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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
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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
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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)

18



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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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

24



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
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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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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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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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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

44



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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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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