machines

Tool changing and setting can be greatly speeded up by the use of qualified
tooling and pre-setting techniques on NC machines. Qualified tools are tools
on which the position of the cutting edge is guaranteed to within very close
limits. Usually, the accuracy is quoted with respect to specified datums on the
tool holder and a typical accuracy is within =0.08 mm (Leatham-Jones, 1985).
The use of qualified tooling can eliminate or reduce the need for tool meas-
urement and setting either at or away from the machine. The use of ‘unquali-
fied’ tooling means that the tooling for a particular part program will normally
be prepared in advance. This involves fitting each tool in the appropriate holder

)

External Internal

>

Figure 5.32 Some common types of grinding wheels (Swift and Booker,
1997)
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and accurately measuring the position of the cutting edge. These measure-
ments will be entered into the tool off-set file during the set up procedure. This
allows the use of coordinate data based on the geometry of the part. The tool-
offset is used to determine the coordinates of the tool path taking into consid-
eration the size and geometry of the tool. The first is to allow the use of tools
of different dimensions to be used in programming as if they were all the same
size. Tool offsets also allow dimensional and positional adjustments to be
made to the cutting tool without having to edit the program. An example of this
might be a turned diameter that is slightly oversize due to tool wear.

The pre-setting of tooling has one major disadvantage and that is the fact
that the machine must stand idle while the tooling is pre-set. However, more
often than not, the majority of the pre-setting can be carried out away from
the machine tool itself and thus reduce the downtime. Tool set-ups can be
planned in advance to allow the continuity of manufacture and further reduce
the downtime incurred. The advantage offered by pre-set tooling is similar to
that of qualified tooling.

For many modern CNC machining centres, the use of automatic tool
changing is standard. These tool-changing mechanisms can take a variety
of forms as shown in Fig. 5.33. Automatic tool changing usually involves
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Figure 5.33 Tooling systems for CNC machines (© Leatham-Jones, B. 1986, reprinted by permission of
Pearson Education Ltd)
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the use of a tool carousel or magazine. This will be indexed to the
tool change position where the selected tool will replace the current tool.
Tool change times vary from 6s on small systems to 20s on larger machin-
ing centres.

Tool inserts

Traditionally, most cutting tools are usually formed from a single piece and the
cutting edge is ground to the required geometry. These single piece tools, also
referred to as monolithic tools (Schey, 1987), are generally made from high-
speed steels or carbon steels. When the cutting edge wears beyond being use-
ful, they can be reground. However, even when suitable replacement tools are
available, tool changing is time-consuming and can add considerably to the
processing time. In order to address this problem, cutting tool inserts or tips
were developed. These are disposable cutting tools and usually have a number
of cutting edges. The number of cutting edges will depend on the insert shape
and whether a negative rake angle has been incorporated into the tool holder,
which allows both sides of the insert to be used for example, a square insert
will have eight cutting edges (Amstead et al., 1987). The inserts are usually
clamped into a tool holder, a typical example of which is shown in Fig. 5.34.
Inserts may also be brazed into the tool holder. However, clamping is generally
the preferred method as this allows the insert to be rotated or indexed to the
next cutting edge (Kalpakjian, 1995). There are a number of ISO standards that
have been developed to help in the selection of both tool inserts and holders for
various machining processes.
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Figure 5.34 Typical tool holder for disposable inserts (From Amstead, B.H.,
Ostwald, P.F. and Begemen, M.L. Manufacturing Processes, 8th edn, © 1987.
Reprinted by permission of John Wiley & Sons, Inc.)
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5.7 Factors in tooling

Operating requirements

Figure 5.35
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In Chapter 4, methods were outlined for the selection and sequencing of
processes and operations. In this chapter a method has been outlined for the
selection of an appropriate machine to carry out these operations. However,
in no other category of process is the selection of proper tools more critical
than in machining. Therefore, the factors that affect the selection of tooling
must be considered thoroughly. There are numerous factors that influence the
tool selection decision and these can be considered as a constraint, an oper-
ating requirement or a tool performance factor as shown in Fig. 5.35.

All of these factors should be considered when selecting a cutting tool,
although the most important of these are generally considered to be the man-
ufacturing process, the workpiece material, processing time and the use of
cutting fluids (Timings, 1992).

5.7.1 Constraints on tool selection

There are six constraints that must be considered in tool selection. These are
outlined in the following sections.

Manufacturing practice

This particular factor refers to the manufacturing practice of individual
processes with regard to how the tooling is used to cut the material. The two
basic categories of practice are continuous or intermittent cutting. Strictly
speaking, this actually refers to how the tool is actually fed into the work-
piece. In continuous cutting, the cutting tool is continuously fed into the
workpiece and this is normal practice for turning, milling and drilling.
However, with intermittent cutting, the cutting tool is not continuously fed
into the workpiece. A good example of this is in shaping and planing where

Constraints

Capability

Processing time
Cutting tool availability

Selected
tools

Tool
selection
decision Speeds
et process
Setp Feeds

parameters
Machine times

data

* *

Tool material | Cutting fluids

Tool geometry

Tool performance factors

Factors in tooling selection
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the tool is not cutting or being feed into the workpiece during the return
stroke. This would equally apply to broaching.

Manufacturing process

At this stage of the process planning activity both the process and the machine
to be used have been identified. Therefore, providing both have been selected
carefully and are suitable to carry out the operations at hand, these will limit the
selection of tooling to a particular sub-set suitable for that process and machine
tool. For example, if the process selected is drilling, then the tool selection is
limited to those suitable for drilling as illustrated in Figs 5.28 and 5.29.

Machine tool characteristics

There are a number of machine tool characteristics that must be considered.
These include the availability of suitable workholders, the machine tool struc-
ture, that is, rigidity, the power output and the range of speeds and feeds avail-
able. Finally, the actual availability of the machines must also be considered.

Capability

The factors considered under this heading are identical to those considered
in the capability analysis for the machine tool selection. These are the dimen-
sional and geometric accuracy required and the surface finish specification.

Processing time

The time available to process a particular job will be driven by the production
schedule as previously mentioned in Section 5.5. This, in turn, will limit the
time available for all operations. The required machining time will then influ-
ence the power, feed and speed requirements for both machine and tooling. The
calculation of machining times will be covered in more depth in Chapter 6.

Cutting tool availability

Regardless of the consideration of all of the above constraints, only cutting
tools that are available can be used. Therefore, it could be said that this is
actually a further constraint on all other constraints.

5.7.2 Operating requirements for tool selection

The operating requirements refer to the conditions under which the cutting must
take place. Further operating requirements will be covered in Section 5.7.3 that
relate specifically to cutting tool performance.

Workpiece material

The workpiece material has a huge influence on both the cutting tool geom-
etry and the cutting tool material. This is due to the fact different materials
react differently during cutting in terms of chip formation and the heat
generated. The influence the workpiece material has on both of the above
will be discussed in more depth in Section 5.7.3.
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Operation

Just as the choice of process limits the machine to choose from, so too does
the identification of a specific operation for cutting tool selection. Most oper-
ations for specific processes and machine tools will only have a few tools
capable of carrying out that operation. In fact, some operations may only be
possible with one particular type of tool. Therefore, this particular factor can
be used to narrow the scope of the selection problem considerably.

Part geometry

The part geometry will again have a huge influence on the selection of cut-
ting tools in terms of the geometric features that must be produced. This is
due to the fact that certain geometric features will be produced by certain
operations which, in turn, require certain cutting tools as outlined in the pre-
vious factor.

Tooling data

All tool manufacturers provide data for their own products. This can be used
to help ascertain the suitability of tools for particular operations. Also, in
well-established organizations, data on the use of tooling for specific jobs
will have been collected over the years by both manufacturing engineers and
the quality function.

5.7.3 Factors affecting tooling performance

Generally, the kind of surface finish produced by the cutting operation depends
on the shape of the tool and the path it takes through the material. However,
when the cutting edge of the tool starts to wear, the surface finish gained will
deteriorate and the cutting forces will rise. Signs that significant tool wear has
occurred are indicated by excessive vibration and chatter during machine tool
operation and increased power requirements.

The three basic factors that determine tool performance are:

e the tool material;
e the tool geometry;

e the use of cutting fluids.

Cutting tool materials

With regard to tool material, no one cutting material is best for all operations.
In general, tool materials must possess the following characteristics (Ludema
etal., 1987):

e harder and more wear resistant than the workpiece material;

e retain its physical and mechanical properties and characteristics during
cutting;

e possess adequate toughness to avoid fracture under impact loading.
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There is a variety of materials commonly used for machining. High-carbon
steels are the traditional materials for cutting tools. The hardness of such metals
reduces under high temperatures, usually around 300°C (Amstead ez al., 1987)
and are not suitable for use at high speeds or for heavy-duty applications. The
most commonly used tool materials are high-speed steels (HSS). These are used
for tooling for drilling, milling, turning, threading, shaping and planing. Cast
non-ferrous alloys are also used for cutting tools. They can operate at speeds
twice that of HSS and retain a good cutting edge up to temperatures of 925°C.
As a tool material they sit between HSS and carbides and due to this overlap are
not widely used because of the superior performance of carbide cutting tools
(Ludema et al., 1987). Carbides are extensively used for tool inserts. These are
generally manufactured using powder processing and are sintered and often
referred to as sintered carbides. Modern machining practice has an increasing
emphasis towards the use of carbide tips. The hardness and wear resistance char-
acteristics of these tool materials far exceed that of the materials already
described. Ceramics, also referred to as sintered oxides, are used due to their
excellent hardness and wear resistance. Typical applications for these materials
are for use in grinding wheels, although they are sometimes used for turning.

Cutting tool geometry

Tool shapes and form should also be considered when choosing tooling. The
tool angles, rake angles, cutting edge angles and tool nose radius all affect the
metal cutting process. The material being machined will also influence the tool
geometry. For example, when machining low-strength, ductile materials with
HSS, a large rake angle is required to take advantage of the increased speeds
capable with HSS tools and still maintain good surface finish capabilities. On
the other hand, high-strength materials are cut with low rake angles to provide
adequate tool strength and better heat dissipation. Therefore, the tool geome-
try can change depending on the combination of workpiece and tool material.
Table 5.2 gives some examples of the combinations of rake angles for HSS
tools required for some of the most commonly used materials for manufacture.

Cutting fluids
One of the main ways of maintaining and often enhancing the performance

of cutting tools is to use cutting fluids during cutting. Cutting fluids have two

TABLE 5.2 Tool geometry for some
common materials

Workpiece material Rake angle (°)
Cast iron 0
Free-cutting brass 0
Ductile brass 14
Bronze 8
Aluminium alloy 30
Mild steel 25
Medium-carbon steel 20

High-carbon steel 12
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5.8 Tooling selection
method

primary functions in machining. The first is to cool both the workpiece and
the tool. Reducing the temperature at which cutting tools operate helps them
maintain their hardness. It also prevents the possibility of heat causing any
workpiece distortion. The second primary function is to provide lubrication
between the tool and the workpiece, which reduces friction and also helps
maintain the wear resistance of the tool. The lubrication can also prevent
chip build-up on the cutting edge of the tool. Other functions include
improving the surface finish and flushing away the chips. However, research
has shown the cooling effect and flushing away of the chips to be the most
important functions in preventing tool wear, due to the sensitivity of tool
wear to small temperature changes (Timings, 1992).

In the previous section, the factors affecting the selection of suitable tooling
were considered. In this section, a method for tool selection will be outlined
which incorporates the selection factors. This is a five-stage process as
follows:

1. Evaluation of process and machine selections — Provided the selection
of processes and machines is satisfactory, the range of tools that can be
used should be limited to those suitable for the processes and machines
selected. Therefore, this limits the initial list of possible suitable tooling.

2. Analysis of machining operations — A specific machine will carry out
every operation required. Each machine tool to be used will have specific
tool types to carry out certain operations. Therefore, this analysis should
enable the identification of specific tool types for specific operations.

3. Analysis of workpiece characteristics — The focus of the workpiece analy-
sis is on the workpiece material and geometry and the capability in terms
of dimensional and geometric accuracy and surface finish. The analysis of
the first two characteristics enables suitable tool materials and geometry
(in terms of size and shape) to be identified. The third characteristic allows
the tool type and geometry to be refined further to suit the operations.

4. Tooling analysis — Using the tooling data available, the general tooling
specifications generated at the third stage can be translated into a state-
ment of tooling requirements for the job, that is, a tooling list. This will
obviously reflect whatever tooling is actually available for the operations
required.

5. Selection of tooling — There are two routes that the tool selection can
take at this point. If single-piece tooling is being used, then a suitable
toolholder should be selected before fully defining the tool geometry
and material. However, if insert-type tooling is being used then the
following steps should be followed (Black et al., 1996):

(i) select clamping system;
(i) select toolholder type and size;

(iii) select insert shape;
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(iv) select insert size;

(v) determine tool edge radius;
(vi) select insert type;
(vii) select tool material.

Once all of the above is completed, the machining parameters can be calcu-
lated as previously illustrated in Fig. 5.35. These will be the speeds, feeds
and machining times for each operation. All of the above factors will have a
significant influence on the determination of these parameters.

Example 5.2 For the component shown below, determine what tooling
would be required to turn it. The brass billet is represented by the rectangle
that is 100 X J20mm. Therefore, the material to be removed is the shaded
area in both Figs 5.36 and 5.37. The part is to be turned on a small bench
lathe. To produce this part four distinct operations have been identified as
detailed below. Identify the tooling required to produce this part.

Rough turn
with LH copy
cutter

Face end with
LH copy cutter

Figure 5.36 Facing and roughing out of example part

Finish turn with
Finish turn with contour cutter
LH copy cutter

’/////5'7/////////%%/////////////////” )

|

’
%
2

/

Part off with contour cutter
parting off tool

Finish turn with

Figure 5.37 Finishing and parting off the example part
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5.9 Summary

Solution

1. Evaluation of process and machine selection. As stated in the problem,
the process identified is turning and the machine tool is a small bench
lathe. This limits the tools to select from to those illustrated in Fig. 5.31.

2. Analysis of machining operations. The operations identified are facing,
roughing, finishing and parting off. From this, two specific tools can be
identified:

Turning/facing tool — facing, roughing and finishing;
Parting off tool — parting off.

3. Analysis of workpiece characteristics. The fact that the workpiece
material is brass means that HSS tooling is more than sufficient to carry
out all operations. This is due to brass being highly machinable material.
However, in terms of workpiece and tool geometry, there are two issues
to be considered. In terms of the facing and roughing out, a left-handed
tool will not be able to completely finish the arc in the middle of the part.
There are two options that can be considered. The first is to produce half
the arc with the left-handed tool and change to a right-handed tool for
the other half. However, it would be much simpler to use a contouring
tool for the complete arc. Furthermore, a contouring tool will be
required for the ‘chamfered groove’ to the left-hand end of the part.
Therefore, it makes sense to use the contouring tool for both features,
rake angles permitting, as this uses the least number of tools.

4. Tooling analysis. From the above stages, the following tooling list and
operation description can be generated:

Facing: left-hand turning tool
Roughing:  left-hand turning tool
Finishing: contouring tool

Parting off:  parting-off tool

Face the end and rough out the excess material with the left-hand turning
tool as shown in Fig. 5.36. The majority of the finish turning can be carried
out with the left-hand turning tool. However, the radius and the chamfered
groove will be machined with the contour tool and finally the part will be
cut from the billet by the parting off tool. Both of these are illustrated in
Fig. 5.37.

As the problem is simply to identify the tooling, the problem is basically
solved. Therefore, there is no need to go to the stage of selecting a suitable
toolholder. It can also be seen from the above example that even fairly
simple geometries will require more than one cutting tool.

Although a difficult task, the selection of appropriate production equipment
is easier than that of the initial process selection. This is mainly due to the
constraint of the processes having already been selected and limiting the
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Chapter review questions

selection of equipment for that process. This is further limited by the avail-
ability of suitable equipment within the organization. However, using the
factors listed and the selection method outlined, a suitable machine or
machines as the case may be, can be selected.

Many of the factors used in the machine selection method are equally
applicable for the selection of suitable tooling. However, the selection of
suitable tooling will be limited in the first instance by the selection of spe-
cific production equipment or a single machine. This limits the subset of
tooling that can be used and the operation or operations to be performed fur-
ther limit this. It is also worth noting that in terms of tool materials, HSS and
carbides are by far the most widely used for cutting tools. Once the process
of selecting machines and tooling is complete, the process parameters such
as speed, feed, depth of cut and machining time can be determined, which is
the focus of the next chapter.

Describe the basic process of sand casting.

What is a dump box and how is it used?

What are the two basic variations of die casting?

Describe the basic injection moulding process and equipment.

How are roll forming machines usually classified?

How does closed-die forging differ from open-die forging?

What are the similarities and differences between shaping and planing?
How does broaching differ from shaping and planing?

What are the four basic variations of lathe used?

© % ®» Nk Wb =

Why are some of the abrasive processes also referred to as finishing
processes?

11.  What are the basic types of grinders used?

12.  How do non-traditional machining processes differ from the traditional
processes?

13. What are the main advantages of CNC machines over manual
machines?

14.  What are the main technical factors considered in equipment selection?

15.  What are the main operational factors considered in equipment selec-
tion and which are the most relevant to the process planner?

16. How is production equipment discounted from the first-cut selection
process when selection production equipment?

17. How is the power/force analysis used to reduce the list of possible pro-
duction equipment?
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Chapter review problems

18.  What is meant by a capability analysis?

19. If there is still more than one suitable machine on the shortlist after the
operational analysis, how is this reduced to a single piece of equipment
in the final selection step?

20. What are the two main categories of tooling generally employed in
casting, shaping and forming?

21. What kind of shapes can be produced by typical broaching tools?

22.  What other type of tooling can be used with drilling, besides drilling
tools?

23.  What are the basic forms of milling cutter available?

24.  Compare the tools for turning and boring in terms of their similarities
and differences.

25. What advantages do CNC machines offer over conventional machines
in terms of tooling?

26. What is a tool insert and how is it used?

27. What are the main constraining factors on tool selection?

28.  What is meant by manufacturing practice and how will it affect the tool
selection?

29. What are the main factors that come under the heading of operating
requirements?

30. What are the most influential factors in terms of tool performance?

31. What are the main functions of a cutting fluid?

32. Describe the basic method employed for the selection of cutting tools?

33. How does the selection method differ if insert-type tooling is to be used
as opposed to single-piece tooling?

34.  What are the most widely used materials for cutting tools?

1. For the part drawing below (Fig. Q5.1), previously considered in the
problems for Chapters 3 and 4, identify suitable production equipment
and tooling to manufacture it. Use the solutions from the previous chap-
ters as the basis for your answer. Only consider equipment/tooling
described in this chapter.

2. For the mild steel part drawing below (Fig. Q5.2) (Mair, 1993), previ-

ously considered in the problems for Chapters 3 and 4, identify suitable
production equipment and tooling to manufacture it. Use the solutions
from the previous chapters as the basis for your answer. Only consider
equipment/tooling described in this chapter.
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MATERIAL: Mild Steel ®#30mm

Figure Q5.2

3. For the mild steel part drawing below (Fig. Q5.3), given the surface fin-
ish is N10, identify:

(i) suitable processes and operations for its manufacture;
(i1) suitable types of equipment for its manufacture;

(iii) suitable tooling for its manufacture.
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Figure Q5.4 Brass component
4. For the brass component shown above (Fig. Q5.4), the general surface
finish required is N5-6, identify:
(i) suitable processes and operations for its manufacture;
(i1) suitable types of equipment for its manufacture;

(iii)  suitable tooling for its manufacture.
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Figure Q5.5

5. For the mild steel component shown above (Fig. Q5.5), identify:
(i) suitable processes and operations for its manufacture;
(ii) suitable types of equipment for its manufacture;
(iii) suitable tooling for its manufacture.
6. For the part drawing below (Fig. Q5.6), identify:
(i) suitable processes and operations for its manufacture;
(ii) suitable types of equipment for its manufacture;
(iii)  suitable tooling for its manufacture.
Drg. notes:
Material: aluminium alloy
Workpiece: 25mm thick, surface finish N8 (general) and N3 (top)
Holes: 15 mm deep, surface finish N5
Fillets: R25mm unless indicated otherwise
Tolerance: = 0.5 in general, unless stated
7. For the component drawing below (Fig. Q5.7), identify:
(i) suitable processes for its manufacture;

(i) a suitable sequence of operations using the datum provided and
using the points designated P1-P10;

(iii) suitable types of equipment for its manufacture;

(iv) suitable tooling for its manufacture.
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Figure Q5.7 Mild steel component

Drg. notes:
Workpiece: 20mm thick
Material: Mild steel

General tolerance: 0.5

Surface finish: NO (general), N7 (slot/holes)
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8. For the part shown in Fig. Q5.8, determine:

(i) suitable processes and operations for its manufacture;
(ii) suitable types of equipment for its manufacture;
(iii) suitable tooling for its manufacture.

9. The component in the drawing below (Fig. Q5.9) was previously con-
sidered in the problems for Chapters 3 and 4. Reconsider, this part and
determine:

(i) suitable processes and operations for its manufacture;
(i1) suitable types of equipment for its manufacture;
(iii) suitable tooling for its manufacture.

10. Consider the part in Fig. Q5.10. If this part is to be machined with a
surface finish specification of 3.2 wm and is to be manufactured from
titanium alloy, determine:

(i) suitable processes and operations for its manufacture;
(i1) suitable types of equipment for its manufacture;
(iii) suitable tooling for its manufacture.
Drg. notes:
Tolerance: General *0.1

Hole *0.05

Surface finish: Hole 0.4 pm

@100 0.1pm
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International standards

ISO 235: Parallel shanks jobber and stub series drills.
ISO 240: Milling cutters. Interchangeability.
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ISO 241: Shanks for turning and planing tools.

ISO 243: Turning tools with carbide tips.

ISO 494: Parallel shank twist drills.

BS ISO 525: Bonded abrasive products. General requirements.

ISO 529: Short machine taps and hand taps.

ISO 603: Bonded abrasive products.

ISO 883: Indexable hardmetal inserts with fixing hole.

ISO 1641: End mills and slot drills.

ISO 1832: Indexable inserts for cutting tools.

ISO 2283: Long shank taps.

ISO 2584: Cylindrical cutters with plain bore and key drives.

ISO 2585: Slotting cutters with plain bore and key drives.

ISO 2586: Shell end mills with plain bore and tenon drives.

ISO 2587: Side and face milling cutters with plain bore and key drive.

ISO 2780: Milling cutters with tenon drive.

ISO 2940: Milling cutters on centring arbors.

ISO 3291: Extra-long Morse taper shank twist drills.

ISO 3292: Extra-long parallel shank twist drills.

ISO 3337: T-slot cutters with cylindrical shanks.

ISO 3338: Cylindrical shanks for milling cutters.

ISO 3364: Indexable hardmetal inserts without fixing hole.

ISO 3365: Indexable hardmetal inserts with wiper edges.

ISO/TR 3498: Lubricants, industrial oils and related products. Recommendations
for the choice of lubricants for machine tools.

ISO 3853: Milling cutters. Nomenclature.

ISO 3859: Inverse dovetail cutters.

ISO 3860: Bore cutters with key drive.

ISO 3940: Tapered die-sinking cutters with parallel shanks.

BS EN ISO 4957: Tool steels.

ISO 5421: Ground high-speed steel tool bits.

ISO 5967: Taps and thread cutting.

BS EN ISO 6103: Bonded abrasive products. Permissible unbalances of grinding
wheels on delivery.

ISO 6108: Double equal angle cutters.

ISO 6261: Boring bars with indexable inserts.

ISO 6262: End mills with indexable inserts.

ISO 6462: Face milling cutters with indexable inserts.

ISO 6898: Open front mechanical power presses. Capacity ratings and dimensions.

ISO 6986: Side and face milling cutters with indexable inserts.

ISO 6987: Indexable hardmetal inserts.

ISO 8540: Open front mechanical power presses. Vocabulary.

ISO 9188: Machine tools. Straight-sided single-action power presses from 400 to
4000kN.

ISO 9189: Machine tools. Straight-sided high-speed power presses from 250 to
4000kN.

BS ISO 11529: Milling cutters. Designation.

BS EN ISO 15641: Milling cutters for high-speed machining.

British standards

BS 122: Milling cutters.

BS 328: Drills and reamers.

BS 949: Screwing taps.

BS 1089: Specification for workhead spindle noses for grinding machines.
BS 1296: Specification for single-point cutting tools.
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BS 1660: Machine tapers.

BS 2064: Diamond and products.

BS 4184: Glossary for power presses.

BS 4185: Machine tool components.

BS 4193: Hardmetal insert tooling.

BS 4481-2: Bonded abrasive products.

BS 4656: Specification for accuracy of machine tools and methods of test.

BS 5063: Classification for rationalized range of lubricants for machine tools
applications.

BS 6590: Specification for capacity ratings and dimensions of power presses.

BS 7707: Specification for power presses; single-action type.

BS 7708: Specification for power presses; high speed.



6.1 Introduction

6.2 Aims and objectives

6.3 Factors affecting
speeds, feeds and depth
of cut

6 Process parameters

This chapter will focus specifically on the setting of the process parameters and
in particular on those for machining processes. The setting of these parameters
logically follows on from the selection of appropriate production equipment and
tooling, as was described in Chapter 5. In fact, once the machine tool and tool-
ing have been selected and cutting fluid specified for the part under considera-
tion, there are only three other parameters remaining that can influence the
success of the machining. These are the cutting speed, feed rate and depth of cut
to be used for each operation (Ludema et al., 1987). To accurately determine the
precise data for any machining operation can be difficult without knowledge of
the exact practicalities involved. As process planning relies heavily on the experi-
ence of the individual preparing the plan and their knowledge of the processes,
equipment and tooling available, there may be instances when this is the case,
for example, in cases where new production equipment is purchased. It is also
unlikely that any process planner possesses practical, first-hand experience of
every single piece of production equipment within a given organization, particu-
larly in larger organizations with more resources at their disposal.

However, even though the process planner may lack specific knowledge of
every single piece of production equipment and tooling, he will be sufficiently
experienced to enable the calculation of speeds and feeds based on reference
material. At least if they are based on the theories presented in this chapter they
will be functional, if not perfect. Once these are calculated, the machining times
can be calculated for each operation and the total machining time determined.

The aim of this chapter is to introduce the setting of appropriate process
parameters for a given machine and tooling for a given component.
On completion of this chapter you should be able to:

e identify the main factors for the selection of appropriate process parameters;

e calculate appropriate speeds and feeds for a number of processes for
specified production equipment and tooling for a given component;

e calculate machining times using the speeds and feeds calculated for a
number of processes for specified production equipment and tooling for
a given component.

There are numerous factors that should be considered when setting all three
of the above process parameters. In fact, based on Fig. 5.35 from Chapter 5,
all of the factors considered in the tool selection process are equally
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6.4 Surface cutting
speeds

applicable in the determination of a suitable speed, feed and depth of cut for
a given operation with the selected tooling. These included:

Operating constraints such as manufacturing practice, the manufacturing
process, machine tool characteristics and capability and available processing
time as specified by production planning.

Operating requirements such as the workpiece material and geometry, the
operation being performed and the tooling data.

Tool performance factors such as the tool material and geometry and the use
of cutting fluids.

However, the fact that all of the above have been considered in detail for
the selection of suitable tooling for which the process parameters are being
calculated, means that not all the above factors have to be considered again.
Therefore, only those that will have a significant influence on the calculation
of the process parameters will be considered in this chapter namely:

e the workpiece material and geometry;
e the tool material and geometry;

e the processing time available as specified by production planning.

The cutting speed for a machining operation refers to the speed at which the
cutting edge of the tool passes over the surface of the workpiece. It is invari-
ably also referred to as the surface speed. It is always considered as the maxi-
mum relative speed between the tool and the workpiece and is usually quoted
in metres per minute (mmin ). The cutting speed V., is subsequently used to
calculate the time taken for the operation, that is, the machining time 7.

6.4.1 Cutting speeds for turning, boring, milling and drilling

The maximum cutting speed can be calculated for processes where either the
workpiece or the tool rotate, that is, turning, boring, milling and drilling, by
using the maximum rotational speed N of the workpiece/tool and the
workpiece/tool diameter D in the following equation:

_ wDN

Ve= 1000

where V_ is the surface cutting speed (mmin '), D the diameter of the cutter for
milling/drilling or the workpiece for turning/boring (mm) and N the revolutions
of the cutter for milling/drilling or the workpiece for turning/boring (rpm).

In turning and boring where a taper is being machined, that is, the dia-
meter is varying across the cutting operation, the average diameter should be
used (Beddoes and Bibby, 1999). Therefore:

_d, t+ 4,

D 2
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where D is the average diameter of the workpiece, d; the diameter of the
workpiece at the start of the operation and d, the diameter of the workpiece
at the end of the operation.

The above also applies for calculating the cutting speeds for facing and
parting-off operations for turning (el Wakil, 1989). The use of these equa-
tions is best illustrated by a worked example.

Example 6.1 For the part shown in Fig. 6.1, calculate the maximum surface
speeds for facing, turning all surfaces and parting off. The maximum spindle
speed of the lathe being used is 600 rpm.

Solution

1. Facing @50 mm:

D=2 D— d, + d,
=9 =5
d; =50mm
d, =0mm D=502+0=25mm
=9 _ DN
Ve=1 Ve 1000
D =25mm
_ _ mX25 X600 _ -
N =600rpm V, 1000 47 m min
2. Turning &50 mm:
=9 — DN
Ve Ye= 1000
D =50mm
_ _ mx50 %600 _ -
N =600rpm V. 1000 94.25 m min
150 25 75
g - - - - - - - - by
RSl s

Figure 6.1 Example part
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3. Turning taper:

B _dyt+d,
D =1 D= )
d; =50mm
d, =0mm D=¥=62.Smm
=9 - mDN
Ve=! ¢ 1000
D =62.5mm
_ _ mX62.5%X600 _ -
N =600rpm V. 1000 117.81 m min
4. Turning &75mm:
=9 — DN
Ve=! ¢ 1000
D =75mm
_ _ mxT15x600 _ P
N =600rpm V. 1000 141.37 m min
5. Parting off:
d, +d,
=9 e
D =1 3
d;=75mm
dy=0mm D:752+0:37.5mm
=9 — mDN
Ve=1 Ve 1000
D =37.5mm
N =600mpm v, = T 3123000 — 70 69 m min~!

The above example illustrates how the surface speed varies across the part as
the spindle speed is maintained due to the changes in the diameter.

6.4.2 Cutting speeds for broaching

Cutting speeds for processes where the tool translates, that is, broaching,
shaping and planing are generally available from handbooks such as the
Machining Data Handbook (Techsolve, 1980) or the Machinery’s Handbook
(Oberg, 2000). They tend to be limited only by the performance characteris-
tics of the machine tool itself. Although it is generally accepted that the cut-
ting speeds for broaching range from 1.5 to 15mmin~' (DeGarmo e al.,
1988; Kalpakjian, 1995) there are wide variations across different types of
broaching machines. For example, a vertical surface broaching machine with
a hydraulically powered single ram has cutting speeds in the region of
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TABLE 6.1 Cutting speeds for various types of broaching machines

Type of Description Speed range
machine (mmin~!)
Vertical Hydraulic single-ram surface machines 1.6-30.5
Electromechanical single-ram surface machines ~ Up to 61
Hydraulic dual-ram surface machines Up to 18.3
Electromechanical dual-ram surface machines Upto 61
Internal machines Up to 36.6
Horizontal Hydraulic surface machines 9-30.5
Electromechanical surface machines Upto 91
Continuous surface machines 3.7-18.3
Internal machines 9-30.5

7.6-30.5mmin"'. However, some larger machines of the same type with
electromechanical powered rams have cutting speeds of up to 61 mmin~".
The main factors in determining the surface speed will be the workpiece
material, the feed and the depth of cut. A summary of the various speeds for
different types of broaching machines is given in Table 6.1 and was compiled

with data from Goetsch (1991).

6.4.3 Cutting speeds for shaping and planing

As shaping and planing are similar processes, with the only real difference
being that planing is generally used for larger workpieces, the approach to
calculate the cutting speed is identical. Cutting speed for shaping and plan-
ing is defined as the average speed of the tool during the cutting stroke and
depends on the number of strokes per minute Ng and the length of the stroke L
(Amstead et al., 1987). However, with shaping and planing, the tool is only
cutting on the forward stroke, hence the name, cutting stroke. Therefore, the
speed of the return stroke is required in order to calculate the proportion of
time the tool is actually cutting. This is known as the cutting stroke or cut-
ting time ratio C. With this information the cutting speed can be determined
as follows:

LN
¢ 1000C

where V, is the surface cutting speed (mmin '), L the length of stroke (mm),
Nj the number of strokes per minute and C the cutting time ratio.

The cutting time ratio is often stated as a ratio of cutting strokes to return
strokes. For example with a ratio of 2:1, this means the cutter is working two-
thirds of the time, while the return stroke is one-third of the time. However,
the cutting speed is more often than not, selected by the process planner to
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6.5 Spindle speeds and
number of strokes

suit the combination of workpiece and tool material by using handbooks and
references such as those mentioned previously for broaching.

Example 6.2 A planer is capable of 15 strokes per minute over a stroke length
of 2m. The cutting time ratio for the machine is 4:3. Determine cutting speed.

Solution
Ve=2 y, = s
¢ ¢ 1000C
L =2m=2000mm
_ - _ 2000 % 15 _ -
Ng =15 strokes per minute V, 1000 < 0.57 52.63 m min

C =4:3=4=057

6.4.4 Cutting speeds for grinding

Grinding machines, like broaching machines, operate over a range of speeds
depending on the type of machine being used. These range from approxi-
mately 1250 to 2000 mmin ', although in high-speed grinding speeds of up
to 5400 m/min are achievable (Schey, 1987). The two most common grind-
ing applications are cylindrical grinding and surface grinding. The wheel
speed can be determined as follows:

V.=mDN

where V, is the surface cutting wheel speed (mmin '), D the diameter of the
cutter and N the revolutions of the cutting wheel (rpm).

In addition to the speed of the cutting wheel, the workpiece also moves
across the grinding wheel or vice versa. Typical workpiece speeds range
from 10 to 60mmin~! (Kalpakjian, 1995).

6.4.5 Summary

Generally, speeds for specific combinations of part and tool material are
stated in ranges as given in Table 6.2 which was compiled from various
sources (Leatham-Jones, 1986; Amstead et al., 1987; DeGarmo et al., 1988;
Kalpakjian, 1995). In practice, the high end of the range will be for light fin-
ishing and the lower ends for the likes of roughing cuts. The ranges are suit-
able for average metal cutting conditions and will be used for the problems
at the end of the chapter.

As mentioned in Section 6.4, very often the cutting speeds are determined by
using handbooks and reference material. Although the workpiece and tool
material have a major influence on the selection of appropriate cutting
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TABLE 6.2 Surface cutting speeds in metres per minute

Part material Surface cutting speed (mmin~")
HSS Carbides
Low-carbon steels 20-110 60-230
Medium-carbon steels 20-80 45-210
Steel alloys (Ni-based) 20-80 60-170
Grey cast iron 20-50 60-210
Stainless steels 20-50 55-200
Chromium nickel 15-60 60-140
Aluminium 30-110 60-210
Aluminium alloys 60-370 60-910
Brass 50-110 90-305
Plastics 30-150 50-230

speeds, the available processing time can also influence the selection of the
cutting speed. As already stated, the cutting speed is used to calculate the
time taken for each operation and the total machining time. However, there
may be instances when the surface speed will be calculated to enable
machining to be completed within a certain time. In these instances, for turn-
ing, boring, milling and drilling, the actual spindle speed to achieve the
desired surface speed will have to be calculated. Similarly for shaping and
planing, the number of strokes will have to be calculated.

6.5.1 Spindle speeds for turning, boring, milling and drilling

The actual spindle speed to be set, which will maintain the quoted surface
speed, depends on the diameter of the workpiece D (for turning and boring)
or the cutter (for milling and drilling). Therefore, if a small diameter and a
large diameter have to be machined at the same surface speed, then the
smaller diameter must rotate quicker. The equation presented to calculate the
cutting speeds can be used to calculate the spindle speed by simple trans-
position as follows:

1000V,

R D

where Ny is the revolutions of the cutter for milling/drilling or the workpiece
for turning and boring (rpm), V, the surface cutting speed (mmin~') and
D the diameter of the cutter for milling and drilling or the workpiece for
turning and boring (mm).

For turning and boring, the above equation holds true for the machining of
a ‘constant’ diameter as shown in Example 6.3. However, in cases where the
diameter is decreasing or increasing as the cutting tool moves along the
workpiece, it does not hold true, that is, the spindle speed calculated is no
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longer valid or efficient. Therefore, as a compromise the average diameter
should be used as calculated in Example 6.1.

Example 6.3 Calculate the spindle speed required to turn a 75 mm diam-
eter shoulder on a low-carbon steel component using a high-speed steel tool.
What is the percentage increase in cutting speed if a carbide tool is used
instead?

Solution

High-speed steel tool

N =9 N = 1000V,
o Y))
V. =28mmin"' (from Table 6.2)
_ _ 1000 x 28 _
D =75mm N BT 118.84 rpm
Carbide tool
N =2 N 1000V,
o @D
V,=180mmin~' (from Table 6.2)
D =75mm — 1000 x 180 _ 763.94 rpm
X715
. . _763.94 -
% increase in N = 11834 x 100 = 643%

6.5.2 Stroke speeds for shaping and planing

Just as the spindle speed relies on the diameter of the workpiece or the cut-
ter, so too does the stroke speed on the length of the stroke. To maintain the
cutting speed selected by the process planner, the number of strokes has to
be calculated. The equation presented to calculate the cutting speeds can
be used to calculate the number of strokes Ng by simple transposition as
follows:

~ 1000V,C
ST L

where Ny is the number of strokes per minute, V, the surface cutting speed
(mmin~"), C the cutting time ratio and L the length of stroke (mm).

The number of strokes calculated takes into consideration the fact that
the tool is only cutting on the forward stroke as it includes the cutting time
ratio.

Example 6.4 The planer in Example 6.2 has been refurbished and
upgraded and it is now claimed that speeds of up to 80mmin~' are possible
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6.6 Feed rates

with a cutting time ratio of 3:2. How many strokes per minute is the machine
capable of?

Solution

NS:? NS
1

_1000V.C
L
V., =80mmin~

C =32=3=06 Ng = 1000 x 80 X 0.6 _ 54 Grokes per minute

2000
L =2m=2000mm

The feed rate of a machining operation is defined as the speed at which the cut-
ting tool penetrates the workpiece. This is usually stated in either millimetre
per spindle revolution (mmrev ) or as millimetre per minute (mmmin ).

6.6.1 Feed rates for turning and boring

The two most common tool materials used for turning are high-speed steels
(HSS) and carbides. It is common practice for manufacturers to recommend
feed rates in millimetres per spindle revolution £, (mmrev~"). Typical feed
rates f; are given for both materials in Table 6.3, which was compiled from
various sources (Leatham-Jones, 1986; Gibbs, 1987b; Kalpakjian, 1995). As
stated in Chapter 5, there is an increasing emphasis on the use of carbide-
tipped tools.

The above feeds f, in mmrev ™
using the equation:

Jm=h/N

! can be converted to mmmin~! (f,)) by

TABLE 6.3 Typical feed rates for turning/boring in millimetres per

revolution
Part material Turning/boring feed rate f. (mmrev™!)
HSS Carbides
Low-carbon steels 0.15-0.45 0.15-1.1
Medium-carbon steels 0.15-0.4 0.15-0.8
Steel alloys (Ni-based) 0.1-0.3 0.1-0.75
Grey cast iron 0.1-0.4 0.1-1.0
Stainless steels 0.2-0.75 0.2-2.0
Chromium nickel 0.1-0.6 0.1-1.0
Aluminium 0.2-0.6 0.2-1.0
Aluminium alloys 0.1-0.3 0.1-1.0
Brass 0.15-8.0 0.15-1.5

Plastics 0.1-0.35 0.2-1.0
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where f,, is the feed rate in mmmin ', £, the feed rate in mmrev ™' and N the
speed of rotation of the spindle (rpm).

6.6.2 Feed rates for milling

The manufacturers of milling cutters state recommended feed rates in mmrev ™!

(), mmmin~! ( £,,) or mm/tooth ( £;). When feeds are quoted in mmrev_ ! or
mmmin ', they usually refer to specific cutters in the manufacturers range
and cannot be generally applied. Therefore, for general use feed rates quoted
in mm/tooth are more suitable. This can be used to determine the feed rate in
mmrev ™' as follows:

fir=fn

where f, is the feed rate in mmrev !, f; the feed rate in mm/tooth and n the
number of teeth on the cutter.

From this, the feed f,, in mmmin~! can be found from the equation stated
in Section 6.6.1:

Jm=fN

Some typical feed rates are shown in Table 6.4 for both high-speed steel and
carbide cutters, which was compiled from various sources (Leatham-Jones,
1986; Gibbs, 1987b; DeGarmo et al., 1988; Kalpakjian, 1995).

TABLE 6.4 Typical feed rates for milling in millimetres per tooth

Part material Milling feed rate f; (mm/tooth)
HSS Carbide
Face End mills Face End mills
mills and slot mills and slot
drills drills

Low-carbon steels 0.2-0.5 0.1-0.25 0.1-0.75 0.15-0.40
Medium-carbon steels 0.2-0.5 0.1-0.25 0.1-0.75 0.15-0.40
Steel alloys (Ni-based) 0.2-0.8 0.15-0.4 0.3-1.2 0.2-0.5

Grey cast iron 0.15-0.65  0.075-0.3  0.15-0.75 0.075-0.4
Stainless steels 0.2-0.6 0.1-0.3 0.3-1.2 0.2-0.5
Chromium nickel 0.1-0.6 0.1-0.3 0.3-1.2 0.2-0.5
Aluminium 0.25-0.75 0.15-04 0.25-1.0 0.1-0.5
Aluminium alloys 0.25-0.75 0.15-04 0.25-1.0 0.1-0.5
Brass 0.25-0.5 0.1-0.25 0.25-0.65 0.1-04

Plastics 0.2-0.8 0.15-0.4 0.2-1.2 0.1-0.6
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Example 6.5 An inserted tooth face milling cutter has 8 teeth. It is to be
used to mill a surface using a spindle speed of 1250rpm and a feed rate of
0.3 mm/tooth. Calculate the feed rate in mmin ™.

Solution
f=? S =fin
fi =0.3mm/tooth f; =0.3X38
n=_8 f. =2.4mmrev_!
Sm=7? So=f:N

fo =24mmrev ! f,=2.4X1250
N =1250rpm frn=3000mmmin~'=3.0mmin~"

6.6.3 Feed rates for drilling

HSS drills are used extensively for producing smaller holes. Since small
diameter drills are liable to break, the feed rate is related to drill size as
shown in Table 6.5, compiled from data from Leatham-Jones (1986) and
Gibbs (1987a). For the production of larger drilled holes, carbide drills are
preferred. The feed rates for these are similar to those for carbide endmill
cutters (see Table 6.4). However, it should be noted that as the depth of the
hole being drilled increases, the speeds and feeds should be reduced. Finally,
the feed used will also depend on the surface finish required.

The feed rate f,, (in mmmin~") for drilling tools can be determined, using
the feed £, in mmrev ™!, from the equation stated for turning in 6.6.1:

S =N

TABLE 6.5 Typical feed rates for HSS and carbide drills

Drill diameter (mm) Drilling feed rate f, (mmrev™!)
HSS Carbide

2 0.05 0.15

4 0.10 0.15

6 0.12 0.15

8 0.15 0.18
10 0.18 0.25
12 0.21 0.25
14 0.24 0.28
16 0.26 0.32
18 0.28 0.32

20 0.30 0.32
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6.6.4 Feed rates for broaching

In broaching, a complete cut is made in one stroke. This is due to the fact that
on broaching tools each subsequent cutting tooth cuts successively deeper.
This is known as the cut per tooth. Therefore, as mentioned in Section 5.3.3,
the feed into the workpiece for broaching is provided by the cut per tooth.
The cut per tooth will depend on whether the tooth is for roughing, semi-
finishing or finishing and the workpiece material and the surface finish
required. For small-medium broaching tools the depth per cut can range
from 0.025 to 0.075 mm and in excess of 0.25mm for larger broaching tools
(Kalpakjian, 1995).

6.6.5 Feed rates for shaping and planing

The cutting actions involved in shaping and planing are similar apart from
the fact that planing machines are generally larger. The feed rates for both
shaping and milling depend on the machine power, length of the stroke,
depth of cut, the workpiece material and the surface finish required. The feed
rates fs are generally expressed in millimetres per stroke and are sometimes
referred to as the cross-feed, that is, it is the distance moved across the work-
piece as previously illustrated in Fig. 5.13 in Chapter 5. Typically feeds for
shapers are in the range of 0.05-0.75 mm/stroke and for planers in the range
of 0.5-3.0mm/stroke (Kalpakjian, 1995; Beddoes and Bibby, 1999). These
can be converted to mmmin ! by using the following equation:

JSm=IsNs

where f,, is the feed rate in mmmin~!, fg the feed rate in mm/stroke and
Ng the number of strokes per minute.

Example 6.6 For the planer in Example 6.4, the feed per stroke fs is quoted
as 2mm/stroke. What is the feed rate f,, in mmmin~'?

Solution

fm =7 fm:fSNS
fs =2mm/stroke  f,=2X24

Ng = 24strokes/min  f,, =48 mmmin~!

6.6.6 Feed rates for grinding

As the most common grinding applications are surface and cylindrical grind-
ing, only the feed rates for these two will be considered. The feed rate for
surface grinding is also referred to as the cross-feed. This is the feed rate at
which the grinding wheel traverses across the workpiece while the table pro-
vides the pass or stroke motion. The cross-feed rate will depend on the wheel
shape, size and material and the workpiece material. Typical cross-feeds for
surface grinding are in the range of 1.0—1.5mm/pass (DeGarmo et al., 1988).
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6.7 Speeds and feeds
for NC machines

6.8 Depth of cut

However, the feed rate for cylindrical grinding is referred to as the infeed and
is actually the depth of cut. Typical feed rates for cylindrical grinding are
also in the region of 1.0-1.5mm/pass. However, special grinding processes
are capable of increased feed rates, with creep feed grinding capable of up
to 6mm/pass and some high-speed grinding processes capable of up to
12.5mm/pass (DeGarmo, 1988).

All the data quoted in the above tables is for average machining conditions.
For example, the feed rates may reduce to provide a better surface finish or
increase for a roughing cut. It was also stated in the introduction that very
often speeds and feeds calculated, although functional may not be perfect. In
terms of NC machines, this means that if these speeds and feeds are used in
the NC part program, the full potential of such machines is not realized
in terms of reducing machining times. Therefore, from time to time, it may
be that the programmed values may require to be over-ridden. The vast
majority of control systems on NC machines allow the operator to manually
change both speeds and feeds, without altering or editing the part program
by means of a dial control. Therefore, NC machinists may change speeds or
feeds based on their experience and knowledge of a machine’s capability to
do a particular job.

Speeds and/or feeds may be required to change for any number of reasons.
For example, the operator may decide that the rate of material removal can
be safely increased and therefore increase the feed rate. Another example is
the operator reducing the feed rate to improve surface finish because the pro-
grammed values have been unsatisfactory. Finally, if any aspects of the pro-
grammed values are unsatisfactory the operator will edit the program
accordingly, and inform the programmer and the process planner for future
reference.

Another advantage of NC machines with regard to speeds and feeds is that
many controllers allow a constant surface speed to be set. In the case of the
problem of varying or tapered diameters for turning already highlighted in
the chapter, this would mean that the spindle speed would be controlled and
varied automatically to maintain a constant surface speed. Using a prepara-
tory function code (G-code), known as G96 sets the NC machine to constant
surface speed, according to the NC coding standard ISO 6983.

There are various factors as described in Section 6.3 that can affect the depth
of cut that can be considered. However, of those listed the most important are
the tool and workpiece material and the tool geometry. There are a number
of variations for the definition of depth of cut depending on the specific
process under consideration. For example, for turning and boring the depth
of cut is defined as the radial distance that the cutting edge is set from the
outer diameter, while for milling it is simply the distance the tool projects
beneath the original surface. A general definition is that the depth of cut can
be defined as the difference between the original surface and that being
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produced by the cutting tool. General recommendations for depth of cut will
be given for a variety of processes, as opposed to going heavily into cutting
tool design and theory. This is because the focus of the chapter is on the
selection and application of process parameters and the fact that there is a
wealth of machining data already available in handbooks.

6.8.1 Depth of cut for turning and boring

The depth of cut is the radial feeding of the tool into the workpiece. For the
purposes of generalizing the depth of cut that can be used, turning operations
can be considered as either roughing or finishing operations. General recom-
mendations for depth of cut for roughing are 6 mm and for finishing, 0.4 mm
(el Wakil, 1989). However, as the depth of cut will depend heavily on the
workpiece and tool material there is a wide variation in these general rec-
ommendations. This is given in Table 6.6, which gives values for depth of
cuts for various materials with carbide tooling. These values can generally be
halved for HSS tooling (Kalpakjian, 1995).

6.8.2 Depth of cut for milling

Milling operations can be classified into one of four basic operations for the
purposes of discussing depth of cut. These are slab milling, face milling, slot
milling and end milling. Again, general guidelines for both face and slot
milling recommend a cutting depth of 1-4mm, while end milling depths
should be around 1-2mm (Schey, 1987). However, in general a maximum
depth of cut half the cutter diameter, up to 8 mm, can be used (Kalpakjian,
1995).

6.8.3 Depth of cut for drilling

The feed rate for drilling refers to the motion cutting into the workpiece.
However, the maximum depth of cut for drilling is generally considered to

TABLE 6.6 Typical depths of cut for turning/boring
with carbide tooling

Part material Depth of cut (mm)
Low-carbon steels 0.5-7.6
Medium-carbon steels 0.25-7.6
Steel alloys (Ni-based) 0.25-6.5
Grey cast iron 0.4-12.7
Stainless steels 0.5-12.7
Chromium nickel 0.25-6.5
Aluminium 0.25-8.8
Aluminium alloys 0.25-8.8
Brass 0.4-7.5

Plastics 0.25-7.5
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be half the feedrate f, of the tool and the minimum considered to be 0.3 mm
(Halevi and Weill, 1995).

Example 6.7 A series of holes have to be drilled for a component. What
should the depth of cut be if a J12mm HSS drill is used? What should the
depth of cut be if a carbide drill of the same size is used?

Solution

HSS drill

Using Table 6.5, the feed rate f, for a &J12mm HSS drill is 0.21 mmrev ™.
d.="? d.=0.5f,
f, =021 d.,=0.5X0.21 =0.105mm

Carbide drill

From Table 6.5, the feed rate f; for a @12 mm carbide drill is 0.25 mm rev L.

d,=?  d,=05f
£ =025 d,=0.5%0.25=0.125mm

6.8.4 Depth of cut for broaching

The depth of cut for broaching will depend on the cut per tooth (as described
in Section 6.6.4) and the number of teeth on the tool. In general, cutting
depths for a single stroke are in the range of 0.2-1.25mm (Goetsch, 1991).
However, larger machines can cut up to depths of 12.5mm per stroke and in
some instances up to 38 mm.

6.8.5 Depth of cut for shaping and planing

The depth of cut for shaping and planing refers to the infeed, that is, the dis-
tance the tool projects into the workpiece surface. General recommendations for
shaping and planing for depth of cut are between 1 and 4mm (Schey, 1987).

6.8.6 Depth of cut for grinding

For surface grinding the depth of cut is the infeed, as previously described in
Section 6.6.6. This is the distance the grinding wheel projects into the sur-
face of the workpiece. General recommendations for depth of cut for surface
and cylindrical grinding are the same as the values for feeds in mm/pass
stated in Section 6.6.6. For example, for creep feed grinding a feed of up to
6 mm/pass is stated and this means the maximum depth of cut must be 6 mm.

6.8.7 Summary

Having discussed, albeit briefly the general recommendations for depth of
cut for a variety of processes, it should be fairly obvious that the depth of cut
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6.9 Machining times

will vary based on the combination of machine, tooling and workpiece.
However, these figures can be used in the context of this book to give figures
for safe operation while building up the experience and knowledge needed to
be able to prepare process plans effectively.

All three process variables described above will affect the time taken for
machining. In turn the machining time will determine the output for the com-
ponents being machined and have a huge bearing on the cost of manufacture.
It might also be the case that the times calculated are compared with stand-
ard times developed by industrial engineering through work measurement as
described in Chapter 2 as a means of checking the validity of the process
plan. In many cases, if standard times are available, the task of the process
planner is to merely compile the standard times to obtain the total machining
time. However, in job and batch manufacturing where there tends to be a high
variety of work, the development of such data is difficult and for many jobs
the times have to be calculated in order to accurately estimate the production
rate/output and the cost. Therefore, the data for speed, feed and depth of cut
for the processes outlined above will be used to calculate machining times.

6.9.1 Machining times for turning and boring

For the calculation of machining times for turning and boring, two basic feed
motions must be considered. The first of these is feeding along the diameter,
which includes turning an external diameter and boring an internal diameter.
In both cases, the cutting tool moves along the workpiece a distance L at a
feed rate f, with the workpiece rotating at Nrevmin~'. These can be used to
determine the machining time as follows:

L+A

=N

where T is the machining time (min), L the length of the workpiece (mm),
A an allowance for tool approach and exit, f; the feed rate (mmrev~!) and
N the revolutions of the cutter for milling/drilling or the workpiece for
turning/boring in revmin .

Although the tool is not actually cutting, the allowance is an important
factor to include as it will add time to the machining time and will therefore
affect the overall cost. Typical allowances are in the region of 2—5 mm.

The second of the motions to be considered is feeding into the workpiece.
The two turning operations that come under this heading are facing and
parting off. In both operations, the cutting tool travels across the diameter D
of the workpiece a distance of D/2 at a feed rate f, while the workpiece
rotates at Nrevmin~ '. These can be used to determine the machining time as
follows:

_(DI2)+ A
- fN
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where 7 is the machining time (min), D the diameter of the workpiece (mm),
A an allowance for tool approach and exit (mm), f; the feed rate (mmrev™ ")
and N the revolutions of the cutter for milling/drilling or the workpiece for
turning and boring in revmin™".

It should be noted that f, N in the equation is actually equal to f;, as stated
in Section 6.6.1. The application of these is best illustrated through a worked

example.

Example 6.8 Consider the component in Example 6.1 (Fig. 6.1) once
again. The component is to be made from mild steel with carbide tooling at
a constant surface speed of 100mmin~"! on a lathe with a maximum spindle
speed of 1500 revmin™'. The machining allowance is 2mm. Determine:

(i) if the lathe is capable of turning the component at the required surface
speed,

(ii) the total machining time for the component if the lathe is capable.

Solution

(1) 1. Facing 50 mm:

d, +d,
D=7 D=———
2
d; =50mm
d, =0mm D=502+0=25mm
V.= 100mmin-! N = 1200V
.= 100mmin =D
D =25mm
N =2 N =10002100 _ 1573 54 rey min!
T X 25
2. Turning &J 50 mm:
L 1000V,
V.=100mmin N= -
D =50mm
N=? N =10002100 _ 636 62 rev min~!
T %X 50
3. Turning taper:
d,+d,
=9 =
D =1 3
d; =50mm
dy =75mm p=2%7 _ 6 5mm

2
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L 1000V,
V.=100mmin~! N = -
D =62.5mm
N =2 N =1000x100 _ 509 3 1oy min~!
T X 62.5
4. Turning & 75 mm:
V.= 100 Lol = 1000V,
= mmin =—5
D =75mm
N =2 N =1000x 100 _ 454 41 rev min~
T X715
5. Parting off:
D=9 p=4td
2
d; =75mm
d, =0mm D=7ST+O=37.5mm
. 1000V,
V.=100m/min N = -
D =37.5mm
N =2 N =1000x100 _ ¢4g 83 rey min~!
T % 37.5

According to the above spindle speed calculations, the lathe is capable of
machining the component at the required surface speed.

(ii)) From Table 6.3, the feed rate f; to be used is 0.8 mmrev !,

1. Facing 50 mm:

(DI2) + A
T =9 r=2TA
SN
D =50mm*
50/2) + 2
A =2mm 7= O *2 027 min

T 0.80 x 1273.24

f. =0.80mmrev !
N =1273.24revmin™'

2. Turn & 50mm:

T=? T=

*The actual diameter is used as the distance travelled is half of the diameter, that
is, D/2 as stated in the equation.
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L=75mm

_ _ 75+ 2 _ .
A=2mm T 080 X 636.62 0.151 min
£.=0.80mmrev !

N=636.62rpm

3. Turn taper:
We must find the distance L travelled using Pythagoras’ theorem

L=V25"+12.5>=27.95mm

L+A
=9 =
T =1 T N
L =27.95mm
A =2mm __27195+2 _ 0.073 min
0.80 x 509.83
f. =0.80mmrev !
N =509.3rpm*
4. Turn & 50mm:
L+A
—9 =
T ) T N
L =150mm
_ _150+2  _ .
A =2mm T= 030 x 42421 0.448 min
f. =0.80mmrev!
N =424.21 pm*
5. Parting off:
;s (DI + A
o SN
DoPmm g o
—omm T 0.80 x 848.83 oo

f. =0.80mmrev !
N =848.83rpm

Total machining time = 0.027 + 0.151 + 0.073 + 0.448 + 0.058
= 0.757 min

The reason for such a short machining time is due to the speeds used for such
a small component.

*This is the average spindle speed according to the calculations in the first part of
the problem. Obviously, the spindle speed will vary across the taper to maintain the
constant surface speed.

"The actual diameter is used as the distance travelled is half of the diameter, that is,
DJ/2 as stated in the equation.
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6.9.2 Machining times for milling and drilling

In milling, two broad categories of operations can be identified. The first of
these is peripheral milling. In this type of milling operation, the surface is
parallel to the axis of cutter rotation and only the teeth on the periphery of
the cutting tool perform the cutting. This applies to conventional or slab
milling. The tool moves across the workpiece a distance L at a feed rate f.
These can be used to determine the machining time as follows:

_L+24

=77

where 7T is the machining time (min), L the length of cut (mm), A an
allowance for tool approach and exit (mm), f; the feed rate (mm rev™!) and
N the spindle speed (rpm).

The allowance for tool approach and exit can be approximated when the
cutter diameter D is greater than the depth of cut d from the following:

A=VDd

where A is an allowance for tool approach and exit (mm), D the cutter
diameter (mm) and d the depth of cut (mm).

Example 6.9 The top surface of the aluminium alloy component shown in
Fig. 6.2 is to be milled by slab milling. It will be machined by a & 20mm HSS
cutter with eight cutting teeth at a constant surface speed of 45mmin~!. The
depth of cut is 4mm and the milling machine is capable of spindle speeds of
up to 3000 rpm. Determine:

(i) if the mill is capable of machining the component at the required sur-
face speed;

(ii)  the total machining time for the component if the mill is capable.

Solution
. . 1000V,
(i) V.=45mmin"! N= -
D =20mm
1000 x 45
=9 XA
N =7 %20 716.2 rpm

Milling machine is capable of machining surface.

() A=? A=V'Dd
D=20mm A=V20x4=8.94mm

d =4mm



Process parameters 239

200

S0

100
|
-

2 x #20 HOLES

22

Figure 6.2 Aluminium alloy component

f =7 fi=fin
£, =0.7mm/tooth (from Table 6.4) f,=0.7X8=5.6mmrev !
n =38

L+2A
=9 ==""
T =7 T 7N
L =200mm
B 200+ (2x894) .
A =8.94mm = 56x7162 = 0.054 min

f. =5.6mmrev !

N =7162rpm

The other category is face milling where the axis of rotation of the
cutter is perpendicular to surface being machined. The main cutting action is
from the teeth on the periphery of the cutting tool, while the tool face pro-
vides a finishing action. Milling operations that come under this heading
include face milling, end milling and slotting. The above equation for
calculating time also holds true for face milling operations. However, it dif-
fers in how the allowance is calculated. In face milling the allowance A
for both tool approach and exit is half the cutting tool diameter D. Therefore,
the total allowance 2A is equal to the diameter D of the cutter, that is, D/2 +
DI2=D.

Example 6.10 [Ir is decided to consider carrying out the machining
in Example 6.9 using a vertical milling machine with a &J25mm carbide
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face cutter with 10 teeth. This will be performed at a constant speed of
80mmin~'. The machine to be used is capable of spindle speeds of 4000 rpm.
Determine:

(i) if the mill is capable of machining the component at the required sur-
face speed;

(ii) the total machining time for the component if the mill is capable.

Solution
. L 1000V,
(i) V.=80mmin~! N= =D
D =25mm
1000 x 80
=9 S L AN -
N =7 <5 1018.59 rpm

Milling machine is capable of machining the surface.

i) A=? A=DJ/2

D =25mm A=25/2=12.5mm

fr =7 f=fn

f, =0.6mm/tooth (from Table 6.4) f.=0.6X10=6mmrev !

n =10

L+2A
=9 =
T=1 T 7N
L =200mm
200+ (2x12.5)

A=125mm T= = 0.0368 min*

6 x 1018.59

f. =6mmrev!

N=1018.59rpm

The above equation can also be used to calculate the machining time for
drilling operations. However, there is one slight difference, which is that L is
the depth of the hole being drilled. The allowance A is for tool approach and
the drill tip and like face milling, is generally considered to be half the drill
diameter D, that is, A = D/2.

Example 6.11 The two & 20mm holes in the component in Fig. 6.2 are
being drilled on the vertical milling machine with a carbide drill. Calculate
the time to machine both holes.

* This time is for one pass of the cutting tool. However, to mill the entire surface
will require four passes. Therefore: total time =4 X 0.0368 = 0.147 min.
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Solution
V.= 80 I N= 1000V,
.= 80mmin =5
D =20mm
1000 x 80
=9 = WX OV _
N =1 % 20 1273.24 rpm
A =? A=D/2
D =20mm A=20/2=10mm
L+2A
T =7 T=
SN
L =22mm
22+ (2 %10
A =10mm T= ( ) =0.103 min

T 032 x 1273.24
f. =0.32mmrev ! (from Table 6.5)
N =1273.24rev/min

Total time =2 X 0.103 = 0.206 min

6.9.3 Machining times for broaching

As explained in Section 6.6.4, due to the design of the cutting tool used in
broaching a complete cut is made in one stroke. The cutting travels the stroke
distance L at cutting speed V. over the workpiece. Using these parameters,
the machining time for broaching can be calculated as:

L

=000,

where T is the machining time (min), L the length of the stroke (mm) and
V, the cutting speed (mmin~').

6.9.4 Machining times for shaping and planing

The cutting motions for shaping and planing are identical. The cutting tool
passes over the workpiece Ng strokes per minute. The tool also increments
across the width w of the workpiece at a feed fg. These parameters can be
used to determine the machining time as follows:

w
T=-"_
NSfS

where 7 is the machining time (min), W the width of the part (mm), Ng the
number of strokes per minute and fg the feed (mm/stroke).

Example 6.12 A component of width 950mm and length 1400mm is to be
machined on the planing machine in Examples 6.4 and 6.6 with a cutting
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6.10 Summary

speed of 80mmin~!. How long will it take to machine the component
surface?

Solution

1000V.C
Ng=? Ny=—F—
V. =80mmin !
C =32=3/5=06 Ny :%ggx(m = 34.29 strokes min~'
L =1400mm

W
T =9 T=

NSfS
W =950mm
Ne=3429strokesmin~! T=-—229 _ — 13.85min
S 3429 x 2

fs =2mm/stroke

6.9.5 Machining times for grinding

The calculation for machining times for grinding will be only for surface
grinding and cylindrical grinding. The equations presented for milling are
equally applicable for surface grinding. For surface grinding with a horizon-
tal spindle, the equations for machining time and allowance for peripheral
milling can be used. Equally, the equations for machining time and
allowance for face milling can be used for surface grinding with a vertical
spindle. Finally, for external and internal cylindrical grinding the equations
for turning and boring can be used.

It can be seen from this chapter that the determination of speeds and feeds
relies not only on the use of manufacturers’ data and equations, but also on the
skill and experience of the process planner. General practice for use of the
information in the data tables within the chapter is to take a value from the
middle of the range for average cutting conditions. This can be varied as follows:

Spindle speeds — can be increased to improve surface finish or decreased
for roughing cuts, that is, the higher and lower ends of the speed ranges,
respectively.

Feed rates — can be reduced to improve surface finish or increased for
roughing cuts that is, the lower and higher ends of the feed ranges,
respectively.

The selection of appropriate speeds and feeds will depend primarily on the
workpiece material, the tool material and the surface finish required. As such,
there are no hard and fast rules that can be applied for calculating these
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parameters. The determination of speeds and feeds is very much dependent
upon the knowledge and experience of the planner. The depth of cut will also
depend on the speeds and feeds employed. The values in the data tables
within the chapter are used in a similar fashion to those for speeds and feeds
with the practice being to take a value somewhere in the middle of the range
for average cutting conditions. However, these can be varied for finishing
and roughing with a lighter or heavier cut, respectively.

The speeds and feeds will subsequently be used to calculate the machining
times for virtually all the processes outlined above. The basic equations for cal-
culating the machining times are the same or similar as given in Table 6.7.

TABLE 6.7 Summary table of equations for machining times

Process Variables Equations
Turning T = machining time in min Turning/boring:
and L = the length of the workpiece in mm T=(L+A)f.N
boring A = an allowance for tool approach and exit
f. = feedrate in mmrev !
N = the revolutions of the cutter for milling/drilling or the Facing/parting off:
workpiece for turning/boring in rpm T=[(D/2)+ Allf,N
D = diameter of workpiece
Milling T = machining time in min T=(L+2A)/f,N
and L = the length of the workpiece in mm
drilling A = an allowance for tool approach and exit
f. = feed rate in mmrev ™! Peripheral milling:
N = the revolutions of the cutter for milling/drilling or the A=VDd
workpiece for turning/boring in rpm Face milling/drilling:
D = diameter of cutting tool A=DJ2
d = depth of cut
Broaching 7 = machining time in min
L = the length of the workpiece in mm T=L/1000V,
V, = surface speed in ms ™!
Shaping T = the machining time in min
and W = the width of the part in mm
planing Ng= the number of strokesmin~! T=WINgfs
fs = the feed in mm/stroke
Grinding 7 = machining time in min Surface grinding:
L = the length of the workpiece in mm T=(L+2A)f.N
A = an allowance for tool approach and exit Horizontal:
f. = feed rate in mmrev ™! A=VDd
N = the revolutions of the cutter for milling/drilling or the Vertical:
workpiece for turning/boring in rpm A=DJ/2
Cylindrical grinding:
D = diameter of cutting tool T=(L+A)If.N
d = depth of cut T=1[(DI2) +Allf N
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Chapter review questions

The main difference for most is generally what the allowance is for, and how
it is calculated. The times will then subsequently be used to determine the
manufacturing costs and the economic viability of the process plan and even
the product itself.

—

10.
11.

12.
13.
14.

15.

16.

18.
19.
20.

Having selected both machine tool and tooling for a specific job, what
are the main parameters that can influence the success of the machining?

Which of the factors previously considered for the tooling decision are
the most influential on the calculation of the process parameters?

What is meant by surface cutting speed?

Why is the diameter halved when calculating speeds for facing and
parting off in turning?

What is the main limitation for speeds of broaching machines?

What is meant by the cutting time ratio when considering shaping and
planing machines?

What general advice can be followed when determining suitable cutting
speeds for specific types of operations such as finishing and roughing?

Very often cutting speeds will be determined using reference material.
What is the significance of this when turning a component of variable
diameter?

For shaping and planing, what is the significance of the number of
strokes with regard to the cutting speed?

What is meant by a feed rate?

When quoting feed rates for milling cutters, why is it preferable for
manufacturers to state them in mm/tooth?

Why is the feed rate for drills related to the drill size?
What is meant by a cross-feed and what processes does it relate to?

When using a CNC machine, why would the operator change the
speeds and/or feeds and how would this be achieved?

With regard to cutting speeds, what important CNC feature can be used
to overcome the difficulties of turning a tapered diameter?

What is meant by the depth of cut and what are the most important
factors that affect the depth of cut possible when machining?

What are the general recommendations for cutting depths for turning
and boring?

What are the general recommendations for cutting depths for milling?
What is the maximum depth of cut possible when drilling?

Why is it important to calculate machining times?
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Chapter review problems

21.

22.

In general, when calculating machining times an allowance is used.
What is the allowance for and why is it important?

How does the above allowance differ for drilling when compared to
other processes?

—

10.

11.

Select a suitable feed rate in mmrev ™' for turning mild steel with car-
bide tooling for average metal cutting conditions.

Calculate the spindle speed in revmin~' and the feed rate in mmin ™"

for a 6mm diameter high-speed drill for use with a mild steel part for
average metal cutting conditions.

A @40mm HSS face mill is being used to machine grey cast iron. Det-
ermine a suitable speed in revmin ! for average metal cutting conditions.

A brass component of J25mm is to be turned using carbide tooling.
Determine suitable speeds (revmin~!) and feeds (mmin~"') for this
operation for average metal cutting conditions.

Re-calculate the speeds and feeds for question 4 for a finishing opera-
tion as opposed to average cutting conditions.

A shaping machine is being used to machine a slot with a stroke length
of 400 mm in a medium carbon steel component with HSS tooling. The
cutting time ratio is 2:1. Determine:

(i) the cutting speed in mmin~! for average cutting conditions;
(i1) the feed rate for average cutting conditions in mm/stroke;

(iii) the number of strokesmin~' the machine is capable of.

What would the increase in spindle speed be if an HSS drill were
replaced by a carbide tipped drill when drilling an aluminium alloy for
average cutting conditions.

Calculate a suitable speed (revmin ') and feed (mmmin ') for milling
a mild steel component with a J75 mm carbide face mill with six teeth
for average cutting conditions.

A planing machine has a stroke length of 2.5m and a cutting time ratio of
3:2. Determine the number of strokes required to machine a grey cast iron

component for finishing. Also determine a suitable feed rate in mmin'.

An HSS face mill having 10 teeth is used to mill stainless steel at a
speed of approximately 290rpm for roughing. Determine a suitable
feed (mmin~ ') for this operation and the diameter of the cutter.

A hole of @12mm and 25mm depth is to be drilled using an HSS drill for
a medium carbon steel. For average metal cutting conditions, determine:

(i) suitable speeds (rpm) and feeds (mmrev ™ !);

(ii) the time to machine the hole.
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12.

13.

15.

2 HOLES ¢20

A boring machine is to be used to enlarge a hole of length 52 mm from
@25 to J25.4mm. The work piece is grey cast iron and carbide tool-
ing is to be used. The depth of cut to be used is 0.4 mm for finish cut-
ting conditions. Determine:

(i) suitable speeds (rpm) and speeds (mmrev ™ ');
(i) the machining time using a machining allowance of 2mm.

A shaping machine is to be used to reduce the thickness of a mild steel
plate 450 mm length, 150 mm width and 50.8 mm thick by 3.175mm. A
machining allowance of 25.4mm is to be used for over-travel for both
length and width. The cutting time ratio is 4:3 and HSS tooling is to be
used. For roughing conditions, determine:

(i) suitable speeds (strokesmin~') and feeds (mm/stroke) given that

the shaper has a maximum cutting speed of 4Smmin~';

(i) the machining time for the operation assuming that it is com-
pleted in a single pass, that is, a single cut of depth of 3.175 mm.

The initial diameter of a workpiece of length 225 mm is 50 mm. This is
to be turned down to J47.5mm in two passes, the first a roughing cut
and the second a finishing cut of 0.25 mm. The workpiece is a medium-
carbon steel and carbide tooling is being used. Determine:

(i) suitable speeds (rpm) and feeds (mmrev~!) for both roughing
and finishing;

(i) the total machining time using a machine allowance of 5 mm.

Consider the part shown in Fig. Q6.15. This is to be machined on a
milling machine in three operations as given in Table Q6.15. Using this
information, determine:

(i) suitable speeds (rpm) and feeds (mmrev ') for each operation;

(ii) the total machining time.

19

25

ké
.

S0

25

119

i

Figure Q6.15 Aluminium alloy part
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TABLE Q6.15  Operations and tooling data

Operation description Tooling description

Profile sides in one pass ?@30mm carbide end mill with 18 teeth
Finish top surface in four passes ~ @20mm carbide face mill with 12 teeth
Drill holes ?@20mm HSS drill

Drg. notes:

Material: aluminium alloy

Workpiece: 25mm thick

Holes: 15mm deep

Fillets: R25mm unless indicated otherwise.

16. Calculate appropriate speeds (rpm) and feeds (mmin~') to turn the
mild steel component in Fig. Q6.16 using carbide tooling for the opera-
tions listed in Table Q6.16. Also, determine the total machining time

using a machining allowance of 5Smm. The initial raw material billet is
152 X 400 mm.

200 160

2150

|

|

|

|

|

|

|
#120

Figure Q6.16 Mild steel component

TABLE Q6.16 Operations and cutting conditions

Operation description Cutting condition
Face end Finish in one pass
Turn taper Finish in one pass
Turn @150 mm Finish in one pass

Part off Finish in one pass
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17.  Using the data in Table Q6.17 and the drawing in Fig. Q6.17, determine
suitable speeds (rpm) and feeds (mmrev™ ') and the total machining
time for all operations listed. The raw material is a prepared billet
101 X 101 X 20mm.

TABLE Q6.17 Operations and cutting conditions

Operation description Tooling description Cutting condition
Profile edges ?@25mm carbide end  Finish in one pass
mill with 14 teeth
Drill 4 X @10mm by @10mm HSS drill Finish in one pass
10mm deep/holes
Drill 2 X @10mm by @10mm HSS drill Finish in one pass
20mm deep holes
Machine 40 X 10 X 20mm @10mm HSS slot drill Finish in four passes
slot with six teeth with depth of cut
Smm
.30 40 20 DEEP SLOT
P4 P3

25

e o—

P9 P10 1
S
P6
PS @ P8

ol

v
PL 20 30 30
100

100

S0

4 HOLES #10 x 10 DEEP

37.5
25

Figure Q6.17 Mild steel component

Drg. notes:

Workpiece: 20mm thick
Material: Mild steel

18. Using the data in Table Q6.18 and the drawing in Fig. Q6.18, determine
suitable speeds (revmin~!) and feeds (mmrev ') and the total machin-
ing time for all operations listed. The raw material billet is (J85 X 250 mm
and the machining allowance to be used is Smm.
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TABLE Q6.18 Operations and cutting conditions

Operation description  Tooling description — Cutting condition

Face end HSS turning tool Finish in one pass

Turn @80mm X 160mm HSS turning tool One roughing cut, one
finishing cut of 0.4 mm

Turn @70mm X 100mm HSS turning tool One roughing cut, one
finishing cut of 0.4 mm

Turn @60 X 60 mm HSS turning tool One roughing cut, one
finishing cut of 0.4 mm
Parting off HSS parting off tool Finish in one pass
160
. 100
P8 o7 | 60
P6 PS5
P4 7 e
P2 — -
PO
10
870 260

Figure Q6.18 Brass component
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7.1 Introduction

7.2 Aims and objectives

7 Workholding devices

Although in the context of this book workholding devices are taken to mean
jigs and fixtures, the type of production equipment that normally comes
under this heading would be much wider than that of solely jigs and fixtures.
General workholding devices, also sometimes referred to as low-cost jigs
and fixtures (Hoffman, 1996), for various processes would also be included
within this type of production equipment, for example, chucks, collets, etc.
As such, there will be brief coverage of these within the chapter and some
other workholding devices besides jigs and fixtures.

However, the focus of the chapter is firmly on the design and selection of
jigs and fixtures. There are a number of important design criteria or prin-
ciples that must be carefully considered in the design of any jig or fixture.
Similarly, there are various types of jig and fixture available that must be
considered. In fact, there are specific design requirements for many
processes such as those for drill jigs and milling fixtures. All of these con-
siderations will influence the selection of a specific workholding device for
a particular operation and/or process. In cases where the selection of an
existing jig or fixture is not possible, a jig or fixture is designed specifically
for that operation. Although the process planner will only specify which
operations will require special workholding requirements, it is essential for
process planners to be familiar with the conventions used in the design and
production of a general arrangement drawing for jigs and fixtures.

The aim of this chapter is to introduce the design and/or selection of
workholding devices for particular operations.
On completion of this chapter you should be able to:

e define and differentiate between a jig and a fixture in terms of their
functionality;

e select an appropriate type of jig or fixture for a given component based
on the operations and processes specified for its manufacture;

e apply the basic principles of location and clamping for a given
component;

e apply the basic principles of jig and fixture design and produce a general
arrangement drawing for a given component;

e identify other types of workholders used in component manufacture.
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7.3 General-purpose
workholding devices

Figure 7.1 Example of
a vice (courtesy of WDS)

7.3.1 Function of workholders

Although the term ‘workholding devices’ is being used to mean jigs and fix-
tures in the context of this book, in actual fact it covers all devices that are used
to hold, grip or chuck a workpiece in a prescribed manner to allow a manu-
facturing operation to be performed (ASTME, 1962). The main purpose of any
workholding device is to position and hold a workpiece in a precise location
while the manufacturing operation is being performed. In order to perform this
function adequately, all workholders consist of four basic elements:

Locating elements — that allow the workpiece to be positioned correctly.

Structural elements — that can withstand the forces applied during the
manufacturing operation.

Clamping elements — that can withstand the forces applied during the
manufacturing operation and maintain the position of the workpiece.

Fixing elements — that attach the workholder to the machine.

There are many devices that adhere to the above definition that can be
classified as general workholding devices as opposed to specialist work-
holding devices, that is, jigs and fixtures. General workholding devices can
be classified as:

e vices;

e clamps and abutments;

e chucks;
e collets;
e centres;

e mandrels;

e face plates.

All of the above are sometimes referred to as low-cost jigs and fixtures.

7.3.2 Vices

Vices are used for a number of machining processes including milling, drilling,
shaping and planing among others. These can be elementary devices consist-
ing of a pair of jaws, a screw mechanism and a body as illustrated in Fig. 7.1.
A variety of jaw shapes can be used with vices, the most common of which are
v-blocks for cylindrical parts (Timings, 1992). The jaws themselves can also
be hydraulically actuated, although a hand screw is used to move the jaws to
the workpiece and the hydraulics used only to provide the clamping force.

7.3.3 Clamps and abutments

The use of clamps is by far the simplest and cheapest of workholding
devices. The workpiece is clamped directly to the machine table and typical
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Figure 7.2 Example of use of abutments

applications include processes such as milling, drilling, shaping and planing.
In some processes, and in particular milling, the rotation of the cutting tool
will tend to rotate the work and therefore extra restraint will be required. This
is provided in the form of abutments, which are simply locating blocks
attached to the machine table to prevent the workpiece moving due to the
cutting forces. An example is given in Fig. 7.2.

7.3.4 Chucks

Probably the largest group within those classified as general workholders,
chucks are generally used for processes that involve rotational motion.
Consequently, typical applications for chucks include turning, boring,
drilling and grinding. There is a huge variety of chucks available from small
drill chucks to huge lathe chucks. The most common chucks are three-jaw
chucks, which are generally self-centring, that is, all jaws move simultane-
ously when adjusted. Four-jaw chucks are also used and the jaws on these
can be adjusted individually and can therefore be used to hold odd shapes as
well as square and rectangular shapes (see Fig. 7.3). They are also generally
used for larger and heavier workpieces as they are of heavier construction.
The jaws can be manually operated or pneumatically or hydraulically oper-
ated in the case of power chucks. The type of chuck used primarily depends
on the production equipment being used, the workpiece size and the cutting
forces involved.

7.3.5 Collets

Collets are primarily used for round workpieces and tools and typical applic-
ations include turning and boring. They can also be used for use with
square or hexagonal workpieces. It is basically a longitudinally split tapered
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Figure 7.3 Example of a four-jaw chuck (From Amstead, B.H., Ostwald,
PF. and Begeman, M.L. Manufacturing Processes, 8th edn. © 1987.
Reprinted by permission of John Wiley & Sons, Inc.)
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Figure 7.4 Push-out and draw-back collets (Leatham-Jones, B. © 1986.
Reprinted by permission of Pearson Education Ltd)

bushing (Kalpakjian, 1995). There are two basic types of collet and these are:
a draw-back collet, where it is pulled into the spindle, or a push-out collet,
where it is pushed into the spindle by mechanical means. Collets are gener-
ally used for workpieces with small diameters, typically less than 25 mm.
The main advantage of a collet when compared to a chuck is that it grips
nearly all of the circumference of the workpiece. Both types of collet are
illustrated in Fig. 7.4.
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7.3.6 Centres

These are used with lathes and is the method of workholding from which the
centre lathe gets its name. The centres themselves are basically tempered
shanks located in taper sockets and are generally used for long workpieces
or when axial alignment is crucial (see Fig. 7.5).

7.3.7 Mandrels

Mandrels are generally used in conjunction with centres. The mandrel is
placed inside tubular workpieces and generally mounted between two cen-
tres. They are generally used with turning when the entire cylindrical surface
requires to be machined or both ends require to be machined. There are three
basic types of mandrel, namely the solid mandrel, the gang mandrel and a
cone mandrel. Examples of all three are illustrated in Fig. 7.6.

Figure 7.5 Example of a centre (courtesy of WDS)
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Figure 7.6 Examples of mandrel plates (From Amstead, B.H., Ostwald,
PF and Begeman, M.L. Manufacturing Processes, 8th edn. © 1987.
Reprinted by permission of John Wiley & Sons, Inc.)
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7.4 What are jigs and
fixtures?

Figure 7.7 Boring using face plates (From Amstead, B.H., Ostwald, P.F.
and Begeman, M.L. Manufacturing Processes, 8th edn, © 1987. Reprinted by
permission of John Wiley & Sons, Inc.)

7.3.8 Face plates

Face plates are generally used in turning and boring to turn a diameter which
is perpendicular to an existing datum surface. They are round plates with an
arrangement of slots and holes used to clamp the workpiece to it. This means
that irregular shaped workpieces can be machined and may sometimes
require to be balanced as illustrated in Fig. 7.7.

7.4.1 Why use jigs and/or fixtures?

For many machining and assembly operations, general-purpose workholding
devices may not be sufficient. In these instances, these special workholding
requirements are generally satisfied by designing and building special-purpose
workholding devices known as jigs and fixtures. As stated in Section 3.7, the
design of special jigs, fixtures and tools is considered as one of three essential
activities for facilitating interchangeable manufacture, along with process
planning and the design of suitable limit gauges and gauging equipment (Black
et al., 1996). Consequently, the main reasons for the use of jigs and fixtures are:

e components can be produced quicker;

e greater interchangeability is obtained due to repeatability of manufacture
which subsequently reduces assembly time;

e accuracy can be easily obtained and maintained;
e unskilled or semi-skilled labour may be used on a machine, resulting in

reduced manufacturing costs.

74.2 Jigs

As stated above, a jig is a workholding device. However, jigs have a further
important function and that is determining the location dimensions of specific
features. In order to fully understand this function, the distinction between
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Figure 7.8 Partially dimen-
sioned component

7.5 General factors in
workholder design and
selection

location and size dimensions must be defined. This is best illustrated by a
graphical example. Consider the partially dimensioned component in
Fig. 7.8. In this drawing, dimensions a and ¢ are location dimensions. This
is because they specify the position of the hole with respect to other features.
However, dimensions b and d are size dimensions as they specify the
geometric size of a feature. Therefore, the basic definition of a jig is a
special-purpose workholder that determines location dimensions for features
produced during machining or assembly (DeGarmo et al., 1988). Strictly
speaking, not all jigs provide guidance for tools. This is because in many
assembly processes, such as welding, the jig merely holds the parts together
in the correct orientation with respect to each other while the tool carries out
the joining process. However, in the case of jigs being used with machining
processes, they generally always provide guidance for the cutting tool.

In summary, a jig is a specially designed and built workholding device,
usually made of metal, and performs three basic functions (Dent, 1961):

e holding the component;

e providing guidance for the cutting tools to determine the location
dimension for the machining of a feature;

e positively locating the component so that subsequent components are
machined in the same manner.

Jigs can usually be generally classified as either drilling jigs or boring jigs
and are used for operations such as drilling, reaming, tapping, chamfering,
counterboring, countersinking and boring operations.

7.4.3 Fixtures

A fixture is similar to a jig and can be defined as a special-purpose work-
holding device used during machining or assembly (DeGarmo et al., 1988).
However, fixtures are generally of heavier construction than jigs and also
usually fixed to the machine table. The main function of a fixture is to posit-
ively locate the workpiece (Dent, 1961). However, unlike a jig, no guidance
is provided for cutting tools. Fixtures are used in a variety of processes
including milling, broaching, planing, grinding and turning.

7.4.4 Jig and fixture design

There are a number of well-developed practices and conventions employed
in the design of jigs and fixtures. These practices fall under the four broad
headings of general factors in workholder design and selection, basic prin-
ciples of jig and fixture design, design methodology and construction methods
for jig and fixture design.

As with process planning, the design and selection of workholding devices
starts with interpretation of the component drawing. Many of the factors
considered during the process planning interpretation will be interpreted
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from the perspective of the workholder requirements and these will be con-
sidered further in Section 7.6. However, regardless of the nature of the work-
holding device, there are a number of general factors that will influence the
design and/or construction of a workholder (ASTME, 1962):

e physical characteristics of the workpiece;
e cutting forces involved;

e machine selection;

e fixing method to machine;

e workholder—cutting tool relationship;

e workpiece—cutting tool relationship.

7.5.1 Physical properties of workpiece

The most important physical characteristics of the workpiece are its
shape/form (geometry), overall size and mass. These characteristics will
directly influence the equivalent characteristics of the workholder. However,
when considering the shape and form of the workpiece, particular attention
must be paid to the various section thicknesses incorporated. This aspect of
the physical characteristics will influence the position and type of clamps
used and the clamping force that can be applied without causing distortion of
the workpiece. The nature of the machining operation will influence the
support of the workpiece in terms of section thickness. The physical
characteristics will also have to be considered with reference to the primary
motion of the process being used. As previously described in Chapter 4, with
machining processes either the workpiece moves or the cutting tool moves
to provide the primary motion. In cases where the cutting tool moves, the
coordination of the workholder relative to the workpiece and of the work-
piece to the cutting tool is of particular importance. However, when it is the
workpiece that moves, additional importance must also be placed on the
attachment of the workholder to the machine.

7.5.2 Cutting forces

The magnitude and direction of the cutting forces will influence both the
location and clamping of the workpiece in the workholder. Not only must the
workholder be designed to support and hold the workpiece to withstand
the cutting forces without distorting, the workholder must also be rigid and
stable enough to withstand these forces.

7.5.3 Machine selection

In Chapter 5, the weight and size of a component in the machine selection
process was a primary factor as it was used as the first-cut criteria to reduce
the number of possible machines. However, if a special workholding device
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7.6 Basic principles of
jig and fixture design

is required for an operation on a particular machine, the combined weight
and size of the workholder and the workpiece must be considered. In cases
where a machine has been selected that will be operating at or near the
limits of its physical capability, this could result in distortion or damage to
the machine tool. In fact, the machine selection may have to be revised if the
machine cannot physically cope with the combined size and weight of the
workholder and workpiece.

7.5.4 Fixing

When the workpiece is being fixed to the machine, it should be done in a
manner that allows the strongest and most rigid parts of the machine to help
absorb the cutting forces. In addition, where possible, the cutting forces
should be used to help hold the workholder in place. It is also important to
minimize the distance between the point of application of the cutting force
and fixing and support points to avoid deflection or distortion of the
workholder. Therefore, the cutting forces should be absorbed as close as
possible to point of application, that is, support should be provided as close
as possible. This is discussed further later in this chapter.

7.5.5 Workholder-cutting tool relationship

The coordination of the workholder and cutting tool must be considered
regardless of the primary motion of the process. The main aspect of this is
ensuring that the workholder does not interfere with the operation of the
cutting tool. The workholder should be designed to minimize the distance
travelled by the cutting tool between operations, that is, cutting fresh
air. Finally, many operations will result in burrs and/or swarf and clearance
must be incorporated to accommodate this, and this is covered further in
Section 7.6.

7.5.6 Workpiece—cutting tool relationship

This relationship will be governed by the type and size of machine, type and
size of workpiece, the quantity/production rate and the specified accuracy.
Therefore, the setting of all of the above, that is, machine set-up, is critical. In
terms of the workholder, the main factor is ensuring the workpiece is supported
appropriately with reference to the point of application of the cutting force.

The basic principles of jig and fixture design can be categorized under six
broad headings:

e location;

e clamping;

e clearance;
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e stability and rigidity;
e handling and fixing;

e case of construction and design.

7.6.1 Location

The main function of any workholder is to positively locate the workpiece.
This basically means the workpiece is constrained in the desired position
(Kempster, 1981). Once the location method has been decided, the locations
should be positioned so that they do not hold swarf, which can cause mis-
alignment. In cases where the workpiece is a rough casting, locations should
ideally be adjustable to allow for excess metal in the casting. Equally impor-
tant for use of the jig/fixture is that all locations should be easily seen by the
operator in his normal working position and that the location is progressive,
that is, the workpiece is located on one locator first and then the other in
sequence.

One of the main reasons for using jigs and fixtures is to improve repeat-
ability in the manufacture of part. Therefore, design features must be incor-
porated that allow identical workpieces to be loaded and unloaded in the
same orientation. In fact, a feature of any well-designed jig or fixture is the
fact that it is impossible to load the workpiece in any way but the correct
way. This is known as foolproofing and can be achieved by a number of
means. The most common method is placing fouling pins or abutments in a
position to clear the component only when in the correct position. Finally,
component features may also be used for foolproofing. An example of both
is illustrated in Fig. 7.9, which shows the baseplate for a sandwich jig for the
given component.

7.6.2 Clamping

The main function of the clamping system is to hold the workpiece in the
desired location against the forces endured during processing. These could
be any one or all of the gravitational forces, centrifugal forces, inertial forces

Figure 7.9 Example of foolproofing
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and cutting forces. Therefore the clamps must be positioned to provide the
best resistance to these forces, particularly the cutting forces. However, care
must also be taken to ensure that the clamping system does not distort or
deform the workpiece. This is usually achieved by having the clamps placed
above the locating points. However, in some instances, namely milling and
broaching fixtures, it is often advised that a part of the fixture body also be
used to resist the cutting force. Finally, if possible, clamping devices should
be an integral part of the jig/fixture body.

7.6.3 Clearance

As stated, when considering location, there may be variations in workpiece
dimensions, particularly for rough castings. Therefore, the workholder
should be designed with clearance for such variations. There should also be
clearance for the operation to easily load and unload the workpiece. The
build-up of swarf can not only cause misalignment but can also be danger-
ous. Therefore, clearance should be incorporated for swarf clearance.
Finally, in some instances, clearance may be required for the formation of
burrs during machining, especially for drill operations. Therefore, burr
grooves or clearance slots should be incorporated where a machining
operation is likely to cause burring (see, e.g. Fig. 7.10).

7.6.4 Stability and rigidity

In terms of stability, it is important to provide form feed for the workholder so
that uneven seating is visibly obvious. Equally important is that all forces act-
ing on the workholder are within the area bounded by the seating points. All
jigs/fixtures should be made as rigid as possible for the operation at hand.
Inadequate construction will generally result in vibration and chatter. Finally,
rigidity is as equally important for the loading and unloading of the workpiece.
This is because many workholders are damaged more during the load/unload
cycle than during the actual machining processes (DeGarmo et al., 1988).
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Figure 7.11 Proportions for
fixing slots

7.7 Design methodology
for jig and fixture design

7.6.5 Handling and fixing

Although the workholder should be as rigid as possible, it should also be as
light as possible for ease of handling. If parts of jigs/fixtures have to be lifted,
handles or hooks should be incorporated to facilitate this. Finally, from a
safety perspective the presence of sharp corners and/or edges should be min-
imized. From the point of view of fixing the workholder to the machine table,
adequate means of fixing should be provided. The most common method of
fixing is the use of lugs with slots. The use of slots instead of holes facilitates
the fixing, positioning and removal of the jig and fixture. Typical proportions
for these are illustrated in Fig. 7.11 where the following notation applies
(Dent, 1961):

d = bolt diameter

D = width of boss or counterbore = 2d — 2.25
t = thickness = 1.25d—1.5d

C = centre distance = 1.5d—2d

E = clearance = d—1.5d

7.6.6 Ease of design and construction

In general, the design should be kept as simple as possible. This not only
reduces the cost, but also improves reliability by avoiding breakdowns
caused by overly complex designs. The use of standard and proprietary parts
should be encouraged as much as possible as it allows the tool designer to
focus on function rather than construction details.

The most common approach to the design of jigs and fixtures is to design
around the workpiece. Thus, it is important to physically study the workpiece
and keep one handy for reference. This is because a frequent error in this
approach is designing a jig/fixture that the workpiece can neither be loaded
into nor removed from.

In Section 7.5.2, the principles or criteria used to guide the design of jigs and
fixtures were introduced. These are used in a systematic design methodology,
the outline of which is the focus of this section. The design of any work-
holder, but particularly jigs and fixtures, involves a number of clearly identi-
fiable steps as illustrated in Fig. 7.12.

7.7.1 Drawing interpretation

This first stage in the methodology is very similar to that described in
Chapter 3 as the initial step in preparing the process plans. Many of the
factors considered during the drawing interpretation for the development of
the process plans will be reconsidered for the design of possible jigs and
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Figure 7.12 Design methodology for workholders

fixtures. However, these factors are being considered from a different
perspective in that only their influence on the final design of the workholding
device is considered.