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Abstract

The work presented in this thesis is concerned with the selection of tooling and operating
conditions for turning, and the subsequent rationalisation of these tooling and operating

conditions.

There are five main levels of tool selection namely;, operation, component, machine,
mulit-batch, and shop floor and tool store. Each level is analysed using different
manufacturing paradigms and taking into consideration various objectives of tool

selection.

Detail work is presented apropos of tool selection at the operation and component levels
with proposals on how the other levels will form part of the overall selection systems.
The concept of Tool Resource Structure is presented and proposals on how it should be

an integral part of any Manufacturing Planning and Control system.

Various methods and a computer based system were developed for tool selection and
rationalisation. These include; a geometry and heuristic module for selection at the
operation level, a technology module that further optimises the tooling and cutting
conditions, and a component module that performs rationalisation at the component

level.

A number of examples are presented to describe the functionality of the tool selection
and rationalisation system. The results of the computer based testing of the software

were encouraging.




Acknowledgements

I would like to express my thanks to my supervisor Dr. P. G. Maropoulos for his help

and patience throughout this process. I did it!

Special thanks to Professor J. E. L. Simmons for his encouragement and belief in my

ability. I am not finished yet!

Thanks to Hugh Knox for his constant support and his practical approach to problems.

We both have learned more than what is in this thesis?

ii




Dedication

Wa’ed and Oisin Hamzah

i




Statement of Copyright

The copyright of this thesis rests with the author. No quotation from it should be
published without his prior written consent and information derived from it should be

acknowledged.

v




Declaration

No material from this theses has previously been submitted for a degree at this or any

other university.




Table of Contents

CHAPTER 1 ..cuooneeceiriiersansssssssissssssessssssssssasssssssssessessssssssssssessssensassssssssssasssasssssssonssss 1
INTRODUCTION . cesessnssssstssssesssssssessrsnsonsane 1
CHAPTER 2 S — 8
LITERATURE REVIEW cessssessassnesssesassarensisasessenssarnes .8
CHAPTER 3. reeeseesaseraseseessseetsearbtstsae R sessesRtsRT ts R s as ns ae et sasesetesttesatosaas 17
TOOL SELECTION LEVELS .....cuuiuiiinriinennennissnssesessensaessisssssesssssssssasssssssnsoss 17
3. INTRODUCTION......cecterueerrreereresssessecssusssnessessssssossssssessossassastossessastossessssssessessesssseennes 17
3.1 Definition Of Tool SeleCtion ................cciuceiucininniiinniicincincsecsesseneaenes 17
3.1.1 Operation Level.....c..cccovvuiminiiiiiiiiiiiniiciit et eae e 17
3.1.2 Component LEeVel .......c.coiiiiiiiiniiiicinicncrereeencnsseee 17
3.1.3 Multi-batch LevVel .....ccveeriiiiiiiiiieiiieiiieiitnctnneesetetesreesseesessaeeesaneen 18
3.1.4 Multi-machine Level..........ccccoviiiniiniiiiiiiiiicticccieecccereeeee e 19
3.1.5 Shop Floor and Tool Stores Level .......c.c.coveriionnenneninerieseccrcceeeeneen 19

3.2 Tool Selection Under Different Manufacturing Paradigms ............................... 19
3.2.1 Process Based .......c.coooceiriiiinminniiiiiiciiciic ettt e e s 20
322 FMS Cell....cuiiiiiiieciceereee st eeeete et s s te st ssessesaesaasaesssesseassasnsasasanns 24
3.2.3 Cellular Based .........cocveeiiiiciiciniiiniiniiciinicecccccrte et ssres s svesese e 26
3.2.4 Transfer LiNes ........cueeeeeiiieieeecceer et rte e e e e e s re e s e s s ranea s 28

3.3 CONCIUSTON. ......ooevneeeereeerneeareeeiececeiseesseeen e eeeerteeeeererete e s raeaaeearaaaeeenn 31
CHAPTER G ......uooiirireiisrnssineissnisscssseossisssissessessessessssssssssstsssssasssssssossossssssssssesssssssss 32
OPERATIONS PLANNING AND TOOL RESOURCE STRUCTURE................. 32
4. INTRODUCTION.......ccctuteeiierennncesrenessssersassessssennssssssssssssesasnmesssassasessssssassssnssssrsssnesssnnns 32
4.1 Manufacturing Resource Planning (MRP11) ...............ccccoouvvuvviinennciuenncnencene 34
4.1.1 FIONE EN..coorveerrrenecennseonsesseessssenens s 35




G 12 ENZINC..uneririiniiictititc ettt et er et sn et be et 35

4.1.3BACK ENQ ...ttt e 37

4.2 Operations Planning and TRS Within the MRP11 Structure.............................. 37
4.2.1 Computer Aided Design LinK ........cccovvvevcenreneeneneeeresreseeresteeveceenene 39
4.2.2 Computer Aided Process and Operation Planning Link ................c.couun........ 40
4.2.3 Operations Fle ..........ccoirireiniciniiiniicrecninsinieresssese et seasenesnns 40
4.2.4 TOOL INVENIOLY .....veotrriruerreaierentesresiecstestsseeeseessesssesnseeseronssesssesseessssssenenes 41
4.2.5 Tool Resource Structure Moule..........ceoeieireernueeeeeenresieeereeeseseesesesnennne 41
4.2.6 Timed-phased Operation PIans .........cccccocveierevrevenreceeneenee e 42
4.2.7T ROUUNG File.......vueiiiiiriiiiiniiiitiictnicticnietc ettt 43
4.2.8 Bills Of MAEHal........c.coovieermicriceeceenenieineseresreste e et sese e nans 43
4.2.9 Timed-phased Requirements PIANMING..........ooooceoorrerooeoooeooooooooo 44
4.2.10 Material, Tooling and Capacity Plans...........ccccecvvureerreecereeeieeeeceeen, 44

.3 CONCIUSIONS .......cuoeeeeeirerieeerrirectreeeeeessreetsesess e esent et st este e seeesanesnnesesaen 44
CHAPTER S ....orretntinncniisenessssssssssssisstsssssneesessessssssssssesssssssssssssssssesssssssaneas 45
TOOL SELECTION SYSTEM e re— 45
5. INTRODUCTION.........ceierirrreenriinreesterensesseeraessserssosssisesssessssessessnanesssssesssssssessssensssssnes 45
5.1 Tool Selection System - General DeSCriPHioN...............ooueeveeeeeeeeereeereesreeeeresnnns 45
5.2 Geometry and Heuristic Module (TVRO_G)...........coueueeeuneeeeeeeeeeeresserereerannn 47
5.3 Technology Module (TVRO_T) ....ueeeeeeeeeeeeeeieeectieeteeeeeeereeereeeseserssnsessne 49
5.4 Component MOAULE (TVRO_C).....ueeneeeneeiieeeeeeeeeeeeeeeeeeeeeeeeeeessseeessesnssss e 49
5.5 Multi-batch module (TVRO_MB) .......c...ueoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeen. 51
5.6 Multi-machine module (TVRO_MM)........ouueoomeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeon. 51
5.7 Shop floor and tool stores module (TVRO_ST)..........ocouveeeeeveecemseeeeeereerereresnnn 52
CHAPTER 6 .......ounrrereiniinniienintisisssssssssssscssnnnensasessssessessessesssssssssssssassssssossasasas 53
GEOMETRY AND HEURISTIC MODULES............corenrenrerenrveseesssssseonssssrsnns 53
6. INTRODUCTION.....ccueeiiererrientenresteerensentesteeseeseesseatseeeseessessaeseeeessessssssssesnssessessossensas 53
6.1 Programme INItiQliSAMION .................cccvueeueeemimerevierisiesieseeeireseeeeeeeeeeeeeesseseesenns 53
6.1.1 JOb IdentifiCation...........c.eeviruemeecienineetniinte ettt 54




6.1.2 Definition Of the OPEralion..........c.cccvvniiniiniiniiiinreenrienteneeserreesaeessessenssnenns 54

6.1.3 Preferred 1ocking SYSIEIM.......cuciiieriiiireiniennieinneeesteseeeeeeeeresseeeseeessanens 55
6.1.4 Finish, medium or rough cut and total depth of cut ........................... 55
6.1.5 Type of material to be machined and insert grade...........ccoccovvvcrnnvinvireenne. 56
6.1.6 Selection of machining profile..........cceveeeceerircreenireeneeseieereere e s e see e 58
6.1.7 Line fUNCHOM .....covrmeeeriiiiieienentieniccceteseaest s eseesesreaeseesessesesseesessasenes 60
6.1.8 ALC fUNCHOMN c..oeeuvirriinttiiieie ettt sttt aeseseeesas e s e ssananeas 61
6.1.9 EICMENL LEST ...oeovveerriiiiineiiiiiineriictiintcniisar e saseseessssesaesecsesstsacsssssnanenns 61
6.1.10 Element test fOr liNES .......coocuerecerniiiiniirineecteecrete e ceeeeseneeeeeceseesnaenns 63
6.1.11 Lines in right to left machining (€Xtemal) ..............cocevveereeermceeeesseseeseennne 64
6.1.12 Lines in left to right machining (extemnal) .........cccoeceeeerircnreerseneereeniennnn, 70
6.1.13 Lines in right to left machining (internal)........c.cccoeuerienenenivennerrcnrcrnnnnnns 73
6.1.14 Lines in left to right machining (internal).......c.ccceovervniievenennennererrenennenn. 76
6.1.15 Element teSt fOT @rCS.......covmimviivininiiiniiiitirieneerecerereeeeseeeeseeseetesaaeneans 77
6.1.16 Arcs in right to left machining (external) ......c..cceeveeveeincecercncncenccrennnnene 78
6.1.17 Arcs in left to right machining (external) .......ccccceevvevevvinvervencenircreennnene. 86
6.1.18 Determine maximum approach and trailing angles...........cccceeveerveercrcennnenee. 86
6.2 Heuristic Tool and Cutting Data Selection Module.....................cuuvueevueerennnn.... 86
CHAPTER 7 ..onueecrnrnninsnsnessnnssessesssssssssssessosssassssssssasassssassssssssssssssasssssssssasssssssssons 90
TECHNOLOGY MODULE............ccocnirirnnsmensessossessssssessssissssessosss 9%
7. INTRODUCTION.....c.cerutirinrennunestinsinsessessessissesisssisessssessesssssssssssssessonsssessossosssssssencssens 90 .
7.1 Depth Of Cut And Feed Rate Calcul@tions.....................cccccuvcvivcvivinrecirennnenne 90
7.1.1 Finishing OPErations..........ccveiiiimiiniivieeniiiticietess s 90
7.1.2 Roughing Operations............occoiiiiniiniininiieciiiciiiieeee e sneeeaene 91
7. 1.3 CUNG fOTCES...conmeenriiiniiiiiiiiicete et 92
7.1.4 Force constraints ........................................................ 92
CHAPTER 8......cciierirnninniscessrissasssssossssssssssssssssssassessssasessossescsssassassossassssssassassnssasass 99
TOOL RATIONALIZATION .....ccociniiiininnincsissiisnsssisssississssssssssessenssssassssssanasssans 99




8. INTRODUCTION......cctttiiinuttieriieeerienaseenseestssanessssnsssesssassnssesssssssasnssssssssasesssseressssasese 99

8.1 Rationalization SYSIEmM..............uwceecoueeueeeeeeereeeeeiireereeeeteeeeeeecervessessssesesssessanes 101
8.2 Rationalization at the Operation Level - TVRO_T............ccccoeevevvvvvveenvuenernnnn. 101
8.2.1 Detail Description 0f TVRO_T .....ccccvvcivveieiirereeereerenreeesiiesnseeeeeeseesssensens 104
8.3 Rationalization at the Component Level - TVRO_C .............ouveevvveeevercunncnnne 107
8.3.1 Detail Description of functionality ............cccccceeveererreersernensesrnrsressessennnn. 108
CHAPTERI................ cesesareareussrssnnanennsens ceessesesnassetssnsisasssasessrsssrsssrases 116
EXAMPLES, RESULTS AND DISCUSSION .......cccceecevcurceennees ...116
9. INTRODUCTION.....cccutteereeeessernrnreressessseesssesaessssssneessssssassassasssssssssssssesssssssessessssenssssns 116-
9.1 Graphics and Heuristic Modules In Operation.....................ccccoueeereervervensveanns 116
9.1.1 Medium Roughing of a Profile - Operation Level...........cccccoevervireeccrnnennnne 117
9.1.2 Multiple Operations Planning - Component Level.........ccoceevinieevicnnennnnn. 123
9.2 Technology and Rationalisation Modules In Operation......................cuecueeunen. 127
CHAPTER 10 ..acuuiniinnrininnisnnsencnsssnisniniseisseisissseisssesssssossasssssrosssssssnssssssssssssonsssssss 138
CONCLUSIONS AND RECOMMENDATIONS ......cuevinirennisssnissssssonssacarassassssass 138
REFERENCES ......uiiiiiinnisiiinnsnssninsnsissssnsoseissssemsississesssissssssssssssssssssaons 142
APPENDIX ..occoiiiurinininiiinsisssiesscsssessesssssesssssssssssssssesssssssssssssnsssssasssssssssesassssessasoses 146




Chapter 1

Introduction

The task of tool selection and the definition of associated cutting conditions are essential
parts of “operations planning” [1]. Over the last century operations planning has
attracted a sizeable interest both from industry and academia. In considering anything
remotely concerned with tooling one cogitates the works of Frederick Winslow Taylor,
viewed by many as “the father of metal cutting”. In his 1906 presentation to the 27th.
Annual Meeting of the American Society of Mechanical Engineers, entitled, “The Art of
~ Cutting Metals” [2], he remarked thét:

“There are three questions which must be answered each day in every
machine shop by every machinist who is running a metal-cutting machine,
such as a lathe, planer, drill press, milling machine, etc., namely: What tool

shall I use? What cutting speed shall I use? What feed shall I use?”

A lot has changed in the tooling domain since the presentation of this “monumental
piece” of work, but the same questions need answering. Even though the responsibility
of selecting the above mentioned parameters has in general, been removed from the
machinist and made the responsibility of the process and operation planning personnel,
the same questions must be answered. Because these personnel are removed from the
shop floor the answering of these questions becomes more of a problem, and in essence
the problem requires more attention as they may not be fully aware of the full operational
characteristics of the machine tools. Even though in general, process and operation
planning personnel have ‘come up through the shop floor’, the length of time they are
away from the machines may lessen their direct knowledge related to the characteristics

of the machine tools.

It is also worth quoting Frank B. Gilberth “a disciple of Taylor, the founder of Motion
and Time Study”:




“Much toward standardising the trades had already been done. In this as in
almost countless other lines of activity the investigator turns to the work of
 Frederick W. Taylor. Itisa nevér-ceasing marvel concerning this man that
age cannot wither nor custom stale his work. After many weary day’s study
the investigator (Gilbreth) awakens from a dream of greatness to find that he

has only worked out a new proof for a problem that Taylor has already

solved.”

Subsequently the work described herein will not subscribe to the field of metal cutting
other than to develop a system, using current information technology, that will aid in the
selection and rationalisation of tooling and cutting conditions. The process of selection
of both tooling and cutting conditions in industry is currently very much a manual
activity that allows for process planners, with varied experiences, proposing different

solutions for the same problem.

Chapter 2 outlines the current thinking in the field of tool and cutting data selection. It
was not for another half a century after Taylor’s presentation before computers were
considered for the selection of operating conditions. All the work to date is concerned
with the selection of tooling and cutting parameters for either a single operation or a
number of operations with respect to one component - which is acceptable when
manufacturing under the philosophy of large batch sizes and high inventories. In
contrast, today's industries are working towards the implementation of Just in Time (JIT)
philosophy, and aiming at carrying the minimum amount of stock necessary.
Subsequently, batch sizes are generally on the decrease, and the ratio of machining time
to set-up time per batch is reducing. This ratio is of even greater concern when batch
sizes of one are becoming a common occurrence. Because of this, it is essential that a
machine is 'geared-up' for a specified time span, with a wide variety of components of
varying batch sizes and material using the minimum number of tools that is considered
economical. This would mean machining a number of different batches at sub-optimum
conditions because the set-up time for the optimum tooling may prove uneconomical for

a particular multi-batch situation.




This new approach to tool selection brings with it problems such as; component
material/insert compatibility, operating under sub-optimum conditions, and the
economics of operating under such conditions. The machining of dissimilar materials
generally calls for different tooling and cutting parameters. Manufacturing engineers will
face the problem of determining whether it would be practical and economical to use a
limited number of tools to machine a wide range of materials. Thus, a decision support
system is required to suggest to the engineers whether the use of sub-optimum tooling is
both practical and subsequently economical. The importance of such a system can be
demonstrated in the following example. Suppose there are ten batches of 'one-off' which
consist of one set-up each totalling 12 mins. This would account for 2hrs per shift -
assuming all ten batches can be completed. At £6.74 per hour labour rate, this would
cost £13.48 per shift. Running at 333% overhead recovery rate this would account for a
loss in overhead recovery of £45 per shift; £225 / week / machine; £1000 / month /
machine; £12000 / year / machine. Consider this is occurring on ten machines. This
would account for a loss in overhead recovery of £120,000/yr. - roughly the cost of a

medium sized CNC lathe.

In general, such a tool selection system will consider a number of different "operation
plans". Each batch of components will have a set of defined tooling and operating
parameters that will be optimum for that particular set-up. What the system will do is
recommend the most practical and economical solution for a defined set of batches over
a defined time span. The overall objective should be to reduce the number of set-ups

and consequently see an increase in the ratio of machining time to set-up time.

Chapter 3 presents in detail the various tool selection levels and shows how each is

influenced by any of the others. Tool selection is categorised into five main levels;

. Operation level

. Component level

. Machine tool level

. Multi-machine level, and

. Shop floor and tool stores level.




The operation level is concerned with the optimal selection of tooling and cutting
conditions for a single cutting operation. The second level of tool selection is concerned
with a component containing a number of different operations to be completed on one
machine tool. In this situation sub-optimum tooling and cutting conditions may be
required. Sub-optimum selection may be dictated by the number of tool positions
available on the machine and this is the case when complex parts are machined using
CNC machine tools. These sub-optimal conditions would be off-set by the increase in
the ratio of machining time/set-up time. The third level is concerned with the production
of a number of different components of various batch sizes and of different material all
requiring to be machined on one machine tool. The complexity of this level is further
increased by the variety of different materials that may need to be machined. Besides the
use of sub-optimum cutting conditions there is also the possible sub-optimum use of
inserts, that is, not using the optimum grade of insert for a specific material. The multi-
machine level is concerned with rationalising tooling and assists in producing the Tooling
Resource Structure for the components planned within a defined time span. The final
level is concerned with the tool management aspect of tool selection. It defines the
overall tool requirements and helps in the effective and efficient allocation and

distribution of tools to machining resources.

Chapter 4 discusses the relationship between process / operation plannjhg and the new
concept of tool resource structure. Process planning is the 'bones' of defining the
manufacturing process while operation planning is about putting 'meat' on those 'bones'.
Operations planning is concerned in detailing each individual operation of the process
plan for a component and involves the detail selection of tooling and the optimum
opefating conditions. Again this process requires a considerable amount of time and
knowledge and is usually performed by someone with several years experience working
in the particular process environment. A number of systems are available to aid the
operations planner in the appropriate selection of tooling and cutting conditions, for
example, Numerical Control machining software. These systems are still rather primitive
in many ways and require a considerable amount of human intervention. Generally they

have only taken the repetitive tasks away from the planner who requires the same level of




experience to perform his function. What is now required, is an operation planning
system, which is part of a Computer Aided Process Planning (CAPP) system, and is
capable of interpreting the process plan of a component and automatically determining
the appropriate tooling and operating conditions. With this capability and a dynamic link
with the Manufacturing Requirement Planning (MRP11) system, the advantages of
creating an operations database are enormous. One of the main advantages is that it will
aid manufacturing personnel to effectively plan their tooling requirement based on

product requirements.

Tool requirement planning using a Tool Resource Structure (TRS) module would be
responsible for the effective optimisation of operation plans as well as the planning and
scheduling of tooling for a defined product demand. The TRS module would rely
heavily on the Computer Aided Design (CAD) and CAPP modules to define the Bill of
Materials (BOM), and the process and operation plans. It will also be dependent on the
information received from the timed-phased requirement records of the MRP11 system
and detailed records of tooling inventory. With the effective integration of CAD, CAPP,
TRS and MRP11 the design and manufacturing link will be complete. In addition to the
generation of the timed-phased requirement records for raw material, manufactured
components and purchase items, TRS will produce a timed-phased operations plan that

will contain the most effective set of tooling requirements.

Chapter 5 presents a general description of the tool selection system. It consists of six

modules;

. Geometry module (TVRO_QG) - used at the operation level;

. Cutting technology module (TVRO_T) - used at the operation level;

. Component module (TVRO_C) - used at the component level;

. Multi-batch module (TVRO_MB) - used at the multi-batch level,

. Multi-machine module (TVRO_MM) - used at the multi-machine level;

. Shop floor and tool stores module (TVRO_ST) - used at the shop floor and tool
stores level. |

Only the first three modules have been coded as part of this work.




Chapter 6 discusses the geometry and heuristic modules. The system is implemented
using AutoCAD/AutoLisp. AutoCAD is a Computer Aided Design/Drafting application
package capable of running effectively on 386DX machines upwards. AutoLisp is the
built-in programming language of AutoCAD and is an implementation of the Lisp

paradigm.

In using AutoCAD as the development tool there is no requirement to rewrite the
graphics interface. = AutoCAD allows access to its database via the AutoLisp
programming language and this will advantageously help in the manipulation of any
drawing. Additionally, by using AutoLisp as the programming language one minimises
the problems of interfacing, as would not be the case in interfacing independently
developed pieces of software. AutoCAD also allows for interfacing with dBase and
Lotus, and has a C-language programming environment for developing AutoCAD

applications.

The module is capable of selecting tool holders, on a geometric basis, for;
o right -> left external turning (linear elements);

o left -> right external turning (linear elements);

o right -> left external turning (arc elements),

o left -> right external turning (arc elements);

e right -> left internal turning / boring (linear elements); and

e left -> right internal turning / boring (linear elements).

The chapter also has the heuristics technology module of the graphics system. The
module is programmed in AutoCAD/AutoLISP and recommends, the speed, feed, and
depth of cut for a given operation. It’s main purpose is to select at a heuristic level the

appropriate cutting conditions.

Chapter 7 discusses the theoretical technology module for cutting data calculations. The

module is programmed in Visual Basic. It interprets the information from the graphics




and heuristic based technology modules and performs a number of tests concerning the

constraints of a machining operation.

Chapter 8 discusses the tool variety reduction. It presents the remaining levels of tool

selection and describes in detail tool rationalisation at the component level.

Chapter 9 describes a number of examples which show the functionality of the various
modules. Chapter 10 concludes on the work performed and gives recommendations for

further research.




Chapter 2

Literature Review

Much academic work has been performed in the development of systems to aid
manufacturing personnel in the optimum selection of cutting conditions. The earliest
record of the use of computers in the optimum selection of machining conditions, which
has been possible to locate, are those of Weill (3) in 1962: “The use of electronic
computers for the determination of optimum cutting conditions”, and of Ham (4) in
1962-63; “Economics of machining: analysing optimum machining conditions by
computers.” Other early work - without the use of computers - include that of Brewer
(5), Brierley and Seikmann (6), Brewer (7), Wu and Ermer (8), Ermer and Wu (9),
Crookall (10), and Bartalucci, Bedini and Lisini (11).

Bomoswani (12) considered the use of computers in the optimisation of machining

parameters and stated:

“There is a growing tendency on the part of research workers to use

electronic computers to optimise machining conditions.”

That was in 1968, but twenty years later and relatively little has been adopted in industry.
Bomoswani considered a simple cylindrical turning operation and used three criteria for
the optimisation of cutting conditions, namely; maximum production, minimum total cost
/piece, and maximum profit rate. Ten feeds and speeds are chosen and the total depth of
cut is assumed to be taken in a single pass and two passes. For each combination of
speeds and feeds the following are computed; power required, temperature due to
cutting, and maximum profit rate. If power, temperature, vibration and chatter are not
violated then the total cost, maximum production and maximum profit is calculated for
each combination of feeds and speeds. From this the optimum cutting conditions are
selected. The concern with such a system is that it is dependent on the sensitivity of |

data.




Bartalucci et al (13) have researched the problem of optimum machining conditions
“from a general point of view, trying to determine the optimum machine tool and the
optimum set of values for cutting speed, feed and number of cuts, which minimise the
machining cost on this machine.” Their argument is that machine tools are often badly
utilised and “the full power is very seldom absorbed during the cutting time”. In
addition, the time of effective utilisation is often a small percentage of the machining
cycle, “this produces an unnecessary increase of the invested capital, which augments
the cost of the products and aggravates the factory financial situation.” Rather than
investigate the maximum production rate obtainable, this work assumes a production rate
and obtains the optimum machine tool and subsequently obtains the optimum cutting
conditions using the minimum cost criterion. The argument for using the minimum cost
criterion is; “the solution is evident because it brings us to identify a machine having a

power corresponding to the maximum production cutting speed.”

Iwata et al (14) consider the probabilistic approach to the determination of operating
conditions. The concept of dynamic programming and stochastic programming is used
for simultaneously determining the optimum values of the cutting speed, feed, depth of

cut and the number of passes.

Etin et al (15) were concerned with the selection of cutting tools for optimum machining
by considering the workpiece and tool charactenistics. Use is made of a descriptor
language that defines the characteristics of the workpiece and tool, and for each

elementary operational surface a cutting tool is selected.

Petropoulos (16) discusses the use of geometric programming - a non-linear
programming technique - in the problem of unit cost optimisation and the subsequent
determination of the optimal values of cutting speed and feed rate in turning, with cutting
power and surface roughness as the forced constraints. This approach deals with the
problem of minimising non-linear objective functions, subject to inequality constraints of
a certain type and maximising product functions, the dual functions, subject to certain

linear constraints. The original minimisation problem, called primal programme, is



transformed to a maximisation problem, termed dual programme, and this greatly

simplifies the numerical solution of the optimisation problem.

Regarding the objective function as the unit cost equation and the inequality (lack of
equality in magnitude) constraints as cutting power and surface roughness, the unit cost
is minimised - using primal programming - and a range of coefficients obtain values.
These values are used in the dual programme where the minimisation problem is turned
into a maximisation problem subjected to linear constraints. Finally, the optimal value of
the unit cost is calculated and subsequently the optimum cutting conditions operating
under this cost. The only constraints considered were the maximum cutting power
available and the surface roughness required. No consideration was made of the
maximum cutting force permitted by the rigidity of the machine tool and accuracy
required; the rigidity of tooling; the maximum feed rate and rotational speed available

from the machine tool.

Optimisation of operating conditions in multi-pass operations is considered by Iwata et al
(17) and Kals et al (18). Either the minimum production or maximum production rate
criterion is selected for optimisation. Limits associated with the lathe and tool, and the
constraints imposed by the requirementé associated with product accuracy and surface

finish are taken into consideration.

Kals and Hijink (19) discuss the development of a computer program for the calculation
of optimum values of the machining variables in “multi-cut” turning operations. An
optimisation criterion can be selected for minimum production costs and maximum
production rate. The program has been used for determining the influence of the lathe
specifications and accuracy demands on machining costs. The optimisation conditions
can be considered as time consuming since the appropriate tools must be entered. The

system is not capable of selecting the tools - therefore it has no real geometrical

capabilities.

Wysk, Davis and Agee (20) presented a mathematical model for use in the selection of

optimum machining parameters. The model developed considers probabilistic tool life
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and the possibility of a catastrophic tool failure. It is argued that the task of selecting
operating conditions can be formulated in accordance with any of the main production
criteria where it is believed that they are an “oversimplification of the problem". For
instance, tool life is usually assumed.to be deterministic, and occurrences such as
catastrophic tool failure are generally excluded from the formulation. The paper presents
“a formulation of the machining parameter selection problem in a context which is
consistent with both recognised variability of tool life and the probability of tool failure.
The relevant tool life equations are presented with all the refinements and additional
variables that have been incorporated over the years since F. W. Taylor presented his

first published work on tool life stating his well known equation.

It is argued that it is possible to believe that great advances have been achieved in the
accuracy and utilisation of such deterministic equations. Unfortunately, it is concluded

that this is not the case due to two major reasons:

e “The probabilistic nature of tool life”; and
¢ “The lack of experimental machining data upon which a rigorous regression analysis

can be performed to define the form of the tool life model.”

The time required to recover from a catastrophic tool failure has been added to the
minimum production time optimisation model, and is considered a function of speed,
feed and depth of cut. As with most research the same optimisation criteria are used
while in this case there is the added feature of the probabilistic nature of tool failure. No
geometrical capabilities are presented and the selection of the required tooling is not

considered.

An optimisation technique that considers machining conditions, machining constraints,
and tool replacement strategy is proposed by Zdeblick et al (21) where a probabilistic
approach is used in determining the optimal machining conditions and tool replacement
intervals. Optimisation of the machining process has generally concerned itself with the

direct machining costs. This paper argues that process feasibility and reliability have
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become important from an overall manufacturing system viewpoint. The work takes into
consideration the part and process oriented constraints, premature tool failures, overall

process variability and the time-varying behaviour of machining.

Hinduja et al (22) present a procedure that calculates the optimum cutting conditions
using minimum cost and maximum production criteria as the objective functions. The
procedure additionally allows for multi-pass operations. For a given operation set-up,
the search for the optimum is limited to feed versus depth of cut. Constraints used

include power availability, workholding, surface finish and component accuracy.

Wang and Wysk (23) start by discussing the techniques available for machining data

selection that are summarised as follows:

¢ Data retrieval methods
e Optimisation mathematical methods

e Empirical methods

The data retrieval method is basically a database of machining data for a selection of
different combinations of materials, tools and operations. This data may be stored in
handbook form or in a computerised database. In a computerised form, the operator
indicates what component material, tool and operation is required and the system outputs

the recommended cutting conditions. The stated disadvantages of such a system are:

o [t requires a large amount of memory space for storing data; and

e The data it supplies is often too conservative and not optimal.

The optimisation methods employ three different objective functions, namely;
¢ minimise production cost
e minimise production time, and

e maximise total profit.

The major problems that are associated with this approach include:
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e The number of model coefficients and variables. It usually takes a considerable
database and then CPU time to generate a solution.

e It is only applicable to a number of machining operations, namely, turning, boring,
drilling and reaming.

e Also, it has been stated that, for certain operations using high-speed steel tooling, the
minimum and maximum cost may vary less than ten percent over all practical feeds

and speeds.

The conclusion reached is that much time and effort should not be spent on optimisation
of cutting data. The system is known as the ESMDS, that is, Expert System for

Machining Data Selection. The following are the main components of ESMDS.

e Empirical equations are employed for operations which have been well investigated
and concluded.

e A database has been constructed to cater for those operations which lack sufficient
equation forms.

e An extensive knowledge base was compiled. It is claimed that this covers all of the
common operations, materials and machine tools.

o A forward-reasoning scheme was adopted.

e The system, it is claimed, can provide efficient machining data in response to different

user specified tool lives.

The syst‘em does not recommend the tool as it is assumed that the planners will perform
this task. If this is the scenario, then such a system is not capable of performing the
selection of the optimum tooling and therefore it is left to the experience of the planners
who may not be consistent in their choices. It is claimed that an extensive knowledge
base was compiled covering the most common operations, materials and machine tools.
However, the data stored in this system is only valid for tool life ranges of 10-60 mins
and the use of empirical equations do not generate optimal cutting conditions. There is
no indication of the system being applied and tested in industry. Finally, ESMDS-
according to the paper - does not take into consideration parameters such as weight of

the component, dimensions, rigidity of the machine, component and tool.
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In 1991, Maropoulos and Hinduja (24) published a paper concerned with the automatic
selection of tooling and cutting conditions for rough turning. The basic outline of the

system is:

o It selects the optimum tools for rough turning operations performed on a CNC centre.

e It assumes that the type of operation required and the area to be rough machined are
defined.

e The system determines automatically the tools which can generate the required
geometry.

e When no single tool can machine the entire area, pairs of tools are formed and the
system generates the exact area each tool will machine.

e The selection procedure is based on calculating the optimum cutting data for the first
and last pass of a multi-pass roughing operation taking into account the main process
constraints namely power and work-holding.

e An additional function establishes the optimum number of tools for machining
complex areas which include recesses. This function is known as “geometrical
decoupling” and assists in avoiding a sub-optimum solution which is forced by
geometric considerations.

e It is claimed that the system has been successfully tested for a large number of turned
components of any geometric and production complexity.

e It is also claimed that the tools which result in the minimum machining cost have been

supplied in a fast, accurate and efficient way.

Maropoulos and Hinduja (25) presented a paper in 1990 that considers the selection of
tooling and operating conditions for finish turning performed on a CNC turning centre.
Units of tools are selected for each respective finish operation. A unit will consist of one
or more tools capable of machining the required geometry. The “effective unit cost (euc)
parameter” is calculated for each tool. This represents the effective machining cost for a
tool and subsequently tools are sorted in order of increasing euc. The euc considers the
surface finish, diametrical tolerance and the specified production criterion. Both of the

two previous references are part of the TECHTURN system (26).
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Maropoulos and Hinduja (27) also did some work on tool regulation and tool wear
balancing. This is concerned with the selection of a prescribed number of tools for a
component on a turning centre and the optimisation of tool wear and tool changing on a

machining cost basis.

Barkocky and Zdeblick (28) describe a knowledge-based system for planning machining
operations, called CUTTECH. The system contains metal cutting technology and data
that is used in recommending tooling and operating conditions. The system’s functions
are concerned with the tool selection, cut sequences, and operating conditions for a
particular feature. The system acts as a knowledge source and a knowledge collection
point. The CUTTECH system supplies the input in terms of plans and recommendations
for the machining process, and in turn the machining process generates new variables and
constraints as “plans are modified to meet actual production requirements”.
Subsequently, the new production techniques and data become new input to future
production processes by their incorporation into the CUTTECH system. Therefore, this
system differs in nature from the typical artificial intelligence system in that it “adds
intelligence to a core of machinability data rather than adding practically to abstract
geometrical concepts for machining”. It is referred to as the “bottom up” approach in
that it provides “shop floor intelligence”. In summary the CUTTECH system is based
on the following philosophy:

o Intelligent framework for practical knowledge and machining data.
e Group technology coding of common part features.

e Parameter selection based on current machining practices.

e Automate operation planning decisions.

e Emphasis on implementation.

e Practical in nature.
The process planning system developed by Giusti et al (29) includes an expert module

called COATS, for turning operations. Milacic and Putnik (30) discuss tooling system

design and consider the mutually inter-linked relation of various machining entities.
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Arezoo and Ridgway (31) present an intelligent knowledge based system developed in
Prolog and using a hybrid knowledge representation system (logical and rule based). A
non-algorithmic solution is discussed by Domazet and Milacic (32) known as the
production rule matrix method. The method formulates production rules in a table form
instead of applying the logical IF and THEN statements. Additionally, the system

includes inductive learning techniques and automatic rule generation.

Keating et al. (33) describe current research leading to a prototype Intelligent Tool
Selection (ITS) system. The purpose of the system is to support process planning
personnel and to promote consistency in the choice of cutting tools and conditions. The
prototype embodies software modules and procedures. Keating et al. (34) describe a
pilot implementation period in collaborating companies which enabled testing of the
various component with promising results. Maropoulos et al (35) describe an advanced-
tooling system where by the methodology incorporates both algorithmic and knowledge

based techniques.
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Chapter 3

Tool Selection Levels

3. Introduction

This chapter will outline the various tool selection levels and also discuss each selection

level under different manufacturing paradigms.
3.1 Definition Of Tool Selection

Tool selection is categorised into five main levels as defined by Maropoulos (36),

. Operation level;
. Component level;
. Machine tool level,

o Multi-machine level, and;
. Shop floor and tool stores level.

Figure 1 defines the flow of tool selection.

3.1.1 Operation Level

This level is concerned with the optimal selection of tooling and cutting conditions for a
single operation. This level allows for optimum tooling and associated cutting

conditions.

3.1.2 Component Level

At this level tool selection is concerned with a component containing a number of
different operations to be completed on one machine tool. In this situation sub-optimum

tooling and cutting conditions may be used - dictated by the
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MULTI-MACHINE
LEVEL (4)

Figure 1. Sequence of tool selection levels

number of tool positions available on the machine. These sub-optimal conditions could

be off-set by the increase in the ratio of machining time to set-up time.
3.1.3 Multi-batch / machine Level
This level is concerned with the production of a number of different components of

various batch sizes and of different material all requiring to be machined on one machine

tool. The complexity of this level is further increased by the variety of different materials
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that may need to be machined. Besides the use of sub-optimum cutting conditions there
may also be the possible use of sub-optimum use of inserts, that is, not using the

optimum grade of an insert for a specific material.

3.1.4 Multi-machine Level

The multi-machine level is concerned with rationalising tooling and assists in producing
the Tooling Resource Structure (TRS) for the components planned within a defined time

span.

3.1.5 Shop Floor and Tool Stores Level

This level is concerned with the tool management aspect of tool selection. It defines the
overall tool requirements and helps in the effective and efficient allocation and

distribution of tools to machining resources.

3.2 Tool Selection Under Different Manufacturing Paradigms

Manufacturing firms are classified in the general context as either a "jobbing shop" or a
"flow shop" [37]. The "job shop approach" allows for articles to be routed to work
centres depending on the required processes. The "flow shop approach" allows for one
or a relatively small number of products to follow a defined process route that has been
specifically designed for the relevant products. By these definitions the complexity of
tool selection ranges from complex for the "jobbing shop" to relatively simple for the

"flow shop".

Within this whole band of manufacturing environments four basic layouts are possible:
e Process based

e FMS cell

e Group technology, and

o Transfer lines.
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" The various tool selection objectives and criteria that need consideration in these layouts

are:

e Tool management and planning

o Technological / process requirements

» Tool rationalisation opportunities at resource unit level
o Time allowed to select tools

o Tool allocation horizon

« Importance of tool / work flow synchronisation

e Machining performance rating

o Set-up reduction rating

o Benefits from geometrical rationalisation, and

o Benefits from carbide rationalisation.

Each layout will be considered under the above stated objectives and criteria.

3.2.1 Process Based

Process based layouts are concerned with a group of similar machines, e.g., lathes,
grouped together to perform a single process. This type of layout is not dedicated to any
particular product range and therefore parts from different products are scheduled
through various process based layouts. Parts usually travel longer routes because they
are transported from one process based layout to another, e.g. turning to milling to
grinding to plating. Greater flexibility is generally achievable in terms of the range of
products that can be manufactured while the majority of these products would not be
related to each other in any shape or form. A process based layout is typical of a
jobbing shop envirdnment where a number of different products are manufactured.
Production personnel are only capable of operating machine tools in the "resource unit"
they operate and are therefore generally inflexible. The variety of tooling in a
process/functional layout is large but the tooling category per type of machine is limited,
e.g. turning tools and associated inserts. Additionally, the management and planning of

tooling is more complex when compared with other types of layout.
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Tool managemeﬁt and planning

In the process based layout, the management and planning of tooling is a highly complex
activity. Because of the nature of a process based layout a large number of different
components are machined. This alone calls for a wide range / variety of tooling and
carbides. Due to this high variety, the effective and efficient planning of tooling is
crucial. It is important that tooling requirements are given great consideration because

the incorrect resourcing of tooling will lead to an increase in down time.

Technological / process requirements

The process based layout contains a number of similar machines and because of this the
process requirements can vary highly over a period of time. If such a layout contained a
number of small, medium and large sized lathes, the requirements for these could vary
considerably depending on the demand of various products. In the Switchgear industry
the demand for high voltage gear and medium voltage gear can fluctuate considerably.
During a period of high demand for HV gear the larger CNC lathes are more heavily
loaded while during a period of high demand for MV gear the smaller CNC lathes are
more heavily utilised. Because of this highly variable process requirements the selection
and management of tooling is a highly complex activity. Tooling requirements must be
matched to process requirements and this can be sensibly managed by connect_ing Tool

Resource Planning (TRP) with Material Resource Planning (MRP).
Tool rationalisation opportunities at resource unit level

Plenty of opportunities exist for tool rationalisation in a process based layout. In a
layout that contains a group of lathes the most prominent tooling are turning holders.
Holders are selected on the basis of the geometrical requirements of the components. If
the optimum holder was selected for each operation the number could be very large. For
large batch manufacturing this could be feasible but as batch sizes are continuously on

the decline the opportunity for a core number of tools could prove economical on a long
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term basis. This would entail using sub-optimum tooling for a number of different
components and this could be counter balanced by the benefits to be gained from
reductions in set-up times. For example, the same tooling could be used for longitudinal

turning and facing.

Time allowed to select tools

Due to the nature of a process based layout the time allowed to select tools is generally
very short. As the type of components scheduled through such a resource unit can vary
considerably “over a period of time and because the component may not be repeated
again, the time allotted for selecting tooling is relatively short. It is generally not feasible
to spend a great length of time in selecting optimal tooling for components processed in
this layout, as would be case for a transfer line where optimum tooling and operating

conditions are of paramount importance.

Tool allocation horizon

The tool allocation horizon for a process based layout is short. As a component can be
machined on a one off basis, or because the demand for that component may fluctuate,
tooling is assigned to the resource unit for a short period of time. Once the component
is manufactured the tooling is withdrawn from the resource unit. The tool management

aspect is further complicated by this short tool allocation horizon.

Importance of tool / work flow synchronisation

Tool/work flow synchronisation in a process based layout is not as important when
compared with other layouts. Some of the reasons for this can be attributed to: low
levels of automation, personnel tend to focus on their own functional efficiency in this
type of arrangement; the importance of bottlenecks is not very important - must get the
work done and onto the next process based layout, and; if the tools are not available

supervision will start manufacture of another component.
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Machining performance rating

Machining performance rating is relatively low in a process based layout. In this type of
layout machine tools manufacture various products and this subsequently calls for
numerous set-ups over a period of time. A machine that produces only one type of
component per week operates at a higher performance level than a machine that
produces a large number of components per week. The greater the number of set-ups

the lower the machining performance rating.
Set-up reduction rating

Numerous benefits can be gained from set-up reductions in a process based layout. Due
to the nature of this type of layout it is inherent that set-up time plays an important role
in achieving high performance levels. Greater opportunities exist for reductions in set-up

time if one setting can be used for a variety of different batches.
Benefits from geometrical rationalisation

If the geometdcal features of components can be limited for a particular process, the
benefits to be gained are very high. This is a design function and better communication
between design and manufacture can be greatly beneficial. Additionally, if components
of the same or similar geometrical characteristics are grouped together benefits can be

gained by using one set of tooling.

Benefits from carbide rationalisation

The use of different carbides is very much influenced by the type of material being
processed, and the greater the material range the greater is the number of carbides. The
benefits for carbide rationalisation in the process based layout is very high. By using the
same carbide for a range of materials, benefits can be gained from a reduction in set-up
times. When using one type of carbide the economic gains due to set up reduction will

off-set the disadvantages of operating under sub-optimum cutting conditions.
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3.2.2 FMS Cell

The underlying philosophy of an FMS layout is that it is capable of using the built in
processes to manufacture a wide selection of different part types. In the case of a single
FMS machine tool a pre-defined set of components are processed using a pre-defined set
of tooling. In addition, while one component is being machined the operator will be
setting-up another component ready to be moved into position when the previous one is
complete. This allows for considerable reductions is machine set-up times. Where a
number of processes are formed into a cell use would be made of robots, conveyors, and
automated guided vehicles (AGV's). This type of arrangement allows for the minimum
human intervention from the time the component enters the cell to the time it exits it.
The FMS cell approach allows for the efficiency and utilisation levels associated with
mass production while "retaining the flexibility of manually operated job shops; that is
very general part flow patterns and machines that are capable of processing a wide
variety of different part types." More complex scheduling problems are encountered if
demand fluctuates and FMS are not suitable in terms of machine utilisation if the parts

that flow through an FMS machine can vary greatly.

Tool management and planning

Tool management and planning in an FMS environment is a complex activity because the
definition of an FMS environment implies the manufacturing of a wide range of different
components/products. Because of the complex scheduling problems associated with

such a layout, similar problems would be encountered with the scheduling of associated

tooling.
Technological / process requirements

Technological / process requirements for FMS cells are variable because a number of the
processes will vary in degree of usage dependent on the range of components being

manufactured.
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Tool rationalisation opportunities at resource unit level

The opportunities for tool rationalisation are plenty mainly because the nature of an FMS
cell allows for it. The FMS cell is designed for the manufacturing of a medium range of

parts and because of this a core set of tools could be established.

Time allowed to select tools

In a FMS cell environment the time allocated for selecting tooling and appropriate
cutting conditions is marginally greater as in comparison to a process environment.
There is lower variety of parts than process based and hence there is more time for tool

selection

Tool allocation horizon

The tool allocation horizon in an FMS cell layout is generally short.

Importance of tool / work flow synchronisation

The importance of tool/work flow synchronisation is "very high" in an FMS cell
environment. These types of layouts have a high degree of automation and due to this

the change over from one set of tooling to another must coincide with the change over of

products being processed.

Machining performance rating

Machining performance rating in an FMS layout is "mostly low". This is mainly due to; a
number of different products are processed and this calls for increases in set-up time; the
FMS cell can only operate as effectively and efficiently as the main bottleneck in the
system - it is no good operating all resources at 100% efliciency if one of the resources is

not capable of processing all what a previous resource has produced.
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Set-up time reduction rating

The opportunities for set-up time reductions is "high". A range of similar components
may be processed using a defined set of tooling and this tooling could therefore be set-up

at a shorter time.
Benefits from geometrical rationalisation

The benefits to be gained from geometrical rationalisation are high and can occur if all

products of similar geometry are processed during a defined period.
Benefits from carbide rationalisation

Benefits from carbide rationalisation are high if a variety of different materials are
processed. The use of the same carbide on different materials is possible once the sub-
optimum operating conditions are acceptable. It is important that the overall benefits are

understood in terms of what they actually mean from an economical view point.

3.2.3 Cellular Based

The cellular based layout is product oriented and is the "name given to applied group
technology”. The concept of the cellular based layout is that it groups the people,
processes, and machines required to manufacture a part family, usually a complete
component or a sub-assembly of a product or even a complete product. Because of their
nature cells are not as flexible as a process / functional based environment and
subsequently would require to be re-designed for a different product. The distance
travelled by a component / article can be considerably less than in a functional based
layout. The cellular approach is similar to the "flow shop" environment because the
products associated with the cell follow a defined process route that has been specifically
designed for the relevant component / product. Production personnel are generally more

flexible and can therefore operate a number of different machine tools. Due to this, the
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work flow through a cell can be assisted more easily because the bottlenecks can be
addressed much more quickly and effectively. The range of tooling is generally constant
as the majority is well defined in advanced. In return, the logistics of tooling is less

complex than in the functional layout.

Tool management and planning

The management and planning of tooling is less complex in comparison to the process
and FMS based layouts. Cells are designed for a range of specific products and once the
tooling is selected it generally stays static. Therefore, the supply of tooling to the cell is

very much dependent on tool wear and the volume demand of the product.

Technological / process requirements

Because of the nature of a cell layout the technological/process requirements are "mostly
repeatable”. The cell is designed with a specific product(s) in mind and consequently the

processes are designed around the product(s).
Tool rationalisation opportunities at resource unit level

As most cells are designed for a specific product range, the tooling is generally dedicated

for each process, therefore tool rationalisation opportunities range from average to low.
The allowed to select tools

The time allowed to select tooling and associated cutting conditions is generally longer in
comparison with the process and FMS based layouts. As a cell is designed the tool

requirements can also be predicted.

Tool allocation horizon

Tooling is generally allocated for long periods of time because cells are dedicated to one
or a small number of products. Therefore, once the tooling requirements are established

it will not be changed until the introduction of a new product(s).
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Importance of tool / work flow synchronisation

Tooling/work flow synchronisation is very important in a cell layout. The importance of
having the correct tooling available at the right time is essential for the effective and

efficient flow of the work piece/component.

Machining performance rating

The machining performance rating is high for a cell layout. In a cell the correct line
balance is usually achieved and the resources are set-up to produce a limited number of
components/products. When a resource is dedicated to a particular component/product
which is produced at high volumes, performance should be greater when compared to

the process and FMS layouts.

Set-up time reduction rating

The benefits of set-up reductions are low in the cell based layout. The main reason for

this is that the most optimum tooling is used in a cell based environment.
Benefits from geometrical rationalisation

Benefits gained are low because optimum tooling is required.

Benefits from carbide rationalisation

Benefits gained are low because optimum carbides are required.

3.2.4 Transfer Lines

Transfer lines are employed when manufacturing one product or a group of very similar
products on a mass production basis. The equipment and resources are designed around
the processes required to completely manufacture the product, for example as in the

automobile industry. The lines include the correct number of each resource that will
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allow for the smooth flow of the product. Ideally no bottlenecks should occur on
transfer lines because the major objective behind such layouts is to have it balanced
throughout. If a bottleneck begins to appear the line is stopped immediately until the
problem is resolved. With such layouts the minimum amount of work in progress is
achievable. Transfer lines are very inflexible and would require to be redesigned when
considering the introduction of a new product range or a variation of an existing product.
Production personnel are specifically trained to operate efficiently and effectively
throughout the transfer line. Every action/movement of the operator is planned well in
advance and a defined training programme is pursued before they are allowed to operate
on the line. Tooling requirements are very specific and in many instances are designed
and developed for a particular function. Transfer lines allow for the use of optimum
tooling and associated operating conditions. Additionally, because tooling is dedicated

for very long periods of time logistics is considerably less complex.

Tool management and planning

The logistics associated with tooling on transfer lines is "relatively simple”. The design
of a transfer line considers; the processes, number of each process, and; the optimum
tooling. Once the tooling is decided the only management aspects remaining are those

associated with maintenance and replenishment.
Technological / process requirements

The technological requirements on a transfer line are "highly repeatable" because they are
specifically designed around the product. In comparison with the cellular layout, the
transfer line is optimally designed in terms of the type of processes and the capacity of

each process.

Tool rationalisation opportunities at resource unit level

Tool rationalisation opportunities at resource unit level are "negligible" because optimum

tooling and operating conditions are used throughout.

29



Time allowed to select tools

Plenty of time is available to select tooling for transfer lines. Selection of tooling is part
of the process involved in designing a transfer line and subsequently the time is available

for considering the most optimum set of tooling.
Tool allocation horizon

Tooling is assigned to transfer lines for "very long" periods of time. Introduction of new
tooling is only deemed feasible if it contributes to the overall effectiveness and efficiency

of the transfer line.
Importance of tool / work flow synchronisation

The importance of tool/work flow synchronisation is "very high" because the overall
output of a transfer line is very much effected if these two variables are not properly
managed. These factors must be considered in great detail at the design stage of the

transfer line because one of the major objectives is to avoid bottlenecks.

Machining performance rating

Machining performance rating is very high because once they are set-up they produce the

same product continuously.

Set-up time reduction rating

The opportunity for set-up reductions is low if not negligible on transfer lines. Tooling is

set-up once for a specific process, so set-up reduction opportunities are basically zero.
Benefits from geometrical rationalisation

Benefits from geometrical rationalisation are negligible.
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Benefits from carbide rationalisation

Benefits from carbide rationalisation are negligible.

3.3 Conclusion

Having presented the typical layouts applied in industry and the various tool selection
objectives and criteria that need consideration, the major benefits could be gained by
applying tool variety reduction and optimisation techniques to the process and FMS cell
based layouts. The group technology and transfer lines layouts do not lend themselves to
tool variety reduction and optimisation on the grounds that during the design process of
these layouts the tooling aspect is taken into consideration - tooling is designed into

these layouts.

The reasons for applying such techniques (tool variety reduction and optimisation) only
to the process based and FMS cell layouts are supported by the discussions in the section
entitled, tool selection under different manufacturing paradigms. By applying tool variety
reduction and optimisation techniques to the process based and FMS cell layouts
substantial benefits can be gained apropos of, tool management and planning, tool
rationalisation opportunities, tool allocation horizon, machining performance, set-up
reduction, geometrical and carbide rationalisation. The same benefits could not be
obtainable for the group technology and transfer lines layouts for the reasons already

discussed.
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Chapter 4

Operations Planning And Tool Resource Structure

4. Introduction

This chapter discusses how the Computer Aided Design (CAD), Computer Aided
Process Planning (CAPP) and Tool Resource Structure (TRS) modules could be
integrated into a Manufacturing Resource Planning (MRP11) system. MRP11 is a
widely used manufacturing planning and control system applied in the -effective
management of raw material, the manufacturing processes and the purchasing function.
It is accountable for converting the organisations top level plan into a detailed plan of

action in order to meet the required objectives.

CAD one of the more advanced technologies available to a manufacturing organisation.
It has aided considerably in automating and managing the complex task of engineering
design. Most CAD software packages are now capable of transferring information to
other CAD systems and computer systems, for example, Numerical Control
programming systems. The activity of creating the Bills of Material (BOM) is now very
much an automated process. Because no links exist as such with MRP11 systems, the
task of transferring the BOMs is still a manual process and generally takes much time.
The creation of a dynamic link between these two systems would completely eliminate

this non-value added activity.

Process-planning is the main link between design and manufacturing. This process is
about defining a plan of action to convert a piece of metal into an already defined end
product. The end product is designed by design engineers and it is the responsibility of
process planners to define the manufacturing operations necessary to achieve the desired
product specifications. The process planners are usually persons with a considerable

amount of manufacturing process experience that has been obtained during a major part
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of their working career on the shop floor. This scenario brings with it some searching
questions apropos of how can this time consuming, and subjective process be automated.
Various CAPP systems are being developed in order to address these concerns but a
considerable amount of work is still required in relation to their industrial functionality.
Such a system would greatly enhance the process planning process with the possibility of
a dynamic link with the firm’s MRP11 system. This link would aid in automatically

creating the routing file on the MRP11 system that is currently input manualily.

Operation planning is concerned in detailing each individual operation of the process plan
for a component and involves the detail selection of tooling and the optimum operating
conditions. Again this process requires a considerable amount of time and knowledge
and is usually performed by someone with several years working experience in the
particular process environment. A number of systems are available to aid the operations
planner in the appropriate selection of tooling and cutting conditions, for example,
Numerical Control machining software. These systems are still rather primitive in many
ways and still require a considerable amount of human intervention. Generally they have
only taken the repetitive tasks away from the planner who requires the same level of
experience to perform his function. What is now required, is an operation planning
system, which will be part of a CAPP system, capable of interpreting the process plan of
a component and automatically determining the appropriate tooling and operating
conditions. With this capability, and a dynamic link with the MRP11 system, the
advantages of creating an operations database are enormous. One of the main
advantages is that it will aid manufacturing personnel to effectively plan their tooling

requirement based on product requirements.

The Tool Resource Structure (TRS) module of the system would be responsible for the
effective optimisation of operation plans and the scheduling of tooling for a defined
product demand. The TRS module will rely heavily on the CAD and CAPP modules to
define the BOMs, and the process and operation plans. It will also be dependent on the
information received from the timed-phased material requirement records of the MRP11

system and detailed records of tooling inventory.
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With the effective integration of CAD, CAPP, TRS and MRPI11 the design and
manufacturing link will be complete. In addition to the generation of the timed-phased
requirement records for raw material, manufactured components and purchase items,
TRS will produce a timed-phased operations plan that will contain the most effective set

of tooling requirements.
4.1 Manufacturing Resource Planning (MRP11)

Manufacturing Resource Planning, commonly referred to as MRP11, is a manufacturing
planning and control system. Its predecessor was MRP, that is, Material Requirement
Planning, which is responsible for the "disaggregation" of the Master Production
Schedule (MPS). As it was realised that MRP could be used for more than the planning
of material, but also, for the planning of shop floor operations, it was subsequently
renamed MRP11. Currently MRP is an integral and very important part of MRP11. The
MRP11 planning and control system deals with planning the acquisition of raw material
right through to planning the delivery of the final product. For the system to function
effectively it must have the correct information otherwise the overall manufacturing
process will not be properly synchronised. The issue of correct information is one of
great concern to those that are "managed by the database". Incorrect input data will

result in incorrect detailed plans.

Each item on the MRP11 system has a timed-phased record and highlights the following

four issues:

e the likely usage of an item within the period

o what orders are due in at the outset of a period

e the current and likely stock levels for a particular component / material at the end of
the period and the

e planned replenishment orders for a particular component / material at the outset of a

period.

A period can represent any length of time and is particular to each company that employs

MRP11 system. This period could range from one day up to three or even six months.

34




At the end of each period MRP 'run' is performed and the result from this is the creation
of "timed-phased requirements". Time-phased requirements for a particular product /
component / material highlights its demand. Figure 2 demonstrates the generic structure
of an MRP11 planning and control system. The system is defined as three major parts
and the following sections will explain in more detail these various functions of the

MRP11 system.
4.1.1 Front End

Resource planning and demand planning serve as inputs to the production planning stage
which then serves as one of the three inputs to the Master Production Scheduling stage,
the other two being, demand management and rough-cut capacity planning. This part of
the MRP11 control system is commonly referred to as the "front end". The production
planning stage sets the mission that manufacturing must achieve in order to accomplish
the firm’s objectives. The resource planning function aids the production planning stage
and in the short term constrains the firm to what it can produce. In the long term it
would be used to highlight the resource shortage for a particular demand and
subsequently "financial appropriations are indicated". The demand management module
is concerned with understanding every source of demand that is or will be made against

the manufacturing capacity.

Once the production plan is established this will aid in compiling the Master Production
Schedule (MPS) for the firm. The MPS is the anticipated schedule for manufacturing of
products and serves as input to the Material Requirements Planning module. The MPS
module requires the information as stored in the demand management module and in
addition requires a 'rough indication' of the capacity available from the rough-cut

capacity function.
4.1.2 Engine

The next part of the MRP11 system is referred to as the "engine". This includes the most

important part of any MRP11 system, the Material Requirement Planning module. The
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primary purpose of the MRP module is to take a period-by-period set of master
production schedule requirements and produce a timed-phased requirements plan for all
the concerned components and raw material. It uses the bills of material to indicate what
details are required for each component and uses the inventory status data in order to
determine exactly what are the requirements for each component, raw material and
‘bought out’ components/services. The timed-phased requirement records are produced
and subsequently used in determining the material and capacity plans which subsequently
serve as input to the purchasing and order release modules. The routing file and the
MRP module are the two main inputs to the detail capacity planning function which
subsequently finalises the material and capacity plans. The engine is the 'workhorse' of
any manufacturing planning and control system as it transforms the top level plan, from

MPS, into detailed plans for manufacturing.
4.1.3 Back End

The final part of the system is referred to as the "back end". The material and capacity
plans serve the order release and purchasing modules. The purchasing module is only
concerned with those components / raw materials that have a bought-out content. The
vendor follow-up system is used to establish the progress of orders. The plans received
by the order release module are only applicable to manufacturing. The order release
module releases orders onto the shép-ﬂoor as and when planned. The shop-floor control
system and vendor follow-up systems feedback to the inventory status file and aid the

next MRP run in determining the next set of timed-phased requirements.
4.2 Operations Planning and TRS Within the MRP11 Structure

Figure 3 shows the added features that are required for the introduction of Operations
Planning (OP) and TRS modules into the MRP11 set-up. It contains six new features
with amendments to four existing parts of the current MRP11 system. The new features

include:
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e (CAD: Computer Aided Design link with MRP11.

e CAPP: Computer Aided Process Planning link with MRP11.

o Operation File: A database file that contains the operation files of each component.

e Tool Inventory: A database file that contains the tooling inventory and various other
attributes associated with tooling.

o Tool Resource Structure: A module that determines the TRS of components and
products.

o Timed-phased Operation Plans: The production of operation plans for a defined

period of time.

The current features that require amendments or have direct influence on the TRS

module are:

e Routing File: The TRS module will require access to this large database file.

o Bills of Material: Access to this database file is required when determining the TRS
for an entire product or a complete sub-assembly.

e Time-phased Requirements Planning: TRS will need the information generated at
this stage to determine what components are to be manufactured in order to establish
the tooling requirements.

e Material, tooling and capacity plans: This needs to be extended to include tooling

plans.

4.2.1 Computer Aided Design Link

The computer aided design link serves to generate the bills of material for the MRP11
system. All CAD systems are capable of performing the task of generating the BOMs
but none exist to cater for the dynamic interface that is required for the proposed system.
Generally the scenario is that the BOM is created on the CAD system and then manually
input into the MRP11 system. In order to reduce the amount of work involved a
dynamic link is required. This would have the added benefit in the case of an engineering

change - the change on the CAD systems would be reflected automatically on the

39



MRP11 system. The CAD link also serves as an input to the CAPP system. The link
proposed would be dynamic in the sense that once the CAD has completed its task then

the CAPP module can concern itself with process and operations planning. See Figure 3.
4.2.2 Computer Aided Process and Operation Planning Link

A number of Computer Aided Process Planning systems exist but none are directly linked
into in the MRP11 structure and few commercial systems exist that have the dual
capability of process and operation planning. The CAD system serves as the main source
. of information for the CAPP module. The information includes geometrical features,

dimensions, material, tolerances, surface finish, etc.

The CAPP system should be segmented into two main systems, the process plans
generator and the operation plans generator. The operations plan generator will consist
of a number of sub-systems each capable of defining the optimum set of tooling and
operating conditions for an operation. An example of this sub-system would be the
technology module for the selection of tooling and cutting conditions for turning and

milling.

The output from the CAPP module will comprise a routing file and an operation file for
each component. These will be stored in the routing file and operation file databases
respectively. Currently the routings file is created manually and no operations file exist
on the MRP11 system. The dynamic creation of these two files by the CAPP module

will reduce the amount of manual intervention.
4.2.3 Operations File

The operations file contains a clear and detailed definition of how an operation is to be
performed. This will include information apropos of; the part number, operation type,
component material, tooling, cutting conditions, and cost of the operation. The file is
created as an outcome of the CAPP process where each operation for a defined

component is considered in detail. The information stored on the operations file will not
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be altered unless a rerun of the CAPP is performed when there is new tooling or process
available that were not so originally. The operations file serves as one of the main

sources of input for the TRS module.

4.2.4 Tool Inventory

For the TRS module to work effectively it requires a clear indication of the available
tooling. No database as such exists at present within the MRP11 structure to cater for
the tooling aspect. It is therefore necessary that such a database should exist since it will
also be required by the CAPP module in determining the tooling at the operation
planning stage. The database will include information on tooling for turning, milling,
drilling and all other processes that are particular to the firm in question. Typical
information would include; tool type, insert type, grade of insert, chipbreaker values and

quantity in stock. Such databases exist in tool management systems.

4.2.5 Tool Resource Structure Module

The Tool Resource Structure (TRS) will ultimately have the final decision on the
structure of the operation plans for a number of different components of different
materials processed on a number of different machines all within a specified time frame -

so the term 'timed-phased operation plans'.

The TRS module is the equivalent of the MRP module in that it determines the overall
plan for operations, tooling requirements, tooling sequencing and planning and tooling
~ purchasing requirements. The TRS module requires five main sources of inputs; tooling
inventory, routing file, operations file, bills of material, and timed-phased requirements

records from the MRP module. The output is a number of timed-phased operation plans.

The operation of TRS would be as follows::
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e Check the time-phased requirements records from MRP in order to establish the
components that need to be manufactured.

e For each component required to be manufactured, the routing file is accessed in order
to determine its particular process plan.

e Using the process plan, TRS works through each individual operation and accesses
the information for that component and operation in the operation file. This will
suggest the tooling and operating conditions that was previously determined by the
CAPP module.

e Having completed working through the MRP time-phased requirement records in the
manner outlined, the TRS module will now hold for each manufactured component a
set of operation plans.

e TRS will now consider all the operation plans in total and determine where the
operation plans can be optimised. It will optimise at component level, material level,
and machine level. A typical outcome may include machining a number of different
components of different material with fewer tools when compared to the original by
selected tools at the CAPP stage.

e The output from the TRS module is a time-phased set of operation plans for the time-
phased requirement records produced by the MRP module.

The TRS module additionally accesses the BOM file when determining the potential cost

of manufacturing a product. This potential cost is likely to be the worst scenario as any

optimising on the operation plans due to the timed-phased requirements records would

be no worse than if all optimum operating plans were used.

4.2.6 Timed-phased Operation Plans

The 'timed-phased operation plans' are a set of plans arrived at during a TRS 'run’. They
are the operation plans that are required to manufacture those components identified in
the timed-phased requirements records via the MRP 'run’. The plans supply information
for the matenial, tooling and capacity plans module. Due to the change in demand from

one time-period to another there is potential that no two sets of time-phased operation
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plans would be the same. The exception may arise in the firm that operates a production

line set-up where the same operation plans would be required from period to period.
4.2.7 Routing File

The routing file contains all the routings associated with a company’s product range.
Presently the function of process planning requires a considerable amount of time and
experience on behalf of the production engineer. By introducing the CAPP module less
experienced production engineers will be capable of performing the task of process
planning. The dynamic link established will aid substantially in creating routings on the
MRP11 system. The routing file is an important source of information for the TRS
module, in addition with the operation file, as it informs the TRS module on how the
component is proposed to be manufactured. Current MRP11 systems use the routing file
for the detail capacity planning stage. In conjunction with the operation file, the TRS
module can determine the Tooling Resource Structure for a component or sub-assembly

or product.
4.2.8 Bills of Material

The TRS module will require access to this database in order to perform the following

tasks:

¢ tooling requirements for a product,

¢ tooling cost per product,

¢ tooling budget based on forecast,

e identification of tool standardisation opportunities, and

e suggest nesting of components based on similar tooling / operations.
The BOM as it states is the total product breakdown by individual components. At

present this is manually entered into the MRP11 system but with a dynamic link to CAD

this process could be automated.
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4.2.9 Timed-phased Requirements Planning

A link needs to be established with the times-phased requirement records and the TRS
module. This will assist the TRS in establishing the optimum set of operation plans for a

specified demand of components.
4.2.10 Material, Tooling and Capacity Plans

In present MRP11 systems this module is concerned with material plans and capacity
planning. In addition it will also be concerned with the tooling plans for a specified
period of time. It will receive information from the time-phased' operation plans as to

what tooling requires ordering.
4.3 Conclusions

Presently the task of process and operations planning are aspects of the manufacturing
environment that are not dynamically linked to a firms MRP11 system. They are at
present attended to by production engineers who have to manually enter the plans onto
the system once the activities are complete. With the introduction of the TRS module
into the overall MRP11 structure advantages will be gained apropos of optimisation on
tooling, nesting of components, more effective planning and scheduling, and cost control.
The TRS module in addition to the CAD and CAPP modules can be viewed as the

closing of the link between design and manufacturing.
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Chapter 5

Tool Selection System

5. Introduction

This chapter will discuss.the overall selection system.

5.1 Tool Selection System - General Description

The tool selection system will consist of six modules all designed using
AutoCAD/AutoLisp and EXCEL/Visual Basic. AutoCAD is a Computer Aided
Design/Drafting application package capable of running effectively on 386DX machines
upwards. AutoLisp is the built-in programming language of AutoCAD and is an
implementation of the Lisp paradigm. Visual Basic is the built-in programming language

of the EXCEL spreadsheet. The six modules will be:

. Geometry and heuristic module (TVRO_G) - used at the operation level;

. Cutting technology module (TVRO _T) - used at the operation level,

. Component module (TVRO_C) - used at the component level;

. Multi-batch module (TVRO_MB) - used at the multi-batch level;

. Multi-machine module (TVRO_MM) - used at the multi-machine level,

. Shop floor and tool stores module (TVRO_ST) - used at the shop floor and tool

stores level.

Only the first three modules are complete under this work.

AutoCAD is used by the user for defining the geometry of the component. The
TVRO_G module is initialised and this considers each operation in turn. It recommends
an optimised list of tool holders for each operation, having first considered the maximum

approach and trailing angles of the profile and checked with the tool holder data base to
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establish the available tool holders. These lists are used in comparing the appropriate
inserts to the component material and the tool holders. The module calculates the
appropriate set of cutting conditions, based on the set of heuristic rules generated from
manufacturing catalogues, for each operation and will finally produce a prioritised list of

operation plans for each operation/feature.

The TVRO_T module is written in Visual Basic and it interprets the data created by the
TVRO_G module. This module uses the metal cutting theory, as described in chapter 7,
to further optimise the cutting conditions. It considers the tool holder, insert and

machine characteristics in determining the most appropriate set of cutting conditions.

At this stage, a number of operation plans have been established for each feature that
must to be produced on the component in question. The component module (TVRO_C)
interprets each of these operation plans and subsequently recommends a high level
operation plan for the component. This may involve using the operation plan for each
feature as recommended by the previous modules, or readjusting these plans according
to; the number of tool positions available on the machine and the ratio of machining

time/set-up time. The TVRO_C module creates the TRS for each component.

The multi-batch module (TVRO_MB) will consider the high level operation plan of each
component scheduled for machining. The module will recommend the most appropriate
sequence these components should be machined within the production time frame. It
will also assist in establishing the tool requirements for the machine operating within a
specified production time frame. The multi-machine module (TVRO_MM) will be used
in the rationalisation and identification of “core” tooling for a defined “resource unit”.
The shop floor and tool stores module (TVRO_ST) will take into consideration all the
tool requirements for a machining resource and assist in the effective and efficient

allocation and distribution of tooling to these resources.

In using AutoCAD as the development tool there is no requirement to reinvent the

graphics interface.  AutoCAD allows access to its database via the AutoLisp
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programming language and this can help in the manipulation of any drawing.
Additionally, by using AutoLisp as the programming language one minimises the
problems of interfacing, which usually arises when interfacing independently developed
pieces of software. AutoCAD also allows for interfacing with dBase, Lotus and EXCEL
applications, and has a C-language programming environment for developing AutoCAD

applications.
5.2 Geometry and Heuristic Module (TVRO_G)

The TVRO_G module deals with the geometry and heuristic aspect of the tool selection

system. It is capable of selecting tool holders, on a geometric basis, for;

o right -> left external turning (linear elements);

o left -> right external turning (linear elements);

o right -> left external turning (arc elements),

o left -> right external turning (arc elements),

e right -> left internal turning / boring (linear elements);

o left-> right internal turning / boring (linear elements).

The software is written in AutoLisp, which allows for the customisation of AutoCAD to
particular individual requirements. The system embodies approximately three thousand
five hundred lines of code and encompasses twenty three various functions. Appendix 1
gives a brief description of each function, and a summary regarding their

interconnections can be viewed in Figure 4.
The selection of tool holders is primarily based on the element approach angle (EAA)

and element trailing angle (ETA), and after calculating these angles for a specified profile

the maximum approach and trailing angles of the profile are established.

The module is then used for the selection of tool holders, inserts and cutting conditions.

It receives information apropos of the maximum approach and trailing angles of the
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machining profile. It will search for the appropriate holders, and search the insert data
base for appropriate inserts for the chosen tool holders, taking into consideration the
material characteristics of the component. A holder is considered suitable when its
approach and trailing angles exceed those of the cutting profile. Inserts are selected for
the holders on the basis of their shape, size and clamping method. Finally, the carbide
grade must be suitable to machine the specified workpiece material. The following steps

are followed:

o search the database for suitable tool holders.
o test and write suitable tool holders to file;

o search the database for suitable inserts;

o test tool holder code with the insert code;

o select the appropriate chip breaking diagram;

e calculate the appropriate cutting conditions.

Finally, the module will calculate and save to a file a prioritised list of tools (holders and

inserts) and the associated cutting conditions.

5.3 Technology Module (TVRO_T)

The TVRO_T module will utilise some of the current developments in cutting
technology for its various computations in determining the appropriate insert and cutting
conditions for a particular operation. Use is made of the chip breaking diagram of each
insert in calculating the optimum cutting conditions. The technology module
recommends an optimum operation plan for each operation required to produce the
component features. The operation plan for each of these operations will be used by the

component module to establish the higher level operation plan of the component.
5.4 Component module (TVRO _C)

The component module (TVRO_C) takes into consideration the operation plans for each

feature and determine the optimum higher level operation plan of the component. In
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establishing this higher level plan it is necessary for the module to have access to a

prioritised list of tooling and cutting conditions for each operation.

For a component with two very different operations, the TVRO_C module would
recommend the operation plans as determined by the TVRO_T module. If the two
operations were similar it may still maintain the plans recommended by TVRO_T.
However, in some cases there are benefits in combining two operations, that is, finding
one tool which will perform both. The ratio of machining to set-up time is a criterion in

this decision making process.

In considering a component with, for example, five operations, and the knowledge that
the machine can only hold four tools for any one setting, the TVRO_C module would
recommend four new operation plans based on the five supplied by the TVRO_T

module. The factors considered in arriving at the higher level operation plan are:

o Ratio of machining time/set-up time. If this ratio is low it may be feasible to reduce
the number of set-ups by using a tool for more than one cut. In this process one may
substitute the optimum cutting conditions with sub-optimum ones for the long term

benefit of increased machine utilisation.

« The number of tool positions available on the machine for any one set-up. As already
stated, if the number of different operation plans exceed the number of tool holder
positions then tool number reduction and sub-optimum conditions would be
considered. This may involve the straight forward use of the optimum conditions of
one operation for another one when the operations are very similar. On a more
complex basis such a substitution may require the application of sub-optimal cutting

data.
This module produces the higher level operation plan for the component. Subsequently

it establishes the Tool Resource for the component, and it aids in predicting the cost of

manufacturing the product.

50



5.5 Multi-batch module (TVRO_MB)

The multi-batch module (TVRO_MM) will be concerned with the selection of tooling
and operating conditions for a number of different batches scheduled for a machine
within a specified production time span. This problem will involve dealing with a variety
of different components with different materials that may include a wide range of higher
level operation plans for each batch. Two of the major constraining factors at this level

are;

e the number of tool holder positions available on the machine, and,;
e the variation of material which may require that a number of components should be
machined using less than optimum inserts, therefore the problem of material/insert

compatibility arises.

The TVRO_MB module will take into consideration the higher level operation plan of
each component. The module will determine from these plans the most suitable set of
tooling based on the geometrical constraints of all components and the number of tool
holder positions available. In determining the tool requirements for the machine, priority
will be given to tools of low machining usage in order to reduce the negative impact such
substitutions may have on machining performance. The substitution of carbides will be
determined by scanning the prioritised operation plans arrived at during the first two

selection levels, those being, the operation and component levels.

The module should also recommend the most suitable sequence in which these batches
are to be machined, as the major objective of this module is to reduce the number of tool
set-ups over a specified production time span. At this stage the Tool Resource Structure
for the machine is defined and this will assist in establishing the tooling requirements of

the machine for a given period of time.

5.6 Multi-machine module (TVRO_MM)

The multi-machine module (TVRO_MM) will be concerned with the rationalisation of

tools and the identification of "core" tooling requirements for a defined "resource unit" (a
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group of manufacturing resources considered as a whole, for example, a cell). This
module finally aids in the process of Tool Variety Reduction and Optimisation at the

shop floor level.
5.7 Shop floor and tool stores module (TVRO_ST)
The shop floor and tool stores' module (TVRO_ST) is the final stage is the selection

process and addresses the tool management aspect. It will be concerned with the

effective and efficient allocation and distribution of tool to the resource units.
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Chapter 6

Geometry and Heuristic Modules

6. Introduction

This chapter will discuss in detailed the geometry module. The geometry module is an
integral part of the overall system and forms the first process in the selection of tooling.
The geometry module is used in determining the geometrical constraints of the

component .
6.1 Programme Initialisation

The programme starts with the execute command and this controls the initialisation of all
the other associated functions. The command is typed in at the keyboard and the

function is executed like any other AutoCAD command.

Then the ‘start point’ function is executed which initialises a number of variables which
will be used for storing the geometry of the profile. The list below shows the

geometrical information required to define a cutting profile.

o user input start point of profile

. user input end point of profile

. selected entity list

. approach angles list of selected entities

o trailing angle list of selected entities

o initial value for approach angle of profile
o initial value for trailing angle of profile

L approach angle at the start point of an arc
o approach angle at the end point of an arc

° trailing angle at the start point of an arc
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. trailing angle at the start end of an arc

. Maximum approach angle of selected entities
o Maximum trailing angle of selected entities

. Counter of elements

o Length of entity list

Apart from the cutting profile, the module needs information concerning the cutting
tools. The following geometrical information is used to represent the geometric

capabilities of cutting tools.

o maximum approach angle of available external tools
. maximum trailing angle of available external tools
. maximum approach angle of available internal tools
J maximum trailing angle of available internal tools

° clearance angle
6.1.1 Job Identification

Each component or ‘job’ is given a unique identification code. This is the first request
the graphics module makes to the user to input information concerning the.job being
processed. The program will not allow the user to process without giving a job number
and this number should not exceed five characters. This number is then concatenated
with the word 'JOB' to form a name, for example, 'JOB12345'. This is subsequently
concatenated with 'TXT' and 'RUN' respectively to form two files named
'JOB12345.TXT' and 'JOB2345 RUN'. Finally these are concatenated with 'C:/USER/
to form 'C:/USER/JOB12345. TXT' and 'C:/USER/JOB12345.RUN'. These two strings

will then be used to open and close the two files in the USER directory on the 'C:' drive.

6.1.2 Definition of the Operation

A turning operation can be either external or internal and in each case an entirely

different type of cutting tool is required. The TURNING function requests the user to
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define whether the process is an external or internal turning operation (the user either
inputs 'E' or 'T"). Any other reply will be rejected and an error message will appear

indicating to the user that he has to type either of the two aforementioned characters.

It is also necessary to know the direction of machining and this function requests the user
to type in the required direction. The user should type either R' (for right to left
machining) or 'L' (for left to right machining). Any reply other than these two characters
will result is an error message and the execution of the program will not continue until
the correct character is inputted. The machining direction assists in narrowing down the

tool holders available by selecting tool holders with the appropriate hand side.
6.1.3 Preferred locking system

Having selected the type and hand of tools, the next information required relates to the
preferred locking system for the insert.. The user must type in ‘S’, ‘M’, ‘P’ or ‘C’,
where; 'S' is for screw; M’ for pin and top clamp; P' for pin / wedge; and 'C' for top
clamp. Again an exact reply is required. The locking options are defined according to
ISO. This is again used to reduce the options available to perform the required

operation.

The insert’s locking system is one of a number of rules used in industry in the selection
of tooling - early on in the process they determine the type of locking system. This can
be very much influenced by the availability of tooling within the organisation and the type
of machining being performed. For example, the ‘S’ method is better suited for light

operations, whilst ‘M’ is providing extra security in even the most severe roughing

operations.

6.1.4 Finish, medium or rough cut and total depth of cut
The type of machining operation is defined and the following information is required.

o finish / medium / rough
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. minimum cutting edge of insert required
. maximum cutting edge of insert required
. minimum cutting edge length
o maximum cutting edge length

. total depth of cut

The type of cut and the total depth of cut (a) are related as shown below:

Finish Cut - 0.5mm < a<3mm
Medium Cut - 3mm < a < Smm
Roughing Cut - 5mm < a< 12mm

The user must define the type of cut by inputting 'F', 'M' or 'R', anything other than these
characters will result in an error message requesting the correct information. The total
depth of cut requires a real number. The reason for requesting the type of cut is that the -
process planners have at this stage decided on the appropriate machine tool for the
specific operation. This, in conjunction with the stock of the material to be removed, is
sufficient information for the operations planner to decide at this stage the type of cut -
finish, medium or roughing. Knowing the type of cut helps to determine the cutting edge
length required and this is used to eliminate all unsuitable tool holders. This is a rule
frequently used subconsciously by the process planners in the selection of tooling and

cutting conditions.

6.1.5 Type of material to be machined and insert grade

There is a direct relationship between the material type and the insert grade required for
a cutting operation. The following information is required.

o type of material (e.g. steel)

. sub-group of material (e.g. mild steel)

. fimish / medium / rough

o insert grade

° insert nose radius
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The user is required to input the type of material being machined - such as steel,.
stainless steel, and cast iron. The user must respond with either 'S' for steel, 'T' for
stainless steel, or 'C" for cast iron. A response other than these characters is not allowed
and an error message will appear indicating to enter the correct information. By
knowing the type of material being machined and the type of cut from the previous
function, the insert grade and insert nose radius can be determined. The determination of
these two variables is based on rules arrived at by process planners using tool

manufacturers information. For example;

Material = 'S
Type of operation = 'F

=> grade = 'TP10', and
Nose radius = '04'

Next, the various materials under the general material classification are displayed and the
user is requested to select the nearest to the material being machined. This selected
material with the insert grade will then be used in retrieving the range of cutting
conditions stored in the database. This range of cutting conditions will then be used as a

starting point in determining the final set of cutting conditions.

There are several material sub-groups each relating to the three main classifications -
steel, stainless steel and cast iron. This information was extracted from tool

manufacturers catalogues as shown below.

STEEL:
. Very soft, tacky steels. Low-carbon steels and plain ferritic steels.
. Free cutting steels. Other than free-cutting stainless steels.
. Structural steels, ordinary carbon steels. Low to medium carbon content
(<0.5%C).
. High carbon steels, ordinary low-alloy steels. Low-alloy steel castings.

Normal medium-hard steels for tough hardening. High carbon steels

(>0.5%C).
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Normal tool steels. Medium-high alloy steel castings. Harder steels for
tough hardening.

Difficult tool steels. High-alloy steel castings. Harder steels with high
hardness. Difficult high-strength steels. Hardened steels. Easier super

alloys.

STAINLESS STEEL:

CAST IRON:

Easy-cutting stainless steels. Free-cutting stainless steels.
Moderately difficult stainless steels.

Stainless steel difficult to machine. Stainless steel castings.

Cast irons with low hardness. Grey iron.

Cast iron with medium hardness. Grey iron.

Low‘-alloy cast iron with low hardness. Malleable iron castings, nodular
iron.

Medium-hard alloy cast iron. Moderately difficult malleable castings.
Nodular iron.

High-alloy cast iron difficult to machine. Difficult malleable iron castings,

nodular iron.

6.1.6 Selection of machining profile

A machining profile is made up of a number of entities. An entity can be a line or an arc.

The entity selection function has nine local variables which are defined by the user as a

result of choosing a number of entities on the component’s profile.

selected entity

° list of names of selected entities

. temporary entity list

. selection set

. number of entities in the selection set

58



. entity name
o selection of entities

. all entities
The machining profile definition function has ten global variables namely.

. start point of entity

o end point of entity

o start point of profile

o end point of profile

L centre point of the arc

o start angle of arc

. end angle of arc

. radius of the arc

. start point of selected entity

o end point of selected entity

This function is responsible for the selection of the machining profile. The function
begins by setting the ssilist and temp_entlist variables to ‘() (no list). A selection set, ss/,
is created by using the function 'ssget' - this returns all stored entities of the specified
drawing layer. The function 'sslength' determines the number of entities, ss//eng, in the
selection set, ss/. The user is requested to indicate the start and end points of the
machining profile - spoint and epoint. These are subsequently saved as start and end
respectively. The list ss//ist is formed of the names of all selected entities by using the

built in AutoCAD functions.

Each entity of the list ss//ist is tested in order to determine if its an 'arc' or 'line' type
entity. If it is an 'arc' type entity, the following information is retrieved from the
AutoCAD database; centre point (cpt), start angle of arc (angs), end angle of arc (ange),
and its radius (dist). The two polar points (p/0 and p//) are then calculated and these
represent either the start or end points of the arc. Ifit is a 'line' type entity, then its two

points are retrieved from the database and assigned to p/0 and p// variables.
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AutoCAD then redraws - in a different style - what it considers to be one of two entities
associated with the start point and requests the user’s confirmation of the correct entity.
If the entity redrawn by AutoCAD is incorrect the user responds by typing N' and the
correct entity will be redrawn. Having determined the type of entity, either line or arc,

the functions, TYPEL or TYPEA respectively, are initialised.

6.1.7 Line function

This function has seven local variables;
. x co-ordinate of start point
. y co-ordinate of start point
. x co-ordinate of end point
o y co-ordinate of end point
o old list defining the point of an entity

o a variable used in correcting the start and end points of an entity

It uses three global variables;
- e acounter
o list of entities in the machining profile

o start point of entity

The purpose of this function is to check the start and end co-ordinates of the line and to
determine which set of points equal the start point as indicated by the user (spoint). The
variables x/, y/, x2, and y2 are assigned the following values; the 'x' co-ordinate of the
start point, the 'y' co-ordinate of the start point, the 'x' co-ordinate of the end point, and
the 'y' co-ordinate of the end point respectively. If the point ‘spoint’ is equal to the end
point of the entity then the variable ‘old’ is assigned to the start point of the entity. A
new list is formed - variable 'new’ - where the start point is now defined in terms of x2
and y2. A substitution is then made that informs AutoCAD to re-define the start and end
points of the entity. The variable new’ - the new start point co-ordinates - is now stored
in the AutoCAD database against the DXF code 10, and the variable ‘o/d’ - the new end
point co-ordinates - is stored in the AutoCAD database against the DXF code 11. The

60



attributes of the entity are now changed in order to follow the direction of machining.

The new end point of the entity will now form the start point, 'spoint’, of the next entity.

If the point ‘spoint’ is equal to the start point of the entity then the process described
above is not performed and the end point of the entity will form the start point, ‘spoint’,

of the next entity.

6.1.8 Arc function

This function has four local variables;
. centre point of the arc
o start and end angle of arc

. radius of the arc

It uses three global variables;
. a counter
o list of entities in the machining profile

o start point of entity

The function retrieves from the AutoCAD database, using the DXF codes, the values for
the centre point (cpt), start angle of arc (angs), end angle of arc (ange), and the radius
(dist). From this information the polar points are calculated for the start (pols) and end
(pole) points of the arc. If the point pols’ is equal to the ‘spoint’ then the start point of
the next element ‘spoint’ is assigned to the polar point that corresponds to the end angle
of the arc. Otherwise the start point of the next entity is assigned the polar point that

corresponds with the start angle.

6.1.9 Element test

The funption has six local variables;

o element / entity type (arc or line)
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. centre point of arc
. start angle of arc
o end angle of arc

o radius of arc

o polar point of start point

It has eight global variables; -
o counter
o list of entities in the machining profile
o start point of entity
. tool approach angle
] tool trailing angle
° list of tool approach angles
) list of tool trailing angles

. start point of profile

The main purpose of this function is to initialise the element test for lines and arcs. After
the element test for lines function is executed the 'spoint’ is made equal to the end point
of the entity and this serves as the start point for the next entity. In the case of arcs, a
test is required to establish whether point ‘spoint’ is equal to the polar point equivalent
of the start or end angle of the arc. If the point 'spoint’ is equal to the polar point (pols)
of the start angle, then the point ‘spoint’ will be set to equal the polar point equivalent to
the end angle of the arc. If the opposite is true then the point ‘spoint’ will be set equal to
the polar point equivalent to the start angle of the arc. The point ‘spoint’ will serve as

the start point of the next element.

The function prints to the screen the approach and trailing angles for each entity. Two
lists are formed to store the approach and trailing angles respectively for all the entities
that make-up the machining profile. Then the maximum approach and trailing angles of

the selected entities are calculated.
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6.1.10 Element test for lines

This function has six local variables;

entity start point - x value

o entity start point - y value

o entity end point - x value

. entity end point - y value

o distance moved in the x-axis from the start point to the end point

o distance moved in the y-axis from the start point to the end point
It also uses five global variables;

. direction the entity moves in the x-axis apropos of the starting point
o direction the entity moves in the y-axis apropos of the starting point
. counter

. list of entities in the n.lachining profile

o machining direction

. type of turning operation

The function begins by extracting the (x, y) values for the start and end points of an
entity. The process is aided by the use of four built-in functions of AutoLisp, namely ,
'cadr', 'caddr’, 'assoc', and 'nth’. The function 'nth' extract the required entity from the
entity list ‘entlist’ . The function 'assoc' in conjunction with the appropriate entity’s DXF
group code, retrieves the list of geometrical information applicable to the points of the
entity. Finally the functions 'cadr' and 'caddr' are used to extract from this list of
geometrical data the (x, y) values for the start and end points. The distance moved,
'depx’, in the x-axis from the start point to the end point of the entity is deduced from
the two points ‘entepx’ (entity end point -x value) and ‘entspx’ (entity start point - x
value). The distance moved, ‘dcpy’, in the y-axis from the start point to the end point of
the entity is deduced from the two points; ‘entepy’ (entity end point - y value) and

‘entspy’ (entity start point - y value).
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If the distance moved, ‘dcpx’, in the x-axis from the start point to the end point of the
entity is greater than zero then the direction, ‘dirx’, of the entity is considered positive
and is assigned the value of '1'. If the distance moved, ‘dcpx’, is less than zero then the
direction, 'dirx’, is considered negative and is assigned the value of 2'. If the distance
moved, ‘dcpx’, is zero then the direction, ‘dirx’, is considered to be zero and is assigned
the value of '0". If the distance moved, ‘dcpy’, in the y-axis from the start point to the
end point of the entity is greater than zero then the direction, ‘diry’, of the entity is
considered positive and is assigned the value of '1'. If the distance moved, ‘dcpy’, is less
than zero then the direction, ‘diry’, is considered negative and is assigned the value of '2'.
If the distance moved, ‘dcpy’, is zero then the direction, diry’, is considered to be zero

and is assigned the value of '0'.

This function prints to the screen the values of ‘dirx’ and 'diry’ for each entity considered
in the machining profile. Finally the function determines the initialization of the next test
function and this is dependent upon the machining direction 7d’ and the type of turning

operation 'furn’.
6.1.11 Lines in right to left machining (external)
This function has no local variables but uses ten global variables;

e direction the entity moves in the x-axis relative to the starting point
o direction the entity moves in the y-axis relative to the starting point
¢ distance moved in the x-axis from the start point to the end point

¢ distance moved in the y-axis from the start point to the end point

e clement angle

e approach angle of the element

e trailing angle of the element

e maximum approach angle of available external tools

e maximum trailing angle of available tools

e clearance angle
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This function is initialised under the following conditions; line type entities, a machining
direction of right to left, and external turning. The main purpose of this function is firstly
to determine if the entity in question can be machined using the proposed direction of
machining. Secondly, it will establish the approach, ('EAA4)), and trailing, ('"ETA’), angles
of the entity. It will then perform a test in order to confirm if the entity can be machined,
taking into consideration the maximum approach, ('A4AMAX’), and trailing, ("TAMAX'),
angles of the available tooling, and the specified clearance angle ‘CANGLE' between the
tool and the workpiece. If either the approach or trailing angles of the element exceed
the maximum values of the available tooling then a message will appear on the screen
indicating that the entity can not be machined. Otherwise the element can be machined

and the suitable tool’s approach (‘TAA’) and trailing (‘77TA’) angles will be calculated.

This function comprises eight conditions which are described below. Each condition
represents a scenario based on the direction of the entity in relation to the x and y axis.
Case 1: (+, -)

CASE 1: (+, -)

+ Machining Direction

TAMAX

[
AN s

E
dopx aamax @

The first scenario represents a situation in which the entity has a positive direction in
relation to the x-axis and a negative direction in relation to the y-axis. The values '1',
(movement in the positive direction), and '2', (movement in the negative direction), are

assigned to ‘dirx’ and 'diry’ respectively. The element angle, ("4/’), element approach
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angle ("EAA’), and trailing angle ('E7A") are calculated. The main test in this scenario is
to establish whether the element’s approach angle, 'EAA’ is not greater than the
maximum approach angle of the tools minus the specified clearance angle ‘(AAMAX -
CANGLE)’. If the test is successful then the tooling approach ,'TAA’, and trailing 'TTA’,

angles are calculated. If the test fails then a message will appear on the screen.
Case 2: (-, +)

The second scenario represents a situation in which the entity has a negative direction in
relation to the x-axis and a positive direction in relation to the y-axis. The values '2', and
'1', are assigned to dirx’ and 'diry’ respectively. The element angle, (‘"4/’), element
approach angle ('E4A’), and the trailing angle ('E7A’) are calculated. The main test in
this scenario is to establish whether the element’s trailing angle, ("ETA’), is not greater
than the maximum trailing angle of the tools minus the clearance angle’(TAMAX -
CANGLE)'. If the test is successful then the tooling approach, 'TAA’, and trailing, 'TTA’,

angles are calculated. If the test fails then an appropriate message will appear on the

screen.
CASE 2: (-, +)
vp
+ Machining Direction
g dopx
Npn 1
acnvEAz J
LM -t EAK :\ *x
NI ;
' \_ ‘\YAMAX
wh @
Case 3: (+, 1)

Both directions in this case are positive. There is no further test in this scenario since the
system predicts that it is not possible to produce such an entity when machining in this

direction.
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CASE 3: (+, +)

Machining Direction

—

Case 4: (+, 0)

The fourth scenario represents a situation in which the entity has a positive direction in
relation to the x-axis and there is no movement in relation to the y-axis. There is no test
in this scenario since the system automatically identifies that it is not possible to produce

the entity when machining in this direction.

~ CASE 4: (+, 0)

Y+ Machining Direction

depx

LAA- - >—E--+x
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Case 5: (-, -)

In the fifth scenario both directions are negative. There is no test in this scenario as it is

possible to produce the entity when machining in this direction.

TA
+

Yy

depy |
A2

Al

N
/

E depx

Case 6: (-, 0)

ETA

CASE &: (-, -)

Machining Dlrection

TAMAX

The sixth scenario represents a situation in which the entity has a negative direction in

relation to the x-axis and there is no movement in relation to the y-axis. In this test there

is no test as it is always possible to produce the specific entity when machining in this

direction.
TA
v +
lcpx
LAA '?‘d )

CASE 6: (-. O

Machining Direction
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Case 7: (0, H)

This represents a situation in which the entity has no direction in relation to the x-axis
and has a positive direction in relation to the y-axis. There is no test in this case as it is

not possible to produce the entity when machining in this direction.

CASE 7: (0, +)

+ Machining Dlrection

b P
A

Case 8: (0, -)

The eight scenario represents a situation in which the entity moves in no direction
towards the end point on the x-axis and moves in a negative direction towards the end
point on the y-axis. The tooling approach, 'TAA’ and trailing, 774’ angles are

calculated. There is no test for this scenario because this type of entity is easily machined

CASE 8: (0, -)

Machining Olrection

L
:

TA .
+
\
AA . ’ S
AY
depy
€
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6.1.12 Lines in left to right machining (external)

This function uses variables which are the same as in the right to left situation described
above. The following eight cases are considered herein and a similar approach is

adopted in determining if the entity can be machined using the appropriate tools.

CASE 1: (+, -)
No test: This Is always possible to machine.
TA ——
+ Machining Dlrection

TA

—
depy > NIE

CASE 2: (-, +)
¢ TA No Test: Impossibie to machine. ——
*Y Machining Direction
e dcpx |
Al
depy| A2

AA
s * J

7
E S
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CASE 3: (+, +)

y
{2 Test: Element trailing angle (ETA)
A muﬂ belles fh'?n"?r equalI to ] —l
e maximum tralling angle o
+ depx . 1oal (TAMAX) minus &e ] Machining Dlrection
) clearance angle (CANGLE).

CASE 4: (+, 0)

" No Test: Always possible to machine.
——m—.
+ Machining Dlrection
dcpx l
s ' 2t AA J x
I N
CASE 5: (-, =)
\
¥ e Test: The element approach angle (EAA)
TA mg; be less fhgg’orhequoll ] :r;: t00! —
meadmum approach angle of the
* (AAMAXY) Pt The Clecrance angle Machining Direction
(CANGLE).

depy

. E
Al

depy - Auax
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CASE 6: (-, 0)

A No Test: Impossible to machine.
_—.>
+ Machining Direction

depx ’—\_]
3 + MJ X
£ F 1]

y CASE 7: (0, +)
Y .

" No Test: Impossible to mach!ne. 3

+ Machining Direction
E

A

depy

A +AAJx
S

L
f

y CASE 8: (0. -)
t'u_' No Test: Always possible to machine.

Machining Direction

AA
: e x
S
depy L_
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6.1.13 Lines in right to left machining (internal)

The variables in the two previously explained functions are used in this function in

addition there are two extra global variables;

e maximum approach angle of available internal tools

e maximum trailing angle of available internal tools

The function comprises of eight conditions. Each condition represents a scenario of the
direction the entity moves in relation to the 'x' and 'y' axes. Again, a similar procedure is

adopted as outlined in the previous sections.

CASE 1: (-, 0)

No Test: The element Is always machined.

«—

Machining Dlrection

+<

CASE 2: (+, +)

Test: The element approach angle (EAA) must
be less than the moximum approach angle of

y the tool (AAMAX) minus the clearance ongle +—
+ (CANGLE). Machining Direction
depx E

TAMAX(’
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|

CASE 3: (0, +)

Test: The element approach angle (EAA)

depy

must be less than or equal to the maximum —
approach angle [¢ AX) minus the clearance Machining Direction
angle (CANGLE .

+ TA] X

CASE 4: (- . +)
Test: The element approach angle (EAA)
must be less than or equal to the maximum —
Y approach angle of the tool (AAMAX) minus
+ the clearance angle (CANGLE). Machining Direction

E depx

: Al

i EAAf ag

i + TA] x

S
CASE 5: (-, -)
TEST: THE ELEMENT TRAILING ANGLE (ETA)
v TN s
+ CLEARANCE ANGLE (%AN ) Machining Blrection
ETA TAMAX
] o Z 1 %
v +TA | x
! Al
A2
E acpx |
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+ <

CASE 6: (0, -)

No Test: Eiement impossible to machine.

-—

Machining Direction

Al

+TA] x

CASE 7: (+, -)

No Test: Element Impossible to machine.

—

Machining Direction

o) s

depy

CASE 8: (+, 0)

No Test: Element impossible to machine. e

Machining Direction

+TA]x

Yy
+
S
A2 5
Al ;
________________ £
depx
Y
+
S E
’—
depx
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6.1.14 Lines in left to right machining (internal)

The variables in the three previously explained functions are used in this function. The

method is very similar to the right to left internal machining and the only difference is the

direction of machining.

6.1.15 Element test for arcs

This function has twelve local variables corresponding to:

centre point of an arc

start angle of an arc

end angle of an arc

radius of an arc

polar point corresponding to the start angle of an arc
polar point corresponding to the end angle of an arc
x value of the start point of an arc entity

y value of the start point of an arc entity

x value of the centre point of an arc entity

y value of the centre point of an arc entity

x value of the polar point corresponding to the end angle of an arc

y value of the polar point corresponding to the end angle of an arc

It uses fourteen global variables as shown below:

list of entities in the machining profile

start point of entity

variable identifying which point is the start point of an entity

the 'x' value of the distance from the centre point of the arc to the start point
of the arc

the 'y' value of the distance from the centre point of the arc to the start point

of the arc
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e the position of the starting point in the x-axis of the arc apropos of the centre
point

e the position of the starting point in the y-axis of the arc apropos of the centre
point

¢ machining direction

e approach angle of the arc at the start point

e approach angle of the arc at the end point

e tools approach angle

e trailing angle of the arc at the start point

e trailing angle of the arc at the end point

¢ tools trailing angle

The function begins by extracting the values from the entity list, for the centre point of
the arc, start angle of the arc, end angle of the arc and radius of the arc. The process is
aided by the use of three built-in functions of AutoLisp, namely, 'cdr’, 'assoc', and 'nth'.
The function 'nth' extracts the required entity from the previously compiled entity list. In
conjunction with the appropriate DXF group code, the function 'assoc' retrieves the list
of geometrical information pertinent to the points of the entity. The four DXF group
codes used in this case include; Code 10 - centre point of arc; Code 50 - start angle of
arc; Code 51 - end angle of arc; and Code 40 - radius of arc. Finally the function 'cdr' is
used to extract the appropriate information from the list for the centre point of the arc,
start angle of the arc, end angle of the arc and radius of the arc. The polar point related
to the start point of the arc is calculated using the built-in function 'polar’. In addition,

the ‘x ‘and ‘y’ values of the start, end and centre points are calculated.

A test is performed to establish which point of the arc is equal to the start point of the
entity. Depending on the outcome of this test the variable 'start_end’ will carry the value
'S' or the value 'E'. The value 'S' indicates that the start point of the arc is the start point
of the entity relative to the machining direction ‘md’ while the value 'E' indicates that the
end point of the arc is the start point of the entity relative to the machining direction

'md’. This correction is explained in Figure 5.
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Figure 5: Establish which point of the arc is equal to the start point.

r 3

If the distance from the centre point of the arc to the start point of the arc in the x-axis,
(‘spdcpx’), is greater than zero, then the ‘x’ position of the starting point in the x-axis of
the arc in relation to the centre point, (‘spdirx!), is considered to be positive and is
assigned the value '1'. If 'spdcpx’ is less than zero then ‘spdirx’ is considered negative
and is assigned the value '2'. If 'spdcpx’ is equal to zero then 'spdirx and is assigned the
value '0'. A similar test is performed for the distance from the centre point of the arc to

the start point of the arc in the y-axis, 'spdcpy’.

The approach angle of the arc at the start and end points (‘AASP’' and 'AAEP) are
calculated in order to establish which of the two is the largest. The largest is then
assigned to the variable ‘E4A4’, element approach angle. A similar process if followed for
the trailing angles at the start and end points ("TASP' and 'TAEP’) and the largest is
assigned to the variable 'ETA’, element trailing angle. The largest of both the approach
and trailing angles are the minimum angles required for the tool to be able to create the
arc profile. These will be compared with the approach and trailing angles of the tooling

database.

6.1.16 Arcs in right to left machining (external)

This function uses the following global variables;
¢ end angle of arc

e start angle of arc

e list of entities in the machining profile
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e the position of the starting point in the x-axis of the arc apropos of the centre
point

¢ the position of the starting point in the y-axis of the arc apropos of the centre
point

e maximum approach angle of tools available

e maximum trailing angle of tools available

e clearance angle

e element angle

e the 'x' value of the distance from the centre point of the arc to the start point
of the arc

e the 'y value of the distance from the centre point of the arc to the start point
of the arc

e approach angle at the start point of the arc

o trailing angle at the start point of the arc

e approach angle at the end point of the arc

o trailing angle at the end point of the arc

This function is initialised under three conditions; arc type entities, a machining direction
of right to left, and external turning. The main purpose of this function is firstly to
determine if the entity in question can be machined using the proposed direction of
machining. Secondly it will establish if the end angle, (‘endangle’), and the start angle,
('stangle’) are within the acceptable limits for the particular entity. Thirdly, it will
establish the approach and trailing angles at the start point and end point of the arc if the

previous two steps are successful.

The function comprises of sixteen conditions. At the outset, the execution of this
function will result in extracting the end angle and the start angle of the arc from the list
‘entlist’. It will also calculate the approach angle at the start and end points, ‘"AASP’ and
'"AAEP’, and the trailing angles at the start and end points, 'TASP' and 'TAEP' The
convention used in determining the direction is: where is the centre point in relation to

start point of the arc.
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Case 1: (+, -, S) and Case 2: (+, -, E)

The scenario represents a situation in which; the 'x' value of the distance from the start
point of the arc, (‘spdcpx’), to the centre point of the arc is positive, the 'y' value of the
distance from the start point of the arc, (‘spdcpy’), to the centre point of the arc is
negative, and the actual start point of the entity, in accordance with the machining

direction, is either the start point or end point of the arc.

CASE 1: (+, -. S) and CASE 2: (+, -. BE)

y
I

TA Machining Direction
+

spdcpy s I
A
CP

AA spdepx +x —
LN hY

EAA

Test: The maximum element approach angle (EAA) of the arc is less than or equal to
the maximum tool approach angle (AAMAX) minus the clearance angle

(CANGLE).

Case 3: (+, +, S) and Case 4: (+, +, E)

This scenario represents a situation in which, the 'x' value of the distance from the start
point of the arc, (spdcpx’), to the centre point the arc is positive; the 'y’ value of the
distance from the start point of the arc, ('spdcpy’), to the centre point of the arc is
positive; and the actual start point of the entity in accordance with the machining

direction, is either the start point or end point of the arc.
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CASE 3: (+, +, S) and CASE 4: (+, +, B)

¥

TA Machining Direction

+
Y,

spdepx |CP ;

AA .
L sL_——"/ spdcpy *x

TAMAX .

Test: The maximum element approach angle (EAA) of the arc is less than or equal to
the maximum tool approach angle (AAMAX) minus the clearance angle

(CANGLE).

Case 5: (+, 0, S) and Case 6: (+, 0, E)

CASE 5: (+, 0, S) and CASE 6: (+, O, E)
¥

TA Machining Direction
+

S £P l
d
lk 5 CP|  spdcpy + -
L AAMAX\] @

spdcpx

G

Test: The maximum element approach angle (EAA) of the arc is less than or equal to
the maximum tool approach angle (AAMAX) minus the clearance angle

(CANGLE).
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This scenario represents a situation in which, the 'x' value of the distance from the start
point of the arc, (‘spdcpx’), to the centre point of the arc is positive; the 'y' value of the
distance from the start point of the arc, ('spdcpy’), to the centre point of the arc to is
zero; and the actual start point of the entity in accordance with the machining direction,

is either the start point or end point of the arc.

Case 7: (-, +, S) and Case 8: (-, +, E)

This scenario represents a situation in which, the 'x' value of the distance from the start
point of the arc, (‘'spdcpx’), to the centre point of the arc is negative; the 'y’ value of the
distance from the start point of the arc, (‘spdcpy’), to the centre point of the arc is
positive; and the actual start point of the entity in accordance with the machining

direction, is either the start point or end point of the arc.

CASE 7: (-, +. S) and CASE 8: (-, +., E)

Machining Direction

+;J

spdcpx

‘__
<
‘I
/
//
/,
- B
]
i 3 S
/w
!

Test: The maximum element approach angle (EAA) is less than or equal to the
maximum tool approach angle (AAMAX) minus the clearance angle The
maximum element trailing angle (ETA) is less than or equal to the maximum tool

trailing angle (TAMAX) minus the clearance angle.
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Case 9: (-, -, S) and Case 10: (-, -, E)

This scenario represents a situation in which, the 'x' value of the distance from the start
point of the arc, (‘spdcpx’), to the centre point of the arc is negative; the 'y' value of the
distance from the start point of the arc, ('spdcpy)), to the centre point of the arc is
négative; and the actual start point of the entity in accordance with the machining

direction, is either the start point or end point of the arc.

CASE 9: (-, -, S) and CASE 10: (-, -, E)
-
TA Machining Direction
+ |
!
N :
lo] \. CP o
spdcpy EAA| . <)
LAA . cp ' +‘\\
spdcpx
E

Test: The maximum element approach angle (EAA) is less than or equal to the
maximum tool approach angle (AAMAX) minus the clearance angle (CANGLE).
The maximum element trailing angle (ETA) of the arc is less than or equal to the

maximum tool trailing angle (TAMAX) minus the clearance angle.

Case 11: (-, 0, S) and Case 12: (-, 0, E)

This scenario represents a situation in which, the 'x' value of the distance from the start
point of the arc, (‘spdcpx)), to the centre point of the arc is negative; the 'y' value of the
distance from the start point of the arc, (‘spdcpy’), to the centre point of the arc is zero;
and the actual start point of the entity in accordance with the machining direction, is

either the start point or end point of the arc.
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CASE 11: (-, 0, S) and CASE 12: {-, 0, E)
.

TA Machining Dtrection
+

LM i spdcpy CP spdepx 5 .

Test: The maximum element approach angle (EAA) of the arc is less than or equal to
the maximum tool approach angle (AAMAX) minus the clearance angle. The
maximum element trailing angle (ETA) is less than or equal to the maximum tool

trailing angle (TAMAX) minus the clearance angle.

Case 13: (0, -, S) and Case 14: (0, -, E)

CASE 13: (0, -, S) and CASE 14: (0, -, E)
T
TA Machining Dlrection

|.
§

spdcpy
o

Y ¢ +
. spdcpx

No Test: Not possible to machine this profile.
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This scenario represents a situation in which, the 'x' value of the distance from the start
point of the arc, ('spdcpx’), to the centre point of the arc is zero; the 'y' value of the
distance from the start point of the arc, (‘spdcpy’), to the centre point of the arc is
negative; and the actual start point of the entity in accordance with the machining

direction, is either the start point or end point of the arc.

Case 15: (0, +, S) and Case 16: (0, +, S)

This scenario represents a situation in which, the 'x' value of the distance from the start
point of the arc, (‘spdcpx’), to the centre point of the arc is zero; the 'y' value of the
distance from the start point of the arc, (‘spdcpy’), to the centre point of the arc is
positive; and the actual start point of the entity. in accordance with the machining

direction, is either the start point or end point of the arc.

CASE 156: (0, +. S) and CASE 16: (0, +, E)
-

TA Machining Direction
+

CP

AA +
spdcpx
spdcpy

Test: The maximum element trailing angle (ETA) of the arc is less than or equal to the

maximum tool trailing angle (TAMAX) minus the clearance angle (CANGLE).
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6.1.17 Arecs in left to right machining (external)

This function uses the same global variables as previously explained function for right to

left machining. The scenarios are very similar to those already explained.
6.1.18 Determine maximum approach and trailing angles

This function is used to calculate the maximum tool approach and trailing angles for the
profile to be completely machined. The tool approach and trailing angles for each entity
of the machining profile are considered in turn. The maximum of the approach and
trailing angles are assigned to 'TAAMAX' and to 'TTAMAX' respectively. The two
maximum values will then be used by the heuristic technology module in order to

determine the appropriate tool holder, inserts and cutting conditions.
6.2 Heuristic Tool and Cutting Data Selection Module

This section will discuss the heuristic module. It is an integral part of the geometry
module and is used in the selection of tool holders, inserts and cutting conditions, based

on rules generated by production engineers using manufacturing catalogues.
Selection of holders

This function has two local varniables;
e job file to save selected tool holders

e external holders file

It makes use of three global variables;
e machining direction
¢ shank sizes of tool holders

¢ tool holder locking syﬁtem
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This is the main function for the selection of tool holders. The function opens the job file
created by the graphics module and the tool holders file. It then initialises the reading of

the tool holders file.
Test and write

The purpose of this function is to select the most suitable tool holders. In this process
the range of acceptable sizes of the inserts’ cutting edge, the machining direction and the
shank size are considered. This retrieved information is used to assess whether the
selected entities can be machined. Typical information concerning a holder is;

‘PCLNR2020-09A 95.0 95.0°. For this specific tool holder the following tests are

performed:
. the insert locking system must be equal to 'P";
. the machining direction must be equal to 'R’ (right to left);
. the shank size must be equal to '20 x 20/,
. the length of the cutting edge must be greater than or equal to ‘09’
(9mm);
. the maximum approach angle is less than or equal to '95.0 deg.";
. the maximum trailing angle is less than or equal to '95.0 deg.';

If the holder passes all these tests it is then accepted as a valid option and stored in the
database for further consideration. If any of these tests should fail then this holder will

not be considered in subsequent stages.

Match inserts

At this stage suitable inserts are retrieved and matched with the tool holders selected in
the previous step. The insert information retrieved includes the grade, type of cut
suitability and nose radius. The holder/insert matching process will first start by
extracting the grade from the retrieved insert and then proceed to perform the following

test on a typical insert,'CNMG120408-MS-TP20',
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o the second character of the tool holder code should be equal to the first character of

the insert code, that is, the tool holder shape and insert shape respectively.

o the fourth character of the tool holder code should be equal to the second character
of the insert code, that is, the clearance angle of the tool holder and the insert

clearance respectively;

o the cutting edge length of the tool holder should be equal to the cutting edge length

of the insert;

o the first character of the chip breaker type, for example '™M' for medium, should be

equal to the type of cut specified, that is, finish, medium or rough,

o the nose radius of the insert should be equal to that associated with either finish,

medium or rough cuts;
o the insert grade is compatible with the component’s material

If the insert passes all these tests the next stage will be the selection of a chipbreaker.

Selection of chipbreaker

The chipbreaker determines the applicable ranges for the depth of cut and feedrate,
which is known as the a-s diagram. Any combination of depth of cut and feedrate which
is within the application range is guaranteed to produce discontinuous chip.  For a
selected holder/insert combination this process establishes the chipbreaker type of a
retrieved insert. The function will then search the chipbreaker data file to retrieve the
chipbreaker information. The information retrieved includes the minimum and maximum
feeds, and the minimum and maximum depth of cuts. Having established the chipbreaker

capabilities his leads to the calculation of the cutting data described below.
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Cutting data calculations

Thi§ function inherits all the information concerning the selected holder, insert and
chipbreaker. The function opens the cutting data file and retrieves appropriate cutting
conditions and interpolates them for the operation in hand. The cutting data information
is retrieved from the database in the following form: "3/TP20/0.15/275.0/0.35/220.0/
0.60/165.0#". The first character represents the material type; the second group of
characters, 'TP20', represents the insert grade; the third and fourth groups, '0.15' and
'275.0', represent the first set of finishing feed and speed respectively; the fifth and sixth
group, '0.35' and '220.0', represents the next set of feed and speed for medium roughing;
and finally, the seventh and eighth group, '0.60' and '165.0', are the final values for feed

and speed and corresponds to roughing operations.

The first character of this string, the material type, is tested in order to establish whether
it is equal to the material specified by the user. The next test is used to establish if the
insert grade is equal to the grade specified in the string. If both these tests are 'true' it
will then use this string to interpolate the cutting conditions, otherwise a new line is read

until the material and grade match that of the given material and insert.
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Chapter 7

Technology Module

7. Introduction

The previous chapter explained the operation definition, tool selection, insert selection,
and the heuristic technology module. This information will now be used, in determining

the most appropriate set of tooling and cutting conditions using the following methods.
7.1 Depth Of Cut And Feed Rate Calculations

7.1.1 Finishing operations
Depth of cut
For finish machining the depth of cut (a) is equal to the total depth of cut (@suck).
a = Qstock (7.1)

The depth of cut must be within the chipbreaker range (Figure 6), that is:

A min <a Sacmax

Depth of cut (mm)

Scmin Feed rate (mmirev) Sema

Figure 6. Chipbreaker application range diagram.
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Feed rate

By using the surface roughness requirement (R;) and the nose radius of the insert (r),

the maximum allowable feed rate (sn«) is calculated using the following equation:
= 0.5
Spmax = (00312 - r, - R;) (7.2)

The maximum allowable feed rate is then checked against the chipbreaker range where

the maximum feed rate is determined by:
S = Spgx = MUN (Srmax , Scmax)
Roughing operations

Depth of cut

The maximum effective cutting edge length of an insert is calculated as follows:

(V9 I Y

-1, - sinK (7.3)

A max

where; I, = length of cutting edge;

K = tool’s approach angle.

If the maximum effective cutting length (@ma:) is less than the maximum depth of cut due
to chip-breaker diagram (@uma) then the initial depth of cut (@) is set equal to the
maximum effective cutting length (ama). Else, if the reverse is true, the initial depth of

cut (a) is set equal to the maximum depth of cut due to chip-breaker diagram (Qgmax).

The number of passes (M1passes) required to machine the total stock (asoet) is calculated as

follows:

P passes = int (asmd{ +O'99] (7.4)
a
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Feed rate

The maximum feed rate (s, nqx) due to the nose radius (7. ) is given by:

Srmax= 0.8 1 (7.5)

If the maximum feed rate (s, .«), due to the nose radius (7. ), is less than the maximum
feed rate (s mz) due to the chip-breaker diagram, the initial feed rate (s) is equal to the
maximum feed rate (s ). Else, if the reverse is true, the initial feed rate (s) is set equal

to the maximum feed rate (Sc max).

7.1.3 Cutting forces
The cutting forces for a semi-orthogonal cutting operation are classified as follows:

e £, = cutting force in the velocity direction;
e f, = cutting force in the feed direction;

e f, = cutting force in the depth of cut direction.

The following equations are used in calculating these cutting forces:

Jo =km.a.s (7.6a)

fs =ratiofs. f, (7.6b)

fa = ratiofa . f, (7.6¢)
where; ke = specific cutting force (Nm),

ratiofs = ratio factor for f;;

ratiofa = ratio factor for f;.

7.1.4 Force constraints

Velocity cutting force constraint

There are three main constraining forces which should be calculated during the

machining operation, namely:
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¢ f,; = maximum force due to circumferential slip;
e f,» = maximum force due to component throw-out;

e f,3 = maximum force due to machine tool power.

The following formula is used in calculating these constraining forces (refer to Figure 7):

o=t 'ffp'dzmd'a (7.72)
where; M = the coefficient of friction (u = 0.3);

Jz = the clamping force (N);

clmdia = the clamping diameter inside the chuck (mm)

cpdia = the machining diameter (mm).
where; clmlen = the length of the workpiece inside the chuck (mm);

cpdist = maximum distance of the tool from the face of the chuck (mm).

60000 P,
Sz =——H (7.7¢)
Vmax, power
where; Pre = the maximum machine power (kW);

Vmazpower = CUtting velocity at maximum velocity (m/min).

clmdia cpdiai
¢ Clmlen < ! >
€ » O

cpdist \

Figure 7. Major geometrical dimensions in calculating the constraining forces.
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The cutting velocity corresponding to maximum power is calculated as follows:

T - ¢pdia -n
Vmax, power = 1000 e (7.8)

where; M = 18 the maximum spindle speed (rpm) for maximum power.

Figure 8 shows the power-speed diagram of a machine tool. Clearly maximum power is
available over a range of rotational speed (1200 to 3750 rpm). The maximum speed
value is used in equation (7.8) in order to give a low constraining force using equation

(7.7¢)

~
W

Power (kW)

| |
b l
« n (mm) , n (max)

1,200 Speed (revimin) 3,750
Figure 8. Power-speed diagram of a typical machine

The velocity cutting force (f,) must be less than or equal to the minimum constraining

force, that is;

So<min (fur, fi2, fo3) (7.9)

If this condition is not satisfied then a reduced velocity force is sought by reducing the
feed rate for the same depth of cut. The feed rate is reduced to the minimum
chipbreaking value (s; ). If the condition still fails at this stage then the depth of cut
will be reduced by increasing the number of passes by one and resetting the feed rate to

its initial value.
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Npasses,new = Mpasses T 1 (7 10)

and
a
ey = —10K (7.11)
R passes,new
where: Mpasses.new = NEW value for the number of passes;

anew = new depth of cut (mm).
This process will be repeated until the condition in equation (7.9) is satisfied.

Axial force constraint

The maximum axial force before the workpiece starts sliding in the chuck in the axial

direction is given as:

faxial = ,uf:g (712)

where; Jfaxiat = the maximum axial force (N).

Je = clamping force (N).

In 1ongitudinal cutting the feed cutting force (f;) satisfy the following condition;

Js = faxial (7.13) |

If this condition fails then a process, similar to the case described for the velocity cutting

force constraint is applied to reduce the feed and depth of cut.

Radial force constraint

For single point support, the maximum radial force allowed can be calculated as follows:

3 -elc -defcom
cpdist3

(N) (7.14)

Jradial =

where; Jradia= maximum radial force (N);
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defcom = -;—-(diametral tolerance) ) (7.15)

E-n -(Dhs - Diny)

= (7.16)

elc =

E = Young's modulus of elasticity (N/m?)

For longitudinal cuts, the depth of cut cutting force (f;) must be less than the radial force,

that is;
j;: —<-fraa'ial (7 17)

If this condition fails, then a process similar to the one, as described for the velocity

cutting force constraint, is applied to reduce the feed and depth of cut.

In the case of facing operations, the direction of the f; and f; force components is

reversed and the following conditions should be satisfied:

j;z Sfaxial (7 18)
Js = Jradial (7.19)

At the end of this process all force related constraints have been satisfied and the values

of depth of cut (a) and feed rate (s) are accepted as feasible cutting conditions.

Radial force constraint

Having calculated suitable depth of cut (a) and feed rate (s) this allows for the
calculation of the cutting velocity. Cutting velocity influences tool life and the following

optimisation criteria can be used.

e Optimum tool life for minimum cost:

T= (al - 1) : (’“3%) (7.20)
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e Optimum tool life for maximum production rate:

T=(—1——1)-t3 (7.21)
o
o User defined tool life:
T = Tuser~defined (7.22)
where; I/o. = velocity exponent in tool life equation

x = machine tool cost rate (£/min)
y = cost per cutting edge (£)
t3 = tool changing time (min)

T = tool life (min).

The extended form of Taylor’s equation is used for the calculation of cutting velocity for

the optimal tool life.

o

C
Ve|e—— (7.23)
7. /b o

Research within the Manufacturing and Design Research Group has resulted in an

extended database of tool life constants (C;, //B, {/o. ) for finishing, medium roughing

and roughing cuts, for different tool/workpiece combinations.

o

C;

7.5/

V= (7.24)

In this expression, Ci incorporates the influence of the depth of cut. This equation is
used for the calculation of the optimal cutting velocity. The calculated velocity (V)

should result in a spindle speed (n) which is within the useful range of the machine tool,

that is, 'min <7 Mmax
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1000-V
n—( — ) , (7.25)

where; d = cutting diameter (mm)

If the rotational speed is outside the machine tool range, it is set to the closest machine

range value a suboptimal cutting velocity is calculated using equation (7.25).

At the end of the process described above, the three cutting parameters have been

calculated.
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Chapter 8

Tool Rationalization

8. Introduction

The previously explained work is concerned with the optimum selection of tool holders,
inserts, and cutting conditions for a single operation. This Chapter will start by
examining tool rationalization at the component, machine, multi-machine and tool store's

level. It will then proceed to discuss in detail the rationalization at the component level.
Tool rationalization is important for the following reasons:

e Utilize similar tooling;

e Reduce the ratio of set-up time to manufacturing time;
¢ Reduce the cost of tooling;

e Improve tool management;

¢ Aid in standardization of tooling;

e Create a holistic view of the tooling problem.

Utilize similar tooling

Due to the nature of selection at the operation level it is likely that very similar tooling
can be selected for the complete machining of a component. For example, two different
tools can be selected for a facing and a longitudinal operation. On close examination it
may be concluded that one tool could effectively achieve the same end result for the

facing and longitudinal operations with little or no changes to the cutting conditions
Reduce the ratio of set-up time to machining time

The ratio of set-up time to machining time is very important. It is not satisfactory for the

set-up time to be greater than the machining time because a large percentage of time is
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attributed to non-value added activities and only a small percentage allotted to adding
value. This is most significant when manufacturing organisations are seeking to create a
Just in Time (JIT) environment, in the pursuit of minimising the amount of work in
progress (WIP) and cash tied-up in stock. As the need arises to produce what is
required then the ratio of set-up time to machining time is crucial to the economical
production of small batch sizes. The possibility of using different tooling in preference
to the optimum tooling then becomes real. Using one set of tools for a wide range of
jobs may be more economic than using several sets of tools. The ratio of set-up time to

machining time is an important criterion in this process.

Reduce the cost of tooling

" Cost of tooling is an overhead and like all overheads must be minimized. Rationalization
of the tooling will directly aid in reducing the overhead of a production facility. It will
indirectly contribute to the reduction of the overhead by; less volume of tool stores, less
management time, and reduced dealings with manufacturers of tooling, to name but a

few.

Improve tool management

The overall management of tooling will be simplified by reducing the number of tools
to a minimum. Less tooling means less cash tied up, less storage requirement, less

variation in planning, fewer personnel, and simpler procedures for tool management.

Aid in standardization of tooling

A wide selection of tooling exists for the machining of various materials and the creation
of the required component geometry. The type of materials an organisation requires
during its manufacturing process will determine a main part of its tooling strategy. Just
because five per cent of an organisation’s machining is cast iron related, this should not
warrant the automatic stocking of a wide selection of appropriate tooling. The
breakdown by material class should be considered in establishing a realistic library of
tooling for an organisation. The bias towards machining one type of material can

obviously influence the standardization policy. In relation 1o geometry generation, it is
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important to maintain commonality of shapes and sizes per machining cell in order to

create a core tooling resource with the minimum number of tools.

Create a holistic view of the tooling problem

Rationalization is about taking a holistic view of the problem and arriving at an effective
solution for the bigger system. It is about the optimum solution for the bigger problem

not about arriving at the optimum solution for each individual part of the problem.

8.1 Rationalization System

The complete system will have five main modules concerned with rationalization at the
component level, multi-batch level, multi-machine level and, shop floor and tool store's
level. Only the rationalization at the operation and component level are complete at this
stage. The remaining levels will form part of a future research programme. EXCEL and
the built-in programming language, Visual Basic, are used as the programming tools
because they are more effective than AutoLISP in the manipulation of data. The basic
operation of the overall system is presented in Figure 9. The graphics and heuristic
modules (TVRO_G) are discussed in Chapter 6. |

i

8.2 Rationalization at the Operation Level - TVRO_T

The theory presented in chapter 7 is used in this part of the rationalization system.
TVRO_T receives input from the TVRO_G module via operation data fies. The

TVRO_T module is broken into five main functions:

e [TSI - retrieves and converts the AutoLisp files;
e ITS2 - collates the converted files;

o ITS3 - manipulates the chipbreaker data;

e [TS4(A) - technology equations;

¢ [TS4 - technology logic.
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TVRO_G
(Graphics & Heuristics)

Prioritized list of tooling for operation

Y

TVRO_T
(Operation)

lPrioritized list of tooling after technology

TVRO_C
(Component)

l Tool resource structure for component

TVRO_MB
(Multi-batch)

l Tool resource structure for a machine tool

TVRO_MM
(Multi-machine)

lTool requirements for a group of machines

TVRO_ST
(Shop floor & tool stores)

|

Figure 9: Overall functional operation of tool selection and rationalization.

Tool requirements for the shop floor

Stocking policy for ool stores
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The main purpose of the TVRO_T module is to further optimize the cutting conditions in
relation to the machine tool being used. The system takes into consideration the
generated forces attributed to a given depth of cut and feed rate, and compares these
with the constraining forces. If the generated forces exceed the constraining forces then
a reduction in the feed rate is initiated with no change in the depth of cut. The feed rate
will be continuously reduced to the minimum allowed by the chipbreaker diagram. If the
minimum is reached then the depth of cut is reduced and the process starts all over again.
This process will continue until a suitable set of cutting conditions produce the generated

forces that will not exceed the constraining forces as described in Chapter 6.
A summary of the TVRO_T module is as follows:

e ITS1 opens the text data files, produced by TVRO_G, for each operation and the
associated general data for each operation. All the files are automatically converted

into EXCEL format for easy manipulation.

e ITS2 collates, into one file, all the files associated with the component. For example,
if the component required three operations then the number of job files would be three
and these would be collated into a workbook. ITS2 also selects the optimum tool and
cutting conditions for each operation using run time, approach angle and trailing angle

as the selection criteria.

e ITS3 determines the maximum and minimum feed, and the maximum and minimum

depth of cut for the insert using the chipbreaker information supplied.
e ITS4(A) contains the technology functions required for the technology evaluation.
e ITS4 defines the logic in which the technology equations are used. The tests

considered at this stage include; the velocity force, the axial force, the radial force and

the power requirement.

103




8.2.1 Detail Description of TVRO_T

ITS1

ITS1 is initialised by selecting the specially designed icon from the menu screen. ITS1
then informs the user that it will retrieve the operation files and convert them into the
Microsoft Excel format. The user then has to acknowledge the message before
proceeding any further. At this stage the user can also quit the process if so desired.
The user is requested, via a message box, for the name of the job file. The default name
will always be ‘job?’ where the user will replace the question mark with the job number,
for example, jobl. This will allow ITS1 to search the directory for all operation files
having the prefix ‘job1’. Obviously, this minimizes the amount of input required by the
user. Having established all the files associated with the particular job, ITS1 will proceed
in opening each file individually and formatting them. The basic formatting includes;
breaking up the tool string as produced by the previous modules, the number of decimal
places for the numerical columns and the auto fitting of each column. It then proceeds to
reorganise the tool holder price, insert price and the number of cutting edges. At the end
of this process the number of files opened will be determined by the number of

operations required on the component. Figure 10(a) presents the ITS1 logic.

RETRICVE
THE AUTOLISP
FIIFS
—] 3
DISPLAY CUECK DIR
KF)’.)BUT-R THER FOR ALL CREATE ARRAY REORGANISE
BOX JOB FILES ‘MYFILDE DATA
y
OPEN CONVERT TO PORMAT RENAME SHEET
FILE FXCFL THE TO JOB FILE
FORMAT DATA NAMEB

Figure 10(a): Data Handling - ITS1

The information contained for each operation in the job files include; tool holder, cutting
length, approach angle, trailing angle, insert, chipbreaker type, insert grade, feed,
velocity, depth of cut, material removal rate, volume to be removed, and run time - all

determined by the TVRO_G module.
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In addition to the operation files there is an additional file opened that contains the
followi'ng information; total depth of cut, surface finish, type of cut, specific cutting
force, clamping force, clamping diameter, maximum number of revolutions of machine,
maximum power of machine, diametrical tolerance, optimization criteria, Young’s
Modulus, tool life coefficients, machine rate, tool change time, and machine efficiency.
Clearly, when several operations are under consideration there is a considerable amount

of information to be processed.
ITS2

ITS2 is inilialized by selecting the specially designed icon. This informs the user that:
*“This function will collate all operation files into one Excel file. It then selects the
optimum tool for each operation as recommended by the rules in TVRO_G.” Having

acknowledged this message by selecting the “OK” button, the user is requested to give

COLLATE THE
AUTPLISP
FUES
I I I I = S
DISPLAY ENTER LB OPEN SFLECT 9T COLLATE COMPARE OPTIMUM
TITLE NAMT. POR COLLATED & RENAME TO Jo8 TOOLING FROM
BOX COL1ATED FILFS e CUMPOPTIOL FILES ms_a
: : +
MOVE JU8 FILE TRANSFER OPTIMUM
ACTIVATE SF1ECT OPTIMUM o010
JoRmmE e TOOL FOR Jon COMPOPTOOL

Figure 10(b): Data Handling - TTS2

the name of the file required to transfer all the operation files. The default file name 1ls
“JOBALL”. The user is required to input the number of the job, for example,
JOBALLL. A file is then created in the name of JOBALLI1.XLS and the operation files
and the data file are transferred. ITS2 adds an extra worksheet to the workbook called
CompOpTool. This collates the optimum tool and the corresponding cutting conditions

for each operation. Figure 10(b) shows the logic for ITS2.

105




ITS3

In a similar fashion, ITS3 is initialized by the specially designed icon. A message appears
to the user indicating that “This function separates out the nose radius from the insert
codes and retrieves the maximum and minimum feed and the maximum and minimum
depth of cut as determined by the chipbreaker diagram”. Having acknowledged the
message the user is requested to provide the identification of the JOBALL file that is
required to be opened. If ITS3 is being initialised direcy after ITS2 then the default file
will be as specified when running ITS2, for example, JOBALL1.XLS. Having
determined the chipbreaker type for each selection, ITS3 will then proceed to determine
the maximum and minimum feed and the maximum and minimum depth of cut due to
chipbreaking. The values for each of these varables are hard coded into ITS3. ITS3
will then proceed to update each operation worksheet within the workbook and the
columns S-W are completed. The columns are denoted as follows; S = nose radius; T =
maximum feed; U = minimum feed; V = minimum depth of cut; W = maximum depth of
cut. All these columns are then formatted and the workbook is saved and closed. Figure

10(c) shows the logic for ITS3.

FORMAT LENGTH
SMAX, EMIN,
AMAX, AMIN
{ ! ‘ ‘ = 3
DISPLAY ENTER TE PPN COUNT NO OF FOR EACH
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BOX NAMF, WORKBOOX WORKROOK o8)
“u‘l WN PA;‘?;;_HZ FOR FACTI FOR EAQU) PORMAT
! * D8 INSERT QUIPBREAKSR STET
) i J
RETRIEVE LAST "“: VAL RETRIEVE LAST RETRIEVE SFITCT APP.
; r N :F)P)M‘F Jg 2 DIO(TS IN COOE, CHIPBREAKER m wmum
1101.DFR COOF. FROM STRNG & SAVE] DIV.BY 10 & SAVE CODE X A
Figure 10(c): Dat Handling - ITS3
ITS4 and ITS4(A)

ITS4 defines all the required equations, as outlined in chapter 7, to run the function

ITS4(A). ITS4(A) is the technology function and like all other functions is inilialized by
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selecting its own icon. A message will appear to the user: “This is concerned with the
use of the technology equations. Tests include: (1) check the velocity forces, (2) check
the axial force, (3) check the radial force; and (4) check the power requirement.”.
Having acknowledge this message by selecting the “OK” button the user is requested to
enter the JOBALL file name. Again, if this function was initialised after ITS3 then the
last JOBFILE in use will be displayed in the message box, otherwise the specific file
name must be entered. It then retrieves data for the first operation from the data file and
assigns them to the appropriate variables. It would then select the first operations sheet
and work through each recommended set of tooling using the technology equations
explained in Chapter 7. It will compare the operating forces against the constraining
forces. If the operating forces exceed the constraining forces the feed and depth of cut
will be incrementally reduced in that order until they reach their minimum values. If the
situation occurs that both minimum values are reached and the constraints are not
satisfied then this solution for the operation is not valid. Having worked through the
operations sheet the solutions are saved. The solutions are then sorted using the
following criteria; run time, approach angle and trailing angle. The optimum tool for
each operation is selected and saved in the CompOpTool sheet. Figure 10(d) shows the

logic for ITS4.

TECHNOLOGY
MOOULE
RITRIEVR FNTER THE CAILCUIATE . CALCULATE Y, POWERREQ
CALCUAATE
vuumﬁnm JOBFILE rvar; FYTHROW, TR FA TOPT, VOPT. NOPT, >

JOBF! NAME FVPOWER POWTRRFQ PMAX
CALCULATE CALCULATE CALORATE CALCULATE
FV AND £ AND FA AND VOPT, TOPT,

TEST TEST TFST NOPT

Figure 10(d): Technology - ITS4(A)

8.3 Rationalization at the Component Level - TVRO_C

This module considers the operation plans for the whole component. Its main purpose is
to rationalize the tooling requirements for the component and in doing so consider the

batch size. The module contains the following functions:
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e [TSS - time and cost functions;

e [TS5(A) - time and cost logic;

e ITS6 - exact match logic

e [ITS7 - check the operation files for an exact match;

e [TS8 - similarity test.
8.3.1 Detail Description of functionality
ITSS

This contains the time and cost formulae.

¢ Calculate the total set-up time;

setup = tosut + (cosut - batch) (8.1)

where; setup = total setup time (mins.);
tosut = tool setup time (mins.);
cosut = component setup time (mins.);

batch = batch size.

o Calculate the total run time;

runtime = oprun - batch (8.2)

where; runtime = total run time (mins.);

oprun = operation run time (mins. ).

e (Calculate the ratio of set-up time to run time;

ratio = setup / runtime (8.3)
where; ratio = ratio of setup time to run time.

e Calculate the effective utilisation;

effutl = (runtime/(setup + runtime))- 100 (8.4)

where; effutl = effective utiliszation (% );

¢ (alculate the total time; and
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tottime = setup + runtime

where;

e (Calculate the total cost.

tot cost = sertup + runtine +

\

e Cost per cutting edge.

(

tosuwt

) runtime
noce Top [

tottime = total time (mins);

)

col

60

1.3-coh

y= (0.75 - noce

where;

ITS5(A)

file name.

i

noce = number of cutting edges;

coi = cost of insert (£);.

coh = cost of holder (£)

400

)

labrate = labour rate (£/min.);

y = cost per cutting edge (£);

-(labrate + mcrate) + (y . (

To = Optimum tool life (mins);

mcrate = machine rate (£/min.);

The ITSS5(A) function is initialised by selecting the appropriate icon.

runtime

Topt

)

)

J

(8.9)

(8.6)

8.7

This will then
display a message box informing the user: “This function is concerned with checking the
number of tool posts on the machine against the number of tools required to machine the
component. It will use the formulae explained in ITSS to calculate the appropriate time

and cost.” After acknowledging this message the user is requested to input the JOBALL

The system will then check the number of tools in the CompOpTool file and check this

against the number of tool posts available on the machine. A message box is then
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displayed which highlights to the user if the number of tools exceeds or does not

exceed the number of tool posts.

Finally, ITS5(A) creates a worksheet called SUMMARY which summarises the Tool
Resource Structure (TRS) for the component. It contains the job, holder, insert,
chipbreaker, insert grade, approach and trailing angles, total set-up time, total run time,
set-up/run time ratio, effective utilisation, total time and total cost. The formulation of
the TRS is vital for converting the machining requirements into tooling requirements.
The tooling requirements can then be used for tool rationalization and tool management

Figure 11(a) shows the logic for ITSS.

TIME AND
COST
1L.OGIC
A
v y i ! y
v iy POR FACH SUMMARY TOTALS POR
TOOI POSTS OPTIMUM OF SHFET COMPONENT
{ : i
SET-UP RATIO TOTTIME
AND AND AND
RUNTIME EFFUTL 10TCOST

Figure 11(a): Time and Cost - ITSS

ITS6

This function is initialised in a similar manner by the user. The user must use two criteria
is deciding to pursue the rationalization any further; first, if the number of tools
exceeds the number of tool posts and second, if there are any exact (identical) tools
in the TRS displayed in the SUMMARY sheet. For example a machine tool may only
have the capacity for four tools. If the complete machining of a component requires five
different optimum tools then due to the constraint of the machine these five tools need to
be reduced to four. The function checks the SUMMARY sheet of optimised tooling tor
the component and establishes the exact tooling. It will then make the appropnate

adjustments and recalculate the total time and cost. Figure 11(b) shows the logic for

ITS6.
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ITS7

Figure 11(b): Exact match for component - ITS6

This function implements the exact matching of tools described in ITS6. If a further

reduction in tooling is required at the component level then, each operation file for the

component is searched for an exact match. If an exact match is found that will perform

all operations on the component this is considered as the optimum tool and the total time

and cost are calculated. ITS7 selects a job file and then selects the optimum tool and

cutting conditions.

It then selects the other job files and then start the process of

searching for an exact match by considering; tool holder, insert, insert grade, and

chipbreaker. This process is repeated until an exact match is established. Figure 11(c)

shows the logic for ITS7.

EXACT MATCII
JOB
TFILLS
SELECT SELECT FOR OTHER TF EXACT
JOBFILE OPLRATION OPFRATION MATCII
FOR OPERATION PLAN PLANS ESTABLISIIED?
[
A
v v | }
e et e cusex s &

HOILDER INSGRT ORADE CHIPBREAKER TIME & COST

Figure 11(c): Exact match for component (Check job file) - ITS7
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ITSS

If further reductions are required and there are no identical tools available, a similarity
test is performed using the tool, insert, grade and chipbreaker as the similarity criteria.

Figure 11(d) shows the logic for ITS8.

The first test is for the tool holder and the test is referred to as the 'Down Scaling Test'.
The test is concened with the substitution of an appropriate tool holder by taking into
consideration the approach and trailing angles of the profile. A tool holder can be used
for an alternative operation if its approach and trailing angles are larger than those of the
original tool holder. However, there may be a case where the profile does not constrain
the selection of a tool holder and therefore an alternative holder can be used even if its
angles are smaller than those of the original tool. Because there will also be a change in
insert, it is essential to first check if the original feed and depth of cut are within the
chipbreaker capability of the new tool. If they are not, then it is necessary to recalculate

the cutting conditions because the insert cannot operate outside the chipbreaker

boundaries.
SIMTLARITY
TPST
SFIICT IST. SELFECT NEXT STMITARITY SIMILARITY SUMILARITY SIMILARITY
JOR PITR JOB FILE ROINFR NOSE INSERY OTPRREAKRR
FOR COMPONENT FOR COMPONFNT AARTA RADIUS GRADE
SELFCT SELMCT CITCK FOR CHECK POR COITCK FOR CITLCK FOR
OPERATION OPERATION SUTTARLP. SUMABLE SUITARI R SUTTARLFP.
PLAN PLAN HOLDER NOSE RADILIS GRADE CHIPRREAKER
CALOVLATE VELOCITY QIFCX FT&A
SMAX DUE TO FACTOR ARE, WITTTIN
NOSF. RADIUS FUNCTION CHIPBREAKER DIAG.
CHECK WITH ELSE RECALCULATE
CHIPBREAKER BY USING
VALUES TRECIL MODULA

Figure 11(d): Similarity Test - ITS8

The second test is in relation to the nose radius of the insert. A large nose radius can

always substitute a smaller nose radius in terms of its teedrate capability and the surface
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roughness generated on the workpiece. Hence, the rule is that an insert with a larger
nose radius replaces the inéert with a smaller nose radius. When a substitution is
proposed, one should also check whether the chipbreaker of the new insert can use the
original value of feed rate. It yes, the substitution is acceptable, otherwise the feed rate

for the operation is set equal to the maximum allowed by the new insert’s chipbreaker.

The third test is in relation to the grade of the insert. This test is termed the 'velocity
factor' test since the insert carbide grade test is directly influencing the cutting velocity.
Table 1 shows the compatibility of modern grades for various material groups and also
include the recommended cutting velocities for various feedrates. The table is used to
identify whether a substitution of carbide grades is possible. For example, for material
group 3, one cannot substitute a TP10 for a TPO5. When a substitution is possible, as in
the case of a TP1S5 being substituted by a TP20 for material group 3, the following
procedure is adopted. If the calculated operating feed is 0.25 mm/rev for the TP1S, then
an interpolation is performed between velocities 275 and 220 to establish the ideal
velocity using a TP20 insert. The ideal cutting velocity corresponding to feed of 0.25
mm/rev for the TP15 grade is found by interpolating between velocities 290 and 225.
Using both of these interpolated values a factor is calculated. This factor is then

multiplied by the originally calculated velocity for a new set of conditions. In summary;

e Material group =3

e Original insert grade = TP15

* Proposed substitution = TP20

e Calculated feed rate using TP15 = 0.25Smm/rev

¢ Calculated velocity using TP15 = 200m/min

e Velocity for TP15 @ 0.15mm/rev = 290m/min

e Velocity for TP15 @ 0.35mm/rev = 225m/min

e Velocity for TP15 @ 0.25mm/rev = 275.5m/min
e Velocity for TP20 @ 0.15mnvrev = 275m/min
¢ Velocity for TP20 @ 0.35Smnv/rev = 220m/min

e Velocity for TP20 @ 0.25mnvrev = 247.5m/min
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e Factor =247.5/275.5
e New velocity for TP20 substitution = 200 * (247.5/275.5) = 179.67Tm/min

STEEL Recommended cutting velocity, m/min
Material TPOS TP10 TP1S TP20 TP30 TP40
Group No. Feed rate s, mmrev

015 035 060 015 035 060 015 035 060 0.15 035 0.60 0.15 035 060 0I5 035 060

1 - - - 450 335 265 400 315 240 280 300 225 340 265 160 - - -
2 - - - 380 300 225 340 265 200 325 255 190 290 225 140 - - -
3 - - - 325 255 200 290 225 180 275 220 165 245 190 120 190 150 90
4 - - - 270 210 165 240 190 145 230 180 135 200 160 85 i55 120 75
5 240 205 - 230 180 - 200 160 - 195 150 120 175 140 85 130 105 65
6 215 185 - 205 180 - 180 160 - 175 140 - 155 120 75 120 95 70
7 - - - 90 - - 80 70 80 60 - 55 45 - - - -
Stainless
Steel
8 - - - 260 210 - 230 180 140 225 180 135 195 155 95 150 120 70
9 - - - 205 - - 18 160 - 175 150 - 155 120 75 120 95 60
10 - - - - - - 100 85 - 95 - - 9% 70 55 60 S50 40
Cast
Iron
11 265 210 160 255 200 150 230 180 140 220 170 130 190 150 90 -
12 210 170 125 205 160 130 185 145 110 175 140 105 155 125 - - - -
13 190 150 - 180 160 - 160 130 . 150 120 9% - - - - -
14 160 125 - - - - 135 105 - 130 100 &0 115 90 60
15 130 115 - - - - 110 100 - - - - 95 75 .50 75 60 40

Table 1: Compatibility of grades and recommended cutting velocities (m/min)
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The fourth test is related to the chipbreaker. The procedure is as follows: Retrieve the
calculated feed and depth of cut used with the original tool; for the proposed new tool -
check the calculated conditions against its maximum and minimum values of the
chipbreaker diagram; if the calculated conditions are within the maximum and minimum
values then proceed with the substitution; if they are outside the maximum and minimum

values then recalculate the conditions using the technology module.

Only ITS1 to ITS7 are fully programmed under this work. The similarity test, ITSS8, has
not beén implemented. The operation of the rationalization modules implemented will be
explained with the use of a number of examples in the following chapter. Future work
will involve the programming of the similarity test, ITS8, and, rationalization at the
Multi-batch Level (TVRO_MB), Multi-machine Level (TVRO_MM) and the Shop Floor
and Tool Stores Level (TVRO_ST).
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Chapter 9

‘Examples, Results and Discussion

9. Introduction

This chapter presents a number of examples in using the system currently developed.
The examples will demonstrate the use of the Geometry and Heuristics Module
(TVRO_G) in selecting tool holders, inserts and cutting conditions at the operation level.
It will then demonstrate the use of the Tecnology Module (TVRO_T) to further optimize
the cutting conditions at the operation level by using the tecnology presented in Chapter
7. Finally it will illustrate the workings of the Component Module (TVRO_C) in

optimizing the tooling and cutting conditions.

9.1 Graphics and Heuristic Modules In Operation

This section will demonstrate the workings of the two modules by using seven examples
that will be explained below. But first, in order to run both modules it is necessary to

follow the following initialization procedure:

o Initialise Windows;

'« Initialise AutoCAD;

o Select File, New to create a new drawing;

e Give the drawing a file name, for example, STEEL1

e Load the ACAD.LSP file. This file includes definitions of commonly used functions
and they will be defined automatically once loaded.

» The ACAD.LSP file has a function that will load all the sub-modules of the graphics
and technology modules known as SELECTION.

Having loaded the modules, AutoCAD is now ready to select tool holders, inserts and

cutting conditions for any defined job. Seven examples will be given to explain the

workings of the modules. The text in iralics is the response given by the user.
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9.1.1 Medium Roughing of a Profile - Operation Level

The following will detail three examples, of the same geometrical configuration,
involving steel, stainless steel and cast iron. The first eXample will describe the common
elements associated with the execution of the modules while the remaining two will

detail the specific elements associated with different material and material sub-classes.
Example 1 - Medium Roughing of Mild Steel

Draw the machine profile:

Centreline

. Machiningrofile

e At the "Command:" prompt type in ITSG and <CR>. This will initialise the graphics
and technology modules.

o "Enter job identification number ?." JOB1 <CR>

o "External or internal turning (E/T) 7." E <CR>

« "Right or left machining (R/L) 7:" R <CR>

e "Locking system - (1) Screw (2) Pin + Top Clamp (3) Pin/Wedge (4) Top Clamp
(S/M/P/C) 1:" P <CR>

The screen will change to text mode and the following will be displayed:

° % 3k 3k %k %k %k % % %k %k %k k Xk

TYPE OF CUT

% 3k sk ok ok ok ok ok Kk Kk kK

Finish (=> 0.5 < 3.0)

Medium (=> 3.0 < 5.0)

Rough (=> 5.0 <= 12.0)

"Type of Cut (F/M/R) 7:" M <CR>

117



The screen will revert back to graphics mode and the tollowing will be displayed:

e "Total depth of cut (mm)? " 15 <CR>
e "Type of Material - Steel; STainless Steel; Cast Iron (S/T/C) 7:" S <CR>

The screen changes to text mode and the following subgroups of mild steel material class

are displayed as shown below.

AW

K ok ok ok ok ok kok o ok K KK KR Kk ok ok

STEEL MATERIAL GROUP

S 3k o 3k ok ok 3k %k ok %k 3k k koK ok Kok ok kok ok ok kK

Very soft, tacky steels. Low-carbon steels and plain ferritic steels.

Free cutting steels. Other than free-cutting stainless steels.

Structural steels, ordinary carbon steels. Low to medium carbon content (<0.5%C).
High carbon steels, ordinary low-alloy steels. Low-alloy steel castings. Normal
medium-hard steels for tough hardening. High carbon steels (> 0.5%C).

Normal tool steels. Medium-high alloy steel castings. Harder steels for tough
hardening.

Difficult tool steels. High-alloy steel castings. Harder steels with high hardness.
Difficult high-strength steels. Hardened steels. Easier super alloys.

"Type of Steel 7." 3 <CR>

The screen reverts back to graphics mode.

"Start point of profile: " Select as indicated below by asterisk.

"End point of profile: " Select as indicated below by asterisk.

C

tre line

F e

Start point

rEnd point Machining profile

"Correct entity (Y/N) 7 <Y>!" Y <CR>
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Centre line

Entity will change line style and if
this is the cotrect entity the user
will reply 'Y".

If this is the correct direction the complete machining profile will change style as shown.

Centre line

Machining profile has changed style
to indicate the entities concerned.

After analysing the profile the appropriate tool holders, inserts and cutting conditions are

determined and the following file is compiled. The format of the file is as follows.

[Holder code] [Approach Angle] [Trailing Angle]
[Insert code] [Insert grade] [Material type] [Insert grade] [feed1] [vell] [feed2] [vel2]

[feed3] [vel3] [smin] [smax] [amin] [amax] [feed] [vel] [doc] [Material removal rate]

PCLNR2020-09A 95.095.0
CNMG090308-MF2-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.10 0.40 0.50 2.50 0.40 209.00 3.50 292.60

PCLNR2020-12A 95.0 95.0

CNMG120408-MF2-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# Ol 10 0.400.50 3.50 0.40 209.00 3.50 292.60
CNMG120408-MF3-TP20 3/TP20v0.15/275.0/0.35/220.0/0.60/165.0# 0.15 0.40 1.00 4.00 0.40 209.00 4.00 334.40
CNMG120408-M3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 4.50 0.45 198.00 4.50 400.95
CNMG120408-M4-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 5.00 0.45 198.00 5.00 445.50
CNMG120408-M5-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.50 1.00 5.00 0.50 187.00 5.00 467.50
CNMG120408-MR5-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.55 1.00 3.00 0.55 176.00 5.00 484.00
CNMG120408-MR7-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.25 0.60 1.50 5.00 0.55 176.00 5.00 484.00

PCRNR12020-12A 75.095.0

CNMG120408-MF2-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.04 0.10 0.40 0.50 3.50 0.40 209.00 3.50 292.60
CNMG120408-MF3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.15 0.40 1.00 4.00 0.40 209.00 4.00 224.40
CNMG120408-M3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 4.30 0.45 198.00 4.50 400.95
CNMG120408-M4-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 5.00 0.45 198.00 5.00 445.50
CNMG120408-M5-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.50 1.00 5.00 0.50 187.00 5.00 467.50
CNMG120408-MRS5-TP20 3/TP20/0.15/275.0/0.25/220.0/0.60/165.0# 0.20 0.55 1.00 5.00 0.55 176.00 5.00 484.00
CNMG120408-MR7-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.25 0.60 1.50 5.00 0.55 176.00 5.00 484.00
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PSRNR2020-12A 75.0105.0

SNMG120408-MF2-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.04# 0.10 0.40 0.50 3.50 0.40 209.00 3.50 292.60
SNMG120408-M3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 4.50 0.45 198.00 4.50 400.95
SNMG120408-M4-TP20 3/TP20/0.15/275.020.35/220.0/0.60/165.0# 0.20 0.45 1.00 5.00 0.45 198.00 5.00 445.50
SNMG120408-M5-TP20 3/TP20/0. l5/275.0/0.35/220.0/0.6_0/165.0# 0.20 0.50 1.00 5.00 0.50 187.00 5.00 467.50
SNMG120408-MR7-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.25 0.60 1.50 5.00 0.50 187.00 5.00 467.50

PDJNR2020-15A 93.0 122.0

DNMG150608-MF2-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0% 0.10 0.40 0.50 3.50 0.40 209.00 3.50 292.60
DNMG150608-MF3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.15 0.40 1.00 4.00 0.40 209.00 4.00 334.40
DNMG150608-M3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 4.50 0.45 198.00 4.50 400.95
DNMG150608-M5-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.50 1.00 5.00 0.50 187.00 5.00 467.50

This example produces five operation plans with the highest material removal rate being
484.00 mm /min. The selection process has established four suitable tool holders that are
capable of producing the defined profile. Only one grade is selected as this is the
optimum grade for the machining of mild steel. At this stage the cutting data
calculations are based on the embodied heuristics and further refinement of these will be

achieved during the technology process.
Example 2 - Medium Roughing of Stainless Steel
This example considers stainless steel for the same geometry workpiece as shown before.

o "Type of Material - Steel; STainless Steel; Cast Iron (S/T/C) 7." T <CR>

° 3 3k 3 3k ok % %k ok ok % % 3k ok ok ok ok koK ok K K oK ok ok ok ok ok ok ok ok ok kK k

STAINLESS STEEL MATERIAL GROUP

kkkkkokkkkkkkkkkkkkkkkkdkkkkkREkKkK KKK

8. Easy-cutting stainless steels. Free-cutting stainless steels.

9. Moderately difficult stainless steels.

10. Stainless steel difficult to machine. Stainless steel castings.
"Type of Stainless Steel 22" 8 <CR>

Free-cutting stainless steel has been selected.

After analysing the profile the appropriate tool holders, inserts and cutting conditions are

determined and the following file is compiled.
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PCLNR2020-09A 95.0 95.0

PCLNR2020-12A 95.095.0

CNMG120408-MF2-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.10 0.40 0.50 3.50 0.40 148.33 3.50 207.67
CNMG120408-MF3-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.15 0.40 1.00 4.00 0.40 148.33 4.00 237.33
CNMG120408-M3-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.04 0.20 0.45 1.00 4.50 0.45 141.67 4.50 286.88
CNMG120408-M3-TP301 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.20 0.45 1.00 4.50 0.45 141.67 4.50 286.88
CNMG120408-M4-TP30 8/TP30/0.15/195.0/0.35/155.040.80/95.0# 0.20 0.45 1.00 5.00 0.45 141.67 5.00 318.75
CNMG120408-M5-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.04 0.20 0.50 1.00 5.00 0.50 135.00 5.00 337.50
CNMG120408-MR5-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.20 0.55 1.00 5.00 0.55 128.33 5.00 352.92
CNMG120408-MR5-TP301 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.20 0.55 1.00 5.00 0.55 128.33 5.00 352.92
CNMG120408-MR7-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.25 0.60 1.50 5.00 0.60 121.67 5.00 365.00

PCRNR2020-12A 75.095.0

CNMG120408-MF2-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.10 0.40 0.50 3.50 0.40 148.33 3.50 207.67
CNMG120408-MF3-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.C# 0.15 0.40 1.00 4.00 0.40 148.33 4.00 237.33
CNMG120408-M3-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.04% 0.20 0.45 1.00 4.50 0.45 141.67 4.50 286.88
CNMG120408-M3-TP301 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.20 0.45 1.00 4.50 0.45 141.67 4.50 286.88
CNMG120408-M4-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.20 0.45 1.00 5.00 0.45 141.67 5.00 318.75
CNMG120408-M5-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.20 0.50 1.00 5.00 0.50 135.00 5.00 337.50
CNMG120408-MRS5-TP30 8/TP30/0.15/195.0/0.35/155.0¢/0.80/95.0# 0.20 0.55 1.00 5.00 0.55 128.33 5.00 352.92
CNMG120408-MR5-TP301 8/TP30/0.15/195.0/0.35/155.0/0.80/95.04# 0.20 0.55 1.00 5.00 0.55 128.33 5.00 352.92
CNMG120408-MR7-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.25 0.60 1.50 5.00 0.60 121.67 5.00 365.00

PSRNR2020-12A 75.0 105.0

SNMG120408-MF2-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.10 0.40 0.50 3.50 0.40 148.33 3.50 207.67
SNMG120408-MF3-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.15 0.40 1.00 4.00 0.40 148.323 4.00 237.33
SNMG120408-M3-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.20 0.45 1.00 4.50 0.45 141.67 4.50 286.88
SNMG120408-M3-TP301 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.20 0.45 1.00 4.50 0.45 141.67 4.50 286.88
SNMG120408-M5-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.20 0.50 1.00 5.00 0.50 135.00 5.00 337.50
SNMG120408-MR5-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.20 0.55 1.00 5.00 0.55 128.33 5.00 352.92
SNMG120408-MR7-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.25 0.60 1.50 5.00 0.60 121.67 5.00 365.00

PDINR2020-15A 93.0 122.0

DNMG150608-MF2-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.10 0.40 0.50 3.50 0.40 148.33 3.50 207.67
DNMG150608-MF3-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.15 0.40 1.00 4.00 0.40 148.33 4.00 237.33
DNMG150608-M 3-TP30 8/TP20/0.15/195.0/0.35/155.0/0.80/95.0# 0.20 0.45 1.00 4.50 0.45 141.67 4.50 286.88
DNMG150608-M3-TP301 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.20 0.45 1.00 4.50 0.45 141.67 4.50 286.88
DNMG150608-M5-TP30 8/TP30/0.15/195.0/0.35/155.0/0.80/95.0# 0.20 0.50 1.00 5.00 0.50 135.00 5.00 337.50
DNMG150608-MR7-TP30 8/TP20/0.15/195.0/0.35/155.0/0.80/95.0# 0.25 0.60 1.50 5.00 0.60 121.67 5.00 365.00

This example produces four operation plans with the highest material removal rate being
365.00 mm /min. Since the proﬁlé is the same as in Example 1, the same holders have

been selected.
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Example 3 - Medium Roughing of Cast Iron

This example considers cast tron.

11.
12.
13.
14.
15.

"Type of Material - Steel; STainless Steel; Cast Iron (S/T/C) 7:" C <CR>

XERRERAKRKKRKKERR KKK KKK KR RK KXk

CAST IRON MATERIAL GROUP
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Cast irons with low hardness. Grey iron.

Cast iron with medium hardness. Grey iron.

Low-alloy cast iron with low hardness. Malleable iron castings, nodularliron.
Medium-hard alloy cast iron. Moderately difficult malleable castings. Nodular iron.
High-alloy cast iron difficult to machine. Difficult malleable iron castings, nodular

iron.

"Type of Cast Iron 7:"11 <CR>

After analysing the profile the appropriate tool holders, inserts and cutting conditions are

determined, for cutting grey cast iron, and the following file is compiled.

PCLNR2020-09A 95.095.0

PCLLNR2020-12A 95.095.0
CNMG120408-M4-TPOS 11/TP02/0.15/265.0/0.35/210.0/0.60/160.0# 0.20 0.45 1.00 3.00 0.45 190.00 5.00 427.50

PCRNR2020-12A 75.095.0
CNMG120408-M4-TPOS5 11/TP03/0.15/265.0/0.25/210.0/0.60/160.0# 0.20 0.45 1.00 3.30 .43 190.00 5.00 427.50

PSRNR2020-12A 75.0 105.0
SNMG120408-M4-TPOS 11/TP05/0.15/265.0/0.35/210.0/0.60/160.0# 0.20 0.45 1.00 3.() 0.45 190.00 5.00 427.50

PDJINR2020-15A 93.0 122.0
DNMG150608-MS5-TP0S 11/TP05/0.15/265.0/0.35/210.0/0.60/160.0# 0.20 0.0 1.00 .00 0.30 180.00 5.00 430.00

Clearly, very few inserts are suitable for cutting grey cast iron. This example produces

four operation plan with the highest material removal rate being 450.00 mm /min.
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9.1.2 Multiple Operations Planning - Component Level

This example will demonstrate the procedure for considering more than one cutting
operation with respect to one component. It is assumed that the process planner has
determined the process plan for the component and that it requires three operations as

indicated below.

Centre line

The original workpiece material shape and size is draw on Tayer 1' of AutoCAD. The

original shape is shown below.

Centre line

The current drawing layer is changed from '1' to ‘0" and the first machining profile is

drawn as indicated below. The ‘operation plan' for the first operation is determined.

C

Next the profile for the second operation is drawn and the relevant operation plan is

determined.
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Centre line

OP2
OP!

Finally the third machining profile is drawn and the specified operation plan is

determined. The profile creates a recess to demonstrate the operation of the geometry

module.

Centre line

OP3
oP2
OP1

Each of the operations has produced a recommended list of tooling and cutting

conditions. These lists are shown below. The next step in the development of the

system is to determine the optimum ‘operation plan' for the component. This will be

considered in the component module.

OPERATION 1

PCLNR2020-09A 95.095.0
CNMG090308-MF2-TP20 3/TP20v0.15/275.0/0.35/220.0/0.60/165.0# 0.10 0.40 0.50 3.50 0.40 209.00 3.50 292.60

PCLNR2020-12A 95.095.0

CNMG 120408-MF2-TP20 3/TP20v0.15/275.0/0.35/220.0/0.60/165.0% 0.10 0.40 0.50 3.50 0.40 209.00 3.50 292.60
CNMG120408-MF3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.15 0.40 1.00 .00 0.40 209.00 4.00 334.40
CNMG120408-M2-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 4.50 0.45 198.00 4.50 400.95
CNMG 120408-M4-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 5.00 0.45 198.00 5.00 445.50
CNMG 120408-M5-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.30 1.00 5.00 0.50 187.00 5.00 467.50
CNMG120408-MR3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.55 1.00 5.00 0.55 176.00 5.00 484.00
CNMG120408-MR7-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.25 0.60 1.50 5.00 0.55 176.00 5.00 484.00

PCRNR2020-12A 75.095.0

CNMG120408-MF2-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.10 0.40 0.50 3.50 0.40 209.00 3.50 292.60
CNMG120408-MF2-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.15 0.40 1.00 4.00 0.40 209.00 4.00 324.40
CNMG120408-M 3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 4.50 0.45 198.00 4.50 400.95
CNMG120408-M4-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 5.00 0.45 198.00 5.00 445.50
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CNMG 120408-M 5-TP20 3/TP20/0.15/275.0/0.35/220.000.60/165.0# 0.20 0.50 1.00 5.00 0.50 187.00 5.00 467.50
CNMG 120408-MRS-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.55 1.00 5.00 0.55 176.00 5.00 484.00
CNMG120408-MR7-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.04 0.25 0.60 1.50 5.00 0.55 176.00 5.00 484.00

PSRNR2020-12A 75.0 105.0

SNMG120408-MF2-TP20 3/TP20/0.15/275.0¢0.35/220.0/0.60/165.0# 0.10 0.40 0.50 3.50 0.40 209.00 3.50 292.60
SNMG120408-M3-TP20 3/TP20v0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 4.50 0.45 198.00 4.50 400.95
SNMG120408-M4-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 5.00 0.45 198.00 5.00 445.50
SNMG 120408-M5-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.04 0.20 0.50 1.00 5.00 0.50 187.00 5.00 467.50
SNMG120408-MR7-TP20 3/TP2(V0.15/275.0/0.35/220.0/0.60/165.0# 0.25 0.60 1.50 5.00 0.50 187.00 5.00 467.50

PDINR2020-15A 93.0 122.0

DNMG150608-MF2-TP20 3/TP20/0.15/275.0/0.35/220.00.60/165.0# 0.10 0.40 0.50 3.50 0.40 209.00 3.50 292.60
DNMG150608-MF3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.15 0.40 1.00 4.00 0.40209.00 4.00 334.40
DNMG150608-M3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 4.50 0.45 198.00 4.50 400.95
DNMG150608-M5-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 ©.50 1.00 5.00 0.50 187.00 5.00 467.50

PDNNR2020-15A 63.0 152.0

DNMG150608-MF2-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.10 0.40 0.50 3.50 0.40 209.00 3.50 292.60
DNMG150608-MF3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.15 0.40 1.00 4.00 0.40 209.00 4.00 334.40
DNMG150608-M3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 4.50 0.45 198.00 4.50 400.95
DNMG150608-M5-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.04 0.20 0.50 1.00 5.00 0.50 187.00 5.00 467.50

This profile can be machined using any of six different tool holder / insert combinations.

Depending on the selection the metal removal rate varies from 292.60 to 484.0 mm /min.

OPERATION 2

PCLNR2020-09A 95.095.0
CNMG090308-MF2-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.04 0.10 0.40 0.50 3.50 0.40 209.00 3.50 292.60

PCLNR2020-12A 95.095.0

CNMG120408-MF2-TP20 3/TP2(/0.15/275.0/0.25/220.0/0.60/165.0# 0.10 0.40 0.50 3.50 0.40 209.00 3.50 292.60
CNMG120408-MF3-TP20 3/TP2(40.15/275.0/0.35/220.0/0.60/165.0% 0.15 0.40 1.00 4.00 0.40 209.00 4.00 334.40
CNMG120408-M3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 4.50 0.45 198.00 4.50 400.95
CNMG120408-M4-TP20 3/TP20/0.15/275.070.35/220.0/0.60/165.0# 0.20 0.45 1.00 5.00 0.45 198.00 5.00 445.50
CNMG120408-M5-TP20 3/TP20/0.15/275.070.35/220.0/0.60/165.0# 0.20 0.50 1.00 5.00 0.50 187.00 5.00 467.50
CNMG120408-MRS-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.55 1.00 5.00 0.55 176.00 5.00 484.00
CNMG120408-MR7-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.25 0.60 1.50 5.00 0.55 176.00 5.00 484.00

PDJNR2020-15A 93.0 122.0

DNMG 150608-MF2-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.10 0.40 0.50 3.50 0.40 209.00 3.50 292.60
DNMG 150608-MF3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.15 0.40 1.00 4.00 0.40 209.00 4.00 334.40
DNMG150608-M3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 4.50 0.45 198.00 4.50 400.95
DNMG 150608-M5-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.50 1.00 5.00 0.50 187.00 5.00 467.50
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This profile can be machined using any of three different tool holder / insert
combinations. Fewer tool holders are suitable than profile 1 since the maximum

approach angle of the profile is 90°.

OPERATION 3

PSRNR2020-12A 75.0 105.0

SNMG120408-MF2-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.10 0.40 0.50 3.50 0.40 209.00 3.50 292.60
SNMG120408-M3-TP20 3/TP20V0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 4.50 0.45 198.00 4.50 400.95
SNMG120408-M4-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 5.00 0.45 198.00 5.00 445.50
SNMG120408-M5-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.50 1.00 5.00 0.50 187.00 5.00 467.50
SNMG120408-MR7-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.25 0.60 1.50 5.00 0.50 187.00 5.00 467.50

PDINR2020-15A 93.0 1220

DNMG150608-MF2-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.10 0.40 0.50 2.50 0.40 209.00 3.50 292.60
DNMG150608-MF3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.15 0.40 1.00 4.00 0.40 209.00 4.00 334.40
DNMG150608-M3-TP20 3/TP20/0.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.45 1.00 4.50 0.45 198.00 4.50 400.95
DNMG150608-M5-TP20 3/TP2070.15/275.0/0.35/220.0/0.60/165.0# 0.20 0.50 1.00 5.00 0.50 187.00 5.00 467.50

This profile can be machined using any of two different tool holder / insert combinations.
Again, a smaller selection of holders can machine this profile due mainly to the maximum

trailing angle constraint of the profile.

The tool holders selected are based on the geometrical constraints of the cutting profile.
Each tool holder is selected on the basis that the tool’s approach (TAA) and trailing
(TTA) angles are less than the element’s approach (EAA) and trailing (ETA) angles
minus the appropriate clearance angle (CANGLE). The above examples have
demonstrated the geometrical and tool selection capability of the system The results will
serve as input to the technology and rationalisation modules. These modules will further

refine the cutting conditions in using the various method discussed in chapter 8.

The importance of computer based tool sclection is demonstrated by this component
which requires three operations. By selecting the first tool for each operation the
machining performance is much reduced when compared to the tools that are capable of
removal rates of up to 484.0 mm/min. The system highlights to the process plannner the

various options available and aids him in making a more objective decision at this stage.
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9.2 Technology and Rationalisation Modules In Operation

The following will use a similar example as that previously described to demonstrate the

technology and rationalization modules.

¢ Initialize Microsoft Excel.
e Load the various programs.

e Select the ITS1 icon.

The following message is displayed.
e “Retrieve the AutoLisp text files and convert them into Microsoft Excel format.”

e Select OK.

The following message is displayed.
o “Please enter job number JOB?)” JOBI <OK>
ITS1 will open all files associated with JOB1 and format them appropriately.

o Select ITS2 icon.

The following message is displayed.

e “This will collate all AutoLisp text files into one Excel file. It then selects the
optimum tool for each operation as recommended by the heuristic module.”

e Select OK.

The following message is displayed.

e “Please enter the file name required to transfer all operation files (JOBALL)”
JOBALLI <OK>

e Select ITS3 icon.

The following message is displayed.
o “This separates out the MaxFeed, MinFeed, DocMax and DocMin.”
e Select OK.

The following message is displayed.
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o “Please enter the JOBALL file that is required to be open. JOBALL1.XLS)” <OK>
e Select ITS4 icon.

The following message is displayed.

¢ “This is concerned with the use of the technology equations. Tests to be used are: [1]
check the velocity forces, [2] check the axial force, [3] the diametrical test; and [4]
check the power requirement.”

e Select OK.

The following message is displayed.
“Please enter the JOBALL file that is required for the technology calculations.
(JOBALLI1.XLS)" <OK>

There are 147 potential operation plans for JOBI1OPI, 64 for JOB1OP2, and 48 for
JOB1OP3. These can be seen in the following data sheets. Tables 2, 3 and 4 presents
the data sheets for JOB1OP1.RUN, JOB10OP2.RUN and JOB1OP3.RUN respectively.
The top operation plan for each machining operation forms the Tool Resource Structure

(TRS) for the component.
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Table 2
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e Select ITS5

The following message is displayed.
e “ITSS5 is concerned with optimization of tooling for the component.”

e Select OK.

The following message is displayed.
o “Please enter the JOBALL file JOBALL1.XLS)” <OK>

This then proceeds to produce the SUMMARY file for the component and this is the

first option and the ideal TRS for the component.

OPTION 1
JOB HOLDER CEL AANG TANG INSERT CBR GRADE TOSUT RUNTIME RATIO EFFUTL TOTTIME TOTCOST
JOBIOPLRUN PCLNRI020 I12A 9500 9500 CNMG120:08 MF3 TP 4200 896 46 i758 5096 3229
JOBIOP1.RUN PCRNRI20 12A 7500 9500 CNMG120308 MF3 TP 4200 1631 257 798 5831 354
JOBIOP3.RUN PDINRIOXO 15A 93,00 12200 DNMGI150608 MF3 TP 42.00 382 180 194 4562 2861

126.00 2890 436 18.65 154.90 98.44
Table 5: Option 1 - Optimum solution for each operation.

A further rationalization is performed on the above option for exact operation plans
(identical tools). The result is the same as no exact operation plans exist from the TRS
of the component, that is, no operation plan is exactly the same as another in terms of;

tool holder, insert type, approach and trailing angles, insert grade and chipbreaker.

OPTION 2
JOB HOLDER CEL AANG TANG INSERT CBR GRADE TOSUT RUNTIME RATIO EFFUTL TOTTIME TOTCOST
JOBIOP2ZRUN PCLNR2020 124 9500 9500 CNMGINM(8 MF3 TP 4200 896 465 1758 50.96 3229
JOBIOPLRUN PCRNR2020 124 7500 9500 ONMGIX MF3 TP20 4200 1631 257 798 5831 3754
JOBIOP3RUN PDINR2O20 15A 9300 12200 DNMGI5X08 MF3 TP 4200 362 160 7% 45.62 361

126.00 2890 436 18.65 154.90 98.44

Table 6: Option 2 - Solution after exact (identical ) test on option 1.
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Then an exact match is sought for by searching all the operation files. The result is a
selection of various operation plans that are capable in performing each operation. A
total of 25 operation plans were identified as shown below under option 3. Option 3 is

in order of preference with operation plan number 3 costing the cheapest.

OPTION 3
3 PDINR2020 15A 93.00 122(.;0 DNMG150612 MF3  TP30 42.00 2898 145 4082 7098 4156
1 PDINR2020 15A 93.00 122.00 DNMGI150608 MF3 TP2 4200 298 145 4082 '7038 4156
2 PDINR2020 15A 93.00 12200 DNMGI150608 MF3  TP30 4200 2898 145 4082 7038 4756
4 PDINR2020 15A 93.00 12200 DNMG150604 MF3  TP30 4200 ‘ 2898 145 4082 7038 4756
6 PDINR2020 15A 93.00 12200 DNMG150612 MF2  TPX 4200 30.14 139 41.78 pra L) 4843
5 PDINR2020 15A 93.00 12200 DNMG150608 MFR2  TPX 4200 30.14 139 4178 7114 4843
7 PDJNR2020 15A 93.00 122.00 DNMG150608 MF2  TP30 4200 30.14 139 41.78 i 4843
8 PDINR2020 15A 93.00 12200 DNMGI50604 MF2 TP 4200 30.14 139 4178 e 4843
9 PDJNR2020 15A 92.00 12200 DNMG150604 MF2  TP30 4200 30.14 139 41.78 214 4843
13 PDJNR2020 15A 93.00 12200 DNMG150612 MS TP30 4200 30.14 139 41.78 24 4843
10 PDINR2020 15A 93.00 122,00 DNMG150608 MS TP 4200 304 139 4178 T 4843
12 PDINR2020 15A 93.00 12200 DNMG150608 M5 TP30 4200 30.14 139 41.78 214 4843
11 PDINR2020 15A 93.00 12200 DNMG150604 M5 TP30 4200 30.14 139 41.78 kpats 4843
16 PDINR2020 15A 93.00 12200 DNMG150612 M3 TP 4200 30.14 139 41.78 ppats 4843
21 PDINR2020 15A 93.00 122.00 DNMGI150612 M3 TP30 4200 3014 139 4178 EpATE 4843
2 PDINR2020 15A 93.00 122.00 DNMG150612 M3 TPX01 4200 30.14 139 4178 L4 4843
15 PDINR2020 15A 93.00 122.00 DNMG150608 M3 TP20 4200 30.14 139 41.78 214 4843
19 PDINR2020 15A 93.00 122.00 DNMG150608 M3 TP30 4200 30.14 139 41.78 ppats 4843
20 PDJNR2020 15A 93.00 12200 DNMG150608 M3 TP301 4200 30.14 139 41.78 Tl 4842
14 PDJNR2020 154 | 93.00 12200 DNMG150604 M3 TP20 4200 30.14 139 41.78 T4 48.43
17 PDINR2020 15A 93.00 12200 DNMG150604 M3 TP30 42.00 30.14 139 4178 b B 4843
18 PDINR2020 15A 93.00 12200 DNMG150604 M3 TP301 4200 30.14 139 41.78 Epatt 4843
24 PDINR2020 15A 93.00 12200 DNMG150612 MR7 TPX 42.00 3198 1.31 4322 7338 4980
25 PDINR2020 15A 93.00 12200 DNMGI150612 MR7  TP30 4200 3198 131 4322 7338 4980
23 PDINR2020 15A 93.00 12200 DNMG150608 MR7  TP30 4200 3198 131 4322 7338 4980

Table 7: Option 3 - Exact (identical) test on operation files.
Option 1 and 2 are the same as already stated. Option 3 presents a number of single

solutions to machine the complete component. If option 1/2 were selected, that is, three

different operation plans, then the total cost is £98.44 as compared to £47.56 if option 3
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was selected. Table 8 presents the difference in using option 3 as compared to option

172.

Total set-up  Run time Ratio of Effective Total time Total cost

time set-up/run utilisation
(mins.) (mins.) time % (mins.) %)
Option 1/2 126.00 28.90 436 18.65 154.90 08.44
Option 3 42.00 28.90 1.45 40.82 70.98 47.56
A 84.00 ¥ 0.00 291 p 2217 84.00 ¥ 51.38 ¥

Table 8: Comparison between the various options.

The total time (TOTTIME) is reduced by 84 mins. This is attributed to the reduction in
the total set-up time (TOSUT). The set-up time to machining time is reduced by 2.91
due to one set-up. This, therefore, increases the effective utilisation by 22.17%. The
total cost (TOCOST) is reduced by £51.38 and this is attributed mainly to the reduction

from three sets of tooling to one set.

The system has demonstrated the capability of optimizing on a set of tooling for a
component. This information can then be used when considering the selection of tooling
for a machine tool at Multi-Batch Level (TVRO_MB). A similar process 1s possible and
. this would aim in optimizing tooling at the multi-batch level, and aid in defining the TRS

for the machine for a defined production time frame.
Without an effective and efficient computer based system process planners select tools

without any objective criteria and in particular without comparing several alternatives

which could result in widely different machining performance.
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Chapter 10

Conclusions and Recommendations

Tool selection consists of five levels;

e Operation level;

o Component level;

e Machine level;

e Multi-batch level and;

e Shop floor and tool store level.

The operation level is concemed with the optimum selection of tooling and cutting
conditions for each operation. The component level selects tooling and cutting
conditions by considering the operation plans for each operation. It will optimize the
individual operation plans. The machine level addresses the need to optimize tooling and
cutting conditions for various batch sizes and of different material all requiring to be
manufactured on one machine. The multi-machine level will consider a diverse number
of components within a resource unit. While the shop floor and tool store level will deal

with the tool management aspect of tool selection.

. All the selection levels were discussed under different manufacturing paradigms namely;
process based, FMS cell, group technology and transfer lines. In addition, the various

objectives and tooling criteria that are required to be considered include:

e Tool management and planning;

¢ Technological /process requirement;

¢ Tool rationalization opportunities at resource unit level;
e Time allowed to select tools;

e Tool allocation horizon;
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Importance of tool / work flow synchronisation;
Machining performance rating;

Set-up time reduction rating;

Benefits from geometrical rationalisation, and;

Benefits from carbide rationalisation.

Operation Planning and the concept of Tool Resource Structure (TRS) was presented.

Operation Planning deals with the detail selection of tooling and cutting conditions for an

operation. The TRS concept is presented as an extension of the MRPI11 system. It

discusses the requirement for additions to the MRP11 system which include:

Computer Aided Design link with MRP11;

Computer Aided Process Planning link with MRP11;

A database for operation plans;

A tooling database;

A module to determine the TRS for components and products, and;

A module to plan the production of operation plans for a defined time period.

Various amendments are required to the existing parts of an MRP11 system for this

integration, namely;

e The routing file;

¢ Bills of material;

» Time-phased requirement planning, and;

e Material, tooling and capacity plans.

The tool selection system, currently developed, was presented. This included; tool

selection at the operation and component levels. The graphics and heuristic module

manages the geometrical aspect of tool selection. It selects tools based on the

geometrical constraints of the component taking into consideration both the approach

and trailing angles of the tooling available. The heuristics system uses a number of
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empirical rules established from industrial practice and tool manufacturers literature. The
system presents the ideal operating conditions for the insert but do not take into
consideration the machining constraints. The geometry module is capable of selecting

tooling for;

right to left machining for external turning (linear elements);

o left to right machining for external turning (linear elements),

o right to left machining for -extemal turning (arc elements);

o left to right machining for external turning (arc elements);

e right to left machining for internal turning / boring (linear elements);

e left to right machining for internal turning / boring (linear elements).

The software is written in AutoLisp which allows for the custimization of AutoCAD for
a particular application. The end result from these two modules is a set of operation

plans for each machining operation.

The next level developed in this work was the tool selection at component level. This
was written using the Visual Basic - Excel programming language. It uses the current
technology equations in determining a suitable set of cuttings conditions by considering a
number of machining constraints. A set of operation plans are considered for the
component which are further optimized in order to establish a set of tooling and

operating conditions for the component.
A number of examples were presented to explain the working of the system. This

involved the selection of operation plans at the operation level and subsequently the

selection process at the component level.
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The software is at a stage that will now perform tool selection and rationalisation from
the operation up to the machine level for one type of material. It now requires further

development to expand this to consider a number of different materials.
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APPENDIX 1

Brief Description of TVRO_G Functions

TVRO_G is the main function of the module and has direct control in initialising the
majority of functions

ESTART initialises the graphics system variables.

CONSTANTS define the graphics system constants.

JOBID job identification number.

TURNING requests the type of turning operation being performed.

RLM requests the direction of machining.

LOCKSYS requests the preferred locking system.

FMRCUT requests the type of cut required - finish, medium or rough, and the depth
of cut

TOMTM requests for the type of material to be machined.

ESELECT requests the user to select the start and end points of the profile, and
determines if the elements of the profile are lines or arcs.

TYPEL is used to check the start and end points of line elements.

TYPEA is used to check the start and end points of arc element.

ETEST is used to call the appropriate ETEST tunctions, that is ETEST120 and
ETEST121. |

ETESTI120 tests a defined linear element of the profile to determine its direction.
ETESTRL is initiated for right -> left machining (external) and is used to determine
if the defined linear element of the profile is capable of being machined using the
tools available.

ETESTLR is initiated for left -> right machining (external) and is used to determine
if the detined linear element of the profile is capable of being machined using the
tools available.

IETESTRL is initiated for right -> left machining (internal) and is used to determine
if the defined linear element of the profile is capable of being machined using the

tools available.
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IETESTLR is initiated for left -> right machining (internal) and is used to determine
if the defined linear element of the profile is capable of being machined using the
tools available.

ETESTI21 performs a test on a defined arc element of the profile to determine its
direction.

ETESTRLA is initiated for right -> left machining (external) and is used to determine
if the defined arc element of the profile is capable of being machined using the tools
available. _

ETESTLRA is initiated for left -> right machining (external) and is used to determine
if the defined arc element of the profile is capable of being machined using the tools
available.

ATMAX is used to determine the maximum approach and trailing angles.
EHOLDERS searches the database for suitable tool holders.

TESTHOLDER test and write suitable tool holders to file.

HOLDERINSERT searches the database for suitable inserts.

MATCHINSERTS test tool holder code with the insert code.

CHIPBREK selects the appropriate chip breaking diagram.

CUTDATA calculates the appropriate cutting conditions..
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APPENDIX 2

Data Files For The Graphics And Heuristics Modules

Holders

This data file stores tool holders and the information stored is as follows;

. the type of locking system;

. the insert shape;
. the tool style;

. insert clearance;
. hand of tool;

. shank height;
. shank width;

. tool length;
) cutting edge length;
. approach angle; and,

. trailing angle.

A typical record is; "PCLNR2020-09A 95.0 95.0".

Inserts

This data file stores inserts and the information stored is as follows;

. insert shape;

. clearance angle;

. tolerance;

. insert type;

. cutting edge length;
. insert thickness;

. nose radius;
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. chip breaker type; and,

. insert grade.

A typical record is; "CNMG190608-M4-TP20".

Chip breaking diagrams

This data file stores information for the chip breaking diagram and the information stored

is as follows.

o chip breaker type;

. minimum feed rate;

. minimum depth of cut;

. maximum feed rate; and,
. maximum depth of cut.

A typical record is, "FF1/0.05/0.25/0.50/2.50#".

Cutting data

This data file stores information on cutting data. The information stored in this file is as

follows;
. material type code;
. insert grade;
. recommended feed rate; and,
. recommended cutting velocity.

A typical record is, "3/TP20/0.15/275.0/0.35/220.0/0.60/165.0#".
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