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Abstract

In metal cutting, the problems need to be well analyzed in order to take precautions before any unexpected results are encoun-
tered. This process plays a significant role in achieving consistent quality and in controlling the overall cost of manufacturing. How-
ever, it is a difficult task that needs an expert who has a great deal of information and experience in metal cutting. In the present
paper, a knowledge-based expert system (COROSolve) that investigates problems that are encountered in three main metal cutting
areas: turning, milling and drilling is developed. A great deal of metal cutting operations such as external/internal turning with neg-
ative/positive inserts, aluminum turning, parting bars/tubes, grooving, profiling, recessing and threading operations in turning; face
milling, square shoulder milling, end milling, multi-purpose milling and side and face milling operations in milling; and drilling oper-
ations that use solid drills or drills with indexable inserts in drilling are taken into consideration. COROSolve gives recommenda-
tions for the cutting data (i.e., cutting speed, depth of cut, and feed) and updates the problem, cause and remedy database, thus the

number of problems that the system can handle is increased.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The objective of modern manufacturing is to have
efficient control over the organizational facilities in or-
der to produce high quality products at lower prices
within a shorter time period. To achieve better quality
at a lesser price, every attention has to be paid in the
manufacturing division by employing better cutting
tools, inserts and high precision machines, etc. [1]. How-
ever, this is not sufficient for productivity in most of the
cases. Choosing the right tool for the right job is impor-
tant, but tool wear should also be considered for more
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efficient manufacturing. In the literature, many publica-
tions do exist on the tool wear in manufacturing of var-
ious materials [2].

Metal cutting is a chip forming process. Although the
process is directed at cutting metal to shape and size, this
has to be done by creating defined chips. The chip-form-
ing process means that a fresh metal interface is contin-
ually produced and forced at very high pressure and
temperature along the tool material [3]. The zones pro-
duced make it an attractive environment for diffusion
and chemical reactions of metal. All cutting tools are
worn during machining and continue to do so until they
come to the end of their tool-life. Tool wear is inevitable
and as such not a negative process if the answers of when,
how much and what type is known. There are certain
types of wear mechanisms on different types of metal cut-
ting processes and similar/different types of problems are
encountered as a result of these mechanisms. If these
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problems are well analyzed, it could be possible to find
the right solutions to each of them.

To analyze a problem in metal cutting, the problem
should be defined precisely and its possible causes
should be well determined. This is a difficult task that
needs an expert who has a great deal of information
and experience in metal cutting. Today in metal cutting,
the expertise facilities about the problems in chip form-
ing are mainly provided by the cutting tool producing
companies. Since the number of people working in this
area is limited, it is not always possible to find an expert
when he/she is really needed. Since expert systems have
been particularly welcome in fields where existing ex-
perts are expensive and in short supply, an expert system
that solves metal cutting problems will be very useful.

2. Expert systems for aiding manufacturing processes

Knowledge-based systems, or expert systems, are
computer programs embodying knowledge about a
narrow domain for solving problems related to that
domain. An expert system usually comprises two main
elements, a knowledge base and an inference
mechanism (Fig. 1). The knowledge base contains
domain knowledge which may be expressed as any
combination of ‘IF-THEN’ rules, factual statements,
frames, objects, procedures and cases. The inference
mechanism is that part of an expert system that
manipulates the stored knowledge to produce solu-
tions to problems [4].

A human expert uses knowledge and reasoning to
arrive at conclusions, so does an expert system. The
reasoning carried out in an expert system attempts
to mimic human experts in combining pieces of
knowledge. Thus, the structure or architecture of an
expert system partially resembles how a human expert
performs. Thus, there is an analogy between an expert
and an expert system.
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A more obvious problem is that of gathering the
rules. Human experts are expensive and are not extre-
mely likely to want to sit down and write out a large
number of rules as to how they come to their conclu-
sions. More to the point, they may not be able to.
Although they will usually follow a logical path to their
conclusions, putting these into a set of IF ... THEN
rules may actually be very difficult and maybe
impossible.

It is quite possible that many human experts, though
starting off in their professions with a set of rules, learn
to do their job through experiential knowledge and just
know’ what the correct solution is. Again they may have
followed a logical path, but mentally they may have
‘skipped some steps’ along the way to get there. An Ex-
pert System cannot do this and needs to know the rules
very clearly.

A very strong benefit of expert systems is being able
to widely distribute the knowledge of a single expert,
or being able to accumulate the knowledge of several
widely separated experts in one place. Expert systems
are especially helpful when a task is performed only
occasionally and the expert has to relearn the procedure
each time it is performed.

Expert systems are used to standardize operations.
If you have three machine operators (or engineers) that
perform the same task but each does it differently, an
expert system will do it the same way everytime. These
systems can be used to train employees, advise them, or
can actually perform a task such as a calculation. An-
other use for expert systems is as job aids for your ex-
perts. They will allow them to perform more
accurately, more consistently, and faster, freeing up
time for the expert to be more creative performing
the task. This is especially helpful when dealing with te-
dious, repetitious tasks.

Consequently, once the domain knowledge to be
incorporated in an expert system has been extracted,
the process of building the system is relatively simple.
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Fig. 1. Knowledge based expert system.
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The ease with which expert systems can be developed has
led to a large number of applications of the tool. In engi-
neering, applications can be found for a variety of tasks
including selection of materials, machine elements, tools,
equipment and processes, signal interpreting, condition
monitoring, fault diagnosis, machine and process con-
trol, machine design, process planning, production
scheduling and system configuring. Some recent exam-
ples of specific tasks undertaken by expert systems are:

— identifying and planning inspection schedules for crit-
ical components of an offshore structure [5];

— training technical personnel in the design and evalua-
tion of energy cogeneration plants [6];

— configuring paper feeding mechanisms [7];

— carrying out automatic re-meshing during a finite-
elements analysis of forging deformation [8];

— storing, retrieving and adapting planar linkage
designs [9];

— designing additive formulae for engine oil products
[10];

— selecting cutting tools or cutting data [11-13].

Several potential research areas were identified with
respect to expert systems in manufacturing [14,15].
Kojiyama et al. [16] have discussed in their articles that
a framework for machining operation planning systems,
in which machining know-how extracted and organized
from electronic tool catalogs and machining instance
databases available in the Internet environment plays a
principal role. On the use of reference machining data
can be constitute, which is derived from the investiga-
tion of tool catalogs, related international standards,
reference textbooks, and handbooks.

turning operations i.e., external/internal turning with negative/positive inserts,
aluminum turning, parting bars/tubes, grooving, profiling, recessing and threading

milling and side and face milling

Operation type | milling operations i.e., face milling, square shoulder milling, end milling, multi-purpose

inserts

drilling operations i.e., drilling operations done with the solid drills or with indexable

P for steels, cast steel, stainless steel, malleable iron, etc

according ISO

classification

Workpiece
material group M for austenitic stainless steel, heat resistant materials, manganese steel, etc

K for cast iron, hardened steel and nonferrous materials

Finish operations at light depth of cut and low feeds, requires low cutting forces

Type of . . . .
application Medium operations to light roughing (general purpose)
Rough operations for maximum stock removal and/or severe conditions, requires
highest edge security
Good for continuous cuts, high speeds, excellent component clamping, small
overhangs in milling
Machining Average for profiling cuts, moderate speeds, forged or cast workpiece, light skin, wet
conditions and dry milling
Difficult for interrupted cuts, low speeds, heavy cast or forged skin on workpiece, poor

component clamping

Hardness of
wokpiece

180 HB for steel, 180 HB for stainless steel and 260 HB for cast iron is considered as
default values. For materials having different hardness values than above, a correction
factor is used (Table 1)

Tool life —>

15 minutes of tool life is considered as a default value. Higher material removal rates
or longer tool lives can be obtain by changing cutting speed (Table 1)

Fig. 2. Inputs of the software.
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The application of Mookherjee and Bhattacharyya
[11] on expert system in the general turning and mill-
ing operation is very useful for solving some of the
challenging problems presently faced by manufactur-
ing engineers during the integration of CAD and var-
ious CNC machining centers. Jiang et al. [17] have
developed an expert system to optimize the milling
operations for prismatic components. They have
described a new GT based coding scheme that repre-
sents the surfaces to be machined of prismatic
components.

Limsombutanan [18] has presented an algorithm to
select the cutter size and tool orientation in 5-axis sur-
face machining that can act as a holon. Milling the sur-
face is divided in to three phases, namely, roughing,
semi-roughing and finishing. This algorithm selects the
best tool and plans the tool path autonomously for a

drilling Process turning

type

any
recommendations

choose material
application type
machining conditions

v

List of cutting parameters
J—

Problem definition I

Check and modify
the cutting data

Enter material hardness
tool life
cutting speed
feedrate

|

Compare with ideal values and
modify the cutting parameters

&

bicubic (convex—concave) surface based on analysis of
the curvature.

The main objective of the present paper is to build
such system that covers most of the major metal cutting
problems and helps the people who are involved in metal
cutting to improve the quality.

3. A knowledge-based expert system for metal cutting
problems

3.1. Factors considered in solving metal cutting problems

Most of the problems in metal cutting are the result
of wear mechanisms. All cutting tools wear during
machining and continue to do so until they come to
the end of their tool-life. Tool wear is inevitable and
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List of remedies

N

Modify
PCR database

Problem edit

Fig. 3. Flowchart of COROSolve.
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as such not a negative process if the answers of when,
how much and what type is known. Thus, if the prob-
lems resulted from tool wear as well as the other harmful
factors effecting the machining operations are well ana-
lyzed, it could be possible to find the right solutions to
each of them. This would reduce the unproductive fault
searching time, therefore reduce machining time, unpro-
ductive stoppage times of machine tools, machining cost
and therefore increase the efficiency of the process.
Architecture of the expert system used in solving metal
cutting problems is given in Fig. 1. Inputs that are taken
into consideration by the software are given in Fig. 2.

3.2. Features of COROSolve

The software has been developed using DELPHI Vi-
sual programming language. A major difficulty in build-
ing a consultation system was in capturing and
examining the knowledge elements used in the solution
of the problem. Based upon the design for solving prob-
lems in metal cutting study, once the operation type is
selected, four major stages have been identified for each
type of operation:

— Cutting data recommendations.
— Problem definition.

— Cutting data evaluation.

— Problem editor.

The flowchart of the software is given in Fig. 3.
3.2.1. Cutting data recommendations

The selection of the right cutting tool is critical for
achieving maximum productivity during machining.

Recommendations

1031

But although the tooling is right, if the machining con-
ditions are not up to standard, especially as regards cut-
ting data and general stability, problems arise and
optimum tool-life will not be reached. Incorrect cutting
data, vibrations and lack of rigidity in tool holders and
clamping are the main reasons of the metal cutting
problems.

Apart from being a problem solver, the software
provides cutting data recommendations for each type
of operation (types of operations were mentioned
previously), for each type of material group (ISO P,
M or K), for each type of application (rough, medium
or finish), for each type of machining condition (good,
average, difficult) and displays the list of inserts
available (Fig. 4). Here, it is not intended to find
the most suitable insert for the application, but to
monitor the starting values and the working ranges
of cutting data (i.e., the cutting speed, feed rate and
the depth of cut) for the insert used in metal cutting.
At this stage, it is possible to see the suitable grade
that was determined due to the selected operation,
material group, application, etc. Besides, the list of
materials that each material group consist of can also
be observed.

Recommended cutting data values were acquired
from Sandvik Coromant [20], the cutting data from
the other cutting tool vendors can be used as the rec-
ommended values as well. Cutting data values dis-
played are for a certain material hardness and for a
certain tool-life. For any workpiece material having
different hardness values than the specified values,
and the tool-life different than 15 min, the cutting data
provided should be multiplied by the correction factors
(see Table 1).

Cutting Speed Correction Factors
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16 06 08-FR 4,0(0,7-9,5) 0,35(0,20-0,55) 240(295-195)
16 06 12-PR 4,0(1,0-9,5) 0,40(0,25-0,70) 225(275-170)
16 06 16-PR 4,0(1,5-9,5) 0,50(0,32-0,90) 205(250-145)
-
L] y

Fig. 4. Cutting data recommendations.
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Table 1
Material hardness and tool life considerations [19]
ISO/ANSI HB Reduced hardness Increased hardness
—60 —40 -20 0 +20 +40 +60 +80 +100
P 180 1.44 1.25 1.11 1 0.91 0.84 0.77 0.72 0.67
M 180 1.42 1.24 1.11 1 0.91 0.84 0.78 0.73 0.68
K 260 1.21 1.13 1.06 1 0.95 0.9 0.86 0.82 0.79
Tool life (min) 10 15 20 25 30 45 60
Correction factor 1.11 1.0 0.93 0.88 0.84 0.75 0.70
(a)
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Fig. 5. Problems, causes and remedies.

3.2.2. Analysing the metal cutting problems

There are various different/similar types of problems
in metal cutting processes. In appearance some of these
problems are identical and very hard to be distinguished
from each other. The classification of problem types has
been developed to form an important basis for assessing
the machining operation and to optimize productivity
by getting the tool grade and machining conditions right
for the type of cut and material. The right tool, good
starting values for cutting data, expert support, own
experience, good quality of workpiece materials and ma-
chine conditions are important ingredients for success in
machining. Aggregation of problem lists from various
tool manufacturers is classified to form KBS used by
the software.

The user analyses the metal cutting problems either in
one or two stages: by straightforwardly picking out
Problem Definition option from the menu or by checking
out the cutting data used in the metal cutting process
first and accessing to the problem definition section
afterwards. Problem Definition section displays the list
of problems, their possible causes and the remedies with
respect to the causes. Once a problem is selected (i.e.,
flank wear in turning or chip jamming in drill flutes in
drilling), a picture that provides a clear definition to
the problem and the list of possible causes are displayed.
Consequently once a possible cause is selected, the rem-
edies are determined. More information about the prob-
lem is obtained by clicking on “?” (Fig. 5).

3.2.3. Cutting data evaluation

In metal cutting, most of the problems are the result
of unsuitable cutting data for the application. Thus,
before straightforward listing of the problems, the user
is advised to check the cutting data for the operation,
for the application and for the machining conditions
to find out whether the cutting speed, feed rate and
the cutting depth are correct for the length, thickness
and nose radius of the insert used. The Cutting Data
option checks if the cutting data in the operation are
right for the insert in use and this task is basically the

~# Cutting Data —'—igﬂ
Cutting Parameters
IE‘ Hardness (HE) 200 |
EI Tool Life (min) 20 j
E I'El Feedrate (mmirev)
Cutting Speed  (mm/min) [260 A
rideal Cutting Daia—l -=
Feedtmm/der)  ENETETI x|
0,24(0,10-028  your feed rate is LOW 11!
[7-———*; X Close I
Cuting Speed(m/a 2
186(173-216) ” ‘ ? Problem Definition I

Fig. 6. Checking the cutting data.
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Fig. 7. Adding a new remedy.

comparison of the cutting data with the ideal values cal-
culated from the multiplication of the catalogue values
and the correction factors. If there is no match (this
means the values of cutting data are not in the range)
the user is advised to correct the cutting data. In milling
and drilling only cutting speed and feed rate values are
considered, in drilling this consideration takes the drill
diameter and the grade of the centre/periphery insert
into account (Fig. 6). In the figure, cutting data for face
milling of steel for medium feed rates (L for light, M for
medium, H for heavy milling operations) are evaluated
and since the feed value is lower than the ideal values
calculated for given hardness and tool life, a warning
is displayed.

Once the cutting data are reviewed (and corrected),
accessing to the problem definition section is the next
step. Since the cutting data are corrected, the list of causes
and the remedies will now be different and no such causes
as “Cutting speed is too high” or “Feed rate is too low” will
not be amongst the causes of the related problem.

The software is capable of analysing more than 100
types of problems in various types of operations and
providing remedies to the nearly 200 causes (340 reme-
dies). The knowledge contained in the system has been
compiled from two main sources: from human experts
working in the field of metal cutting and from the
technical documents, catalogues or handbooks of vari-
ous cutting tool producing companies [21-25].

3.2.4. Problem editor

The knowledge contained in the system has been
compiled from two main sources: from human experts
working in the field of manufacturing and from the tech-
nical documents, catalogues or handbooks of various
cutting tool producing companies. The success of an ex-
pert system is hidden in its expandable structure like a

human expert who adds every new solution he comes
across to his knowledge and uses this knowledge in his
future analyses. Thus, COROSolve has an expandable
database structure that grows to handle more and more
problems everyday.

Since the system has a separate and modular knowl-
edge base, it is very easy indeed to update the system by
simply getting into the database and editing the knowl-
edge files. The more information the system contains,
the more problems it can handle in metal cutting.
Knowledge base is the heart of the system, therefore it
is the task of a few people who are responsible from
the production to add, delete or modify it. Thus, the
user needs to know the password to access to the knowl-
edge base.

Problem edit allows the new problems, picture and
information files related to the problems, causes and
the remedies of the problems to be added to the knowl-
edge base. Besides, it is possible to add new causes to the
problems, or new remedies to the causes that are already
exist in the knowledge base (Fig. 7).

The system is multi-linguistic, therefore it is capable
of handling the metal cutting problems both in Turkish
and English. Once the language is determined, all the
program menus and problem, cause and remedy lists
are displayed in the language chosen.

4. Conclusions

This paper introduces an expert system approach for
the task of solving metal cutting problems in various
machining operations. Since there are not many work
exist in the literature about this subject and since this
type of system can mostly fulfil the requirements in me-
tal cutting industry, the work described here can be
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considered as a useful piece of work. In manufacturing
industry, especially in small or medium-volume machine
shops, incorrect cutting data are the main reason of the
problems. Tools were generally run at lower cutting data
to make them last longer for less frequent changes. This
then obviously meant poor utilization of the metal cut-
ting time. Since one of facilities that the system provide
is the evaluation of the cutting data, it will help the user
to choose the right speed, feed or the depth of cut for the
application. If the cutting data are correct and the metal
cutting problems are solved, the stoppages due to the
breakdowns will be shorten, good utilization of power
capacity will be achieved and the metal cutting time will
therefore be reduced. This means a great deal of reduc-
tion in production cost.

The system developed intends to educate the people
in metal cutting industry as well. The pictures and the
information about the problems help the users to recog-
nize and learn more about them. These pictures and the
information were congregated from various handbooks
and catalogues used in the industry.
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