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Abstract

Over the last few decades, the range of engineering materials encountered in machine
shops has increased greatly, as has the variety of cutting tools that are capable of
machining these materials. Unfortunately, even as the demands placed upon the metal
machining industry have broadened, the level of experience amongst process planners
and machine operators has been falling due to natural wastage, the decline of
apprenticeship schemes and increasing levels of automation. Therefore, it has become
increasingly important for cutting tool manufacturers to provide a complete range of
technical support for their products, including machinability information, tool selection

and specification of cutting conditions.

This thesis describes the development of a computer based system for automated
machinability assessment and tool selection for milling. The systém is called OPTIMUM
(Optimized Planning of Tooling and Intelligent Machinability evalUation for Milling) and
is designed to provide reliable tool selection and cutting data for a range of milling
operations. The machinability assessment method employs rule based decision logic and
multiple regression techniques to produce feasible initial cutting conditions for a wide
range of workpiece materials. A novel feature is that a wide variety of input data is
permitted, including imprecise or incomplete workpiece descriptions. The tool selection
function implements a robust machining model based on publicly available tool and
material data. The model includes the process constraints of tool life, tool size, cutter
geometry, insert suitability, spindle speed range and available spindle power. Cutting data
is optimized on economic grounds according to the objective functions of minimum cost,
maximum production rate or fixed tool life. A new optimization criterion related to initial
average chip thickness, called harshness, is proposed. Unlike most CAPP systems, a
large variety of workpiece materials (more than 750 ferrous alloys) and a comprehensive

selection of tools (potentially 35,988 cutter/insert combinations) are considered.

A tool variety reduction post processor facilitates the rationalization of sets of selected
tools to produce optimized tool sets for a limited number of available tool positions. All

possible sets of tools are considered and no additional cutting data calculation or
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modification is required. Most current CAPP systems are ‘open loop’ but the
OPTIMUM system operates within a feedback ‘closed loop’ that stores approved cutting
data from the shop floor. Multiple regression analysis is used to improve the performance

of the system in the future based upon this verified historical cutting data.

The software comprises several modules implemented with a relational database
management system, Microsoft FoxPro 2.6. A selection of examples are presented to
illustrate the capabilities of the system. The advantages of the novel approach of using
the powerful combination of knowledge based logic and statistical methods to provide a
flexible support tool for process planning milling operations are described and

recommendations are made for further development and industrial exploitation.
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Glossary

Machinability

At first glance the definition of the term machinability seems to present few
problems. It is a material property that represents the ease or difficulty of
machining the material with a cutting tool. The term is widely used in
manufacturing industry yet detailed enquiries reveal a certain lack or preciseness
about its definition or even its general meaning. Unlike most material properties,
there are no generally accepted methods of measurement and it is likely that the
term tends to take on a meaning that is closest to the immediate requirements in a
machining environment. Thus, machinability might become related to finishability
where surface finish is important. In other cases it may be used to describe how
uniformly a material behaves when machined on a given machine with a constant
set of cutting parameters whilst many engineers might consider machinability to
be a measure of the useful life of the cutting tool. In most branches of science and
engineering great care is taken to precisely define critical parameters but

machinability continues to represent different things for different people.

The term machinability will be used extensively within this thesis and thus it is
worthwhile to propose a working definition with regard to this research. In these
days of highly efficient, semi-automated machine tools, the actual cutting time is
becoming an increasingly important part of the overall machining cost. As new
tools and insert grades become more resilient and versatile it is vital to use as
much of the capacity of the tool as possible and this will be reflected in a high
metal removal rate (after all, the efficient removal of metal is the one of the
primary reasons for machining). High metal removal rates will be reflected in the

cutting conditions used. So a working definition of machinability might be:
Machinability is a material parameter that is a measure of how easy or difficult

it is to remove material by cutting. It can be described by specific cutting

conditions.
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In this form we may say that the assessment of machinability is the process of

finding suitable cutting conditions for a given material and tool combination.

Milling
Milling is a versatile machining process by which new surfaces are generated by
the action of a rotating cutter that is progressively fed into the workpiece in a
direction perpendicular to the axis of the cutter. This is accomplished by the use
of a milling machine which provides relative motion between the cutter and
workpiece. Generally the cutter is held in a rigid spindle that can move vertically
only and the workpiece is securely clamped to a table that can be fed under
control in either of the other two orthogonal directions. Unlike turning, it is
possible, with a Computer Numerical Control (CNC) milling machine, to create a
vast array of three dimensional component geometries. Almost all milling cutters
feature more than one active cutting tooth and the cutting action is considerably

more complex than that for turning.

Process planning

The Society of Manufacturing Engineers defined process planning as ‘the
systematic determination of the methods by which a product is to be
manufactured economically and competitively’. This can usually be seen to
involve a series of steps. The first is the interpretation of the design data which is
often held in engineering drawings or, more recently, in a CAD or solid modelling
system. The essential requirements of the product such as batch size, raw
material, tolerances, surface finishes, material treatment and other specialized
factors are then studies and evaluated. Then the machining process is selected,
often according to company specific strategy. Machine tools must be selected
considering parameters such as availability, capacity and production rate. The
sequencing of the operations, workholding and fixturing and cutting conditions
are all related and are often assessed according to company specific goals. Finally
the process plan must be disseminated in a suitable form, often as process sheets,

operation sheets, route sheets and part programs.
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Features

In production planning, it is desirable to be able to derive a set of suitable
manufacturing processes directly from the design features of the workpiece.
Much recent research work has concentrated on the description of workpiece
geometries as groups of ‘features’, either derived from a feature based design
process or from automated feature recognition. Rembold et al. (1993) describe a
feature as “a specific geometric configuration formed on the surface, edge, or
corner of a workpiece that is intended to aid in achieving a given function”.
Nnaji and Liu (1990) define a feature as “a set of surfaces together with
specifications of the bounding relationships between them which imply an
engineering function (or stereotypical entity) on an object and which may be
formed on the faces, edges, or corners of an object”. This definition implies that

not all the surfaces of an object are feature surfaces.

In this research, the term feature is used to describes the typical configurations of
machined surfaces that can be simply created with standard milling cutters, such
as a face, square shoulder, straight slot, rectangular pocket and T-slot. Thus the
term feature is largely synonymous with the term operation although some
features, such as a T-slot, may actually require more than one simple operation to

be created.
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Notation

This section presents a comprehensive list of all the algebraic notation used within this

thesis, along with a short description and the appropriate standard units, if any. For ease

of reference, brief descriptions are also given at the first occurrence of any item of

notation in each chapter.
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a constant in Taylor’s tool life equation
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constant in the specific resistance to cut equation

cost of cutter (£)

cost of insert (£)
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efficiency of power transmission (%)
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active tool life (min)
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total radial width of the operation (mm)

weighting factor applied to total operation cost in tool sorting
tool wear per component (%)

weighting factor applied to metal removal rate in tool sorting
total ranking weight applied to a tool and associated cutting parameters
weighting factor applied to tool life in tool sorting

weighting factor applied to total operation time in tool sorting
cost rate of machine tool (£/min)
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Chapter 1
Introduction

Man is a tool-using animal....
Without tools he is nothing, with tools he is all.

Sartor Resartus, bk. i, ch. 5 - Thomas Carlyle

This chapter reviews the background to the various elements of computer aided process
planning and presents the objectives of the research reported in this thesis. These are

followed by a brief summary of the thesis structure.

1.1 Background

A manufacturing plant is probably one of the most complex systems that a modern
engineer can encounter. The manufacturing process can often appear to be secondary to
the considerable efforts made in supporting areas such as marketing, accounting and
other organizational functions. However, efficient manufacturing planning holds the key
to guaranteed productivity gains - no matter how good the marketing, if the product is

made in a slow, costly manner, it is unlikely to succeed.

The last three centuries have seen a remarkable degree of progress in the field of
manufacturing and in particular metal working. During the early stages of
industrialization in the eighteenth century, a lack of standard manufacturing practices
meant that volume production involved craftsmen producing products that were
functionally identical but geometrically unique. The requirement for interchangeable parts

to allow easy repairs to firearms led to a much enhanced uniformity of production.



Chapter 1 Introduction

Whereas previously the final form of a product was left to the machine operator, a
consistent method of manufacturing planning was needed to satisfy the concept of
interchangeability. Parts had to be made with only a small variance - functional

conformance was no longer enough [Chang & Wysk (1985)].

The twentieth century has seen extensive scientific study of metal cutting and mass
production. The American engineer Frederick W. Taylor (1856-1915) had a great impact
on two fronts: his creation of the philosophy of scientific management and his lifelong
study of metal cutting processes. His seminal 1907 paper ‘On the Art of Cutting Metals’
proposed a relationship between tool life, feed rate and speed, based upon some 50,000

experiments producing 800,000 Ib. of metal chips.

Further advances prompted by defence manufacturing led to the development, in the
1950’s, of Numerically Controlled (NC) machine tools that could be programmed to
perform a wide variety of machining operations. More recently, digital computers have
been used to provide Computer Numerically Control (CNC) machining centres and this

remains the standard method for tool control today.

Whilst CNC machines can provide considerable benefits of improved efficiency of
machining, a significant economic expense still exists before these machines can be fully
exploited. This expense is incurred by the considerable planning exercise that is required.
Machine tools have taken over many 