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ABSTRACT /

Selecting cutting parameters for machining 1s a complex problem A fuzzy logic
based approach to setting these parameters 1s developed and implemented The
materials data used were for medium carbon leaded steel (BHN 125-425) and
freemachining carbon wrought steel (BHN 225-425) Three different depths of cut
(Imm, 4mm and 8mm) and four types of tools were used for the study, 1) High
Speed Steel Tool, 1) Carbide Tool-Coated, 111) Carbide Tool-Uncoated Brazed and
1v) Carbide Tool-Uncoated imdexable

The data used to evaluate the fuzzy model were taken from the Machinability Hand
Book [99] which contams the most appropriate values and ranges used for different

types of materials in the mdustrial environment

Two fuzzy models were developed for carrying out these calculations In fuzzy
model- 1, the fuzzy metnic arcs are overlapped at 50% and 1 fuzzy model- 2, the
fuzzymetric arcs are overlapped at 33%

Computer software was developed to implement the model and to predict the cutting
conditions for the two materials mentioned above The results based on the mitial
models were improved by tuning the models further The results were then 1n
excellent agreement with the machinability hand book The programme as 1t stands
1s applicable for Medium carbon leaded steel and Freemachining carbon wrought
steel only However, 1t could be extended to mcorporate different work matenals

and tool combinations once appropriate data 1s available
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CHAPTER 1 INTRODUCTION

Machinery has become indispensable to the modern world Today, machine tools
form the basis of our industry and are used directly or indirectly in the manufacture
of all the products of modemn civilisation Whatever metal 1s used in any-man-made
object, 1t must have reached 1its final stage through processing with machie tools

Even parts made from plastics require metal dies made with machine tools

The ongins of the machine tool industry can be traced to the early days of stone age,
when men first learned to make round holes 1n stones using their hands to rotate a
wooden stick pressing sand against the surface being worked upon The history of
bow driven turning lathes, for making wooden omaments, has been traced as far
back as 5000 B C In 1568, a lathe using a pedal and wooden spring and a tool rest
was 1n use for making things like plates, flasks, wind instruments etc In the
seventeenth centuryl, specialised turning shops producing only wooden dishware
were on the scene In the eighteenth century people used water power and horse
power for dniving lathes 1n the production of highly complicated articles such as
vases, tables, snuff boxes etc The cutting conditions were set by the individuals

based on years of experience

Machines were made by skilled craftsman over a number of years But the
requirements of mass production resulting from the industrial revolution made 1t
necessary to create machines in order to produce machines Consequently the
developments 1n machine tool technology became much faster The most rapid

growth of the machine tool industry and technology has occurred in the twentieth

century

The traditional machining operations include turning, boring, drilling, milling,
grinding etc  The principle used 1n all machine tools 1s one of generating the surface
required by providing suitable relative motions between the cutting tool and the

workpiece In machine tool operation two vital concemns of the manufacturing

' Juneja, B L and Sekhon, G S, “Fundamentals of Metal Cutting and Machine Tools”, John Wiley &
Sons, 1987



engineer are production costs and production rates In practice, a high production
rate would probably mean low production cost, but the manufacturing conditions
giving the maximum production rate 1s generally not 1dentical to those giving the
minimum cost of production

In general the production of a component will involve several machining operations
using a variety of machine tools Given the appropnate tool and cutting fluid, the
cutting conditions to be determined are the cutting speed, the feed rate and the depth
of cut In any operation, when either the cutting speed or feed rate are increased
while the other condition 1s held constant, the actual machining time will be reduced
and the tool-wear rate will increase Very low speeds and feeds will result in a high
production cost because of the cost of using the machine and operator for the long
machining time  Alternatively, very high speeds and feeds may also result in a high
production time because of the frequent need to change cutting tools, and cost may
be high because of the cost of frequent tool replacement How to minimise both the
production time and production cost 1s the manufacturing engineer’s biggest
problem However, experience gained over the years by the skilled operator has led
to certain empirical rules or guiding principles for choosing the optimum cutting

conditions for a given machining operation

Many researchers 1n this regard have suggested a machinability data system which
will provide information needed for the automatic selection of machining data The
purpose of the data system 1s to generate the recommended cutting speed, feed rate,
and depth of cut for different cutting tools Systematic collection and storage of
large quantities of data from laboratory and industry has resulted 1n the so called
“Machmability hand book” which provides recommended cutting speeds, feed rates,
and depths of cut for any specific cutting tool Data from industry are reliable 1n the
sense that 1t has been used successfully in practice = Workpiece materials are
grouped according to their material Brinell Hardness Number (BHN) Using the
machining hand book for choosing cutting conditions for material hardness that lies
at the mddle of the group 1s simple and straight forward But there exists a degree
of vagueness for the boundary cases, where two choices of cutting speeds are
applicable for one choice of material hardness In this situation, the skilled operator

decides the appropriate cutting speed based on years of experience However this



method of choosing data by the individual operator 1s not desirable, because 1t may
vary from operator to operator It is desirable to have an operator independent
system for consistent machining operation

The mam objectives of the present research are -

1 - Tonvestigate the application of fuzzy logic for machining data selection

2 - To develop fuzzy models for machining medium carbon leaded steel and free

machining carbon wrought steel

3 - To develop a computer system based on the principles of fuzzy logic for

automatic selection of machining parameters

The work programme of this project 1s outlined m the following diagram
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Chapter 2 1 gives a literature survey covering the general background to fuzzy logic
theory and discusses it 1n comparison to traditional set theory It also provides a
literature survey of the application of fuzzy logic in the following four mamn areas 1)
control systems, 1) robotic guidance, 1) industrial appliances, and 1v) medical

diagnosis

Chapter 2 2 gives a general discussion on machinability assessment and the factors
affecting machmability = The machinability parameters 1e surface roughness,
cutting speed, tool life and depths of cut generally investigated in the machmability
of a material are discussed Also, the different cutting tools and their application in

relation to turning of high and medium strength matenal are discussed

Chapter 3 presents a general discussion on fuzzy logic theory Traditional set
operations and fuzzy set operations are also presented The difference between crisp
sets and fuzzy sets and difference types of membership functions are also discussed
The fuzzy rules and the basts on which they are made and the procedure to establish
fuzzy relations are also 1llustrated The various steps needed to build a fuzzy control
system are presented The concept of fuzzy membership functions and how the

different functions affect the finer control of the system are also discussed

Chapter 4 presents an overall discussion on machinability of a material A bnef
discussion on the formation of different types of chips, cutting conditions, cutting
tool geometry, workpiece geometry, workpiece materials and tool matenal 1s
included The effect of machining parameters on surface finish and how the cutting

fluid acts as coolant as well as reducing tool wear are also discussed

Chapter 5 presents the development of two fuzzy models for selecting the cutting
conditions 1n machining operations The work matenals used for the theoretical
calculations are presented The cuttlr{g tool materials and tool geometry are also
described Membership functions that have been chosen for the machining operation
and the step by step development of the fuzzy relation between the material hardness
(BHN) and the cutting speed are described The results of the calculations obtained
for four types of tools at three different depths of cut using both fuzzy models are

also presented and discussed



Chapter 6 presents the fuzzy logic simulation program that has been developed for
selecting cutting conditions 1n machining operations A brief description about the
program and how to use 1t 1s also presented

Finally, conclusions and recommendations for further work are discussed in

Chapter 7



CHAPTER 2 LITERATURE SURVEY

2.1 Literature Survey of Fuzzy Logic
2.1.1 Introduction

Fuzzy set theory was developed in 1965 by Lotfi Zadeh [1] of the University of
California at Berkeley. Most of the traditional tools for formal modelling, reasoning
and computing are crisp, deterministic and precise in character. By crisp is meant
that attributes are of the ‘yes’ or ‘no’ rather than the ‘more’ or ‘less’ type. In
conventional logic, for instance, a statement can be true or false, but not in between.
An element is a member of a certain set or not. The binary logic used in traditional
set theory has proved very effective and successful in solving many well defined
problem, where descriptions of the process is being dealt with in quantitative form.
But real situations are very often not crisp and deterministic and cannot be described
precisely. Fuzzy set theory can be viewed as one approach to deal with these kind of
problems. L. Zadeh [1] introduced fuzzy sets as an extension to traditional set
theory and also developed the corresponding fuzzy logic to manipulate them. Lack
of crispness is an aspect of many real world properties, and fuzzy logic allows us to
define the linguistic terms to name these properties. Over the past few decades,
fuzzy logic technology has been successfully applied in many industrial control
applications, especially since dedicated fuzzy logic processors started becoming
available in the 1980’s. The framework provided by fuzzy sets is perhaps the most
natural and accurate currently available for dealing with non-crisp properties. Its
major advantage is that it allows the description of a system and its desired
performance in linguistic terms rather than in terms of relationships between precise
numerical values. Since about 1985 there has been a strong growth in its use for
dealing with problems of control, particularly in non-linear, ill-defined, time-varying
and complex situations. Various hardware products aimed at speeding up the
computations involved have appeared on the market. As a result, fuzzy logic based
control has boomed and has been applied in many areas, including subway
operations, automobile transmissions, object tracking, camcorder focusing, TV
colour tuning, washing machine automation, robot guidance, image processing,

character recognition and so on.



Application of fuzzy logic theory in the following four areas are described below.

Application of fuzzy logic in control system
Application of fuzzy logic in robotic guidance

Application of fuzzy logic in industrial appliances

Eal A

Application of fuzzy logic in medical diagnosis

2.1.2 Application of Fuzzy Logic in Control System.

More than 2 decades ago, Professor L. A. Zadeh [1] of the University of California
published the first paper on fuzzy set theory. In 1980, about a dozen years later,
Smith Corp. in Denmark produced a fuzzy controller for a cement Kiln.
Subsequently, many other developers in Japan and elsewhere constructed controllers
on an experimental basis, and now the concept enjoys widespread recognition for its
usefulness. Fuzzy logic is increasingly being incorporated in systems to provide

robust and effective control in a wide range of applications.

Sukvittayawong and Inasaki [2] have proposed a system for identifying chip form in
turning processes in an unmanned situation. Fuzzy set theory and neural networks
are applied to identify the chip form. The results of the interaction between
workpiece, tool and machine tool are continuously monitored so that any change in
the turning environment can be sensed in order to take corrective action. The system
also used acoustic emission signal analysis to identify the chip form during cutting.
In experiments the percentage of correct identification of chip form using both the

methods is always higher than 90%.

Lewis, [3] presented a paper in 1994 where he described the implementation of
fuzzy logic (FL) as a new technique based on microprocessor capabilities that
enables control devices to ‘think’ more like humans. This capability helps to
automate systems that previously required constant monitoring and intervention. He
also expressed the view that since FL uses English syntax programming, it reduces
the size of software programs and lets engineers develop control system in as little as

1/10 the time of conventional methods.



Wang and Birdwell, [4] have developed a new fuzzy - PID controller, which
merged PID control and fuzzy control in order to improve system performance
especially when uncertainty and complexity are involved The proposed model
provided a mechanism to achieve PID controller selftuning and encoded different
control strategies for use under different circumstances in fuzzy rulebases It has
been suggested that the dertved controller can always equal or better the
performance of any PID controller The new structure was implemented for several

plants and demonstrated significant improvements 1n system performance

Wang et al [5] have developed a fuzzy tracking system for rotation-invariant image
tracking A dual template strategy was proposed and only two parallel matched
filters and a simple fuzzy logic system were employed to construct the novel fuzzy
tracking system The experiments showed that the system can track the target more
accurately and rapidly and also less expensively than the conventional rotation-

mvariant methods

DeCorte et al [6] reported that Cybermotion Inc has proved that the 1dea of dual-use
technology worked with their secunity robot the SR2 Due to the decreasing
overhead and since increasing security 1s always beneficial for both government and
the commercial world, this has led to the development of an autonomous security
robot equipped with a fuzzy logic certainty system This robot with 1ts fuzzy logic
system can furnish a significant and cost-effective safety function

Dhawan, [7] et al have developed a expert-fuzzy system called COGSA (core
geometry selection aid), which 1s a combination of expert system and fuzzy logic
techniques for selecting optimum core geometry and core size for high frequency
power transformers COGSA aids the magnetic designer in the selection of a core
geometry, taking mto account various decision components such as power, cost,
heating and shielding i the form of IF-THEN statements Fuzzy rules were
mampulated by a forward chaining method and fuzzy logic was applied to consider
the uncertainty involved with the various factors. COGSA operates under the

Microsoft windows operating system, gathering inputs from the user and then



processes these mputs and displays the final output both numencally and 1n a

graphical form

Xiong and Holdtich, [8] carried out an investigation into the application of fuzzy
logic to o1l and gas well stimulation treatment design It has been concluded that
fuzzy logic theory can be used to build evaluators to help an engineer to select the

optimal stimulation

Gondo et al [9] have installed a paired crossed roll mill n no 1 Hot Strip Mill 1n
NKK Fukuyama works 1n Japan m order to control hot strip crown and flatness
effectively Mathematical models were developed using fuzzy logic and have been
applied to an on-line process control computer system They have reported that strip

crown can be controlled accurately with this new fuzzy control system

Wong et al [10] have incorporated a series of fuzzy logic based algonthms for
recogmtion and classification of the defects on high mtegnity casting surfaces
Fuzzy logic memberships were generated for the detection of defects found on
casting surfaces Simulated model shapes of quench cracks and mechamcal cracks
were used to test the generated algorithm Results for recogmtion and classification

were very encouraging and they obtained very good results

2.1.3 Application of fuzzy logic in Robotics Guidance.

The Application of fuzzy logic to robotics was first conducted by Uragamu et al [11]
mn 1976 The robot controls were based on fuzzy programs The fuzzy program
[11] were defined as an ordered sequence of fuzzy mstructions In the fuzzy
program, fuzzy instructions are translated into machine instructions by the use of

max-method and back-tracking

Similar work on robots was also reported by Goguan [12] Fuzzy linguistic hints

were used to aid a robot running through a maze

In 1985 a robot with a knowledge base of movement was studied by Hirota et al
[13] The knowledge base 1s mainly composed of control rules in terms of

probabilistic sets 1n extended fuzzy expressions The ambiguous instructions 1n

10



terms of membership and vagueness are given to the robot and then the robot 1s able

to recognise these instructions and select an appropriate movement

Also 1n 1985, Scharf et al, [14] presented a fuzzy self organising controller (SOC)
for a robot am The SOC consists of the rule base, the performance matrix, rule
reinforcement and the history buffer Experiment shows that the performance of the
SOC 1s superior to a conventional PID controller Further work on the SOC based
on fuzzy logic was carried out by Tanschett and Scharf {15] In the improved SOC,
the mput signals, which are mapped to one of 13 discrete levels, are processed by
using the rule-based control algorithm The output signals, 1 a inguistic form, are

mapped to a real value

In 1991 Kouatle and Jones [16] developed a fuzzy controller for a robot welding
system The objective was to control the speed of the robot arm to carry out the
welding process 1n the same manner as the human welding operator A scale for
partitioming the umverse of discourse was determined by using the expert’s
knowledge The fuzzy reasoning was based on a compositional rule of inference
The speed of the robot arm controlled by the fuzzy logic controller vanes with the

cavity size of the workpiece being welded

Sandis [17-19] has used a fuzzy logic based controller to construct lingustic
decision modules for intelligent robots The intelligent fuzzy logic controllers
proposed by Ray et al [20] have potential impact on future intelligent robots As
suggested in [20], under normal operating conditions the controller will receive
information from regular observations of plant data and select a suitable control
strategy using the compositional rule of inference Under abnormal conditions,
normal control actions are modified using a knowledge based decision theoretic

scheme
Chen and Tsao [21] have carried out the global analysis of fuzzy dynamical systems

By using this method, approximate prediction of the behaviour of a fuzzy logic

controller can be achieved

11



The first fuzzy logic chip was designed by Toga1 and Watanabe [22] in 1985 These
fuzzy logic chips and computers [22-25] have been developed to speed up the fuzzy
inference processing The inference mechanism embedded 1n the VLSI chip 1s the
max-min logic operation A fuzzy logic accelerator (FLA) and fuzzy processor
based on this chip are also available now (26,27) _
In 1986, Yamakawa and Miki [23] developed basic fuzzy logic functions using the

standard CMOS process 1n current-mode circuit system

In 1990 Lim and Takefuy1 [25] pointed out that incorporating reasoning systems 1n
hardware 1s significant because expert system have to take a decision 1n real-time
Reasoning system hardware for a fuzzy processor system requires developing two
stages defimng the fuzzy reasoming algorithm and designing special-purpose

hardware

These fuzzy chips and computers will speed up the application of fuzzy logic

controllers to intelligent robot systems

2.1.4 Fuzzy Logic in Industrial Applications

In 1992 Quail and Adnan [28] have provided an excellent review of the wealth of
mndustrial product and consumer appliances that are bringing fuzzy logic application
to the market place In thewr paper they presented the state-of-art m apphance
technology usmg fuzzy set theory It has been suggested that in the house of the
future, fuzzy logic will be commonly used n household apphiances which will
automatically adjust to room factors such as the number of people present,
temperature and light levels or even the cleanliness of the floor and 1n some cases,
the appliances will even operate themselves They commented that fuzzy logic has
helped bring these dreams to the achievable present It appears that this theory has
entered many aspects of Japanese life and even some areas in the US such as
automotive {29, 30, 31, 32, 33] air and spacecraft [40] and even the stock exchange
[31, 32, 34] The concept of the fuzzy-controlled future home has already appeared

in Japanese trade shows and households Numierous appliance applications use

12



fuzzy logic to achieve design goals First goal 1s that the appliance be simple to
operate The second i1s that the appliance have a short development time The third
1s that the apphance be cost effective compared to 1ts standard logic counterpart and
finally the design should be dynamic, with the ability to adjust to new mnputs and
different users —

Dr Zadeh could not have foreseen the electronic revolution that his obscure fuzzy
set theory has produced However, soon he predicts fuzzy logic will be part of every
appliance “We’ll see appliances rated not on horse power but on 1Q” [35] In
Japan, the revolution has been so strong that “fuzzy” has become a household word
[36] The Japanese use the term positively to denote intelligence Almost all
electronic products are based on fuzzy technology [37] “In Japan, electronics
goods with fuzzy logic are already so popular that it seems to me that those that do

not offer fuzzy applications within a few years will not be able to survive” [38]

The growing trend 1s to streamline housework and to use the available time more
effectively Apphances with fuzzy logic controllers provide the consumer with
optimum settings that more closely approximate human perceptions and reactions
than standard control systems Products with fuzzy logic monitor user-dictated
settings then automatically set the equipment to function at the user’s generally
preferred level for a given task [39] The technology 1s well suited to making
adjustments mn temperature, speed and other control conditions found 1n a wide

variety of consumer products [38]
The following paragraphs discuss fuzzy logic as applied to various apphances

Washing Machine and Dryer

In 1991, 1n a journal of Electronics Industry, was’ described a basic neuro-fuzzy
washing machine which uses sensors for water temperature and fabric type, then
automatically selects one of 250 modes These washing modes optimise water

temperature, water level, washing and cycle time and spin-drying time [38, 41, 42]

13



The Sharp Domestic Appliance Manufacturer took a different step to make a
variation on the basic machine that shoots bubbles 1nto the wash to completely
dissolve detergent The effictency of this machine 1s increased by 20% over non-
fuzzy machines, as claimed in a Japanese consumer electronics report in 1991 [43]

Some models go a step further These models are equipped with two optical sensors
that can sense the quality and quantity of dirt in the wash [44, 45] The pair of
sensors determine the degree of soiling from the wash waters turbidity and also
whether the stain was caused by o1l or mud They also discriminate between liquid
or powder detergents and meter the amount of detergent required [46] The fuzzy
controller analyses the accumulated data and then selects the most efficient cleaning

method from approximately 600 possible choices [45, 47]

The companion dryer uses three heat sensors that monitor load size, fabric type and
hot-air flow The fuzzy controller determines the optimum drying time, shutting

itself off when the contents are dry [46, 48], thus saving on time and energy costs

Vacuum Cleaner

Mitsusada has described 1n the Japanese Economic Journal in 1996 [42] that the
basic fuzzy logic vacuum cleaner uses a single sensor to judge the amount of dust
and the floor type By momtoring the change n dust, the controller decides whether
the floor 1s bare, where the dust comes up at once, or thick-pile carpeting, where the
dust 1s gradually released Based on that data, the fuzzy controller correlates the best
suction power and beater-bar speed for each specific job For example when a hard

floor 1s detected the motor and beater-bar are slowed because not much suction 1s

needed [49]

In addition to analysing the floor type and amount of dust, the neuro-fuzzy version
also analyses the type of dirt This information 1s used to adjust both the suction
power and brush rotation speed for a 45% increase 1n cleaming speed [48] The
efficiency and power savings in these cleaners 1s greatly increased over conventional
vacuums Another variation of the basic fuzzy model is the Toshiba vacuum which

advertises power steering along with all of 1ts fuzzy features [35]

14



Microwave Oven

According to Remich and Norman [46] the basic fuzzy-logic microwave oven uses
three sensors 1nfrared, humdity and ambient temperature The sensors monitor the
temperature of the food and oven cavity as well as the amount of steam emanating
from the food [46] Based on this information, the fuzzy controller performs
calculation on the type, size and weight of the food, whether 1t 1s frozen or thawed,
whether the oven had been used immediately beforehand and the degree of
“aloneness” The system results 1n the most efficient cooking time and usage of
cooking condition such as roasting or hot-air-blower [46, 50] All of the
microwaves advertise one touch operation and use fuzzy logic to simulate a cook’s

best judgement [50]

Refrigerator

Fuzzy logic has been used in Kenmore’s premier model to determine the most
efficient time to defrost as described by Rogers and Hoshai in 1992 [35] But Sharp
has taken this application of fuzzy logic much further This model uses a neuro-
fuzgy logic control system that learns the consumer’s usage patterns for optimum

operation [51]

The Sharp refrigerator memorises the time and frequency of freezer door and drawer
openings When the usage pattern 1s learned for each compartment, the fuzzy
control system automatically begins a cooling cycle before heavy traffic periods

This feature mmimises temperature fluctuations n the compartments [51]

Based on the memorised information, the unit also chooses the most appropnate
time of day to defrost [52] An additional feature tells the unit not to make 1ce at
night which may disturb light sleepers The consumer pushes a button on the umit
before going to sleep 1n the mght and the system memorises this time and repeat this

pattern every might [51]

15



Air Conditioner

The application of fuzzy logic to air conditioners was first conducted by Mitsubishi
heavy industries in October 1989 The system uses 50 fuzzy rules, max-product
mferencing and centroid defuzzification methods A thermistor was used to detect
room temperature and to control the inverter, compressor value, fan motor and heat
exchanger The results from both the simulation and production showed (compared
to the standard system) a 20% reduction m heating and cooling times, a two-fold
increase 1n temperature stability and an overall power saving of 76% for the

simulation and 24% 1n production

Newer models have sensors that evaluates the shape/size of a room and the
mside/outside temperature and humidity levels By using an infrared sensor, the unit
also determines the number of people present and cools the room accordingly [35]
These inputs are used by the fuzzy controller to balance the room temperature with

the power needs of the house resulting i the greatest possible efficiency [36, 42]

Dishwasher

In 1990 Reid [36] has apphed fuzzy logic to dishwasher control This fuzzy
apphiance detects the number of dishes loaded and the amount and type of food
attached on the plates The fuzzy controller efficiently vanes the soap, water and

cycle time based on these data

Rice Cooker

In 1990 the application of fuzzy logic to a nice cooker was conducted by Johnson,
[53] Ths rice cooker uses three sensors to monitor the steam temperature and the
volume of rice A similar work on a rice cooker was also reported by Remuch, et al
m 1991 [46] and 1992 [48] Once a minute, the sensors are checked and the
remaimng cooking time 1s calculated The unit has four pre-programmed settings
for different types of nice such as white, porridge, glutinous (sticky) and mixed

variety

16



Toaster

The application of fuzzy logic to a toaster was also conducted by Reid [36] in 1990.
This particular toaster with fuzzy logic inside was termed “smart”. The toaster
adjusts the heat and toasting time depending on the type of bread it senses in the

toaster. The user’s preferences are also learned and memorised.

2.1.5 Application Of Fuzzy Logic In Medical Diagnosis

Weinberg and Breggear [1991] [54] have applied a fuzzy set data base search
methodology for the modelling of adverse animal reaction in drug research. The
model utilises a mathematical fuzzy set algorithm to identify links between the
molecular structure ofa new compound and regressively related molecular structures
of compounds with known adverse animal reactions. Initial predictive trials have
shown a reliability in excess of 95% and it has been concluded that fuzzy set
algorithms and the regression approach represent a highly promising and
immediately applicable alternative to live animal research in pre-investigatory new

drug (pre-IND) pharmaceutical development settings.

Meier et al, 1992 [55] have used a fuzzy logic controller to control mean arterial
pressure (MAP) which was taken as a measure of the depth of anaesthesia. The
main reason for automating the control of depth of anaesthesia is to release the
anaesthetist so that he or she can devote attention to other tasks as well - such as
controlling fluid balance, ventilation and drug application - that cannot yet be
adequately automated and thus to increase the patient’s safety. The model used a
rule-based controller and the design process was interactive with the membership

functions as well as the linguistic rules determined by trial and error.

Tsutsui, and Arita, [56] have constructed a closed-loop blood pressure control
system using fuzzy logic during enflurane anaesthesia. Four fuzzy rules were
constructed, based on published anaesthetic values to determine the relationship
between the changes of input variables and output values. Anaesthetic control
started with the first map and was maintained with the succeeding maps. It has been
claimed that during anaesthesia, the systolic blood pressure (SBP) remained within

plus or minus 20% of the preanesthetic SBPs in 82% of the fuzzy control cases and
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within 83% during manual control The difference was not sigmficant The
anaesthetist’s management of the administration of the inhaled anaesthetic enflurane

was 1mitated by fuzzy logic control of the blood pressure

2.2 Literature Survey Of Machinability. \ -

2.2.1 Introduction.
A good amount of work regarding the machining of high to mild strength matenals
has been reported so far The following review 1s based on the turning of mild and

high strength material

The following review 1s m relation to the surface finish, tool life, and cutting speed

obtained during turning of mild and high strength materials

2.2.2 Machinability Assessment 4
Shaw and Nakyama [57] have discussed in great details the important aspects
mvolved m machining various materials In summary, they suggest that for
machiming high strength matenials, the tool should be refractory to avoid plastic
flow, have high wear resistant to avoid wear and have good bnttle fracture resistance

to avoid chipping i

Taraman [58] has developed some mathematical models for cutting force, surface
finish and tool life 1n terms of cutting speed, feed and depth of cut The tests were
carried out under dry conditions and he developed the following equations based on

the experimental results

Fc 56ov-0 16 f 0775 d 0 665
T —_ 24949 V-l 406 f-OldBd 0177
R — 4626 V -0 363 f 11371 do 1835

Where Fc is cutting force (N) V is cutting speed (m/min)
T is tool hfe (Hours) fis feed rate (mm/rev)

R is surface roughness d is depth of cut (mm)
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From these equations 1t has been concluded that a reduction 1n all the mvestigated
outputs (cutting force, surface roughness and tool life) 1s achieved with icrease in
the cutting speed But if the feed increases, the surface roughness and cutting force
increases while the tool life 1s reduced An increase 1n the depth of cut reduces tool
life and causes an increase 1n surface roughness and cutting force It has also been
noted that feed effect 1s dominant on surface roughness and the tool life 1s affected

most by cutting speed, less affected by feed rate and least affected by depth of cut

Chang and Fuh [59] have studied the cutting performance in turning plamn carbon
steel using three kinds of tools 1 ¢ TiN-coated, TICN-coated and uncoated cemented
carbide tools with chamfered mam cutting edge (CMCE) They have also used pure
alummium to study the mechamsm of secondary chip formation A special tool
holder and 1ts geometry was designed for carrying out this study In the overall
performance, the coated CMCE tools were better than the uncoated CMCE In
regard to the cutting force, the surface roughness of the work piece and the
temperature of the tip surface, the levels of coated CMCE tools were all smaller than
for the uncoated ones The cutting force for the TiICN-coated CMCE tools was
smaller than that of the tin-coated ones From the surface roughness of the work
piece, the tm-coated CMCE tools showed better results From the colour of the mam
chip and the hardness of the secondary chip, the temperature of the secondary chip
was determined to be higher than that of the mam chip

Research was conducted by Lin et al [60] to study the machinability of a silicon
carbide reinforced aluminium metal matrix composite Continuous turning of round
composite bars using tools with 25mm polycrystalline diamond (PCD) inserts was
selected as the test method Various cutting speeds and feed rates were selected for
the test while depth of cut were kept constant The performance of the tools was
based on development of 0 25mm maximum flank wear, which were monitored by
optical and scanning electron microscopy They have found out from their test
results that the time required to reach the tool wear limit decreased with the
increases of speed and feed However, the volume of material removed before

reaching the wear limit actually increases with the higher feed rate
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Wilson and El-Baradie [61] carried out a number of turning tests on Vitallium, a
cobalt base alloy, to investigate cutting forces, tool wear and surface finish using
carbide and cubic boron nitride (CBN) inserts having three different rake angles.
The test result showed a very high cutting forces up to 1000 N at a feed rate of
0.08mm/rev and a depth of cut 0.25mm. Smallest cutting forces resulted from using
the cutting tool with a positive rake angle. The wear of carbide tool with negative
rake angle and low cutting speed (<20m/min) was a combination of adhesive,
abrasive and diffusive wear. With CBN inserts, flank wear curves did not show the
three distinctive zones (initial rapid wear, steady wear, and final abrupt wear). They
noticed when the cutting speed was in excess of 30 m/min, the surface finish
produced by the carbide tool was improved. The surface finish using CBN tools was

extremely good.

Huet and Kramer [62] and Wright and Chow [63] have conducted some researches
to find the relationship between the cutting speed and temperature of the cutting
edge during machining of nickel alloys such as inconel 718 and nimonic 75. Their
test result showed that at low speeds, the rate of increases of temperature of the
cutting edge was very high and as the speed increased, this gradient was found to

decrease.

Albrao et al [64] presented tool life data for various grades of conventional ceramic
and PCBN cutting tool materials when turning hardened AISI HI13 hot work die
steel - (52 HRC) and hardened AISI E52100 bearing steel (62 HRC). They also
evaluated in details some aspects of surface integrity following roughing and
finishing operations. Their test include 3D mapping of surface texture and analysis
of microstructure and microhardness variation. These test results indicated that
when maching the hot work die steel and finishing the bearing steel low

concentration PCBN and mixed alumina tooling provided the longest tool lives.
Dam et al [65] carried out a general survey of the processes that govern the

ultrasonic maching of ceramics. The experiments were carried out by drilling holes

in seven different ceramics and the aspects considered were production rate, tool
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wear, precision and surface quality. In their investigation they found that tough
materials gave a low production rate, a high tool wear and a low surface roughness.
For brittle materials the relationships were reversed - that was high production rate,
low tool wear and high surface roughness. However they came to a conclusion that
there were important quantitative differences in the machined surfaces. Generally
tough materials gave material removed based on plasticity, and there seemed to be a
greater tendency for dense and non-porous materials to produce surfaces with

texture.

Komanduri and Schroeder [66] have produced machining conditions between the
cutting speed and the chips formed from their maching test of high strength material
(400 BHN). At lower speed (< 30 m/min), the chips were continuous and coiled
while shear localization of the chip began at speed between 30 to 90 m/min and the
segments were joined together in long coils. Isolated segments of chips were formed

when the cutting speed was above 150m/min.

Sadat [67] conducted some experiments using natural and controlled contact length
at various cutting speeds under dry and lubricated conditions to machine high
strength material such as inconel 718 (38 RC) to examine the surface characteristics.
He selected a constant feed rate (0.01 mm/rev) and four levels of cutting speed (6.6,
18, 36 and 60 m/min) for these tests. For a given cutting speed, both the tangential
and feed forces were lower under controlled contact length of 0.15mm as compared
to 0.39mm contact length. These tool forces decreased with an increase in cutting
speed. The effect of lubrications on the tool forces was negligible at high speed

cutting and the forces decreased with the increase of cutting speed.

Investigation was carried out by Dontamsetti and Fischer [68] to find out the factors
affecting surface roughness in finish turning of grey cast iron (195 BHN). They
used uncoated tungsten carbide inserts. Four levels of cutting speed and feed rate,
two levels of nose radius and three levels of tool were used as independent variables.
The cutting speed, feed and nose radius had significant affect on surface roughness.
Interactions between tool wear and each of the other three variables were also highly

significant.

21



Lim [69] has investigated the wear on the tool for an effective unmanned machine-
turning system. He suggested that changes in the tool wear can be detected in the
vibration signatures during the machine turning operation. It was found that at
various cutting speeds, the vibration amplitudes consistently produceJwo peaks
throughout the life of the tool and also there was a strong correlation between the
tool flank wear and the acceleration amplitude. He suggested that this signal can be
incorporated in a software program for an on-line monitoring system to indicate the
onset of tool failure thus assessing the life of the cutting tool and also improving

cutting performance.

Mital and Mehta [70] conducted an experiment to collect surface finish data for a
wide variety of metals and alloys (aluminium alloys 390 (71.5 BHN), ductile cast
iron (183 BHN), medium carbon leaded steel 10L45 (197 BHN), medium carbon
alloy steel 4130 (195 BHN) and inconel 718 (340 BHN) for a wide range of
machining conditions. They used a randomised complete block factorial design with
four levels of feed rates (0.0508, 0.127, 0.2032 and 0.3048 mm/rev) and three nose
radii (0.794, 1.190 and 1.587mm). Three levels of cutting speeds (243.8, 304.8 and
365.7 m/min) and (167.6, 213.4 and 259.1 m/min) were used for machining tests of
medium carbon leaded steel 10L45 and medium carbon alloy steel 4130
respectively. In case of medium carbon leaded steel 10L45 the surface finish
improved significantly with tool nose radius (p > 0.01), but deteriorated with feed
(effect significant at less than 1% level). The effect of speed was mixed and the
surface finish improved as the cutting speed increased to 304.8 m/min. In case of
medium carbon alloy steel 4130 the results were similar to those obtained for
medium carbon leaded steel 10L45. The results of their study indicated that the
machining conditions for different metals significantly influenced their surface
finish. The effect of feed was found to be more profound than either the effect of
cutting tool nose radius or the effect of cutting speed. They suggested that it helps to
employ a cutting tool with larger nose radius - because the surface finish improved
with the tool nose radius. In their investigation the negative and positive
correlation’s between speed and surface finish for different metals indicated that the

generalisation that higher speeds always lead to superior finish is invalid while
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surface finish may improve with speed for some materials, it may deteriorate for
others. Similar conclusions were drawn by Karmaker 1970 [71] for medium carbon
steel, using ceramic tools and Chandiramani and Cook 1964 [72] for leaded and

resulphurized steels, using carbide tools.

Yaguchi [73] carried out a set of experiments to measure the cutting forces and to
observe chip morphology in hot and cold drawn bars of AISI 12L14 steel. The
cutting force of cold drawn bars was found to be significantly lower than that of hot

rolled bars, whereas only slight difference were detected in chip thickness.

Ohtani and Yokogawa [74] have investigated the wear mechanism of the cubic
boron nitride (CBN), ceramic and carbide tools and cutting forces encountered
when turning tool steel having several levels of hardness ranging from 18R,. - 601",
A constant depth of cut 0.2mm and feed rate of 0.1 mm/rev and three levels of
cutting speeds (100, 150 and 200 m/min) were used under dry condition. They
found that the life span of carbide tools decreased as the hardness of the workpiece
increased, while the life span of CBN and ceramic tools showed the opposite results.
They also found the tool failure for CBN and ceramic was abrasion wear by hard
alloy carbide particles contained in the workpiece. The increasing rates of cutting
force components against flank wear were slower for carbide tools than for the other
tool. They concluded that the stress distributed on the worn flank face was lower in

carbide tools.

Akhtar et al [75] tested the machinability of 14 casts of low carbon free machining
steel by the study of the wear of M2 high speed steel tools and tests were carried out
according to the International Standards Organisation testing procedures. The
curves of the tool wear showed that the flank wear land width decreases with
increase in cutting speed or flank wear rate. They proposed a short-time test based
on tool wear which can be extrapolated either numerically or graphically to give the

time of failure of the tool.

Enomoto et al [76] carried out a set of experiments to test the effect of work material

hardness on the cutting tool life. They used cubic boron nitride (CBN) and carbide

23



tools 1n the turming of chromium-molybdenum steels The CBN tool gave the
shortest tool life when the hardness was low On the contrary the carbide tool

exhibited shorter tool life with increase in work matenial hardness

Bandyopadhyay and Teo [77] developed surface roughness prediction_models for
high speed dry turning using coated carbide inserts They evaluated the effects of
cutting speed, feed and depth of cut on the surface fimish based on the factorial
design-of experiments Five levels of speed (200, 285, 400, 560 and 800 m/min),
feed (0 0584, 00737, 0094, 0 1168 and 0 1480 mm/rev) and depth of cut (0 344,
050, 071, 10 and 1454 mm) were used in the experiments The workpiece
material was SAE 1020, 250mm long and 155mm 1n diameter They came to a
conclusion that the predicted roughness was significantly affected by the feed rate
Cutting speed and depth of cut had a minor effect The experiments showed that

surface finish improved with the mcrease of cutting speed

El-Baradie [78] developed a surface roughness prediction model using carbide
mserts under dry conditions for turning grey cast iron (154 BHN) The model was
based on cutting speed, feed rate, tool nose radius and a constant depth of cut His
model showed that an increase 1n either the cutting speed or the tool nose radius
decrease the surface roughness, while an mcrease m the feed increases the surface

roughness
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CHAPTER 3 FUZZY LOGIC THEORY

3.1 Introduction

Fuzzy logic theory was developed in 1965 by Loft1 Zadeh [1], a professor of the
University of California at Berkeley Traditional set theory models the world as true
or false An element 1s a member of a certain group or not Zadeh extended this
theory so that an element can be a member of a particular set with a certain degree of
truth, ranging from O to 1 Zero represents false and 1 represents absolute truth The
dual logic used in traditional set theory has been proven very effective and
successful 1n solving many well defined problems, which are characterised by
precise descriptions of the process being dealt with in quantitative form However
there are many situations where the traditional set theory may prove inadequate, in
that, problems exist which are complex and 1ill-structural 1n nature and do not lend
themselves to such quantification These types of problems are usually left for
human beings to deal with One 1s no longer dealing with clear-cut concepts like yes
or no, but with vague concepts such as more or less true From such reahisations,
fuzzy set theory emerged Therefore fuzzy set theory can be viewed as one approach

for dealing with these problems

Zadeh mtroduced the theory of fuzzy sets as an extension to traditional set theory,
along with the fuzzy logic to manipulate the fuzzy sets The beauty of fuzzy logic 1s

that 1t allows an element to have a degree of membership 1n the set other than 0 or 1

As an example of fuzzy logic, consider classifying people using their height In
traditional set theory, classes are built with height boundaries such as the ‘short’ set
runs from 4 feet to 5 feet as shown 1n Fig 3 1, but the problem 1s that for someone
whose height 1s just over 4 feet, 4 001 say, 1s classified 1n a totally different way to
someone just under 4 feet, 3 999 say, although they are almost identical The

classification 1s discontinuous
In this situation fuzzy logic theory helps to solve the problem by allowing classes

with ‘soft’ boundaries For example lets take the case of Lucy who 1s 5 feet 6 inches

in height Lucy could be said to belong to the medium tall class and tall class A

25



level of membership will be associated with Lucy from both classes She will
belong to the class medium tall with a degree of membership of 0 8 and also she
belongs to the class tall with a degree of membership of 0 3 as shown 1 Fig 32
That means she 1s considered to be more medium tall than tall while accepting her to

be considered tall to a certain extent

—a—

very | short |medium| tall very
short tall tall

4 5 6 7 'Helght m feet

Fig. 3.1 Traditional point of view

yery medium

height m feet

Lucy
Fig. 3.2 Fuzzy point of view

A membership function defines the grade of membership 1n a fuzzy set for all the
possible members and 1s usually expressed as a mathematical function or a set of
discrete digital numbers Fuzzy logic theory permits human observations, expertise
knowledge and expressions to be more closely modelled Since its introduction,
fuzzy logic theory has attracted the attention of many researches mn mathematical
and engineering fields Fuzzy set theory has been successfully established as an
alternative approach to reasoning under uncertainty. Fuzzy logic has been applied in

many areas, mcluding process control, expert systems, pattern recogmtion and

linguistics
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many areas, including process control, expert systems, pattern recognition and

linguistics

3.2 Crisps Sets and Fuzzy Sets
An ordmnary ‘crisp’ set 1s defined by identifying those 1tems which 1t contains for a

given umverse of discourse Each item or element i the universe either belongs to
the set or not The function X, of A gives each element of the umverse a
membership value of either 1 or 0 The value 1 1s assigned to each item in the
umverse when the item has the property value ‘true’ or 0 when the item has the
property value “false” Usually 1t 1s expressed by the notation A = { x * P(x) }
where P 1s the property and P(x) = ‘true’ if and only 1f X, (x) =1 The mtroduction
of the fuzzy sets are based on the 1dea of extending the range of the function so that

it covers the real interval [0,1]

The membership value assigned to an item 1n the universe 1s no longer confined to
just two possibilities, but 1t can be 1, 0 and any value 1n between, such as 5, 2, 8
etc The membership property associated with a fuzzy set thus gives a wider band of
truth values than just ‘true’ or ‘false’ Fuzzy logic thus poses as multivalued logic
which 1s different from traditional two valued logic Real life 1s full of complex
situations where things do not fit well into a ‘crisp’ framework for example a
medical treatment may depend on the patient’s age whether the patient 1s ‘young’,

‘middle-aged’ or ‘old” The classification of the age can be done as follows

Youth age < 35 years
Middle age 35 < age < 55 years
Old age age > 55 years

The application of the ‘cnisp’ approach to define the term middle-age does violence
to the underlying concept because 1t 1s inherently discontinuous and classifying ages
of 54 and 55 as being quite different Therefore it 1s not a good fit for a continuous

process such as ageing
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age’ than the crisp set as shown m Fig 34 If a crisp approach were used then a
guideline 1s needed for explaining how to deal with the cases near the group

boundaries

bFuzzy sets corresponding to ‘youth and ‘old age’ can also be defined 1n the same
way as shown m Fig 3 5 The overlapping of sets simply reflect the fact that an age
60 can be a member of both groups such as ‘middle-age’ and ‘old age’ There are no
sudden changes 1n age group As age increases, membership 1n ‘youth’ gradually
decreases to 0, instead of suddenly changing from 1 to 0 Soft boundaries of the
age-group ranges over a much more limited set of values Each age group ‘youth’,
‘middle-age’ and ‘old age’ 1s regarded as a fuzzy set and has a corresponding

lingwistic value Two different vanables are related to age
1 Age-n-years ------- A numerical variable

with mteger numerical values
11 Age-group --------- A lingwistic variable

taking the linguistic values
‘youth’, ‘middle-age’ and ‘old age’
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3.3 Membership functions
Membership for fuzzy sets can be defined two ways: numencal and functional. A

numerical definition expresses the degree of membership function of a fuzzy set as a
vector of numbers whose dimension depends on the level of discretisation. A
functional deﬁnition‘ defines the membership function of a fuzzy set in an analytic
expression which allows the membership grade for each element_jn the defined
universe of discourse to be calculated. There are certain standard shapes of
membership functions commonly used for fuzzy sets which are based on the
umverse U of real numbers. Depending on the application, a membership function
can be defined 1n different forms such as a) S-Function, b) n-Function, ¢) triangular

form, d) trapezoid form and e) exponential form.

The S-Function is defined as follows:

0 foru<a

S(u; 3, b, c) = 2 f(u-a)/ (c-a)* forazu<b G-1)
1-2 [(u-c)/ (c-a)}> forbsusc
1 foru>c

Function in this type have an ‘S’ shape whose precise appearance is determined by

the value of the parameters a, b, c as illustrated in Fig 3.6.

U

S —Membership function
1.0

T

Fig. 3.6 _The S-function
The S-Function is flat at a value of 0 foru<aand at 1 foruzc. In betweenaand e

that S - function 15 a quadratic function of u. The crossover point of 0.5 occurs at b

=(a+c)/2.
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The 7t - function 1s defined as follows.

S (u, c-b, c-b/2,c) foru<c

n(u;b, c) = { (3-2)

1-S (u; ¢, ct+b/2, ctb) foruzc

Functions in this family are roughly bell-shaped, with the sides of<the bell being
generated from S-Functions. Functions of this type can be useful alternative to
triangular - functions, as they give a membership value which approaches 0 in a

more gradual manner as shown in Fig 3.7.

B
T —Membership function
1.0
!
0.5 b
] i
0 [ ] o U
c-b c¢c-bR2 ¢ c+bf2 c+b

Fig. 3.7 The = - function

The b parameter is now the bandwidth at the crossover point. The n-function goes

to 0 at the points u=c £ b, while the crossover points are atu = c + b/2.

The Triangular function is defined as follows:

0 foru<a

T(u;a,b,c)= {(u-a) f (b-2) forasu<b (3-3)
(c-u)/ (c-b) forb<usc
0 foru>c

Functions 1n this family have a triangular shape whose precise appearance 1s

determined by the choice of parameters a, b, ¢ as shown in Fig 3.8.
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T - Membership function
1.0

0.5

0.0
a b C
Fig. 3.8 The T- function

This function is commonly used in modelling properties that have non-zero
membership for only a narrow range of values, with membership going to 0 for both

large and small u.

3.4 Fuzzy Rule

The knowledge extracted from the operator may be organised in a logical control
rules format which describes the behaviour of the skilled operator. A fuzzy
algorithm can then be based upon observation and discussion with the operator. The

rule base is generally constructed in the form of fuzzy conditional statements:

IF (a set of conditions are satisfied)

THEN (a set of consequences can be inferred)

For example in a metal welding operation the following four rules can be employed

for the fuzzy controller as shown in Table 3.1.
Table 3.1 Fuzzy Rules for Welding Operation
Rule 11: IF Cavity size is tiny THEN speed is Fast
Rule 12: IF Cavity size is small THEN speed is Regular
Rule 13: IF Cavity size is medium THEN speed is Slow
Rule 14: IF Cavity size is large THEN speed is Minimum
These rules are in the form of an expert system using fuzzy expressions such as

Large, Fast, etc., which allows the machine to imitate the skills of the welding

32



operator The 1nput to the system 1s the cavity size and the output 1s the movement
(speed) of the hand

3.5 Fuzzy Partition of Input/Output Universe

The fuzzy sets defined for input vanables 1n the antecedent of a fuzzy control rule
form a fuzzy mput space with respect to the input universe of discourse while those
n the consequent of a fuzzy control rule form a fuzzy output space A fuzzy
partition determines how many fuzzy sets should be defined for each vanable along
its universe of discourse The number of fuzzy sets m a fuzzy input space imposes
restrictions on the maximum number of fuzzy control rules that can be constructed
But 1t should be taken into consideration that the fuzzy partition of the fuzzy
mput/output space 1s not determimistic and has no unique solution A trial procedure
1s usually needed to find a optimal partittion The mmput umverse should be
partitioned according to the mimmum and ‘maximum values allowed to control the
system For example, the input universe of cavity size might be split into 9 unats,
because € g the maximum value allowed to control the process 1s approximately
three times the diameter of the electrode which 1s usually 3 mm The output
universe (speed) 1s sphit into 15 units according to the range of speed required, which
1s between 20 and 35 cm/mm  Any value above this range assumed to be infinity

and a zero value 1s assumed to be the mmmum Example partitioning of mput

cavity size and output speed 1s shown below in Fig 3 9

'

1 tiny small medium large
051 - - 2 R b '

0 3 6 g

cavity size

9
a) Cavity Size Membership
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bl Speed Membership

Fig 3.9 Membership Functions

3.6 Fuzzv Set Operation.

The use of fuzzy set operation provides a basis for the systematic manipulation of
vague and imprecise concepts. The fuzzy set operations are performed through
manipulating the membership functions involved. Some basic fuzzy set operations

are summarised below.

Let A and B be two fuzzy sets based on the same universe with membership
function p.A and jin respectively. Then the following fuzzy set operations can be

defined.

EQUALITY: Two fuzzy sets A and B are equal if they are defined on the same
universe and the membership function is the same for both, that is

[iA(u) = jaB(u) forallueU (3-4)

Union : The union oftwo fuzzy sets A and B with membership functions |x\(u) and
b (u) is the fuzzy set whose membership function n(AUB) (u) is given by

Haub (U) = MAX {nAu), n,,(u)}forallu8u (3-5)

Fig 3.10 Union Operation
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Intersection

The Intersection of two fuzzy sets A and B 1s the fuzzy set whose
membership function 1s given by

ang (8) =mm { 1, (), p(v) } forallue U (3-6)

11

| B
1.0
/A !N
0 — U
AnB

Fig 3.11 Intersection Operation

Cofnplement

The complement of a fuzzy set A with membership function p,(u) is defined as the

fuzzy set on the same umverse with membership function:

Par(u)=1-p,s(u) forallueU 3-7)

Note that the intersection of a fuzzy set and 1ts complement need not be empty,
unlike the crisp case. The closer the sets are to being crisp, the closer this

intersection will be to being empty.

The Union of a fuzzy set and 1ts complement need not be the umverse, unhke the
crisp case. The closer they are to being cnisp, the closer this union will be to being
the universe.

The only constraint on the intersection of a set and 1ts complement 1s that:

B Ana (u) = min {p(u), pa () } <0.5 (3-8)

Likewise the only constraint on union 1s that
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pava’ (u) = max {pa(u), padu) } 2 0.5 (3-9)
Depending on the membership function, various results can be achieved for fuzzy

sets which have no corresponding feature for crisp sets.

| K -
A >< A
o U

Fig 3.12 Fuzzy Complement

1.0

Normalisation

This process simply involves re-scaling the membership function so that its

maximum value 1s 1, that is

b NORa gy (W) = 1y (u) / MAX (1, (1)) ueU (3-10)

Concentration
A fuzzy set A can be ‘concentrated’ by modifying its membership function p,(u) so

as to accentuate the membership of the higher membership elements. This 1s done

by squaring the normalised membership function, that is

HCON) () = (ua(w))® forallue U (3-11)

?P'A

—— CONA

10
TANGE
0.5 /

Fig 3.13 Concentration of a Fu Set
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Dilation

A fuzzy set A can be ‘dilated’ by modifying 1ts membership function p,(u) to

increase the importance of lower membership elements This 1s done by taking the

square root of the normalised membership function, that is

UDILay(W) = (14 (0)) 05 forallug U

(3-12)

P

1.0

— DILA)

0.5

\-—A

AR

- U

Fig 3.14 Dilation of a Fu

Intensification

Set

This operation moves the normalised fuzzy set closer to being crisp, by enhancing

the membership value of those elements whose membership was above 0.5 and

diminishing that of those elements with membership below 0.5. This corresponds to

a contrast enhancement type of operation, as denoted by

_ £ 20 for 0.< p,(w) < 0.5 (3-13)
pINTGy(w) = { 12 (- for05<ufw<1
1} Ha
1.0 mwo
0.5
0 / \ - U

Fig 3.15 Intensification of a fuz

set
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Algebric Product
The algebric produce of two fuzzy sets A and B with membership function pa(u)

and ps(u) 1s the fuzzy set whose membership function p 4,5(U) 15 given —

H aep(W) = {pa (W) » p p(w)} forallueU (3-14)

Bounded Sum

The bounded sum of two fuzzy sets A and B with membership functions U ,(u) and

L 5(u) 1s the fuzzy set whose membership function Li,gp(U) 1s given

Hags (W) =mmn { 1, py(u) + pg(u) } forallugU (3-15)
Where ‘+’ 1s the arithmetic sum operator

Bounded Product

The bounded product of two fuzzy sets A and B with membership function p,(u)

and pg(u) 1s the fuzzy set whose membership function [, g(u) 1s given

Uaop(W) =max { 0, p(u) + pa(u)-1} forall ueU (3-16)
where ‘+’ 1s the arithmetic sum operator

Drastic Product

The drastic product of two fuzzy sets A and B with membership functions p,(u) and

np(u) 1s the fuzzy set whose membership function pyga(U) 1s given

[ forpaw) =1
Ha(1) for pu(u) =1 3-17)
Haga(U) =
L o for p,(u), !La(u) <1
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Cartesian Product
IfA, A, A, A, are fuzzy sets n U,, U,| U, Un respectively, the Cartesian
product of A, A,, A, A, 1s a fuzzy set F 1n the product space U,x U,x U, x

U, with the membership function

kr (W, U,) =mm { p,,(uy) Up(Uy) } (mm) (3-18)

O e u)= () (1) Product (3-19)

where F=A, x A, x A, x A,

Sup-Star Composition
IF A and B are fuzzy relation in U x V and V x W respectively, the composition of

A and B 1s a fuzzy relation known as AoB, where AoB 1s denoted by

AoB = {[(u,w), sup (p(u,V) * pa(v,W))], ueU, veV, weW (3-20)
Where * 1s the sup-star compositional operator and could be any compositional
operator m the class of trnangular norms, namely, mimmum, algebric product

bounded product, or drastic product

Example - The Max -Min based compositional operator plays an important role n
establishing the fuzzy relation equation for a fuzzy knowledge base In fact, the
composition operation 1s the net effect of applying one relation after another In
most applications, the composition can be defined by max-min functions which deal

with matrix product operations Let A and B be defined as follows
fo1 041 f02 06 08]
lo7 09] 07 04 05]

Then the relation, R can be obtained using max-min compositional operations
[0104] T0206 08]
R=AoB= 0
lo7 09] 0703 05]
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fRii R12 Rnl

LR21 R2 R23]

where

Ru = Max (min (0.1, 0.2), min (0.4, 0.7)}

Max {0.1, 0.4}
0.4

R12= Max {min (0.1, 0.6), min (0.4, 0.3)}

Max {0.1, 0.3 }
=03

R13= Max {min (0.1, 0.8), min (0.4, 0.5)}
=Max {0.1,0.4 }
=04

R2 = Max {min (0.7,0.2), min (0.9, 0.7)}

Max {0.2, 0.7 }

0.7

R2= Max {min (0.7, 0.6), min (0.9, 0.3)}
= Max {0.6,03 }
- 0.6

R23 = Max {min (0.71, 0.82), min (0.94, 0.57)}
= Max {0.7,05 }
=07

3.7 Fuzzy Relation.

The fuzzy relation is the relationship between the object in the condition section
(known as ‘input’) and the object in the consequence section (known as ‘output’).

For example, the object in the condition section (or input) in rule base 1 (see table
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3.1) is referred to “cavity size” while the object in the consequence section (or

output) in rule base 1 is referred to “speed”.
Let the object in the condition section of the jth rule base is denoted by INPUT* and
the object in the consequence section of the jth rule be denoted by OUTPUTJ. Thus

from Table 3.1 the INPUT1land OUTPUT’can be outlined as follows:

Table 3.2: INPUT and OUTPUT Terms

RULE
BASE INPUTJ OUTPUT1
1 Cavity Size Speed

For the ith rule in jth rule base Rji, the fuzzy relation between the input and output

can be denoted by

Rji = [INPUT]j]j * [OUTPUTA (3-21)

where * denotes the cartesian product for fuzzy relations.

The membership function (iRji, for the fuzzy relationship is given by:

= MIN {n[INPUT]Ji, n[OUTPUT]]i} 3-22)
where
[a[INPUT]J]j----------- the membership in the descrete universe
corresponding to the ith fuzzy input term in the

condition section of the jth rule base.

(4.[OUTPUT]], the membership in the descrete universe

corresponding to the ith fuzzy output term in

the consequence section of the jth rule base.
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By combining all the rules in the jth rule base using the fuzzy operator “OR”, the

membership function for the relationship between the INPUT and OUTPUT of the

jth rule base is given by

Mu= MAX {laRjl, (.Rj2, J.Rj3 ARjn} ~ (3-23)

Thus, the fuzzy relations between the INPUT and OUTPUT for all the rule bases can
be established by using e.g. (3-5) and e.g (3-6).

The defuzzified output which gives the average speed value can be obtained from

the following formula:

Average value = Z speed value x |i(s) / £ i(s) (3-24)

3.8 Fuzzy Set Shapes.

Different applications of the fuzzy control technique use specific shapes of the fuzzy
sets which are dependent on the system behaviour identified by the knowledge
engineer. So far there is no standard method of choosing the proper shape of the
fuzzy set of the control variables. The scale suggested for the fuzzy variables of the
control systems are termed “fuzzyimetric arcs”. Since the main interest in this
project is the application of the fuzzy control to manufacturing processes, the use of
fuzzimetric arcs and the application of fuzzy control theory has been selected to
demonstrate the more efficient metal cutting speed for different type of metal

hardness.

The first step in establishing the fuzzy control system is the selection of the proper
shape of fuzzy sets of the control variables based upon observation of the system
behaviour. The fuzzy set shape is an influencing factor on the performance of the

controller and may be altered to obtain the most suitable form of the fuzzy variables.

Since a fuzzy control algorithm is one means of imitating humans performance, the
shape of the fuzzy sets of the control variables should be logical and acceptable to
individuals. For example, as shown in Fig 3.16 for three fuzzy variables specified as

very soft, soft and medium soft in a universe of discourse U, the output universe of
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discourse 1n metal cutting process would be all the possible values of the cutting

speed
very soft soft medium soft very soft soft medium soft
Umiverse of discourse Unmiverse of discourse
(a) (b)

Fig 3.16 Difference between unacceptable (a)
and acceptable (b) fuzzy set shape.

An overlap between medium soft and soft or an overlap between soft and very soft 1s
logical and acceptable However an overlap between medium soft and very soft 1s
not acceptable to individuals, especially when dealing with numeric application of

the type considered in manufacturing process

The fuzzy system variables include input variables and output variables The mput
variables, known as process state variables, are measured from the controlled
process, while the output variables, known as process control variables, are inferred
from FLC (fuzzy logic control) The proper choice of input variables and output
vanables 1s essential to the successful design of a fuzzy control system The
defimition of the fuzzy set for each system variable has a substantial effect on the

performance of an FLC

Depending on the complexity of the fuzzy system the number of input and output
vaniables varies For a system with n input vanables and m output vanables, 1t 1s

often called as n-mput-m-output system In the case that n=1 and m=1, the fuzzy
system 1s said single-input-single-output (SISO) In the case thatn>2 and m =1,
the fuzzy system 1s said multi-input-single-output (MISO) In the case thatn > 2
and m > 2, the fuzzy system 1s said multi-input-multi-output (MIMO)

The fuzzy sets for each vanable are defined in linguistic terms such as VS (Very

Soft), SO (Soft), MS (Medium Soft), ME (Medium), MH (Medium Hard), HA

43



(Hard) and VH (Very Hard) etc The number of the fuzzy sets defined for each
variable determines the granulanty of the control obtainable with an FLC To assist
the fuzzy reasoming, a fuzzy membership function has to be defined for each fuzzy
set m the corresponding universe of discourse There are two ways to define the
membership for a fuzzy set numencal and functional as mentioned m section 3 3
A numerical defimtion expresses the degree of membership function of a fuzzy set
as a vector of numbers whose dimension depends on the level of discretisation 1n the

, umverse of discourse

A functional defimtion denotes the membership function of a fuzzy set in a
functional form, such as S-Function, N-Function, triangular type, trapezoid type,
exponential type etc Either a numerical defimtion or a functional definition may be

used to assign the grades of membership to a fuzzy set

Although the choice of the number, range and shape of membership functions for a
variable 1s based on subjective criteria, they can still be determined for most fuzzy

logic based control system by using the following rules

a Aim for a symmetrical geometrical distribution of membership functions 1n
the defined umverse of discourse
b Odd number of fuzzy sets for each variable

c Overlap adjacent fuzzy sets to ensure more than one rule may be applied
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CHAPTER 4
MACHINABILITY ASSESSMENT OF A MATERIAL

4.1 Introduction.

This chapter presents an overall description about machinabihty assessment and the
factors affecting machinabihty A brief discussion about the different cutting tool
matertals 1s presented The different parameters usually investigated for a

machinabihty test are also dealt with

4.2 Machinability.
It has been suggested that the word “machinabihty” was first used in the 1920’s and

referred specifically to the speed/tool life relation [79] Now, machinabihty 1s
defined 1n various ways The term machmabihty 1s used to refer to the ease with
which a workpiece material 1s machined under a given set of cutting conditions A
prior knowledge of a workpiece material 1s important to the production engineer so
that 1ts processing can be planned efficiently “Good machinability” can mean that
less power 1s required or a higher tool life 1s achievable or a better surface finish can
be obtained to machine that particular matenal Moreover, ease of chip disposal,
cutting temperature, operétor safety, etc are other criteria of machinabihty as well
Machinabihty of a one material may be better with respect to surface finmish under a
set of cutting conditions while machinability of another material may be better with

respect to tool life under a different set of cutting conditions

Boulger [80] has defined machinabihty as the removal of chips with satisfactory tool
life and surface fimsh Boston [81] has defined machinability as the response of a
metal to machining which gives long tool life under otherwise equal conditions
when compared with other matenals, provides good surface finish, produces well
broken chips, gives uniform dimensional accuracy of successive parts, produces
each part at the lowest overall cost, and requires lower power consumption in

removing a given quantity of chips
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According to Earnst [82], the term machinabihty means a complex physical property
of a metal which 1involves true machinabihity, fimishabihty or ease of obtaining a

good surface finish and abrasion undergone by the tool during cutting

Reen [83] has pointed out that for accurate rating of machinability, three factors
namely, tool life, surface fimish, and power consumed during cutting must be
considered Trent [84] has outlined that tool life, cutting force, chip shape, surface
finish/ 1ntegnity are all important parameters for machinability assessment of a
matertal According to Sandvik [85] machinability of a matenal 1s the ability of the

work material to be machined

In general machinability of a matenal can be considered as a combination of small
cutting force, high metal removal rate, better surface fimsh/integrity, longer tool life,
well broken chips, and umform dimensional accuracy The different factors
influencing machinability of a matenal are (1) machining operations (1) workpiece
properties, (111) cutting lconditions, (1v) tool properties, and (v) machine tool - tool-

workpiece dynamics

The machining operation may be a continuous cutting operation 1€ turning or an
mtermittent cutting operation 1€ milhing The cutting conditions which influence
the machmability parameters are cutting speed, depth of cut, feed rate, and cutting
flmd As the cutting speed increases, tool life decreases This 1s true for feed as
well Moreover, as the feed rate increases, the power consumption during cutting

also mcreases The higher the depth of cut, the greater the power consumption

The tool matenial and 1ts geometry have an influence on the machmability of a
matenial The requirements of a good cutting tool are its high hardness and
toughness, good wear resistance, mechanical and thermal shock resistance and the
ability to maintain these properties at the very high temperatures encountered during
metal cutting operations Rake angle of a cutting tool has an effect on the cutting

force As the rake angle becomes positive, the cutting force decreases [86]
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The workpiece properties also have a pronounced affect on machmabihity which are
1ts micro-structure, chemical composition, and physical properties A small change
in the microstructure of a matenial can greatly affect its machmability [87] The
chemical composition of a material also influence 1ts machinabihty The presence of
sulphur, lead, and phosphorous improves machinabihty of a material while
chromium, vanadium, mickel and molybdenum retard machinabihty The presence
of hard abrasive carbides 1n the microstructure can have a detrimental effect on
machmabihty [88] The physical properties of a matenal affecting machmabulty are
1ts hardness and work hardening properties [89]

Tool material and geometry must be chosen carefully 1n relation to the workpiece
matenal to be machined and the kinematics and stability of the machine tool to be
employed The main cutting tool materials m use are (1) high speed steel, (11) cast
alloys, (1) cemented tungsten carbides, (1v) coated cemented carbides, (v) TiC-TIN
based cements, (V1) ceramics, (vi1) polyerystalhne diamond and cubic boron mtride,

and (vin) single crystal diamond

Tungsten based cemented carbide 1s the oldest among the hard cutting tool matenals
m use The present tungsten carbides for cutting applications are classified into K,
M and P codes The K group 1s used for cutting materials such as grey cast 1rons,
non ferrous alloys, and non metals The M group 1s used for cutting materials with
long to medium chips such as steel castings, austenific steels and ductile cast 1ron

The P group 1s for cutting matenals with long chips such as carbon steel, alloy steels
and ferntic steels Coated carbides have the advantage of wear resistance of
ceramics and the strength of cemented carbides The coating matenials are TiC, TN,
and A1,0; and the coating layers may be single, or multiple with coating thickness
varying from 3 - 10 pm The mam factors affecting the cutting performance of
coated tools are the kind of coatings, the thickness of the coating, the coating method

and the substrate
A range of machinability tests have been developed, often to assess specific cutting

conditions, whilst others are used for more general assessment In general a

machinabihty test assesses the speeds and feeds which are varied by tnial and error
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and with specified constramns [90] Nevertheless, the three main parameters of

machinability assessment are (1) cutting force, (11) tool Iife, and (111) surface fimsh

Figure 4 1 shows different machinability parameters in the form of an input/output

model of a turning operation A brief discussion of these parameters follows

4.2.1 Cutting Force.

The metal cutting process 1s a result of relative movement between the cutting tool
and the workpiece matenal which has to be machined The relative movements
between the cutting edge and the work piece material results m an amount of metal
corresponding to the depth of cut being separated from the workpiece material m the
form of chips whilst the feed movement brings new material m front of the cutting

edge after a particular cut has been fimished

An understanding of the forces and velocities which occur during the various cutting
process 1s the essential basis for determining the size and matenal of the load
transmitting elements together with the required dnving power The machining
processes can be classified into (1) Orthogonal cutting processes and (1) oblique
cutting processes In orthogonal cutting, the cutting edge of the tool 1s arranged to
be perpendicular to the direction of relative work tool motion as shown 1n Fig 4.2(a)
and mvolves two forces The oblique cutting, as shown 1n Fig 4 2(b), on the other
hand, involves a three-force situation where the cutting edge of the tool 1s inclined at
an angle to the cutting velocity Since orthogonal cutting represents a two-

dimensional force, 1t 1s widely used 1n theoretical and experimental work

The wedge-shaped cutting tool basically consists of two surfaces intersecting to

form the cutting edge as shown 1n Fig 4 3

The surface along which the chip flows 1s known as rake face, or more simply as the
face, and that surface ground back to clear the new or machined workpiece surface 1s
known as the flank Thus during cutting a wedge -shaped “clearance crevice” exists

between the tool flank and the new workpiece surface
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INPUT

Machining variables
Speed V (m/min)
Feed £ (mm/rev)
Depth of cut d (mm)

W orkpiece

Material type & grade
Hardness, Sp. heat,
tensile strength etc.

Cutting tool

Material (HSS, Carbide,
Ceramic)

Geometry (Nose radius,

OUTPUT
Cutting torce
Axial F,
Radial Ry
Tangential E
MACHINING PROCESS
Turning, Drilling, wool life (T)
Milling, etc. Flank wear VB B

Crater depth KT

Surface roughness
R, (C.L.A)

rake & relief angle, etc.

Figure4.1 Various machinability parameters in a machining process.

Power
P=f(F,V)

T=f(V.,f.d,VB B

R,=f(V,f,d,NR)
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Fig. 4.3 Cutting Edge and Tool Flank
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The depth of the individual layer of material removed by the action of the tool 1s
known as the underformed chip thickness, and although m practical cutting
operations this dimension often varies as cutting proceeds, for simplicity in research
work 1t 1s usually arranged to be constant [91] One of the most important variables
in metal cutting 1s the slope of the tool face and this slope or angle 1s specified m
orthogonal cutting by the angle between the tool face and a hine perpendicular to the
new workpiece surface This angle 1s known as rake angle The tool flank plays no
part 1n the process of chip removal However the angle between the flank and the
new workpiece surface can affect the rate at which the cutting tool wears The type
of chip produced during metal cutting depends on the matenal being machined and

the cutting conditions used

4,2.1.1 Continuous Chip.

The formation of a continuos chip as shown 1n Fig 4 4 1s common when most ductile
matenals, such as wrought 1ron, muld steel, copper and alumimium are machined
The formation of the chip takes place 1n the zone extending from the tool cutting
edge to the junction between the surface of the chip and workpiece The zone 1s

known as the primary deformation zone

Primary
deformation
zone

7T >2
\*(A"}&Q\]? Wi }‘}rﬁfx’\

Fig. 4.4 Continuous Chip

i

Y,

i

4.2.1.2 Continuous Chip with Built-up-Edge.

Under some conditions the friction between the chip and the tool is so great that the
chip matenial welds 1tself to the tool face The presence of this welded matenal
further increases the friction and this friction leads to the building up of layer upon
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layer of chip material The resulting pile of welded chip material 1s referred to as a
built-up edge as shown m Fig 4 5 Often the built-up edge continues to grow and
then breaks down when 1t becomes unstable, the broken pieces being carried away
by the underside of the chip and the new workpiece surface Fig 4 6 shows the
rough work piece surface obtamned under these conditions This bult-up edge
formation 1n metal cutting 1s one of the most important factors affecting surface

finish and can have a considerable influence on cutting-tool wear

4.2.1.3 Discontinuous Chip.

During the formation of a chip the material undergoes severe strain and 1f the
workpiece material 1s brittle, fracture will occur in the primary deformation zone
when the chip 1s partly formed Under these conditions the chip 1s segmented as
shown 1n Fig 4 6 and this 1s known as discontinuous-chip Discontinuous chips are
always produced when machining such material as cast wron or cast brass but may
also be produced when machining ductile matenals at very low speeds and high

feeds

4.2.2 Tool Life. .

Tool life 1s defined as the cutting time required to reach a tool-life criterion The
most significant factor affecting tool life when workpiece material, tool material and
tool shape are chosen for a particular machining operation 1s the cutting speed In
metal cutting operations the tool life 1s one of the most important economic
considerations In roughing operations, the various tool angles, cutting speed and
feed rates are usually chosen to give an economical tool life Any tool or work-
material improvement that increases tool life 1s beneficial Cutting tools are 1n metal
to metal contact with the chip and workpiece under conditions of very high stress at
high temperature The existence of extreme stress and temperature gradients near

the surface of the tool further aggravates the situation
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The term tool wear refers to the degradation of the cutting and/or clearance surface
of the tool, fracture and a reduction of the tool mechanical properties due to high
temperature [92] Tool wear 1s a product of a combination of four load-factors
which continually attempt to change the geometry of the cutting edge [93] These
four factors are mechanical, thermal, chemical and abrasive which result 1in five
basic wear mechanisms such as (1) adhesive wear, (1) abrasive wear (1) diffusion
wear, (1v) fatigue wear and (v) oxidation wear Acting in 1solation or
combination, these mechanisms cause two distinct wear modes [92] The first type
1s known as mrregular wear which includes cracking, breakage, chipping and plastic
deformation of the mnsert The second type 1s defined as regular wear consists of
flank wear on the nose and the crater wear across the rake face of the tool insert as

shown 1n Fig 47

Flank wear 1s generally the normal type of tool wear and 1s caused by friction
between the newly machined workpiece surface and the contact area on the tool
flank

This results 1n a loss of relief angle on the clearance face of the tool The width of
the wear land gives an indication of the amount of wear and can be readily measured

by means of a toolmaker’s microscope

Flank wear 1s responsible for increasing the cutting force and the interfacial
temperature Crater wear, on the other hand, 1s usually observed when machining
steel and other high melting point metals at a relatively high cutting speeds The
crater formed on the tool face conforms to the shape of the chip underside and 1s
restricted to the chip-tool contact area The crater 1s formed some distance away
from the cutting edge 1n the region where the tool 1s hottest In addition, the region
adjacent to the cutting edge where sticking friction or a built-up edge occurs 1s
subjected to relatively shight wear Under high temperature conditions high speed
steel tools will wear very rapidly because of thermal softening of the tool material
With carbide-tool materials, although they retain their hardness at high temperature,

solid-state diffusion can cause rapid wear
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In adhesion wear [94], the wear 1s caused by the formation of welded joints and the
subsequent destruction of these joints between the chip and tool matenals In metal
cutting, junctions between the chip and tool matenals are formed as part of the
friction mechanism and when these junctions are fractured, small fragments of tool
matenal can be torn out and carned away on the underside of the chip or on the new

workpiece surface

Abrasive wear occurs when hard particles on the underside of the chip pass over the
tool face and remove tool material by mechanical action These hard particles may
be highly strain-hardened fragments of an unstable built-up edge, fragments of the
hard tool material removed by adhesion wear or hard constituents in the workpiece
material Thus the abrasion process depends on the hardness, the elastic properties
and the geometry of the two mating surface Usually, the larger the amount of
elastic deformation a surface can sustain, the greater will be 1ts resistance to abrasive

wear [95]

In diffusion wear, sohid-state diffusion plays an important role when surface
temperature becomes very high and surface velocities are low Bowden and Tabor
[96] suggested that some diffusion must occur in the adhesion of contacting
aspenties In metal cutting operation, where intimate contact between the work and
tool matenals occurs and high temperatures exist, diffusion can take place where
atoms move from the tool matenal to the work matenal This leads to the

weakening of the surface structure of the tool

A tool life criterion 1s defined as a predetermined threshold value of a tool wear
measure which indicates that a tool 1s to be rejected after the threshold value 1s
reached In practical machining operation, the wear of the face and flank of the
cutting tool 1s not uniform along the active cutting edge Therefore it 1s necessary to
specify the locations and degree of the wear when deciding on the amount of wear

permissible before rejecting the tool
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4.2.3 Surface Roughness.

To produce a desired shape and size by removing the excess material from the
workpiece in the form of chips, the workpiece has to undergo machining operations.
The workpiece is subjected to intense mechanical stress and localised heating by
tools with one or more shaped cutting edge. In turning operation each cutting edge
leaves its own mark on the machined surface. Roughness of a surface refers to a
property of a machined surface. Surface roughness consists of relatively closed-
spaced or fine surface irregularities, mainly in the form of feed mark left by the
cutting tool on the machined surface. It is measured by the heights of the
irregularities with respect to a reference line. The surface texture of a machined
surface consists of primary texture (roughness) and secondary texture. The primary

texture can be measured by various indices such as average arithmetic roughness

height Ra, smoothing depth Rp, maximum roughness Rt and root mean-square RMS

height [97], With the exception of RMS, these various indices (Ra, Rp, Rt) are

common in use. The index most commonly used is the arithmetic roughness height

The secondary texture, also known as ‘waviness’, is that part of the surface texture
which underlies the roughness. All types of machine vibrations and inaccuracies in
the machine tool movement may contribute to secondary texture. Fig 4.8 shows the

various components and parameters of a machined surface. According to the British

system the average arithmetic roughness Ra is also known as centre line average
CLA and in America Ra is known as AA which is arithmetic average. Rais quoted

in microns representing a mean value of roughness. The CLA or AA roughness Ra

is obtained by measuring the mean deviations of the peaks from the centre line of a
trace, the centre line being established as the line above and below which there is a
equal area between the centre line and the surface trace. The theoretical relationship

between the surface roughness value and the feed / is given by the following

equation [98]. Ra= 0.0321f2/rE

where rE is the comer radius of the cutting tool and / (mm/rev) is the feed rate.

56



Rp (smoothening depth) 1s the distance between the highest point and the mean line
and usually results from the conditioning of the cutting tool The maximum peak to
valley height within the tracing stroke of a surface profile 1s known as R, The RMS

1s average geometric roughness and was an American standard Its numencal value

is some 11% higher than that of R, .

W+R,

Ay = Roughness spacing R,= Average anthmetic roughness
Awa Waviness (Secondary texture) R, Smoothening depth

R, = Roughness (Primary texture) RMS = Root-Mcan-Squa

W + R, = Waviness + Roughness e

Fig. 4.8 Various Components and Parameters of a machined surface.

57



4.3 Effect of Machining Parameters on Surface Finish.

Surface fimsh can be influenced by several machining parameters such as cutting
conditions, cutting tool geometry, workpiece geometry, machine tool ngidity,
workpiece material and tool material Each of these parameters are discussed

briefly

4.3.1 Cutting Conditions.

At low cutting speed, the cutting forces are high and the tendency of forming built-
up edge 1s stronger But at a relatively small cutting speed, the built-up edge does
not form because of the cutting temperature being too low As the speed 1s
increased, conditions become more and more favourable for built-up edge formation
But when the cutting speed 1s increased further, the built-up edge size starts
decreasing because of the increased tool temperature Thus at a sufficiently high
speed, the built-up edge disappears altogether and surface finish becomes insensitive
to cutting speed Feed and depth of cut have a large effect on surface fimsh Feed
has the much larger effect of the two Increase 1n depth of cut tends to increase

waviness height

4.3.2 Cutting Tool Geometry.

The larger the rake angle, the smaller are the cutting forces and due to that
deflections and waviness heights are also small Rubbing by the tool imprints the
uneven-wear profile of the cutting tool on the machined surface Adequate rehef
angles help the escape of the bult-up edge fragmenés and avoid their getting
embedded on the machined surface When major and mior (1 e the side and end-
cutting) edges are jomned by a nose of large radius 1t reduces the sharpness of the tool
and lessens the sawtooth effect of the feed marks and improves surface finish
However, an excessive nose radius 1s harmful because it can cause vibration and
chatter The side and end cutting edges have little effect on surface roughness
When the side-cutting edge angle 1s increased, 1t reduces true feed and improves
chip flow and surface fimish Larger side-cutting edge angles may prove harmful to
surface fimish by causing chatter Increase 1n the end-cutting edge angle increases

height of feed marks and ends up with a worse finish
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4.3.3 Workpiece Geometry.

Workpieces have low stiffness against both static and dynamic forces when they are
long and slender. Due to that reason waviness effects are more pronounced. But if
the workpiece has a large cross-section or is rigidly clamped on the machine, the

waviness height is small.

4.3.4 Machine Tool Rigidity.

In a machining operation, high feed or large work-tool engagement may be limited
because of “chatter”. Chatter is the condition where unwanted vibrational motion
exists between the workpiece and the tool and as a result of that it produces a pattern
of irregularities on the workpiece surface. It also causes work-tool displacement.
The desirable conditions of a machine tool are that it should have sufficient drive
power for all the cutting and feed motions so that it can maintain the required cutting
speed and feed without stalling, adequate stiffness against static deflections, rigidity
against vibration, proper foundation to minimise vibration and finally a means to

rigidly support the workpiece and the cutting tool relative to each other.

4.3.5 Workpiece Material.

Chemical composition, hardness of materials, microstructure and metallurgical
consistency affect surface finish. Steels having 0.1% or less carbon produce built-up
edge during chip formation and thus spoil the surface. On the other hand when a
free machining element such as sulphur, selenium or lead is added it helps to reduce
built-up edge. Cutting tools dig into a material with very low hardness and ductility
and can not produce the good surface finish. High hardness and strength and low
ductility result in good surface finish. Workpiece strain hardenability can be

improved by cold working and thus obtaining a good surface finish.

Fine grain size and high hardness of microconstituents are favourable for getting a
good finish. Cutting action can turn the softer constituents into fragments and the
surface may become pitted. Uniformity of finish of a machined surface can be
determined by the metallurgical consistency of the workpiece. Usually a rod or a

casting is comparatively softer at its core than at its surface. As the machining
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operation continues, the surface roughness increases as the centre of the bar is

approached

4.3.6_Tool Material.

Dafferent tool materials have different degrees of hot hardness, toughness and
frictional behaviour A tool can be used at high speed 1f its hot hardness 1s high and
thus built-up edge practically disappears High speed can be apphied to cemented
carbide and oxides 1n this respect compared with carbon steels and high speed steel
(HSS) Larger rake and relief angles can be given to a tool made of a tough matenal
without endangering the cutting edge In this regard HSS 1s a better tool matenal
than cemented carbide and oxides Usually 1f the friction between the tool and the
work-material 1s smaller then 1t produces better surface finish on the workpiece
Carbides and oxides are better 1n this respect when compared with high speed steel

(HSS)

4.3.7 Cutting Fluid.

Cutting fluid acts as a coolant during machiing It reduces tool wear and helps to
keep the cutting edge intact, and thus has an indirect effect on tool life It also
reduces the friction between the shiding surface of the tool, work and chip by acting
as a lubricant All the points mentioned above collectively tend to improve the

surface finish of the machined surface
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CHAPTER 5 DEVELOPMENT OF FUZZY MODELS

5.1 Introduction.

Constructing fuzzy control rules is one of the most important steps in designing a
fuzzy control model Fuzzy control rules provide a convenient way to create fuzzy
relations between mput and output variables Most fuzzy logic control (FLC)
designs are based on expert experience and control engineering knowledge which
are expressed in IF-THEN rules In many control system, the input-output relations
are not known with sufficient precision to make 1t possible to employ classical
control theory for modelling and simulation In that situation modelling the
operators’ control actions 1s carried out by observing the actions of human

controllers 1n terms of the mput-output operating data

To model a fuzzy logic system we need the following steps

Step - 1.

Determine the important known input and unknown output parameters

Step - 2.
Establish a number of rules to express the relation between known input

parameters and unknown output parameters

Step - 3.
Divide the range for each input and output parameter into a number of fuzzy

sets of triangular or other suitable overlapping shapes

Step - 4.
Establish membership functions for these fuzzy sets for each parameter
Complete the table using the descretized universe for each parameter

showing p values for each fuzzy set

Step - 5.

Construct the table of relationship for each rule used in step-2
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Step - 6.
Demonstrate that for known mput and for the corresponding relations, the

output can be calculated

Step - 7.
Establish the composite relation table for any output by combining all the

rule bases and fuzzy algorithm

5.2 Data Used.

The matenals used for this work are,

1) Free Machining Carbon Wrought Steel
2) Medium Carbon Leaded Steel

The first matenal (Free Machining Carbon Steel) 1s divided into four groups
depending on the hardness (BHN) These groups are as follows

1 From 225 -275
2 From 275 - 325
3 From 325 - 375
4 From 375 - 425

The second matenal (Medium Carbon Leaded) 1s divided 1nto six groups depending

on the hardness (BHN) The groups are as follows

p—

From 125 - 175
From 175 - 225
From 225 - 275
From 275 - 325
From 325 - 375
From 375 - 425

SN W b W BN

Data for three different depths of cut (Imm, 4mm, 8mm) and four different types of

tools were used for the calculations The four different types of tools are as follows
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1 High Speed Steel (HSST)

2 Carbide Tool-Coated (CTC)
3 Carbide Tool-Uncoated brazed (CTUB)
4 Carbide Tool-Uncoated indexable (CTUI)
Table 5.1 Machining Data for Free Machining Carbon Wrought Steel
(BHN 225 - 425)
Speed Range | Depth of Tool Name
m/min Cut
21-49 1 mm | HIGH SPEED STEEL TOOL (HSST)
17-38 4mm “
14 -30 8mm “
185 -280 Imm CARBIDE TOOL-COATED (CTC)
120 - 185 4mm “
100 - 150 8mm “
100 - 150 Imm CARBIDE TOOL UNCOATED BRAZED (CTU B)
76 - 120 4mm “
60 - 95 8mm «
120 - 185 Imm CARBIDE TOOL UNCOATED INDEXABLE
95 - 145 4mm CTUI) «
73 -115 8mm “

The data used for theoretical calculations have been taken from the Machinability

Hand Book [99] which contains the most appropriate values and ranges used for

different types of materials in the industrial environment Table 51 shows the

actual data that have been used for calculations
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5.3 _Membership Functions for Metal Cutting.

The tnangular membership function 1s employed to describe the fuzzy sets. In
model one the fuzzy sets overlapped at the 50% level In model two the fuzzy sets
overlapped at the 33% level. The fuzzy sets for the input fuzzy vanable
HARDNESS are listed below and shown in Fig 51 and membership functions for
the fuzzy sets are shown in Fig 5.2

Fuzzy Sets
VS - VERY SOFT

/ SO - SOFT
/ MED - MEDIUM SOFT

Hardness_____  MH - MEDIUM HARD
~——_  HA-HARD
VH - VERY HARD

Fig 5.1. Input Fuzzy Variables

pn=1VS SO MED MH HA VH

75

50| --- X oo N Nfeees K

251/ "N/ N/ N/

0 4 8 12 16 20 !

Hardness

Fig S5.2. Hardness Membership (model-1)

The fuzzy sets for the output fuzzy vanable cutting SPEED are listed below in Fig,

5 3 and membership functions for the fuzzy sets are shown in Fig 5 4
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Fuzzy Sets

VSLOW - VERY SLOWSPEED

SLOW - SLOW SPEED

MSLOW - MEDIUM SLOW SPEED
SPEED

MDHI - MEDIUM HIGH SPEED

HIl - HIGH SPEED
VHIGH - VERY HIGH SPEED

Fig 5.3 Output Fuzzy Variables

Fig 5.4 Cutting Speed Membership (Model-1)

The universe of input (Hardness) and output (Cutting Speed) has been partitioned
according to the assigned range of the fuzzy variables and different membership
values are assigned to each element of the discrete universe. From Fig 5.2 and 5.4
the descretized universe of fuzzy variables (Hardness and Cutting Speed) has been

derived as shown in Table 5.2 and Table 5.3 respectively.

Table 5.2 Descretized Universe of Hardness

fuzzy 0 | 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
terms

Vs 1 5 %0 2% 0 0 0 0 0 0 0 0O 0 0 O 0 0 0
o) 0 *5 0 5 1 B 50 25 0 0 0 0 0 0 O 0 0 0
MED 0 0 0 0 O -5 5 1 5% 25 0 0 0 0 0 0 0
MH 0 0 0 0 0 0 0 0 0 5 o0 /5 1 5 50 5 0 0 0
HA 0 0 0 0 0 0 0 0 0 0 0 0 0 5 50 5 1 o5 50
VH o 0 0 o 0 o o 0 0 0 0 0 O O O 0 0 5 .5
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Table 5.3 Descretized Universe of Cutting Speed

Fuzzy Terms
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5.4 Rule Construction for Fuzzy Model.

The rule base 1s established by considering the following correlations generalised

from the metal cutting operation

a The cutting speed depends upon metal hardness (BHN)
b The harder the matenal, the slower the cutting speed

c For smooth surface finish, the cutting speed 1s slower

d For rough surface finish, the cutting speed 1s faster

e For smooth surface finish, the depth of cut 1s lower

f For rough surface finish, the depth of cut 1s higher

Based on the above correlations, the rule base 1s constructed i the form of fuzzy

conditional statements

IF ( a set of conditions are satisfied)

THEN (a set of consequences can be inferred)

Thus 1n Rule Base 1, six rules are employed for the fuzzy controller These rules use

fuzzy expressions such as ‘soft’, ‘high’, etc, which directly relate to the actions of

the lathe operator The rules are as follows
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RULES HARDNESS CUTTING SPEED

R11 VS (very soft) VHIGH (very high speed)

R12 SO (soft) HI (high speed)

R13 MED (medium) MDHI (medium high speed)
R14 MH (medium hard) MSLOW (medium slow speed)
R15 HA (hard) SLOW (slow speed)

R16 VA (very hard) VLSOW (very slow speed)

The mput to the system 1s the material hardness (BHN) and output 1s the cutting
speed The mput unmiverse of hardness 1s partitioned mto 0 -20 unuts and the output
umverse of cutting speed 1s split mto 0 - 10 units or segments The choice of
number of segments has an essential influence on how fine a control can be
obtained, that 1s the number of segments determine the control resolution For
example, 1f a universe of discourse 1s quantised for every ten units of measurements
instead of twenty units, then the controller 1s twice as sensitive to the observed

variables

5.5 Fuzzy Relation for Metal Cutting.

Now the procedure to establish the fuzzy relations between InputI and Outputl for

the Rule Base 1 by using € g (3-22) and (3-23) from Chapter 3 1n the metal cutting
process are as follows

Referring to Table 5 4,

INPUT' =“HARDNESS”
OUTPUT' = “CUTTING SPEED”

For the first rule R, in the rule base 1 the fuzzy mput term for INPUT' 1s “VS” and

the fuzzy output term for OUTPUT' IS ‘VHIGH® Thus referring to Table (5 2) the

fuzzy set VS’ can be defined as
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w[VS]=1/10+ 75/1+ 50/2-+ 25/3 + 0/4 + 0/5 + 0/20 (5-1)
and referring to Table 5 3 the fuzzy set ‘VHIGH’ can be defined as
p [VHIGH] = 0/0 + 0/1 + 0/8 + 5/9+1/10 (5-2)

To find the relation between VS (very soft) and VHIGH (very high) one may
substitute eq (5-1) and (5-2) mto eq (3-22) in Chap 3 and obtain the following -
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Table 5.5 Rl 1

Universe of Cutting Speed
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In a similar manner Table 5 6 for Rule puR,, has been established and the relationship

D H >0~

ey
o

Metal

T o =T & 0w v

of the third, fourth and fifth and sixth rules can be developed
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Universe of Cutting Speed
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Thus the second relation (1R ;) can be combined only when an 1nput 1s such that 1t 1s
within the ‘SO’ (Soft) hardness classification and allows the ‘HIGH’ cutting speed
value to be inferred It 1s obvious that the first and second relationships may be
combined to produce one which allows an input to be either VS or SO The

combination operator may be assumed to be ‘OR’ function which 1s represented as
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the maximum of the membership value of the two different relations The fuzzy

statement combined from two fuzzy rules

MR, and uR, will be

IF HARDNESS IS “VS’ THEN CUTTING SPEED IS ‘VHIGH’ OR

IF HARDNESS IS ‘SO’ THEN CUTTING SPEED IS ‘HIGH’

Which 1s equivalent to pR;; ; pRi;=Max {pR;, pR,,}

and 1s represented in the following Table 5 7 (by using the eq (3-23) in Chap 3

Thus the total combination of the six relations using ‘OR’ operator 1s the maximum

of the memberships Thus the fuzzy algorithm

IF HARDNESS = VS THEN SPEED = VHIGH OR
IF HARDNESS = SO THEN SPEED = HIGH OR

IF HARDNESS = MED THEN SPEED = MDHI OR
IF HARDNESS = MH THEN SPEED = MSEOW OR
IF HARDNESS = HA THEN SPEED = SLOW OR
IF HARDNESS = VA THEN SPEED = VSLOW

Can be represented 1n the relation uR1 which has a membership function of

HR1 =Max { uRyj, URyy, UR3, PR 4, URs PR 6 }

Hence using eq (3-23) in Chap 3 one can obtain the membership function as shown
mn Table 5 8, for the relations between the “hardness” and the “cutting speed” i rule

base 1
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Table 5.7

Universe of Cutting Speed
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Using the same method, the rest membership function, uR;3, PR;4 PR, sand pR;4can

be obtamned

72



o »w o <=8

=]
=

""N"('Dg

wo»oe s o

Table 5.8 Membership Function for Rule Base 1

Universe of Cutting Speed

0 1 2 3 4 5 6 7 8 9 10
0 0 0 0 0 0 0 0 0 0 5 1
1 0 0 0 0 0 0 0 25 | 25 5 75
2 0 0 0 0 0 0 0 S5 5 5 5
3 0 0 0 0 0 0 0 51 75 5 25
4 0 0 0 0 0 0 0 5 1 5 0
5 0 0 0 0 0 25| 25 5 75 5 0
6 0 0 0 0 0 5 5 5 5 5 0
7 0 0 0 0 0 5 75 5 251 25| 0
8 0 0 0 0 0 5 1 5 0 0 0
9 0 0 0 251 25| 5 75 5 0 0 0
10| O 0 0 5 5 5 5 5 0 0 0
11 0 0 0 5 75 5 251251 0 0 0
121 0 0 0 5 1 5 5 0 0 0 0
1310 25| 25 5 75 5 0 0 0 0 0
141 0 5 5 5 5 5 0 0 0 0 0
151 0 5 75 5 251 251 0O 0 0 0 0
161 0 5 1 5 0 0 0 0 0 0 0
17 | 25 5 75 5 0 0 0 0 0 0 0
18 5 5 5 5 0 0 0 0 0 0 0
19 1 75 5 251 25( 0 0 0 0 0 0 0
20 1 5 0 0 0 0 0 0 0 0 0

Thus relation 1s the model of the action of the machine tool operator Combining this

relation with any value of the matenal hardness that lies n 1ts universe [0-20] results

1

1n the required average speed output as follows
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The defuzzified output which gives the average speed value can be obtained by
using the eq (3-24) in Chap 3, which 1s average valie = T speed value x p(s)/Zp(s)

For a hardness universe ‘7’ for example the average speed result would be
Speed Value=5x 5+ 75x6+ Sx7+ 25x8+ 25x9
5+ 75+ 5+ 25+ 25

=1475 =656
225

The following Table 5 9 gives the relationship between the hardness [0-20] and the

average values of output speed

Average Speed Values for Cutting Speed

Table 5.9
Hardness Universe Average
Partitioning Speed Values
0 967
1 900
2 850
3 825
4 800
5 7 44
6 700
7 6 56
8 6 00
9 544
10 500
11 456
12 400
13 344
14 300
15 256
16 200
17 175
18 150
19 100
20 033
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5.6 Theoretical Results using Fuzzy (model-1) and Discussions for Free
machining Carbon wrought Steel.

Figures 5 5 and 5 5a show two different graphical presentation of the same results
obtained by applying Fuzzy Model-1 to free machining carbon wrought steel and
using a high speed steel tool at a depth of cut of Imm HARDNESS 1s represented
on the x-axis and SPEED 1s represented on the y-axis In Figure 5 5 the fuzzy
cutting speed values are plotted along with the upper and lower band limuts of the
cutting speed These upper and lower band limts of the cutting speed are obtained

by plotting the data from the machining data handbook [99]

In Figure 5 Sa the fuzzy cutting speed values are plotted 1n an alternative manner
along with the speed range obtained from the machining data handbook [99], where
the workpiece materials are grouped according to their material hardness (BHN) and
one particular speed 1s applicable to that hardness range For example, when the
material hardness range 1s between 225 to 275, the prescribed cutting speed 1s 49
m/min and for hardness values between 275 to 325, the prescribed cutting speed 1s
41 m/mm

Either of the two different graphical presentations i Figure 5 5 and 5 5a can be used
for presenting all the results obtained 1n this study Therefore, the graphical
presentation with the upper and lower band limit will be used to present the rest of

the results of this thesis

As can be seen from Figure 5 5 that the fuzzy cutting speeds values obtained using
Fuzzy Model 1 for Free Machining carbon wrought steel at a depth of cut 1 mm and
using a high speed steel tool, generally lie within the band of the machining data
However, the cutting speed for lower hardness value fall a little below the lower
limut of the experimental data band and the fuzzy cutting speed for higher hardness
value fall a little above the upper limit of the data band The hardness value used for
this calculation 1s 225 to 425 and speed value used 1s 21 to 49 m/min taking from the
machining data handbook [99]
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It would be desirable that the cﬁttlng speed values according to the fuzzy model
should be 1n between the lower and upper limit of the expenimental data band It
was therefore felt that tuning would be required to make these fuzzy cutting speed
values lie along the midrange of the data band To achieve this, the appropriate
cutting speed for the midpoint of the hardness range 1s used Therefore the hardness
value used for depth of cut 1 mm (Free machining carbon wrought steel), using a
high speed steel tool, 15 250 to 400 and cutting speed 1s 21 to 49 For example,
previously, the cutting speed value of 49 m/min was assigned for the hardness of
225 for fuzzy logic model even though this cutting speed 1s prescribed for the
hardness range 225 to 275 according to experimental data In the revised approach,
the cutting speed of 49 m/min has been assigned for 250 (mid value of hardness
range) for the fuzzy calculation These new fuzzy cutting speed values are plotted 1n
Figure 5 6 As can be seen from Figure 5 6 the fuzzy cutting speed values he nicely
at the middle of the upper and lower limit of data band, showing very good fuzzy
presentation The same technique was used for the rest of the calculations for both
materials, at three different depths of cut 1 mm, 4 mm and 8 mm and using four
different cutting tools - 1) High speed steel tool, 11) Carbide tool-coated, 111) Carbide

tool-uncoated brazed and 1v) Carbide tool-uncoated indexable
The results of the calculations obtained for free machining carbon wrought steel at

three different depths of cut (Imm, 4mm and 8mm) and using four different types of

cutting tools are shown 1n Table 5 10, Table 5 11 and Table 5 12 respectively
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Fig 5.5 Fuzzy cutting speed for Free machining carbon
wrought steel at d.oc 1 mm using High speed teel tool
(model-1)
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Fig 5.5a Puzzy cutting speed for Free machining carbon
wrought steel at d o.c 1 mm using High speed steel tool
(model-1)
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Table 5.10 Fuzzy Cutting Speed for
Free Machining Carbon Wrought Steel
(D.O.C. = 1mm)

(BHN) HSS.T C.T.C C.T.UB. C.T.UL

225 5233  291.30 15595 192 73

235 5060 28542 152 85 188 71
245 4886 27954 149 76 184 69
255 4713  273.66 146 66 180 66
265 4540 26778 143 57 176 64
275 4366 26190 140 47 172 61
285 4193 25602 137 38 168 59
295 4020 25014 134 28 164 57
305 3846 24426 13119 160 54
315 3673 23838 128 09 156 52
325 3500 23250 125 00 152 50
335 3326 22661 121 90 148 47
345 3153 22073 118 80 144 45
355 2979 21485 11571 140 42
365 2806 20897 112 61 136 40
375 2633 20309 109.52 13238
385 2459 19721 106 42 128 35
395 2286 19133 103 33 124 33
405 2113 18545 100 23 120 30
415 1939 17957 97 14 116 28
425 1766 173 69 94 04 112 20

Where D OC. =Depthof Cut
BHN  =Matenal hardness
HSST =High Speed Steel Tool

Tool CTC = Carbide Tool-Coated

Used CTUB = Carbide Tool-Uncoated brazed
C T U1 = Carbide Tool-Uncoated Indexable
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Table S.11 Fuzzy Cutting Speed for
Free Machining Carbon Wrought Steel

(D.0.C. =4mm)

BHN HSST C.T.C. C.T.U.B. C.T.U.L

225 4050 19273 125.23 150 95
235 3920 188.71 122 51 147 85
245 3790 18469 11979 144 76
255 3660 18066 11706 141 66
265 3530 17664 11434 138 57
275 3400 17261 111.61 135 47
285 3270 16859 108 89 13238
295 3140 16457 10617 129 28
305 3010 16054 10344 126 19
315 2880 15652 10072 123 09
325  27.50 152.50 97.99 120 00
335 2620 14847 95 27 116 90
345 2490 14445 9255 113 80
355 2360 140.42 89 82 11071
365 2230 13640 8710 107 61
375 2100 13238 84 38 104 52
385 1970 12835 81 65 101 42
395 1840 12433 78 93 9833

405 1710 120.30 76 20 9523

415 1580 11628 73 48 9214

425 14.50 11226 70 76 89 04

Where DOC = Depth of Cut
BHN = Matenal hardness

HSST =High Speed Steel Tool
Cutting Tool CTC = Carbide Tool-Coated
Matenal C T.U B = Carbide Tool-Uncoated brazed
C T U1 = Carbide Tool-Uncoated Indexable
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Table 5.12 Fuzzy Cutting Speed for
Free Machining Carbon Wrought Steel
(D.O0.C. =8mm)

BHN HSST C.T.C. C.T.UB. C.T.U.L

225 3190 15595 99 16 120 00
235 3091 15285 97 00 117 40
245 2992 14976 94 83 114 80
255 2893 146 66 92 66 112 20
265 2794 14357 90 50 109 60
275 2695 14047 88 33 107 00
285 2596 13738 86 16 104 40
295 2497 13428 84 00 101 80
305 2398 13119 8183 99 20
315 2299 12809 79 66 96 60
325 2200 12500 77 50 94 00
335 2100 12190 7533 91 40
345 2001 11880 73 16 88 80
355 1902 11571 71 00 86 20
365 1803 11261 68 83 83 60
375 1704 10952 66 66 81 00
385 1605 10642 65 50 78 40
395 1506 10333 62 33 75 80
405 1407 10023 60 16 73 20
415 1308 9714 58 00 70 60
425 1209 9404 5583 68 00

Fi1g 5 6 to Fig 5 17 shows the graphical presentation of the results obtained by
applying Fuzzy Model 1~ Fig 5 6 shows the results using a lugh speed steel cutting
tool and depth of cut of Imm The relationship between the cutting speed and

hardness shown 1n this figure can be represented by the equation
Y=9134-017X 5-3)
Fig 5 7 shows the results using a high speed steel cutting tool and depth of cut of

4mm  The relationship between the cutting speed and hardness shown n this figure

can be represented by the equation

Y =6975-013X (5 - 4)
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Fig 5 8 shows the results using a high speed steel cutting tool and depth of cut of
8mm. The relationship between the metal hardness and cutting speed shown 1n this

figure can be represented by the equation

Y=5419-010X . .. (5-9)

Fig 5 9 shows the results using a carbide coated tool and depth of cut of Imm The
relationship between the metal hardness and cutting speed shown 1n this figure can

R

be represented by the equation
Y =42362-059X . (5-6)
Fig 5 10 shows the results using a carbide coated tool and depth of cut of 4mm The

relationship between the cutting speed and metal hardness (BHN) shown 1n this
figure can be represented by the equation

Y =28327-040X . S5-7
Fig 5 11 shows the results using a Carbide coated tool and depth of cut of 8mm The

relationship between the cutting speed and hardness shown 1n this figure can be

represented by the equation

Y =22560-031X .. (5-8)
F1g 5 12 shows the results using a carbide tool-uncoated brazed and depth of cut of
Imm The relationship between the cutting speed and hardness shown 1n this figure
can be represented by the equation

Y =22560-031X. 5-9
Fi1g 5.13 shows the results using a Carbide tool-uncoated brazed and depth of cut of

4mm The relationship between the cutting speed and hardness shown 1n this figure

can be represented by the equation

Y =186 52 -0 27X 5 - 10)
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Fig 5.14 shows the results using a Carbide tool-uncoated brazed and depth of cut of
8mm. The relationship between the cutting speed and hardness shown in this figure

can be represented by the equation

Y = 14771 - 0.22X i (5-11)

Fig 5.15 shows the results using a Carbide tool-uncoated indexable and depth of cut
of Imm. The relationship between the cutting speed and hardness shown in this

figure can be represented by the equation

Y =283.27-0.40X oo (5-12

Fig 5.16 shows the results using a Carbide tool-uncoated indexable and depth of cut
of4mm. The relationship between the hardness and cutting speed shown in this

figure can be represented by the equation

Y =220.60 - 0.31X .o (5-13)

Fig 5.17 shows the results using a Carbide tool-uncoated indexable and depth of cut
of 8mm. The relationship between the cutting speed and hardness shown in this

figure can be represented by the equation

Y = 17850 - 0.26X i (5-14

Figures 5.6 to 5.8 represents the fuzzy cutting speeds obtained for Free machining
carbond wrought steel at three depth of cut 1mm, 4 mm and 8 mm and using High
Speed steel tool. Figures 5.9 to 5.11 represents the fuzzy cutting speeds obtained for
Free machining carbon wrought steel at depth of cut 1mm, 4 mm and 8 mm and
using a carbide coated tool. Figures 5.12 to 5.14 represents the fuzzy cutting speeds
using a carbide tool uncoated brazed at three depth of cut 1 mm, 4 mm and 8 mm for
Free machining carbon wrought steel. Figures 5.15 to 5.17 represents the fuzzy
cutting speeds obtained for Free machining carbon wrought steel at three depths of

cut Imm, 4 mm and 8 mm and using a carbide tool- uncoated indexable.
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Fig 5.6 Fuzzy cutting speed for Free machining carbon
wrought steel at d o.c 1 mm using High speed steel tool
(model-1)
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Fig 5.8 Fuzzy cutting speed for Free machining carbon
wrought steel at d.o.c 8 mm using High speed steel tool
(model-1)
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From Figures 5 6 to 5 17 1t can be seen that the fuzzy cutting speeds obtained by

applying the Fuzzy Model one are fitted nicely at the middle of the experimental

data band

Table 5 13 shows the actual data for medium carbon leaded steel that have been used

for calculations

Table 5.13 Machining Data for Medium Carbon Leaded Steel

Speed:Rangé | -Depth-of Cut Tool' Name
m/min"* ;
20-55 Imm High Speed Steel Tool(HS S T)
17-43 4 mm “
11-34 8mm “
160-310 Imm Carbide Tool - Coated (CT C)
105-205 4mm «
84-160 8mm “
87-170 Imm Carbide Tool-Uncoated Brazed (CTU 1)
67-130 4mm “
52-100 8mm “
115-220 Imm Carbide Tool Uncoated Indexable (C T U )
85-170 4mm “
69-130 8mm “

The results of the calculations obtained for Medium carbon leaded steel at three

different depths of cut 1mm, 4mm and 8mm and using four different types of cutting

tools are shown 1n Table 5 14, Table 5 15 and Table 5 16 respectively
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Table 5.14 - Fuzzy Cutting Speed for

Medium Carbon Leaded Steel

(D.0.C.=1 mm)

(BHN) HSS.T CTI.C. CT.UB. CT.UL

125 57 00 31857 17414 225.99
140 5505 31021 17011 220 14
155 5310 30185 16549 21429
170 5115 29350 16087 208 44
185 49 20 28514 15624 202 59
200 47 25 276 78 15162 196 75
215 45 30 268.42 146 99 190 90
230 43 35 26007 14237 185 05
245 4140 25171 13774 179 20
260 3945 24335 13312 173 35
275 3750 23500 12850 167 50
290 3555 226 64 123 87 161 65
305 3360 21828 11925 155 80
320 3165 20992 11462 149 95
335 2970 20157 11000 144 10

350 27175 19321 10537 138 25
365 2579 18485 10075 132 40
380 23 84 176 50 96 12 126 55
395 21.89 16814 9150 120 70
410 19 94 15978 8688 114 85
425 1799 15142 8225 109 00
Where DOC =Depthofcut
BHN = Matenal hardness
Tool H S ST =High speed steel tool

Matenals CTC = Carbide tool-coated
C.T.U.B = Carbide tool-uncoated brazed
CTUI =Carbide tool-uncoated indexable

97



Table 5.15 Fuzzv Cutting Speed for
Medium Carbon Leaded Steel

(D.O0.C. =4mmi

(BHN) H.SST C.T.C. CT.UB. CT.UL

125 44.48 210.71 133.60 174.85
140 43.03 205.14 130.09 170.12
155 41.58 199.57 126.58 165.38
170 40.13 194.00 123.07 160.64
185 38.69 188.42 119.56 155.91
200 37.24 182.85 116.05 151.17
215 35.79 177.28 112.54 146.44
230 34.34 171.71 109.03 141.70
245 32.89 166.14 105.52 136.97
260 31.44 160.57 102.01 132.23
275 30.00 155.00 98.50 127.50
290 28.55 149.42 94.99 122.76
305 27.10 143.85 91.48 118.02
320 25.65 138.28 87.97 113.29
335 24.20 132.71 84.46 108.55
350 22.75 127.14 80.95 103.82
365 21.30 121.57 77.44 99.08
380 19.86 116.00 73.93 94.35
395 18.41 110.42 70.42 89.61
410 16.96 104.85 66.91 84.87
425 1551 99.28 63.40 80.14
Where D.0.C. = Depth ofcut
BHN - Material hardness
Tool H.S.S.T. = High speed steel tool

Materials C.T.C. = Carbide tool-coated
C.T.U.B.= Carbide tool-uncoated brazed
C.T.U.l. = Carbide tool-uncoated indexable
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Table 5.16 Fuzzy Cutting Speeds for

Medium Carbon Leaded Steel

(D.O.C. = 8mm)

(BHN) HS.S.T CT.C. CIT.UB. C.IT.UL

125 3531 16434 10274 133 48
140 3403 160 10 100 06 13008

155 3275 15587 9739 126 68
170 3147 15164 9472 123 29
185 3018 14740 9204 119 89
200 28 90 14317 8937 116 49
215 2762 13893 8669 113 09
230 26 34 13470 8402 109 69
245 25 06 13046 8134 106 29
260 2378 12623 78 67 102 89
275 22 50 12200 76 00 99 50

290 2121 11776 7332 96 10

305 1993 11353 7065 9270
320 18 65 10929 6797 89 30
335 17 37 10506 6530 8590
350 16 09 10082 6262 82 50
365 14 81 96 59 5995 79 10
380 1353 92 35 57 28 7570
395 12 24 8812 54 60 72 31
410 10 96 83 89 5193 68 91
425 968 79 65 49 25 65 51
Where D OC =Depthofcut
BHN = Matenal hardness
Tool HS ST =High speed steel tool

Matenals CTC = Carbide tool-coated
C T U B = Carbide tool-uncoated brazed
CTUI =Carbide tool-uncoated indexable
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Using fuzzy model-1, the relationship between the cutting speed and hardness for
‘Medium Carbon Leaded Steel at three different depths of cut (1mm, 4mm and 8mm)

and using four different cutting tools are established and summarised in Table 5 17

Table 5.17 Equations for Medium
Carbon Leaded Steel

Tool Used

Y=7326-013x (5-27) DOC =1mm
High Speed Steel Tool Y =5655-010x (5-28) DOC =4mm
Y=4599-007x (5-29) DOC =8mm

Y=38821-056x (5-30) DOC =1mm
Carbide Tool-Coated Y=25714-037x (5-31) DOC =4mm
Y=19934-028x (5-32) DOC =8mm

Y=21328-031x (5-33) DOC =1mm
Carbide Tool-Uncoated Brazed | Y =16285-023x (5-34) DOC =4mm
Y=12502-018x (5-35) DOC =8mm

Y=27474-039%% (5-36) DOC =1mm
Carbide Tool-Uncoated Indexable| Y =21432-032x (5-37) DOC =4mm
Y=16180-023x (5-38) DOC =8mm

Where D O C = Depth of Cut

Fig 5 18 to 5 20 show the graphical presentation of the fuzzy cutting speeds obtained
for Medium Carbon Leaded Steel at three different depths of cut Imm, 4mm and
8mm and using a high speed steel cutting tool From these figures 1t can be seen that
the fuzzy cutting speeds obtained for Medium Carbon Leaded Steel using fuzzy
model-1, generally lie within the band of the experimental data However, the
cutting speeds according to fuzzy logic presentation lie closer to the lower limit of
the experimental band for lower hardness values and the fuzzy cutting speed for

higher hardness values he closer to the upper limit of the experimental band

Fig 5 21 to fig 5 23 represent the fuzzy cutting speeds obtained for medium carbon
leaded steel at three depths of cut 1mm, 4mm and 8mm and using a carbide tool-
coated Each of these figures also show the lower and upper himaits of the cutting

100



speed band obtained by plotting the data from the machining data hand book [99].
From the figures it can be seen that the cutting speed values obtained from the fuzzy

model 1 generally lie towards the middle of the band of the machining data.

The fuzzy cutting speeds presentation for Imm and 8 mm in Figs. 5.21 and 5.23 fall
almost at the middle of the experimental data band, whereas the fuzzy cutting speed
for 4 mm in Fig. 5.22 has slight tendency to go closer to the upper band of the

cutting speed data for higher hardness values.

Figs 5.24 to 5.26 show the graphical presentation of the fuzzy cutting speeds
obtained for medium carbon leaded steel at three depths of cut Imm, 4mm and 8mm
and using a carbide tool-uncoated brazed. Each of these figures also presents the
lower and upper limits of the cutting speed band obtained by plotting the data from
reference [99]. From these figures it can be seen that the fuzzy cutting speeds fall

within the lower and the upper limit of the data band.

The fuzzy cutting speeds for depth of cut of 1 mm and 8 mm in Figs. 5.24 and 5.26
respectively lie at the middle of the experimental lower and upper band limits of the
cutting speed. For depth of cut of4 mm in Fig. 5.23 the cutting speed values for
higher hardness values have little inclination towards the upper band limit whereas
the cutting speed values for lower hardness values have tendency for staying close to

the lower band limit of the experimental data.

Figs 5.27 to 5.29 represent the fuzzy cutting speeds obtained for medium carbon
leaded steel at three depths of cut 1Imm, 4mm, 8mm and using a carbide tool-
uncoated indexable. Each of these figures also shows the lower and upper limits of
the experimental data obtained by plotting from reference [99]. From the graphical
representation it shows that the fuzzy cutting speeds obtained from the fuzzy model
1 lie reasonably within the lower and upper limit of the experimental data band. But
the fuzzy cutting speed for lower hardness value at depth of cut of 1 mm in Fig.
5.27 fall close to the lower limit and the fuzzy cutting speed for higher hardness

value fall close to the upper limit of the experimental data band.
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In Figs. 5.28 and 5.29 the fuzzy cutting speed for lower hardness at depth of cut of 4
mm and 8 mm lie closer to the lower band limit whereas the fuzzy cutting speed for
higher hardness value lie within the middle of the bands showing very good fuzzy

presentation of experimental data.

5.7 Development of Fuzzy (Model-2)

The similar triangular shapes have been employed to describe the fuzzy sets for
fuzzy input/output variables. In this model the fuzzy sets overlapped with the
adjacent set at 33% level. Seven fuzzy sets for input fuzzy variable (HARDNESS)

are listed below and shown in Fig 5.30.

Input Fuzzy Variable Fuzzy Sets

VS (very soft)
SO . (soft)
MS..oe. (medium soft)

HARDNESS ME ..o (medium)
MH......... (medium hard)
HA ... (hard)
VH. . (very hard)

Fig 5.30 Fuzzy Sets for Input Variable (HARDNESS)

Membership functions for material hardness is shown in Fig. 5.31.

Fig 5.31 Metal Hardness Membership (Model-2)



Seven fuzzy sets for output fuzzy vanable (SPEED) are listed below and shown in
Fig 5 32.

Output Fuzzy Variable Fuzzy Sets

— VSLOW. (very slow)
— SLOW .... . .(slow)
— MSLOW ... .(medium slow)
SPEED MEDI . . ..(medmum)
— MHIGH ... (medium high)
— HIGH .... ..(high)
VHIGH ... {(very high)

Fig 5.32 Fuzzy Sets for Output Variable (SPEED)

Membership functions for cutting speed 1s shown in Fig 5 33.

100 MEDI HIGH
won O MSLOA M VHIGH
p=1 ‘
i
0.67 F--NC---- D= - ==X -
0 K----Y------= - )Xo X 7T :
0 1 2 3 5 5 6 7 8 9 10 1 1

Fig 5.33 Cutting Speed Membership (Model-2)

The universe of input (HARDNESS) and output (SPEED) have been partitioned 1into
(0-12) unuts as shown 1n Fig 5 31 and Fig 533 From Fig 5 31 and 5 33. Dufferent
membership values are assigned to each fuzzy sets and the descretized universe of

fuzzy vanables (HARDNESS, and SPEED) have been developed as shown 1n Table
5 18 and Table 5.19 respectively
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Table 5.18 Descretized Universe of Material Hardness

Fuzzy
Terms 1o 11 |2 |3 |4 |5 {6 |7 [8 |9 |10 |1 [12
VS 1 67 33 10 0 0 0 0 0 0 0 0 0
SO 33 67 |1 67 |0 0 0 0 0 0 0 0 0
MS 0 0 33 67 |1 67 33 (0 0 0 0 0 0
ME 0 0 0 0 33 67 |1 67 33 10 0 0 0
MH 0 0 0 0 0 0 33 67 |1 67 33 10 0
HA 0 0 0 0 0 0 0 0 33 67 |1 67 33
VH 0 0 0 0 0 0 0 0 0 0 33 67 1
Table 5.19 Discretized Universe of Cutting Speed

0 1 2 3 4 5 6 7 8 9 10 11 12
VSLOW 1 67 | 33 |10 0 0 0 0 0 0 0 0 0
SLOW 33 167 11 67 | 33 |0 0 0 0 0 0 0 0
MSLOW 0 0 33 167 |1 67 1 33 |0 0 0 0 0 0
MEDI 0 0 0 0 33 167 |1 67 | 33 {0 0 0 0
MEDH 0 0 0 0 0 0 33 167 |1 67 | 33 0 0
HIGH 0 0 0 0 0 0 0 0 33167 |1 67 33
VHIGH 0 0 0 0 0 0 0 0 0 0 33 67 1

Rules for Model-2

Seven rules are employed for the fuzzy controller in model-2 and they are listed 1n

Table 5 20

Table 5.20 Fuzzy Rules for Model-2

Rule 1 IF material HARDNESS 1s VS THEN SPEED 1s VHIGH
Rule 2 IF matertal HARDNESS 1s SO THEN SPEED 1s HIGH
Rule 3 IF material HARDNESS 1s MS THEN SPEED 1s MEDH
Rule 4 IF material HARDNESS 1s ME THEN SPEED IS MEDI
Rule 5 IF matertal HARDNESS 1s MH THEN SPEED IS MSLOW




Rule 6 IF maternal HARDNESS 1s HA THEN SPEED IS SLOW
Rule 7 IF matertal HARDNESS 1s VH THEN SPEED IS VSLOW

Fuzzv Relation.

Fuzzy relation between input and output fuzzy sets has been worked out exactly the
same way as for model-1 The total combination of the seven relations using ‘OR’

operator 1s the maximum of the membership Thus the fuzzy algorithm

IF matenal hardness = VS, THEN speed = VHIGH OR
IF material hardness = SO, THEN speed = HIGH OR

IF matenal hardness = MS, THEN speed = MHIGH OR
IF matenal hardness = ME, THEN speed = MEDI OR

IF matenal hardness = MH, THEN speed = MSLOW OR
IF matenal hardness = HA, THEN speed = SLOW OR
IF matenal hardness = VH, THEN speed = VSLOW

can be represented in the relation R which has a membership function of

MR = Max {pg|, Hr2, HR3, HR4, HRS, BR6, HR7)

This py 1s represented 1n Table 5 21
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Table 5.21 Membership Function for Seven Rules

Model-2

Universe of Cutting Speed

0 1 2 3 4 5 6 7 8 9 10 |11 12
0 0 0 0 0 0 0 0 0 33 133 |33 |67 |1
1 0 0 0 0 0 0 0 0 33 | 67 | 67 | 67 | 67
2 0 0 0 0 0 0 33 33 |33 |67 |1 67 | 33
3 0 0 0 0 0 0 33 167 | 67 | 67 | 67 | 67 | 33
4 0 0 0 0 33 |33 |33 |67 |1 67 | 33 | 33 | 33
5 0 0 0 0 33 | 67 | 67 | 67 {67 | 67 | 33 (0 0
6 0 0 33 133 | 33 67 |1 67 | 33 {33 (33 ]0 0
7 0 0 33 [ 67 | 67 | 67 { 67 | 67 | 33 |0 0 0 0
8 33 [ 33 133 167 |1 67 |33 [33 133 (0 0 0 0
9 33 167 |67 | 67 (67 |67 |33 (0 0 0 0 0 0
10 | 33 67 |1 67 |33 (33 |33 |0 0 0 0 0 0
11 67 | 67 | 67 | 67 | 33 [0 0 0 0 0 0 0 0
12 |1 67 {33 | 33 |33 {0 0 0 0 0 0 0 0

The defuzzified output which gives the average speed value for hardness umverse

(0-12) can be obtained by using the eg (3-24) in Chap 3 and shown in Table 5 22




Table 5.22 Average Speed for Hardness (0-12)

Hardness Average
Universe Speed
Partitioning

0 10 63
1 10 22
2 937
3 900
4 8 00
5 700
6 6 00
7 500
8 400
9 300
10 263
11 177
12 137

5.8 Theoretical Results using Fuzzy (Model-2) and Discussions

The results of the calculations obtained for Medium Carbon Leaded Steel using
Model-2, at three different depths of cut (1mm, 4mm and 8mm), using four different
types of cutting tools are shown in Table 5.23, Table 524 and Table S 25

respectively

The relationship between the cutting speed and material hardness for medium carbon

leaded steel are established and summarnsed 1n Table 5 26



Table 5.23 Fuzzy Cutting Speed for
Medium Carbon Leaded Steel Model-2

(D.0.C. = 1mm)

(BHN) H.SS.T CT.C. CT.UB. C.TUL

125 54 81 31100 17022 22070
150 5181 29850 16322 21195
175 48 81 28600 15622 203 20
200 45 81 27350 14922 194 45
225 4221 26100 14222 18570
250 3981 24850 13522 176 95
275 36 81 23600 12822 168 20
300 3381 22350 12122 159 45
325 3081 211.00 11422 150.70
350 27 81 19850 10722 141.95
375 2481 186 00 10022 133 20
400 31 81 17350 9322 124 45

425 18 81 16100 8622 11570

where BHN = Matenal Hardness
DOC = Depths of Cut

Tool HSST = High Speed Steel Tool

Matenals CTC = Carbide Tool-Coated
CTUB = Carbide Tool-Uncoated Brazed
CTUI = Carbide Tool-Uncoated indexable
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Table 5.24 Fuzzy Cutting Speed for Medium Carbon
Leaded Steel (Model-2)
D.0.C.=4 mm.

(BHN) HSST CTI.C. CT.UB. CT.UL

125 4275 20483 13042 169 73
150 40 50 19633 12517 162 48
175 3825 18783 11992 15523
200 36 00 17933 114 67 147 98
225 3330 17083 10942 14073
250 3150 16233 10417 133 48
275 2925 15383 9892 126 23

300 27 00 14533 93 67 118 98
325 24175 13683 8842 111 78
350 2250 12833 8317 104 48
375 2025 11983 7792 9723
400 18 00 11133 7267 89 98
425 1575 10283 6742 8273
where BHN = Maternal Hardness
DOC = Depths of Cut
Tool HSST. = HighSpeed Steel Tool
Matenalsc TC = Carbide Tool-Coated
CTUB = Carbide Tool-Uncoated Brazed
CTUI = Carbide Tool-Uncoated indexable
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Table 5.25 Fuzzy Cutting Speed for Medium

Carbon I.eaded Steel (Model-2)
D.O.C.=8 m.m.

(BHN) HSS.T CT.C. CTUB. C.T.UL

125 3373 159 67 100 32 130 82
150 3173 15317 96 32 125 82
175 2973 146 67 92 32 120 82
200 2773 140 17 88 32 115 82
225 2573 133 67 84 32 110 82
250 2373 127 17 8032 105 82
275 2173 120 67 76 32 100 82
300 1973 11417 72 32 95 82
325 1773 107 67 68 32 90 82
350 1573 101 17 64 32 85 82
375 1373 94 67 60 32 80 82
400 1173 88 17 56 32 75 82
425 973 81 67 52 32 70 82
where BHN = Matenal Hardness

DOC = Depths of Cut
Tool HSST = Hgh Speed Steel Tool
Materials CTC = (Carbide Tool-Coated

CTUB = Carbide Tool-Uncoated Brazed

CTUI = Carbide Tool-Uncoated indexable
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Table 5.26 Equations for Medium Carbon Leaded Steel

Tool Material used

y=6981-012x DOC=1mm
High Speed Steel Tool y=5400-009x DOC=4mm
y=4380-008x DOC=8mm

y=37350-050x DOC = Imm
Carbide Tool-Coated y=24733-034x DOC=4mm
y=19217-026x DOC=8mm

y=20522-028x DOC=1mm
Carbide Tool-Uncoated Brazed y=15667-021x DOC=4mm
y=12032-016x DOC=8mm

' y=26445-035x DOC=1mm
Carbide Tool-Uncoated indexable y=20598-029x DOC=4mm
y=15582-020x DOC=8mm

Where DOC = Depth of Cut

Figs 5 34 to 5 45 show the graphical presentation of the results obtained by applying
fuzzy model 2 to Medium Carbon Leaded Steel at three different depths of cut
(1mm, 4mm, 8mm) and using four different cutting tools From the graphical
representation 1t 1s evident that although the fuzzy cutting speeds lie reasonably
within the lower and upper limits of the experimental data band, 1n most cases, fuzzy
cutting speed values for lower hardness values he closer to the lower data band and
the fuzzy cutting speeds for higher hardness values tend to he closer to the upper
limit of the experimental data band Comparing the results obtained from both fuzzy
models 1n the metal cutting operation, model 1 produces better presentation showing

good correlation with the Machiming Data Handbook’s recommended cutting speed
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Therefore, computer software was developed to implement the fuzzy model 1 to
predict the cutting conditions for Freemachining carbon wrought steel (BHN 225-

425) and Medium carbon leaded steel (BHN 125-425)
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CHAPTER 6

6.1 Fuzzy Logic Simulation Program for Machining Data Selection.

A computer program has been developed in QBASIC to facilitate automatic
selection of cutting speed for known cutting tool, surface finish and hardness of
material to be cut. There are two main modules in the program.

() DISPLAYMENU is for the programmer to incorporate data for new material.

(i) USERMENU is for the operator to use for data selection.

When the DISPLAYMENU is activated, it allows the user to input a new material
name, tool name, and depth of cut. It also takes the material hardness ranges and
cutting speed ranges. From these input data the membership function for each fuzzy
set for hardness and speed are calculated and descritized universe of metal hardness
and cutting speed are created in an array form. From these two descritized universe
of metal hardness and cutting speed, a fuzzy relational table has been established.
An average constant speed table has been created from this fuzzy relation table and
stored in an array form. The actual cutting speed has been calculated for each
hardness value, based on a known cutting tool and depth of cut. Using these
hardness values and cutting speeds, equations have been established employing least
square curve fitting method and the relevant parameters have been stored in a

random access file called “Tool DAT”.

When the USERMENU is activated it offers the operator two types of material that
are available on the system for machining data selection. It allows the operator to
input metal hardness, his choice of tool and the required surface finish. Appropriate
program module takes this data and starts searching for the corresponding equation
in the file Tool.DAT and calculates the cutting speed and also displays the cutting
conditions on the screen for the operator. This USERMENU has been designed with
a do-loop manner so that the operator can obtain the cutting conditions as many
times as required for different input data. As two materials, four different types of
tools and three different depths of cut were used for this research, there are 24

different records stored in the file Tool.DAT. This software has been designed in a
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modular fashion to perform different tasks independently A full program listing can

be seen i Appendix while a flow chart 1s given at Section 6 2

Using this software, calculations have been carried out to obtain the cutting
conditions 1n terms of cutting speed and depth of cut for different types of cutting
tool materials This software also determines the relationship between the hardness
value of the matenial and the cutting speed and stores them 1n a random access file
Therefore, 1t facilitates the operator to determine the cutting conditions for any
hardness value for two matenals (1) medium carbon-leaded steel and (11)
freemachining carbon wrought steel The results obtained by using this software are

shown 1n the tables and figures 1n chapter five
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6.2 Flow Chart of the Fuzzy Sofltware
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CHAPTER 7.CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusion.

A Fuzzy logic based model was employed for selecting cutting conditions in
machining operations Two matenals, medium carbon leaded steel and
freemachining carbon wrought steel were used at three different depths of cut (1mm,
4mm and 8mm) for theoretical calculations based on experimental data Four
different types of cutting tools were used for theoretical calculations and they were 1)
High Speed Steel Tool, 11) Carbide tool-uncoated, 111) carbide tool-uncoated brazed

and 1v) carbide tool-uncoated indexable

- Two fuzzy models were developed for these calculations In Model - 1 fuzzy

sets were overlapped at 50% and 1n model-2 fuzzy sets were overlapped at
33%

- Computer software was developed to implement the fuzzy logic principles
and to produce the cutting conditions for machining operations

automatically

- Fuzzy model 1 produces theoretical results which fits better with the

experimental data than the results obtained using model 2

- In both models the fuzzy cutting speeds in terms of different cutting

conditions, lie within the lower and upper limits of the experimental data

bands

- Equations have been established between the hardness values and fuzzy

cutting speed values

- Results show that the fuzzy logic method can be used satisfactorily to present
the cutting conditions 1n a compressed way
- It has been assumed that the cutting speed obtained using fuzzy logic

principles would produce better cutting results in terms of either better
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surface finish, or lower cutting force or longer tool life Experimental work
will be necessary to be carried out in order to venfy this assumptions
However such expennmental works were beyond the scope of the present

study

7.2 Recommendations for Further Work

In this study only two matenals were used Expernimental data for other

matenals could also be represented by the fuzzy logic model

Experimental works should be carmned out to venfy the predicted results

obtained by employing the fuzzy logic models

Experimental works should be carmmied out to venfy the fuzzy logic

predictions in terms of satisfactory surface quality

In this study, the hardness of the workpiece has been used as the only
matenal property Other matenal properties which have significant effect on
the machining quality of the workpiece matenal, for example matenal

toughness (ductility/bnittleness) should be considered

A fuzzy logic model can be developed based on a mimmimum of two such
mechanical properties (hardness and ductility) and used as a predictive tool
for machining conditions for new matenials for which there 1s no

experimental data currently existing
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Fuzzy.bas

Program Name : FUZZY

Purpose : Provides a Fuzzy Logic based approach
: to selecting machining parameters

Author + Ms Kashmen Hashm

Context : Submutted as part of thesis for the
award M Sc in Computer Applications

Language used : QBASIC

System requirements : IBM PC or equivalent running MS-DOS
Date Completed : 20 March 1997
Version : 100
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Fuzzy bas

Subroutines used are declared below

DECLARE SUB CHANGEDATA ()
DECLARE SUB TESTING ()
DECLARE SUB ERRORMESSAGEI ()
DECLARE SUB ERRORMESSAGE?2 ()
DECLARE SUB OPMENU ()
DECLARE SUB GETTOOL ()
DECLARE SUB GETREQFINISH ()
DECLARE SUB MAIN MENU ()
DECLARE SUB ERRORMESSAGE3 ()
DECLARE SUB GETMATNAME ()
DECLARE SUB DISPLAYMENU ()
DECLARE SUB USERMENU ()
DECLARE SUB GETNEWDATA ()
DECLARE SUB HARDSPLIT ()
DECLARE SUB SPEEDSPLIT ()
DECLARE SUB HARDTABLE ()
DECLARE SUB SPEEDTABLE ()
DECLARE SUB TRUTHTABLE ()
DECLARE SUB CONSTABLE ()
DECLARE SUB FINALCALC ()
DECLARE SUB MAKEQUA ()
DECLARE SUB USEDATA ()
DECLARE SUB GETNAME ()
DECLARE SUB GETHARD ()
DECLARE SUB GETFILE ()
DECLARE SUB ERRORMESSAGE ()

End of declaration of all the subroutines

Array used

DIM SHARED hd(20) AS SINGLE
DIM SHARED SP(10) AS SINGLE
DIM SHARED HARD(S, 20) AS SINGLE
DIM SHARED SPEED(S, 10) AS SINGLE
DIM SHARED FINALTABLE(20, 10) AS SINGLE
DIM SHARED CONSPEED(20) AS SINGLE

DIM SHARED ACULSPEED(20) AS SINGLE
End of reserving all the arrays for future use
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Declaration of shared vanables

COMMON SHARED choice
COMMON SHARED lowrange
COMMON SHARED highrange
COMMON SHARED highspeed
COMMON SHARED lowspeed
COMMON SHARED doc
COMMON SHARED result
COMMON SHARED userchoice
COMMON SHARED toolname
COMMON SHARED matname
COMMON SHARED finish
COMMON SHARED hardness
COMMON SHARED cutspeed

Fuzzy bas

AS INTEGER
AS INTEGER
AS INTEGER
AS INTEGER
AS INTEGER
AS INTEGER
AS SINGLE

AS INTEGER
AS STRING * 40
AS STRING * 40
AS STRING * 15
AS SINGLE

AS SINGLE

End of declaration of all common shared vanables

Define record layout

TYPE toolrec
mname AS STRING * 40
tname AS STRING * 40
doct AS INTEGER
hardlow AS INTEGER
equam AS SINGLE
equac AS SINGLE

END TYPE

COMMON SHARED cd AS toolrec

R 2222222222222 222 33223232332 333 8333333333333 3 33333

MAIN PROGRAM STARTS HERE

OPEN "c tool dat" FOR RANDOM AS #1 LEN = 94

CALL DISPLAYMENU

CALL USERMENU

CLOSE #1

END

This menu 1s for programer's use only

"This menu 1s for operator only
'to find the cutting conditions
‘of a metal

‘End of main program
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FuzzZy bas

SUB CHANGEDATA

B T T T T T LT L R e eIy

' Subroutine CHANGEDATA
' Allows the opened data file to be changed
The material name 1n any selected record can be altered

CLS

R = LOF(}) / LEN(cd)

PRINT "Total no of records in file Tool dat=", R
PRrNT Nhkkkkkkkkkkrkkkkkkkkkkkkkkkbkkkkkk bkt
PRINT "Please enter record no to change"

INPUT recordnum

GET #1, recordnum, cd

CLS

PRINT "Record no ------------- " recordnum

PRINT

PRINT "Matenal name «-------- " cd mname

PRINT

PRINT "Toolname --------------", cd tname

PRINT

PRINT "Depth of cut
PRINT

PRINT "Low hardness ~----—--", cd hardlow
PRINT

PRINT "High hardness --—--------- ", cd hardhigh

PRINT Nhkkkkkkkrkkkkkrkkkkhkkkkkkkkkkkkkkkkkkkkekn

—", cd doct

PRINT "  You can change only matenal name "
PRINT" To change material name type YN

INPUT ans$

IF (ans$ = "Y") OR (ans$ ="y") THEN
CALL GETMATNAME
cd mname = matname$
PUT #1, recordnum, cd
CLS
PRINT "Matenal name has been changed and stored in Tool dat"
CALL TESTING
END IF

END SUB
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Fuzzy bas
SUB CONSTABLE

PRk ke kk ok kR kR kR kG kb kkk ko kR k kR Rk kKK

' Subroutine CONSTABLE

' Creates the average speed values shown in Table 5 9 in Chap 5
CLS
FOR1=0TO 20
LET sum=0
LET suml =0
FORj;=0TO 10
sum = sum + FINALTABLE(, j) *
suml = suml + FINALTABLE(, )
NEXT}

result = sum / suml
conspeed(1) = result
NEXT:

END SUB

SUB DISPLAYMENU

BTS2 2222232222222 2222222222223 333222383423

' Subroutine DISPLAYMENU
' Dusplays a menu for use by the system administrator only

CLS

DO
MAIN MENU
SELECT CASE choice
CASE 1
GETNEWDATA
CASE 2
CHANGEDATA
CASE 3
PRINT "Thankyou for using fuzzy expert system "
PRINT "Goodbye "
PRINT
CASE ELSE
ERRORMESSAGE
END SELECT
LOOP UNTIL (chotce = 3)

END SUB
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Fuzzy bas
SUB ERRORMESSAGE

Rk RRE KRR KRRk R Rk kR Rk Rk Rk kR kkkkkkkkkkkkkkkkkkkk kR k& Xk
'

' Subroutine ERRORMESSAGE
' Used to display error messeages for DISPLAYMENU

CLS

PRINT "You must enter 1 or 2 or 3 only "
PRINT

PRINT "Please try agamn "

PRINT

END SUB

SUB ERRORMESSAGEI

ThkkkkhkhkkkRhkhkkkkkkkkkkkkkkkkkhkhkkkkkkkkkkkhkkkkkkkk¥k
[

Subroutine ERRORMESSAGE1
' Used to display error messages for GETTOOL

CLS

PRINT

PRINT "You must enter 1 or 2 or 3 or 4 only"
PRINT "please try again "

PRINT

END SUB

SUB ERRORMESSAGE2
L T T R Rt LTy

' Subroutine ERRORMESSAGE2
" Used to display error messages for GETREQFINISH

CLS

PRINT "You have pressed the wrong key"
PRINT

PRINT "Please try agamn"

END SUB
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Fuzzy bas
SUB ERRORMESSAGE3

MmN T s T Ty
t

' Subroutine ERRORMESSAGE3

' Used to display error messages for GETHARD

[}

CLS

PRINT

PRINT "You have entered wrong hardness for ", matname$
PRINT

PRINT "Please try again "

PRINT

END SUB

SUB FINALCALC
P R T P P PP T P T e T T
L}

' Subroutine FINALCALC
' Calculates the final cutting speeds
diff = highspeed - lowspeed
CLS
PRINT "Speed difference betwee high and low speed 1s as follows "

PRINT (2333133222332 332233232 332233323333 3333332233323 33233 833323 111
PRINT

PRINT "Speed difference=", diff

PRINT

PRINT

CALL TESTING

FOR1=0TO 20

ACULSPEED(1) = conspeed(1) / 10 * diff + lowspeed
NEXT 1

END SUB
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Fuzzy bas
SUB GETFILE

MERRRR R R Rk Rk Rk Rk kR kR

Subroutine GETFILE

Opens data file and searches for corrosponding record
and performs calculations and displays cutting parameters
when match 1s found

SEISIQT I3 2 2 I a3 3232222222232 322322232222 222222 2840
PRINT

PRINT "Material name requisted by the operator **", matname$

PRINT

PRINT "Hardness of the material *******txxxx%xxxx" hardness

PRINT

PRINT "Toolname requested by the operator *******" toolname$

PRINT

PRINT "Surface finish requested for this operation**", finish$

PRINT 2222222222222 2232322222322 2222223382222 833223222222 8 ¢ 40

PRINT
PRINT

CALL TESTING ‘Holds the screen
R =LOF(1)/LEN(cd) > "Total number of records
match =0
FOR recnum=1TOR
GET #1, recnum, cd 'Get the next record
IF (cd mname = matname$§)
AND (cd tname = toolname$)
AND (cd doct = doc)
THEN
cutspeed = (cd equam * hardness) + cd equac
match = match + 1
CLS
PRINT
PRINT "Cutting parameters for matenal--------", ¢d mname
PRINT
PRINT " are as follows "
PRINT
PRINT "For matenal hardness(BHN)-------------"_ hardness
PRINT
PRINT "Cutting speed(m/min)----------cc-amm--- " cutspeed
PRINT
PRINT "Depth of cut(mm) * cd doct
PRINT
PRINT "Cutting tool 1s ", cd thame
PRINT
CALL TESTING
END IF
NEXT recnum
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Fuzzy bas

IF match = 0 THEN
CLS
PRINT " Matching data not found "

PRINT "  #*ssssskexskskcestsasss o
PRINT
PRINT

CALL TESTING
END IF

END SUB

SUB GETHARD

RALEIREEEE22 22223 2222322332222 222223222222 1Lt

]

Subroutine GETHARD
accepts matenal hardness from user

entrthard ~

CLS

PRINT "Matenal hardness (BHN) for MEDIUM CARBON LEADED should

PRINT "be 1n the range between 125-425
PRINT

(1}

"

PRINT "Matenial hardness (BHN) for FREE MACHINING CARBON WROUGHT "

PRINT
PRINT "be in the range between 225---425
PRINT
PRINT "Now enter your required hardness
PRINT
INPUT hardness
IF (userchoice = 1) AND ((hardness < 125) OR (hardness > 425)) THEN
CLS
CALL ERRORMESSAGE3
CALL TESTING
GOTO entrhard
END IF
IF (userchorce = 2) AND ((hardness < 225) OR (hardness > 425)) THEN
CLS
CALL ERRORMESSAGE3
CALL TESTING
GOTO entrhard
END IF

END SUB
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Fuzzy bas
SUB GETMATNAME

ok kR Rk Rk kR kKRR Rk Rk kR Rk kR kK

' Subroutine GETMATNAME
' Accepts new matenal name from programer
CLS
matenal
PRINT "Enter matenal name please"”
PRINT
PRINT "Name should be maximum 40 characters long"
PRINT
INPUT matname$
IF LEN(matname$) > 40 THEN
PRINT "Matenal name length out of range"
PRINT
PRINT "Please try agan "
CALL TESTING
GOTO matenal
END IF

END SUB

SUB GETNEWDATA
T e T PR T P

' Subroutine GETNEWDATA

' Develops Fuzzy model step by step for incorporating new data
CALL GETMATNAME
CALL GETTOOL
CALL GETREQFINISH
CALL HARDSPLIT
CALL SPEEDSPLIT
CALL HARDTABLE
CALL SPEEDTABLE
CALL TRUTHTABLE
CALL CONSTABLE

CALL FINALCALC
CALL MAKEQUA

END SUB
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Fuzzy bas

SUB GETREQFINISH
L e T T T T e T T e e
A

Subroutine GETREQFINISH
Accepts the required surface finish from user selects
' the depth of cut

CLS
fimishstart

PRINT "Choose surface finish from the following options
PRINT

PRINT "For smooth finish type --——-—-—-——---§

PRINT

PRINT "For medium fimish type - M

PRINT

PRINT "For rough fimsh type -~-—————R

PRINT

INPUT sfinish$

IF (sfimsh$ = "S") OR (sfimish$ = "s") THEN
doc=1

finish$ = "Smiooth fimsh"

ELSEIF (sfimsh$ = "M") OR (sfinish$ = "m") THEN
doc=4
finish$ = "Medium fimsh"

ELSEIF (sfinish$ = "R") OR (sfinish$ = "r") THEN
doc=8
fimsh$ = "Rough fimsh"

ELSE
CALL ERRORMESSAGE2
CALL TESTING
GOTO finishstart

ENDIF

END SUB
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Fuzzy bas

SUB GETTOOL
AR R AR R AR Rk ARk Rk
L]

Subroutine GETTOOL
Displays choices of tools available on the system and
accepts user's choice

CLS

toolstart
PRINT "Choose cutting tool from the following options
PRINT
PRINT “For High speed steel (HSS) type 1
PRINT
PRINT "For Carbide tool coated (CTC) type ----——-----—-—--2
PRINT
PRINT "For Carbide tool uncoated brazed (CTUB) -—----—- 3
PRINT
PRINT "For Carbide tool uncoated indexable(CTUI)------—4
PRINT
INPUT toolnum

IF (toolnum = 1) THEN

toolname$ = "high speed steel tool"
ELSEIF (toolnum = 2) THEN

toolname$ = "carbide tool coated"
ELSEIF (toolnum = 3) THEN

toolname$ = "carbide tool uncoated brazed"
ELSEIF (toolnum = 4) THEN

toolname$ = "carbide tool uncoated indexable"
ELSE

CALL ERRORMESSAGE!

CALL TESTING

GOTO toolstart
END IF

END SUB
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Fuzzy bas
SUB HARDSPLIT

IRRRKEE KRR KRR KRR AR RN KRR KRR R R R AR K

Subroutine HARDSPLIT
Accepts matenial hardness range from programmer and
pertitions the hardness umverse

CLS
start
midhard = 25
PRINT "Insert metal hardness for the new matenal"
PRINT

PRINT "Type lowrange and then highrange 1n integer only"
PRINT

INPUT "lowrange=", lownum
INPUT "highrange=", highnum

IF lownum > highnum THEN
CALL ERRORMESSAGE2
GOTO start

ELSE
lowrange = lownum
highrange = highnum
lownum = lownum + midhard
highnum = highnum - midhard

FOR1=0TO 20
hd(1) = (ughnum - lownum) / 20 * 1 + lownum
NEXT1
END IF
END SUB
SUB HARDTABLE

'********************************************ﬁ***#*

' Subroutine HARDTABLE

Calculates membership values for each fuzzy sets of HARDNESS
and develops descntized universe of hardness shown in Table
' 52wmnChap5

LETa=0
LETb=4
LETc=28
LETd=12 )
LETe= 16
LET f=20
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Fuzzy bas

FOR1=0TO 5
IF 1 = 0 THEN
FOR h=0TO 20
IF h <= b THEN
Vs HARD(, h) = (b -h) / (b - a)
END IF
NEXT h
END IF
SOFT IFi=1THEN
FOR h=0TO 20
IF (h = a) OR (h < b) THEN
HARDG, h) = (h-2)/ (b - a)
ELSEIF (h =b) OR (h <= ¢) THEN
HARD(1, h) = (c - h) / (c - b)
END IF

NEXT h

END IF
MED  IF:1=2THEN
FOR h=0TO 20
IF (h >=b) AND (h <= ¢) THEN
HARD(, h) = (h - b) / (c - b)
ELSEIF (h >= ) AND (h <= d) THEN
HARD(, h)=(d-h)/(d - ¢)
END IF
NEXT h
END IF

MEDH  IF =3 THEN
FOR h=0TO 20
IF (h >= c) AND (h <= d) THEN
HARD@, h) = (h-c)/(d - c)
ELSEIF (h >= d) AND (h <= ) THEN
HARD(;, h) = (e - h) / (e - d)
END IF
NEXT h
END IF

HA  IF1=4THEN
FOR h=0TO 20
IF (h >= d) AND (h <= ¢) THEN
HARD(1, h) = (h - d) / (e - d)
ELSEIF (h >= ) AND (h <= f) THEN
HARD(, h) = (f-h) / (f - )
END IF
NEXT h
END IF
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Fuzzy bas

VH  IFi1=5THEN
FOR h=0TO 20
IF (h >=¢) AND (h <= f) THEN
HARD(, h) = (h - €) / (f - €)
END IF
NEXT h
END IF
NEXT 1
CLS

PRINT " Discretized universe of hardness 1s as follows "
PRINT ! $#*tf a5 66655105 XXX RRRACRRXLERAREEARREEKE "

\
PRINT LR 2332232222322 2 2323223222222 2322222232233 2224 "

FOR1=0TO S5

FOR h=0TO 20
PRINT HARD(, h),

NEXT h
PRINT

NEXT 1

PRINT

PRINT

PRINT

CALL TESTING

END SUB

SUB MAIN MENU
T T T P e P P SR T P R T

' Subroutine MAIN MENU

' Dusplays 3 options for the system administrator
CLS
PRINT (R 22 3222222233223 3232332333223 2 2323322233223 233323333283 3$3 23 40
PRINT "* Welcome to the Fuzzy Expert System for tool selection o
PRINT "* *1

PRINT M#*# %%k %k kR $ K XXX RXXFRAXXERXREFXRKRRRRKERKAREERRXKEER KRR EEEN

PRINT "To nsert a new cutting matenal type 1 "
PRINT

PRINT "To change a record detail type 2 "
PRINT

PRINT “To exit from the system type 3 "
PRINT

PRINT "Please type integer number only "
PRINT

INPUT choice 'getting user's choice

END SUB
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SUB MAKEQUA

CEERR KRR KRR KRR KRR KRR ARk AR R R KR KRRk Kk

Subroutine MAKEQUA

Estublishes the relationship between matenal hardness
and cutting speed in the form of an equation y=mx+c,
using least square method

CLS

LETn=21
LETm=0
LETc=0
LETx=0
LETy=0
LETz=0
LET xy=0

FOR1=0TO 20
x =x + hd(1) 'Holds all the sums of x

z =z -+ (hd(1) * hd(1)) 'Hold all the sums of x*2
y =y + ACULSPEED() ‘Holds all the sums of y
xy = xy + (hd(1) * ACULSPEED()) 'Holds all the sums of xy

NEXT 1

m=((y/n)-(xy/x))/((x/n)-(z/x))

c=(y/n)-(m/n*x)

cd mname = LCASE$(matname$)

cd tname = LCASES$(toolname$)

cd doct = doc

cd hardlow = lowrange

cd hardhigh = highrange

cd equam =m
cd equac =¢
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Fuzzy bas

PRINT " matenal name ********* ¢ 4 mname

PRINT

PRINT " toolname *****+*#ssex£x  q tname
PRINT

PRINT " depth of cut ***¥*****x v ¢ doct
PRINT

PRINT " matenial lowrange ***** " cd hardlow
PRINT
PRINT " matenal highrange **** ", cd hardhigh
PRINT
PRINT " m part of the equation ", cd equam
PRINT
PRINT " ¢ part of the equation ", cd equac
PRINT
PRINT " Is 1t ok to save this record"
PRINT
PRINT " Please type Y/N"
INPUT ans$
IF (ans$ ="Y") OR (ans$ ="y") THEN
R =LOF(1)/94
R=R+1
PUT #1, R, cd ‘Wnites the record to Tool dat
CLS
PRINT "I have just wnitten one record 1n the file"
PRINT
CALL TESTING
END IF
number = lowrange
FORk=0TO 20
hd(k) = (m * number) + ¢
number = (highrange - lowrange) / 20 + number
NEXT k

PRINT "Fuzzy cutting speeds for ****", cd mname
PRINT

PRINT "Hardness low range **¥**+**! cd hardlow
PRINT

PRINT "Hardness high range *****¥*xt cd hardhugh
PRINT

PRINT "For depth of cut(mm) ********" cd doct
PRINT

PRINT "Using cutting tool **¥***¥¥x" cd tname
PRINT

PRINT " are as follows "

FORk=0TO 20
PRINT hd(k),

NEXT k

PRINT

PRINT

CALL TESTING

END SUB
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SUB OPMENU

kR kbR R Rk Rk kR kR ke ko kk kR kk kR %k

Subroutine OPMENU

Offers two types of matenals that are available on
the system and accepts user's choice

|

CLS

PRINT MRk kKRR R KRR KRR R AR KRR KRR KRRk KRRk kR kR Rk kR Rk Rk
PRINT " Welcome to the fuzzy expert system for "
PRINT * selecting cutting conditions of matenals "
PRINT "********\*********#**********#**********#tt#***#*****##*****“
PRINT "This system only caters for 2 types of matenal "
PRINT “ at the moment "
PRINT

PRINT "1 Medium carbon leaded stecl(BHN) 125--425 "
PRINT

PRINT "2 Free machining carbon wrought (BHN) 225425 "
PRINT

PRINT "To select MEDIUM CARBON LEADED STEEL type—-1 "
PRINT

PRINT "To select FREE MACHINING CARBON WROUGHT  type—-2 "
PRINT
PRINT "To end this session type—-3
PRINT

PRINT "You must enter integer number only "
INPUT userchoice

END SUB

SUB SPEEDSPLIT
L L L LT LT T T TP e P P
[}

' Subroutine SPEEDSPLIT
' Accepts cutting speed range for the new matenal and
pertitions the speed universe

CLS
speedstart '

PRINT "Enter speed range for the new matenal "
PRINT

PRINT "Type lowrange and then highrange in integer only "
PRINT

PRI'NT " "
PRINT

INPUT "Lowrspeed=", speedlow
INPUT "highspeed="; spccdhigh
highspeed = speedhigh

lowspecd = speedlow
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IF speedlow > speedhigh THEN
CALL ERRORMESSAGE
GOTO speedstart
ELSE
FOR ctr=0TO 10
SP(ctr) = (speedhigh - speedlow) / 10 * ctr + speedlow
NEXT ctr

END IF

END SUB

SUB SPEEDTABLE

B33 3333233332233 2222323223233 2222222222222 2222222222223

Subroutine SPEEDTABLE

Calculates the membership values for each fuzzy sets
of output vanables SPEED as descntized universe,
shown n Table 5 3 in Chap 5

LETal=0

LET bl =2

LETcl =4

LETdl =6

LETel =8

LET fl1 = 10

FOR1=0TO 5

IF 1= 0 THEN
FORk=0TO 10
IF (k <=bl) THEN
VSLOW SPEED(;, k) = (bl - k) / (bl - al)
END IF
NEXT k
END IF

SLOW IF1=1THEN
FORk=0TO 10
IF (k =al) OR (k < bl) THEN
SPEED(, k) = (k -al) / (b1 -al)
ELSEIF (k = bl) OR (k < c1) THEN
SPEED(1, k) = (cl -k) / (cl - bl)

END IF

NEXT k
END IF
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MSLOW IF =2 THEN

FORk=0TO 10

IF (k >=bl1) AND (k <= c1) THEN
SPEED(, k) = (k - bl) / (c1 - bl)
ELSEIF (k >=cl) AND (k <= d1) THEN
SPEED(, k) = (dI - k) / (d1 - c1)

END IF

NEXT k

END IF

MDHI IF 1 =3 THEN
FORk=0TO 10
IF (k >=c1) AND (k <= d1) THEN
SPEED(, k) = (k- c1) / (d1 - cl)
ELSEIF (k >=d1) AND (k <= el) THEN
SPEED(1, k) = (el -k) / (el - d1)
END IF
NEXT k
END IF

HIGH IFi1=4THEN
FORk=0TO 10
IF (k >=dl) AND (k <=¢l) THEN
SPEED(, k)= (k -dl)/ (el -dl)
ELSEIF (k >=e¢l) AND (k <= f1) THEN
SPEED(, k) = (f1 - k) / (f1 - el)
END IF
NEXT k
END IF
VHIGH IF1=5 THEN
FORk=0TO 10
IF (k >=¢l) OR (k = f1) THEN
SPEED(, k)= (k -¢el) / (fl -¢l)
END IF
NEXT k
END IF
NEXT 1
CLS
PRINT "  Duscretized universe of cutting speed 1s as follows "
PRINT Nkkkkkkkkkkkkkk bk kR kR F Rk Rk kR kR Rk kR Rk kR Rk Rk KRk kN
PRINT
FOR1=0TOS5
FORk=0TO 10
PRINT SPEED(, k),
NEXT k
PRINT
NEXT
PRINT
PRINT
PRINT
CALL TESTING
END SUB
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SUB TESTING

BEE2 22223 Pt i 22223232233 23222 32222222
[}

' Subroutine TESTING
' It holds the screen until user presses "Q" to proceed
PRINT "please press Q or q to proceed”
PRINT
DO
quit$ = INKEY$
LOOP UNTIL (quit$ ="Q") OR (quit$ ="q")

END SUB

SUB TRUTHTABLE
T T e T T T ST P P TS T R R T e T
1

Subroutine TRUTHTABLE
Estublishes the final table as shown in Table 5 8 in

' Chap 5 which 1s the combination of 6 rules,using
' Table 5 2 and Table 5 3
FOR1=0TOS5
FOR;=0TO 20
FORk=0TO 10
LET TEMP =0

IF HARD(, j) < SPEED(S - 1, k) THEN
TEMP = HARD(, j)°

ELSE
TEMP = SPEED(S -1, k)

END IF

IF TEMP > FINALTABLE(, k) THEN
FINALTABLE(, k) = TEMP
END IF

NEXT k
NEXT
NEXT 1
CLS

PRINT " Here are the contents of the final table "

PRI'NT LR 2222222222223 2333333 3333332332333 3323 3233333823310
FOR j=0TO 20

FORk=0TO 10

PRINT FINALTABLE, k),

NEXT k

PRINT
NEXT
PRINT
CALL TESTING

END SUB
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.

SUB USEDATA
T L T T ey
1

' Subroutine USEDATA

Calls 4 other subroutines to find the cutting parameters
requisted by the user

GETHARD 'Accepts material hardness(BHN) from user
GETTOOL 'Accepts tool name required by the user
GETREQFINISH 'Accepts required surface fimsh from the user

GETFILE '‘Opens DATA file and performs all the
‘calculations based on the data in hand
'such as tool type, depth of cut,
‘'matenial hardness(BHN) ect to find cutting speed
‘and also prints the cutting parameters on screen
‘for the metal cutting operation

END SUB

SUB USERMENU

B2 3332332232233 32 2332222222222 222 2222222222222 222323 23233313
'

' Subroutine USERMENU

' Calls OPMENU subroutine to display operator's menu

' on the screen

CLS
DO
OPMENU
SELECT CASE userchoice
CASE |
matname$ = "medium carbon leaded"
CALL USEDATA
CASE 2
matname$ = "free machining carbon wrought"
CALL USEDATA
CASE 3
CLS
PRINT 2322 IS 2222222 2222223222233 33233 3312333322322 211
PRINT "*  Thankyou for using fuzzy expert system o
PRINT "* Goodbye h
PRINT i 22323 i e 3333223233333 233232 1)
CASE ELSE
ERRORMESSAGE?2
CALL TESTING
END SELECT
LOOP UNTIL (userchoice = 3)
END SUB
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