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Doeltreffende masjinering van titaan allooie bied "n wéreldwye uitdaging. Mamiike-sny super alloie

soos T6AHN + ¢2NR a4 RAS Go6SN] asSasSte DbdeskouS Saddlrende digA NI f
masjinering van lugvaart komponente word 80%0% van die materiaal verwyder. Dit is hiérdie behoefte

wat die innovering van masjieen snygereedskap dryf om dit meer doeltreffend en finansieél vatbaar te
maak. Die Suid Arikaansehbefte vir doeltreffende snygereedskap virt6FiF4V masjinering stem ooreen

met hierdie internationale behoefte. Die geskiedkundige Suid Afrikaanse praktyk om onverwerkte,
waardevolle minerale sodémeniet, rutiel en leucoxenait te voer, kniehalter @& land se kans om winste

dzZA G @SNBSNJ GS GAGEEY |ft22A LINBRdzZ1] S GS 3ISYyASio -
om 'n Suid Afrikaanse titaanproduk vervaardigingsmark op die been te bring teen 2020. Stellenbosch
Universiteit se funksie,ibne hierdie strategiese raamwerk, fokus op hoé spoed masjinering veA+FvV

lugvaart komponente.

Die hitte geleidingsvermoé van-@Akn + A& y2SYSyaglNRA3I fFSNJIFa RAS
soo0s byvoorbeeld staal of alumium. Om hierdie raderd hitte in die freesbeitelpunt gedurende hoé

spoed masjinerin@pgeberg. Dit verkort gereedskap leeftyd en verhoog masjinerings kostes. Daarvandaan
deurlopende ontwikkelinge in verkoelingsmetodes vir hoé spoed masjinering. Die mees onlangse
ontwikkeling inhoé druk verkoelindh & G aL)X AG @G22t aé¢ oG 2SSt YARRSt y
langwerpige gleufies in die hark gesig van die beitelpunt lewer. Hierdie tegnologie is op die mark
beskikbaar, maar slegs deur "n enkele verskaffer. Daar is @vkal@demiese publikasies wat oor6Rik

n+ YFac2gAySNAyYy3a YSG aqaLXAd Gd22taé¢ KFyRSt yASd 5

gereedskap is steeds onbekend.

'n Dnamometer isgebruik om die tangensiale snygigte tydens 11 sny eksperimente teeat. Die
eksperiment ontwerp is faktoriaal van aard en bedsat faktore en drie middelpunte oor twedakke. 'n
Kwadratiese model is geskik om die data op 95% vertroue vlak voor te stel en voorspellings mee te maak.
Die voorspellingsmodel is ontwikkel in terme van: (1) Diepte van snit, (2) voerten§8) Snyspoed. Die
invloed van die drigparameters @ die tangentiale snykrag, asook invioed met mekaar word ondersoek.
Verdere data in verband met materiaal verwydering, oppervlak afwerking en beitel slytasie word ook

bespreek.

Praktiese werk isnet behulp van “rbedryfsvennoot gedoen om vas te stel: (lipdmpak van 'n analitiese
benadering en ontwikkelings proses op die uitrof van lugvaart komponente(2) en om die
lewensvatbaarheid van implementering vadsplit (i 2 2 fah &n bestaande prosese bepaal 'n
Noemenswaardige besparing is sodoende behaal. Dk & @SNRSNJ 60 SPAYR RIG aalL

plaasvervanger vir die huidige snygereedskap is nie. Die rede daarvoor is gedeeltelik omdat die huidige
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freesmasjien by die bedryfsvennoot nie aan didtiese operasionele vereistegan die gereedskap

vervaardiger voldoen nie.
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ABSTRACT

Efficient face milling of titanium alloygqvides a global challenge. Diffictit-cut super alloys such as-Ti

6Aln+ Aa O2YyAaARSNBR (KS Go2NJIK2NESE YFGSNREE F2NJ
aerospace components, 80¢ 90%of the material is removed. This requirement drives theowettion for

machines and tooling to become more efficient, while driving down costs. In South Africa, this requirement

is no different. Due to théistoric practice oexporting valuable minerals such dmenite, leucoxene and

rutile, South Africa does mcenjoy many of fnancial benefits of producing value added titanium alloy
products. The Titanium Centre of Competence (TiCoC) is aimed at creating a South African titanium
manufacturing industry by the year 2020. More specifically, the roughing ®&AFAV aerospace

components has been identified as an area for improvement.

The thermal conductivity of TBAF4V is significantly lower thanthat @G KSNJ a2 N] K2N&ES¢ Y
steelor aluminium Therefore heat rapidly builds up in the tool tip during high speed machining resulting in
shortened tool life and increased machining costs. Hence the ongoing developments in the field of cooling
methods for high speed machining. The latest development in higbspre cooling (HB@ split tools that
delivercoolant into the cutting interface viflat nozzlesn the rake face of the inserflthough it has been

released recently and limited to a single suppli@istcooling method is commercially available, §de is

known about its pedrmance or application condans.

The operational characteristics of split tools are studied by answering set research quegtions.
dynamometer was used to measure the tangential cutting forces during 11 cutting experirhahfsltow

a three-factor factorial design at twdevels and withthree centre points. A seconebrder model for
predicting the tangential cutting force during face millingTé6AF4YV with split tools was fit to the data at
95% confidence leveA predictivecutting forcemodel was developed in terms of the cutting parameters:
(1) Axial abpth of cut ADOG, (2) feed per tooth and, (3) cutting spedithe effect of cuihg parameters on
cutting forceincluding their interactions are investigateData for chip evacuation, surface finish and tool

wear are examined and discussed.

Practical work was done at a selected industry partner to determine: (1) impact of an analytical approach to
perform process development foaerospace component roughing, (2etdrmine the feasibility of
implementing split tools to an existing process. A substantial time saving in the roughing time of the
selected aerospace component was achieved through anahitigalovement methods. Furthermore it

was found that the split tols were not a suitable replacement for current tooling. It was established that
certain critical operational requirements of the split tools are not met by the existiigng machineat the

industry partner.
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CHAPTER INTRODUCTION

CHAPTER 1
INTRODUCTION

1.1 THE SOUTH AFRICANANIUM CENTRE OF CRETENCE
{2dziK ! TNXOF A& (GKS 62 NI thRafigm baadird Mifidkalsf ImehE§REHANLINE R dzC

Rutile (TiQ) as it contributes 18%f the global supply. Geological surveys estimate that South African
titanium mineral deposits constite 11% of global reserve$l]. Despite the regional abundance of this
precious mineral, South Africa does noecessarilybenefit from downstream profits South Africa
manufactures negligible volumes fifiishedtitanium metal productswhen compared to world production

leaders such@China, Japan, Rusdilited StatesUkraine and Kazakhst§zj.

Henceforth, in 2003, the South African Government accepted an Advanced Manufacturing Tgghnolo
Strategy,proposed by The Department of Science and Technology (DST). A feasibility study conducted by
the DST in 2008, generated confidence in a national strategy that aims to establish a South African titanium
manufacturing industry by the year 2020. As a resh# TiCoCwas established to determine building
blocks for the realisation of this strate§]. The DST funds technology development and research for the

TiCoC strategy in proportion accordingRigurel.

RSA Ti
Industry

/ Oil & Gas | Aerospace | Chemical
/, Marine Medical Automotive
A

& Supplier Development

/’ Industrialisation & Commercialisation

Z

Technology Development

Consolidation Additive Casling Welding  Forming
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Figurel: Titanium Centre of Competendg]
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{GSttSyo2a0K | yAPSNAA G an@iEesaN&dakh NaRdworiOtRay fachdesOon high A (i K
performance machining anidcorporates anumber oflocal industry partnes. This arrangement is aimed at
applying the research results to add value e titanium industrial partner. The Department of Industrial
Engineering at Stellenbosch University maintains-aaxeficial relationship with Daliff Engineerinbat is
aAldz- SR Ay [ LIS ¢ 24 afane of shdlbaetieIsThid nél&bdzhif pdmotes al NS |

research and development platform that draws from industry and academic inputs.

The TiCoC building blocks define the role of Stellenbosch University within the 2020 strategy: Develop high
performance machining methods for industry and cosarcial benefits. Tool life and accompanying costs

are currently some of the biggest challenges in the titanium machining industry. Novel manufacturing
techniques that have not been used on a commercial level in South Amea@searched and expanded.
Research knowledgés shared with industry in order to facilitate the broader strategy of D8Tfor the

year 2020. In conclusion, there is an inherent opportunity for Stellenbosch University to further develop its

involvement with regards to research coitition to the South African Industry.

1.2 BACKGROUND
The price of titanium can be up to ninemes more than steel due to a considerably more demanding

process from ore to componefd]. Melting is done in either a vacuum or exert atmosphere at nominally
1600 degrees Celsius compared to steel melting at nominally 1500 degrees Celsius in a normal atmosphere
environment[5] [6]. Similarly machining properties are also tdading, classifying titanium as a difficult to

machine super allof7].

These properties cause cutting tools to overheat and fail after only a few minutes of high performance
machining, potentially resulting in extended chaoger time and increased tool co$8] [9]. Recent
technological advancements, specifically the combinatiohigii pressurethrough spindle coolingHPTSC)

and split tools, claim to provide vastachining improvementgLO] [11].

1.3 INDUSTRY PRACTICIDAMREVIOUS STUDIES
HPTSGn combination with cryogenic cooling is currentlgingsuccessfly applied in aerospace industry.

Although someresearch papers have been publishedarypogenic, through spindle cooliigis common to

find manufacturerdmplementingtechnologies that are on a more advanced level than those published in
open, academic literaturg¢l2] [13]. This is due to the limitations on intellectual property within the
industry. As a result, unique specialist applications are kept secret for as long as possible by manufacturing

technology companies

In terms of researchprevious studies conducted in this field have proved th®PTSCprovides
improvements in tool life due to a reduction in tool wear over time f&jll, increasing cooling in titanium

machining can result in negative effects of tool wear, such as theshwadk and chip adhesion to the tool
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surface[9]. These are important factors that have not been researched in depth in articles or publications
relating to industry practice, yet need to be taken into account for the purposdetérmining overall

feasibility.

Split tooling is a recent developmeanhd an example of second generatiaterivative technologies that
followed after the success ¢fPTSOndications are that the early adopters are embracing the technology,

but noscientific results are being releasgdt].

1.4 PROBLEM STATEMENT
The feasibilityand application conditionsf split tool technology needs to lexploredfor the South African

titanium component manufacturing industry émablecompetitiveness on an international level

1.5 RESEARCH OBJECTAMESQUESTIONS
The purpose of this research project is determine whether split tooling canbenefit existing titanium

manufacturing operations. Thetudy objective involveshe establishment of a machinability index or
model, which aids in the transfer of information to the industry partner. A machinability model has certain
requirements that have to be methus certain madining productivity and qualityelated questionseed

to be answered:

1.5.1 Can tangential cutting forces for-@AFYV split tool milling b@redictedby a model?

1.5.2 What arethe significant factors affecting cutting forces duriegperiment®

1.5.3 Are split tools able to perform serfinishingof TE6AF4V during face milling?

1.5.4 What types of tool failures are characteristic during split tool milling-GAF4V?

1.5.5 Can T6AF4V machiningroductivity beenhancedoy the application of analytical techniques?

1.6 RESEARCH ROADMAP
The introduction, problem background, problem statement and research objectives are discussed in this

chapter. The literature review commences with chapter two anprovides an overview of cooling
techniques.Conventional eoling methods such as fldocoolng, HPC near dry machining, liquid nitrogen
(LN) cooling andhigh pressure through spindle coolinglRTS)Cas well as advancemenia industry
solutions such as cryogenic through spindle, through tool cooling and through spindle cooling with split

toolsare covered

The literature review continues withhapter three and discusses the factors contributing to the
machinability oftitanium alloysduring face millingFactors such asugace finish and integritychip control,

tool wear, cutting forces andobl geometries areexplainedin terms oftheir measurement criterialn
addition, specificconsiderations for face milling and inherent complexities associated with the modeling of

milling systemsre considered
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Chapter four describesthe methodology fdbwed for the face milling experiment§he machine tool,
milling tool and insert specificationand cutting strategy areexplained. Material characteristics are
determined by means of testing and the statistical experiment design is discussed. Thig ahaEptes an
in-depth design & the face milling experiments, according to the ISO standards for tool life testing in end

milling and face milling.

Chapter five evaluatesxperiment results angroceeds withthe modeling of tangential cutting forceShe

suitability of a first and seconeébrder modelA & RSGSNXAYSRX o6l &aSR 2y SI OK Yz

95% confidence level and the interactions of cutting parameters on tangential cuttinggmeown. The
response surface for the model is pdared. Additional experimental results from surface finish

measurements, tool wear inspection and chip formation are discussed at the end of the chapter.

Chapter sixis a detailed report on the application of a nonlinear program approach to contribute
productivity savings at the selected industry partner. The cuttiatametersfor an existingcutting process
were examined. Experiments were conducted with nparametes from the nonlinear program and
results interpreted with the aid of microscope analysfghe inserts.The split toolwas also implemented

during this project.

Chapter severoncludes the study by determininghether the research objectives were met in terms of

the results from experiments, industry partner work and the predictivting farce model.
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CHAPTER

OVERVIEW OF ADVANCEDOLING TECHNIQUBRHITANIUM ALLOY
MACHINING IN AEROSFHAAPPLICATIONS

2.1 INTRODUCTION
The most common and extensively studied cooling strategies are dry cutting, flood cdéi@and

HPTSCthe strategy and technique used depends the material and parameters surrounding the

machining process.

Recent advances in cooling technology for aerospace manufacturing, specifically the combinbliRrSea?

and split tools, arelaimed to yield improved machining productivity for diffietdtcut materials.

New alvancements are highly specialis as they are usually made-iwuse by means of a partnership
between the manufacturer and the tool supplier with a high premium on confidentiality. The cooling
methods are designed for specifipplications within the production process and usually comprises a finely

tuned hybrid between some of the aforementioned conventional cooling systems.

2.2 OVERVIEW OF CONVEDNAL COOLING METHODS

2.2.1 Flood Cooling

Flood coolingvith soluble oil iswidely used in industry. Flood cooling, best described as an uninterrupted
flow of an abundant quantity of coolanfrom a source external to the tool, cools the tool ar@moves
chips by a flushing action. Witlood cooling thermal stock on milling tools areinimised, andthe ignition

of chipsis eliminated[9].

(a) (b)

Figure2: Extreme directional effects of flood cooling5]

This method is often a benchmark for experiments doeits extensive use in standard machining

applications. Flood cooling isadequatein some cases, one of which is titaniafttoy machining.

Flood cooling is not based on the principle of precise directional application of the coolant stream. Two

extreme cases are shown iRigure2. In the most extreme case, wheieK S A (i | Hodz6ntdctt £ 2 & Q
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area between chip and tool is approximated, the chip preventsctiaant from being applied to the tool

chip interface (b). The cutting edge therefore experiences a large thermal load resulting in poor {83l life

2.2.2 High Pressure CoolingdPC)
HPCbecame thestandardin industry as soon a%od cooling methods were found les$fective for high

speed machining of hard metals. During high speed machining the performance levels of modern
machinery generate so much heat that normal flood cooling is unable to remove chips quick enough and

pierce through the vapour barrieLong, thick and unmanageable chips foras resul{16].

The Leidenfrost phenomenon can be observed in cases where a vapour barrier is fornréglirés,
.SNYFNRAY YR adzRlI gl NRa GAYS o0 aSR 3 NelidkdepiEtedNI A y A
[17].

o ®
o

Vapor - !“" > |
Flim Transition | Nucleate : Single-
Boling | Boling | Bofing | Phase
Regime | Regime | Regime |Regime

Onaat of Single-
Phase Cooling

Time

Figure3: Boilingregimes associated with bath quenching a small metallic mgdsg

CKA& AYAGALFET OFNNRARSNI aFAEY 02AftAYy3 NBIAYSE ENBKAOG
chip interface as the vapour barrier persifi6] [17] [18]. Penetration and removal dhe vapour barrier is
only achieved throughigh pressurenozzles to direct coolant at the hot surface. High pressure cooling also

enables the formation of short chipahich prohibits the recut of chips thusincreasing tool lif¢16].

Ezugwu[19] found that high pressure cooling demonstrates the potential for improvements in tool life
when machining TAF4V with carbide (coated and uncoated) tools at higher cutting speEigire 4
showsnotable tool lifeextensionunder HPC compared to flood cooling method&9]. Particular attention

to the greater potential of theHPCover flood cooling NBFSNNBR (G2 | a O2y @Sy dAa:
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work, should be noted, specifically at higher cutting speeds. Tool life usually increases with higher coolant

pressures as the cutting speed increafes.

80,0

Argon
B Conventional
& HP 70 bar
60.0
: M HP 110 bar
OO HP 203 bar

40,0

ool life (min)

20,0

all

130

0.0

P

Cutting speed (m/min)

100 110

Figure4: Tool life during FBAF4V machining with uncoated tungsten carbid&9]

At a cutting speed of 110 m/mirfrigure4) apressure of 203 bar yields approximately double the tooldffe

70 bar pressure It also results in @hree times increase in tool life compared to flood coolidg.110
m/min, there is a noticeable difference in tool life when comparitit) bar and 203 bar cooling is.
However, at 120 m/min the difference between tool life for 110 bar and 203 bar pressures is les$4han 5
Also, at 130m/min, 110 bar pressure delivers better tool life than 203 bar pre$s@reThese results

therefore question the supposed direct relationship between pressure and cooling effectiveness.

2.2.3 Near Dry Machining with OiBased Lubricant§MQL and DOS)
As industry moves toward greener manufacturing processes, the minimal quahtityricant technique

(MQL) is being implemented in cases where the waste efirbguct of machining is undesirabj20] [21]
[22]. The minimal quantity of lubricant techniqueaplement a pressured air nozzle to deliver a small
amount of oil mist to the cutting surface thereby substantially reducing the amount of cutting fluid required

for machining operations.

In an attempt to inprove the current minimal quantity of lubricant technigu&oki, Aoyama, Kakinuma,
and Yamashit§23] argue that it has two major disadvantages for consideration: Due to the absence of the
hydraulic pressure of pressueid coolant, the chip removal ability of the minimal quantity of lubricant
technique ispractically norexistent Furthermore, the minimal quantity of lubricant technique results in
the work area being covered in dllhe oil mistauses machine problems, figge on affected surfaces and

inhalation of hazardoukimes[23].
Aoki et al.[23] proposes an improved systeY & 5 A NB OG heAaf( SSYNPOLS h{{daldlaf &G 2{ O2 c

mist problem ofthe minimal quantity of lubricant technique. During the oagon of this system,

pressuried oil drops are supplied to the nozzle via a 0.4 MPa gear pump.



CHAPTER OVERVIEW OF ADVANCEIDLING TECHNIQUER FITANIUM ALLOY &MANING
IN AEROSPACE APPLICHNS

8

| Air supply
Cooling  High speed f
airband small oil drops

Qil pressure
pulse supply

Figure5: Structure of nozzle for DOS systd@8]

Compressed air is also exhausted from the circular slit surrounding the oil discharge hole in order to direct
the oil mist to the cutting surface. The presswed air serves both as chip removal mechanism and also
contains the oil drops inside a high speed air barrier. During experimentation it was found that the nozzle in

Figure5 did not deliver oil to the entire cutting surfaadfectively, consequentlya second derivate nozzle

was designed.

Separated air supply pipe

,A- T =

~3 ==

Figure6: RevisedDOS nozzle desida3]

The subsequent desigFRifure6) comprises four small air flow pipes to deliver air flow to the cutting point
more directly while still separating the oil and air. The oil delivery nozzle is located in the centre of the four

surrounding air supply nozzles.

Figure?7 illustrates the measured temperatures at the cutting surface fe8AH4V with a 10mm Carbide
square end mill. Cutting spd set at 150m/minADOGGmm and adial ADOCat 0.5mm. Results indicate
little difference in temperature between the minimal quantity of lubricant technique and the direct oil drop

supply system. Adet al. reported an 80% reduction in oil mist diffusion around the macf#gg

29 1
28

27 | =
26—t

25

Temperature °C

24 |

23 |

22

16 18 20 22 24 26

Figure7: Behaviour of cutting temperatureelated to cooling method23]



CHAPTER OVERVIEW OF ADVANCE®LING TECHNIQUER FITANIUM ALLOY GAANING

IN AEROSPACE APPLICHNS
9

Liu WD, Liu Q, Yan, and Yyad] found that althoughthe MQLtechnique significantly reduces cutting
force, tool wear and surface roughness, it cannot prodacevident effect on cutting performance. As a

result flaking wear on the flank surface of the insert was found under certain experimental conditions.

Another major disadvantage of this experimental technology is the degree of customization that is required
to install aMQL technigue system oDOS Due to a high level of customization to existing equipment,

machine setups can be complex arwbtly.

2.2.4 LiquidNitrogen CoolingLN,)
LN as a coolant has been used in a number of studies. In certain cases, it has bdasivelygroven that

when utilised correctly; it improves tool life, surface finish and dimensional acclt&dy25] [26].

Kaynak[26] experimented on a lathevith cryogenic cooling and founthat machining performance is
improved whenthe amount of coolant nozzledirected at the workpiecas increasedAs a result of this
approach,tool wearwas reduced lower machiningtemperature achievedand better surface qualitywas

measured

Furthermore,Rajurkar and Wan[27] compared conventipal cooling and LNcooling during turning of Ti
6AI4V for a cutting speed of 132m/minfeedrate of 0.2 mm/rev' and ADOGf 1 mm. Experiment results

indicated that with conventional cdimg, flank wear was increased fitimes as compared to LLMooling.

In contrast to thisGowrishankar, Nandy, and Paul (20(8)] found thatHP CoutperformedLN cooling by
two fold when comparing tool wear. Further experimentsBsrmingham, Dargusch, Kent, and Palanisamy

(2011)[29] supportsthe findings of Gowrishankar et.al

Although Berminghamet al. andGowrishankar et alffound that HPCresulted in improved performance
over LN, cooling, improvements are marginal. Turning oAV isused as comparison for all three
experimental sets. The discrepancies between the respective findings can be attributed to differences in

coolant delivery mechanisms.

Bermingham et al[29] experimented with fourdifferent coolant delivery systems (Note #1postfix for

tests inFigure8):

A (D1) Coolant delivered to the tip of tool through nozzles on standard Jetstream tool holder;

A (D2) same as (D1) with added nozzle directing coolant to primary flank;

A (D3) standard nozzles in Jetstream are sealed and allncosladelivered through three
aftermarket nozzles directing coolant to the primary flank, the tool nose and the rake face;

A (D4) same as D2 with added nozzle underneath tool directing coolant onto the tool nose.

z

ResultsRA FFSNI y2GAO0Stot& G MHPYKYAY G6KSNBE bOpeSsue[ bé
SydA aA2y OGBEONBBRYRGIARAY GSN¥a 2F (22t fAFSO
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Figure8: Flank and Nose wear during turning of-GA4V[29]

LN cooling reduces tool wear during higher speed turning operations (125m/min) while performing

marginallyinferior to HPCat lower machining speed27] [28] [29]. Evidence therefore suggests that there

are high speed application possibilities EdY, cooling.

2.2.5 High PressurgThrough Spindle CoolingHPTSC)
HPTS@as beerusedsince 1994when it was first patented bZhangChen, Du, Hsu, and LB0]. This 20

year old technology directly led to the removal of the external cooling pipe and nozzle in the design of

modern high pressure cooling systentPTSC is available for milling, drilling amching applications as

shown inFigure9.

{a) {b)
It {¢/

Figure9: (a) CoroTurn HPTS@ turning® 06 0 0 FLILIX AOFGA2Yy F2NJ I

w

e
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During HPTSCcoolant is delivered to the work surface through fmenel inside the tool clamp and/or
cutter body. The coolant is directed at the workpiece througiinute nozzles, mounted close to the insert
[16].

At first glance,HPTSGeems complex andostly to implement. Tool manufacturers maintain that it
providesunsurpasse@dvantages: Rapid tool changes, better chip control, increased tool life for difficult to
machine materials, 50% increase in cutting capability at the same cutting paranfetaisiQ) and 20%

cutting speed increase for aerospace materials such as titanium and nickel[aibys

Ezugwy19] performed a number of milling experiments in order to compBifeC with HPTSOuring tte
experiments, single layer coated, muhiyer coated and uncoated inserts were compared for both cooling
methods. t was found that when coated tungsten carbide cutting tools are used, improvements in flank

wear under the concept of high pressure througpindle cooling are realised.

Experiments indicatéhat the multi layered coating performande the lowest and showso benefit from
pressurised cooling or high pressure through spindle cooling. Uncoated inserts showed clear benefit from
high pressure through spindle cooling, yielding considerably lower values of uniform wear during the earlier
LI NI 2F GKS AyaSNIQa fATFS

2.2.6 Cutting Fluids
Cutting fluidsin general serve two major roles in machining namely cooling and lubricg8ah[32]. The

flow of cutting fluid also aids in the removal of chipsinimise thermal shock in milling operations and
keeps chips from igniting. When high pressure cooling methods are used, chips are often small and

discontinuous as shown FigurelO.

Cutting fluids can be divided into three major categories: neat cutting oils, soluble oils and gaseous cooling.
Each of these categosehavetheir own characteristic application. Neat cutting oils are mineild that

may contain addives andare primarily used when the pressures between the tool and chip are high and
when lubrication is a primary concern. Water soluble coolants are suitable when cutting speeds are high
and tool pressures are low. It has been foutitht cutting fluidsdo not penetrate the tookhip interface

when cutting speeds are hidB2). Here gaseous coolants can be utilised to overcoméaco@enetration

difficulties, but he high cost of gases does limit their use.

When a workiece is overcooled it becorseharder and tougher, resulting in reduced tool lifg3].
Overcooling can also deteriorate the surface finish amdethsional accuracy of the wqrlece in severe

cases.

Cutting fluids may causenvironmental, health and logistical problems. Typical environmental problems

are chemical breakdown resulting in water and soil contamination. Operators may experience
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dermatological ailments due to prolonged exposure. Government regulations are stoct alisposal

procedures resultingin high transportation costs to disposal si{é$].

Figurel0: Long continuous and shortliscontinuous chips

bAGNRISY O2YLIasSa | LIWINREAYLGSt & 1lhsevapofatetaridbgdr NI K Q
gas when used, it is considered environmentally friedBj [15] [25]. No operator ailments have been
reported with regard to nitrogenNevertheless displacement of normal oxygen rich air in seminfined

spaces such as machine shops are a risk for operator safety.

2.2.7 Specialied CoolingCryogenicThrough Spindle, Through Tool Coolirnd\/ MQL)
In 2010, MAG announced ¥MQL cooling systemthat comprises arinternally developedsystemthat

combines LMcooling withHPTS®@r machining of difficuo-cut materials Marketing media may indicate
what is being accomplished by these new technologies, but hmw these processes precisely work.

Converselyas is the case with MAG, these technologies are slowly making their way to the f3diket

Figurell: CryogenitMQL andthrough spindle cooling systemwith thermograph[34]

Figure11l thermo-graphically depicts théottest and coldest areas on the tool/workpiece interface. The
measured tenperature for the cutter is-32°C, while the httest area is measured to be 82 ® s ! DQ
LN/MQL systemconcentrates the cooling inthe body of the cutter. Early thouse experimental tests
found that through tool cooling provides the most efficient heat transfer mddelLN and consumes the

least amount ofthe coolant gas MAG claimsa four times increase in processing speed for milling
compacted graphite iron with Polycrystalline Diamadnserts. LWMQL coolings claimed to provide twice

the tool life, compared tawonventionalMQL The benefits fothis cooling technologgre listed & no mist

collection, no filtration required due to the absence of wet chipgprkpiecesl NSy Qi O2y il YAV
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therefore dsposal costs reducedLN is a pressured gas, which is saibpelledand therefore eliminates

the need forcoolant pumps and fas[34].

In terms of academic publicationdeong, Lee, DY, Lee, MG, Lee, SW, Park, and2044][12] recently
publisked experiment results based doN/MQL cooling for a milling process. The machining performance
during flood cooling, dry machiningpnventionalMQL, laser assisted machinifigAM) LN2 coolingand
LN2/MQLwere compared.A dynamometer wasittached to themilling machinefor the measurenent of
cutting forces. Experimeatresults indicate that the cutting forces faN/MQL cooling was the lowest of

all techniques tested at high machining speeds as showigimrel2.

2000

1500
1000 mFx
mFy
50
0

Dry (High) Flood Cooling MAQL (High)  Cryogenic Cryo+MQL LAM (High)
(High) (High) (High)

CUTTING FORCE (N)

o

Figurel2: Cutting forces during high speed experiments with different cooling methbiz]

ConverselyLN/MQL cooling perfornance isreducedunder low speed machiningther techniquessuch
as flood cooling and cwentional MQL were more effective in terms of the resultant cutting forces.
Furthermore it was found that cryogenic/MQtooling reduces tool weamost, compared to the other

cooling techniques.

2.2.8 Specialied CoolingHPTS@ith Split Tool InsertyHPTSEST)
HPTSGT was pioneered during an innovative development proje@010 by KennametalTools with

HPTSGTtechnology are also referred to @&. S @ 2 y Rools. fThisindavationfollowed. 2 SAy 3 Qa LJ
2010 market researclior their 787 manufacturing purposethat concludedthat there would not be
Sy2dzaAK GAGlIYyAdzy ff28 YIFEOKAYAYy3a OF LI OA(G& ATiis G KS
high demand is relatetb the requirement that80%- 90%of the material of titanium alloy components is

machined away for aerospace pafid].

HPTSGTtechnology iglifferent to LN/MQL, in two major ways; lte type of coolant that is utiled and the

delivery mechanism. HPT-SCT can be implemented using existing water based HPC, whiM@INcooling
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specifically requires LNHPTSGT cooling is designed so that the coolant ejects through the insert rake

face(Figurel3), while LN/MQL cooling uses a more traditional HPTSC delivery mechanism.

Figurel3: HPTS&Tfor both milling and turningapplications[10]

It is claimed thatHPTS&T cooling offers a cost reduction over conventiondPCmethods, due to the

insert that directs the coolant precisely where it is needt&a].

Cooling applicationsften miss the highest heat concentration location, generated at the shearing point
(Figureld). Impacting chips after they have formed proves typialling applications can even force chips
back into the cut, accelerating tool wear. Part of the challenge is that the ced&nering nozzle is

located relatively far from the workpiece.

With a split tool delivery systenfigurel4 (b)), coolant is delivered through the insert, at the cutting
interface.Consequently, coolant gdelivered much closer to the shear poingusingthe pressure to remain
stable. Delivery is therefore more reliable and controlled, significantly reducing temperatures at the point
of the cut The precision cooling technology assists in chip removal by hydraulically lifting chips out of the

cut. This is known as chip liftinfd0].

Typical Cooling
N

Through Insert Cooling

(a) {b)

Figurel4: Thermographfor turning with typical cooling (a) vs. through insert cooling (0]
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HPTS&GTtools for face milling applications are specifically aimed at large material removal rates. The
KennametaKSRM toolsisesround insert split tool technology withiPTSCThe cutter bodies have up to
eight positions for indexable inserts. The inseare tiannelled to preciseldirect the flow of coolant into

the cutting interface, where it helps with chip lifting, chip removal, lubrication, and increased heat transfer

as shown irFFigurel5.

High clearance on the
cutters for a supericr
plunging, ramping and
chip load capacities.

Screw-on, End mills and Shell
Mils cutters; with internal
coolant,

Anti-rotalion screw provides
axcallent stability with
higher feed rates and

High positive rake angle with culing forces

stronger cutting edge inserts for
lower cutting forces

Figurel5: KSRM features and benefif$0]

TheBeyond Blast cutter body (split tooling)benchmarkedvith T114526 and T117470serts, specifically
designed for heavy roughing of-@AF4V and other difficulto-cut materials.Some cutting experiments
from literatureare considered

Tablel: Experimental parameters[10]

Workpiece Material TF6AFV

Number of inserts 5

Hardness 42-46 HRC

Length of Pass 245 mm

Cutting Fluid Water based synthetic

Coolant Pressure

1000 Psi (~70 Bar)

Cutting Speed

46 m/min and 58 m/min respectively

Chip Loadl},) 0.25 mm per tooth
Axial ADOGH) 3.8 mm
RadialADOG) 51 mm

Cutter Body Diameter ) 100 mm

Table2: Experimental ResultgLO]

EXPERIMENT 1: MATERIAL REMOVAL RATE AT 46 m/min

0 =183.03 m/min

| U =46.00 m/min | MRR = 35.47 cin ¢ = 146.42 RPM

EXPERIMENT 2: MATERIAL REMOVAL RATE AT 58 m/min

| U =230.77 m/min

| b =58.00 m/min | MRR = 44.72 cin | ¢ =184.62 RPM
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The material removal rate (MRREhieved duringgxperiments one and tware comparable to steel milling
for both roughing and semfinishing operations (35.37 cnimin and 44.72 criimin). Moreover,
experiment results indicate a 2.5x tool life incredBeyurel6) compared toconventionalHPTSGystems.

Desirablecutting parametersare at highfeedrates ('QQ andlarge ADO@ (& ) with low spindle speeds .

T114526 & T117470 Daisy Round Inserts
Beyond Blast vs. Standard Through Spindle Coolant

300+ 0 5td Coolant
0 Beyand Blasi

Relative Tool Life
an
o
*,

Baseline

Sid Coolant Beyond Blast Std Coolant Beyond Blast
150 SFM 150 SFM 187 SFM 187 SFM

Figurel6: Beyond Blast Daisy round inserts vs. standard through spindle co¢lifg

Round insert cutters have a continuousigriable entering angle, depending upon the cutting depth and
causes a chighinning effect, suitable for machining diffictthi-cut materials[35]. Modern insert geometry
developments have made the round insert milling cutters more widely suitable because of the smoother
cutting action, requiring less power and stability from the machine tool. Today, it is not a specialised cutter

anymore and shoulbe regarded as an efficient roughing cutter, capable of high w[@5.

f;
X =90°

Figurel?7: Round insert dynamic effective cutting diameter and superior chip lendi36]

A unique trait of round inserts is that the effective cutting diameter increases dynamicallyAR@®C
Although chip thickness for a given feed per tooth is equal for round and straight edged inserts, the amount
of material removed with round inserts p@ass is superior. This is due to a larger contaca aleng the

round cutting edge as shown kigurel7. Nevertheless, with a larger contact areames greater friction,
which increases machining temperaturehis is the reason behinthe development of a new coolant
delivery methodsuch as HPTS&I Where higha w w &direquired with round inserts, results have been

achieved where the approach drgs close to 180 degrees and tABOUs small[36].
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2.3 CONCLUSION AND REMAR
The use of coolant ithe machining of T6AF4V serves multiple purposes. Coolant serves as a lubricant,

which reduces cutting force, friction arieeat, therefore increasingpol life. Coolant canalsoserve as an
ejection mechanism for cut chips (higher pressure applications), prohibithegttimg and thusincreasing

tool life. The different cooling methods for consideration are summarised aawgrth their strengths,

weaknesses and cost of implementatioriTiable3.

Table3: Summary of Available Cooling Methods

EAZ?#SS Operational Advantages OperationalShortcomings Cost of Implementation
Thermal shockninimised, Ineffective chip removaNot
Flood relativelyinexpensive and easy suitable for high speed -BAF | Low cost.
to setup. 4V machining; Overheating.
More effective chip removal | Nozzleremoved from cutting
HPC than flood. Rnetration of interface. Chips pushed back| Widespread use,
Leidenfrost Barrier at high and recut. Increased thermal| relativelylow cost.
speeds. shock.
Reduces oil mist deposit on Limited chio removal. Earl
MQL work area by 80%. Similar P ' Y | Not commercially
stages of development. Setuy .
DOS performance to MQL. Low . available.
can be challenging.
thermal shock.
- . Increased commercial
Eliminates need for cutting N :
) Low speed results comparabl availability. Expensive
fluids. Lower tool wear rate . : s L
LN to less expensive technigues| initial capital investment,
compared to HPC and MQL al )
) such as MQILThermal shock. | especially for large scale
high speeds. . )
installations.
Good Chlp removal. Thermal shock. Chips Wldely_ gvallable tools
Strategically located nozzles. . . Retro-fitting to older
. ) . sometimes blown back into . .
HPTSC | Successful integration with . machinesSuperior
. : cut by isolated coolant o
indexable tools and increased productivity over HP
. . . nozzles. . .
compatibility with machines. makes it feasible.
HighMRR even for T6AF4V.
HPTSC | Adhesion to insertsrhited by | Requires through spindle Same as HPTSC, but
ST O2FGAy3 | yR 0f cooling capable machine. inserts are moreostly.
direction. Chips not reut.

HPC provides better chip removal and penetration than flood coolirmgntipresseshe vapour barrieand
successfully cools hot wasleces during high speed machining. Experiment results from previous work
shows that tool life is not directly proportional to coolant pressufet the effect of HPC is diminished with

high cuting speeds in excess of 125 m/min. In these high speed machining cases, cutting fluids often fail to
penetrate the tooichip interface. Gasses such as pidvide better toolchip interface penetration for high

speed machining.
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DOSis an improvement onanventional MQL due to its use of compressed air jets to reduce oil mist by
80%. As a resultthe effectiveness of this cooling method is determined by the delivery mechanism.
Operational improvements are incremental. The machining temperature of the tdakarop supply
system shows 4% improvement over dry machining and during experimentation flaking wear on the flank

surface was observed. MQL systems are cumbersomeasttyto install.

Liguid nitrogen holddistinct potential for high speed machiningpplications. Results from literature

indicate that high pressure coolant and liquid nitrogen cooling provide similar performance benefits when
compared at lower machining speeds (below 125 m/min). However, for high speed applications above 125
m/min, liquid nitrogen provides significant advantages. Findings from literature suggest that effectiveness

of this cooling method is also dependent on the delivery system. As a result, more research and
development from private companies has yielded products sithaa ! DQa ONE 23Sy A O KNI
The technology offrs a 60% speed increase with times increase in tool life due to the extraordinary low
temperatures maintained at the td@and worlpiece (32°C and 86°C respectivellnfortunately this type

of cryogenic machining is currently specialised, relatively costly and therefore more suitable for high

volume production.

Y Sy y I YBRIs®TQechnologyrovides aggressivea w w fardrough and semfinishingface milling.
Pocket milling tools are also available for intricate profile machining. During expesmentiucted in the

field, material removal rates of 35.37 ¢fmin and 44.72 crimin at cutting speeds of 46 m/min and 58
m/min were observed. The use of round inserts causes a chip thinning effect that reduces cutting force and
temperature. Round inserts in combination with the split tool cooling extends tool life btir@es over

other through spindle cooling applications.

The Beyond Blast coolant delivery method, through the insert rake éateevedetter penetration at the

tool-chip interfacecompared toHPCand chips can be ejected more effectively. The improdetivery
mechanism potentially reduces friction inthe cMSy y I YSGF f Qa4 OK2AO0S (2 AYLX S
with round insert split tools permits wider industry adoption. The cutter bodies are designed so that it is

compatible with all milling machirsethat are capable diPTSC
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CHAPTER
MACHINABILITFACTORS FOR FACH-MIG

3.1INTRODUCTION
Themachinabilityof the worlpiece has a significant influence tre machining thereof. GroovgB7] lists

these machinabilityfactors as tool lifeor deterioration forces and power, surface finish and ease of chip
disposal. Similarlyalpakjian, Musa, and Schm|88] describemachinability factors as surface finish and
integrity, tool life, force and power required, levet difficulty in chip control. Machinabilitindicesfor
materials are available, but often lacking in specific detaill on machining recodatiens. Poor
machinability would indicate short tool life, high cutting force and power requirements, long continuous
and unmanageable chips that intere with the cutting operation, as well gor surface finish and

integrity.
3.2SURFACHNISH AND INTRITY

3.2.1 Introduction
Surface finish refers to the geometric features of a machined surface area, while surface integrity describes

material properties such as corrosion resistan@sidual stresand fatigue life Surface finish is influenced

most predominatly by built up edge on tool tips. Dull tools or toolgwiarge nose radivill cause more
rubbing on the material surface during machining, because of the larger tool contact area. Rubbing
generates heat, which can cause residual surface stresses that lead to component failures. It is common

practice to adjust theADOQGo an anount that exceeds the nose radius of the t§¢88].

On the other hand, surface integrity of@AFV can be affected by the raw material production process. A
guenched F6AFYV componentfor examplejs likely to have highesidual stresses. These residual stresses
are not necessarily relieved during aging and components machined from such a raw material may show

signs of distortiorupon further analysi§39].

In the study of manufacturing and tool wear, surface roughness is most commonly denotédoafa.
This abbreviation refers to the arithmetic mean surface roughness measurement paransetdace
roughness is generally expressedYilh ONR y &  Githnveticdmedn K&ue (Ra)is internationally used
since 1955, because of its simplidBg].

Cetin, Demirbas, Kuram, and Ozcdi] used a Mitutoyo Surf Test 301 for surface roughness (Ra)
measurements for the comparison of different cutting fluids for a turning operatisttems, Faura, and
Franco[41] used a SM RI50 profilometer to determine arithmetienean surface roughness (Ra) and
profile for the prediction of the latter by examining factors such as feed, cutting tool geometry and tool

errors. Similarly Baek, Kim, and Kpl2] created a surface roughness model, basedfeedrate, which
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simulates a face milling operation to determine the arithmetic mean surface roughbeskheedMartin
Space Systems also utlsthe arithmetic mean surface roughness parameter for investigation of surface

finish on the Juno spacecraft3].

3.2.2 Measurement
During examination of surface finish, certain characteristics of the surface texture are conskigted18

illustrates these characteristics: (1) Flaws and defects are random irregularities such as cracks, holes,

seams, tears depressions, scratches or inclusions. (2) The lay is the directierswifféite pattern.

Flaw

Waviness
height

Roughness y ¥
height, Rt 4

Lay direction

N

Roughness spacing

Roughness-width cutoff

1
Waviness width

Figurel8: Surface texture characteristid88]

(3) Roughness is defined as closely spaced, irregular deviations on a small scale and can be expressed in
terms of its height, width, and distance along the surface. (4) Waviness is the recurrent deviation from a flat
surface. It can be expressed in terwisdistance between adjacent crests (waviness width) and distance

between peaks and valleys (waviness hei¢#g) [37].

The calculation of the arithmetic mean surface roughness is based on theesprt#ile as shown ifigure
19and is formulated as:
y 2w o
0 W9l & ¢
Where 0 is the profile length and |y|are absolute values for surface profile readings. For explanatory
purposes, equatio®.1 can be rewritten as:
® 0w 0w Q QE

Y s WOl <

In equation3.2, dl coordinates are considered absolute values arig the number of readings across the

measured length of the profile, AB as showrigurel9.

Digitized data

Surface profile Center (datum) line

Figurel9: Arithmetic mean surface roughness profi[88]
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Surface roughness is generally measured with a profilometer, which has a diamond tip, called a stylus. The
stylus travels along the roughness profile, measunragnitude ofthe peaks and valleys. The length of the

path that the stylus travels along the profile is called the-affit The cutoff length is 0.8 mm in most
engineering applicationghoughthe cutoff for profilometers can be adjusted to 25 mm where there is a
requirement [38]. Figure 20 shows the path of the stylus along the measured surface. The red line
represents the actual path thahe stylus travelss RA I Y2y R &adeéfdza GALI A& | LILING
and can therefore not penetrate all the valleys in the profile. The stylus follows a path such as illustrated by
the red line drawn across the peaks and valley&igure20. A smallerstylus tip and smoothesurface

finish, will produce a more accurateughness readinfi4].

mesuremenk
direction
.

center of

probo stylus stylus radins ?m"’lt}'}

path travellad
by stylns

Figure20: Profilometer stylus path along theut-off length [37]
3.2.3 Considerations for Face Milling
The tool geometry and feed determine tiserface geometry and it is the tool tip that is the important tool
geametry factor. In the case where a larger tool nose radius is used at the fesateate the larger tool
nose will produce a smoother finish, because the feed marks are less pronounced. On the other hand,
where the same tool nose radius is used at two differeagdrates, the largerfeedrate will provide a
rougher surface finish, because thfe increase between feed mark intervals along the roughness profile
[37].

Surface finish roughness for insert cuttéypicallyranges between 0.8 anc8.8 micron Better surface finish

is usually achieved with cutters that lewnon interchangeable cutting edgd3ue tothe indexing ability of
cutters and accompanying inserts comes with certain drawbacks. Although the inserts are usually tightly
seated in the cutter body by means of slots, grooves and a lock screw, tiny dffselgion to each other

still occur. The tool manufacturexdvises that this offset badjusted to arapproximate maximum of 0.025

mm for a good surface finigl5].
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There isa difference when comparing the surface roughnesshe outside diameter of the cut with the

roughness of the inside of the cut as showifrigure21.

(Qutside diameter of cut) Tiled sustace

highest finishRa _——""

oo highest peaks

= feed marks

lowest finish Ra lower peaks__|
(Inside diameter of cut)

(a) (b)

Figure21: Surface finish face millin¢p) Isometric view after milling (b) Top view during millifig5]

This phenomenon is more pronounced in cases where face milling is performed at a high radial
engagement, because of the instantamesoradial position of each insert upon entry, compared to exiting
the cut. The peaks are highest at the outer diameter of the cut, towards the centre line of the cutter,
because the distance between passes is at the set maximum dédueate At the insile diameter of the

cut, the peaks are the lowest because the width between feed marks is redideen measuring the
surface finish in such a case, the final surface roughness igthe maximum, e.g. the roughness at the

outer diameter of the cut.

3.2.4 TheComplexities of Surface RoughneBsediction
The theoretical depth of roughness fortaning operation can be calculated using theedrate and nose

radius valueof thetool. Kloclke and Kuchl§46] formulate the theoretical calculation as follows:

0
T w9l ® «
Where'Y is thetheoretical surface roughness, is the nose radiusand "Qis the feedrate Furthermore,
MartellottiQa Of I a4 A O & (i dzR Sormaldtes thdzndhll s@fSce Mighrask [oiSaasiab milling
process af47]:

™® 0
ofg v @I Wolj & «

Y

Where'Y is the ideal surface roughnes§is thefeedrate Ois the effective cutter diameter angé is the

number of teeth in the cutter. The positive sigiq.3.4) in the denominator is for up milling and the
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negative sign is for down miling. Mette2 G G A Qa SljdzZ- A2y | aadzySa GKI
around the cutter axis and in relation gach other within the cutter body. Additional assumptions relate

to the straightness of the cutter, clamping rigidity, play on the spindle and that the inserts are always sharp.
These conditions are rarefchieved in practicejue to a significant diffemce between theoretical versus

measured values. Therefotke use of equation8.3 and 3.4 are limited.

Benardosand Vosniakog48] produced a review on roughness prediction for machining and validated
previous findings by meanof a neural network approackindings from reviewed literature point to the
fact that theoretical prediction of surface roughness values is complex, due to a plethora of influencing

factors thatshouldbe considered.

Influences on Surface Quality in Metal Cutting

e — e ————
Kinematic Roughness Cutting Roughness Additional Factors
—

—— —
Chip

Formatiar Alteration of Vibration, Chil i
% i > , Chips, Deformation
Tool Motion Cutling Foge Mechanisms, b Surtara of Feed Teacks
Built Up
Edge
influenced ay Inflaznced ay Influancad by Influenczad by Influanczd by

Toal Corner and Dynarmac Stiffness of the System
Wear on Geomelry, Flank Waar, Tool-work-machine Tool, CUtting
Minor Flank, Wark Friction and Forces, Chip Formation, Tool

Overall Wear Matenal, welds, Micro Geometry, Work Matenal,

Temperature,
locl Material

Conling Qutting Paramet=r

Figure22: Influences on surface quality in metal cuttirjg6]

Benardos and Vosniakos constructegh intricate fish bone diagram to illustrate the associated
complexities. Similarly, Klochend Kuchle[46] efficiently summarigs the currently knownfactors that

influencesurface quality in metal cutting as shownFigure22.

Qurface roughness prediction modeareknown to belimited in their application and scope, because they
are primarily valid for a specific set of conditiofl] [42] [49] [50] [51]. Conversely Benardos and
Vosniakos conclude that research in the field is increasing and that the restdtitigoutions are valuable

for development of automated Hine inspection of machining operations.
3.3CHIP CONTROL

3.3.1 Introduction

T6AN + Y| OKAYAy3d 3ISYySNIXiSa KSFHGzX O2yOSYyidN)XGSR I
conductivity. Chips formed ding Ti6AF4V machining are characterised by a serrated or segmented
formation, due to the low modulus of elasticity of@AFV. More specifically, the findingdzel and Sima

[52] suggest that for @tting speedsof 60 m/minand above,serrated chips with accompanying adiabatic

shear bands are visible during electron microscope analysis. Similarly, Komanduri and von T{BBpvich
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report that TF6AHYV is regarded as model material by investigatbes;ause it forms serrated chips at low

cutting speeds. Other materials typically start producing serrated chips at higher cutting speeds.

The physical characteristics of chips provides important evidence about the formation at the shear zone.
The examinatin of the shape of the chip provides information about the condition of the tool tip, cutting

speed, shear force and temperature at the tadlip interface.

3.3.2 Chip Classification Criteria
Chipsare generally classified into fouategories They areContinuous chips, segmented or serrated chips,

chips that result from a buitip edge(BUE)on the tool and shearing or discontinuous chgss shown in
Figure23[38] [46] [37].

Figure23: Chip type categorief16]

Continuous chips are formed when ductile material® machined at high cutting speeadth small
feedrates andADOCThis type of chip usually producedesitablesurface finishbuttend to tangle around

critical parts of machines such as the tool holder (turning) or cutter body (miimg)ell ashe fixturing

and chip evacuation system. A continuous chip also provides evidence of low friction at the shear zone,
hence lower cutting temperatures and therefore improved tool life. Chip breakers are frequently used to
control the length of this chip typehat increases the overall manageability theredlditional remedie$o

control chip geometrynclude changing cutting speedPOGand using cutting flui¢b4] [37] [38].

Segmented chipbave a distinctive sawtooth appearance due to the cyclical alteration in strain at the shear
zone. This type of chip is also refered to as serrated orhmnogenous. This sawtooth appearance is
characeristic in the machining of diffictsto-cut superalloys, particularly titanium alloyghe sawtooth chip
profile can also be observed with the machining of more common metals at high cutting Jpéé{37]

[38].

BUEchips are caused by the adherence of the work material to the tool tip due tectaplfriction at the
shear zone at lower cutting speedssthe cutting speed increases, tH@UEdecreasesThemagnitude of

the BUEonN the tool tipvaries castantly as material accumulates on the tip and finally bredksnoa
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cyclical manner, unticorrective measures are taken. During machining, BigE material is partially
removed from the tool tip by the ieontact chip area and threst is deposite@dn the worlpiece surface.
This undesireable effect causes changes in the tool tip geometry and contributes to premature dulling. An
additional drawback is the negative effect of tB&JEdeposits on the finished wopkece surfaceManaging

a smalleBUHs advantegous, because it protects treke faceand extenddool life [54] [38] [37].

Shearing or discontinuous chips are formed wihagichinng a brittle or impure materiabr duringextreme
cutting speeds beyah the machinability guidelines fdieedrate and ADOC Poor worlpiece clamping,
flexure in the tool holder and thamilling machineare causes of chatter andbration, that results in
discontinuous chipsDepending orthe degree of rigidity in the millinmpachinesetup, the cutting tool may
wear prematurely or even become damagéthe surface finisfor ductile materialds negatively impacted
when discontinuous chips are formedhile discontinuous chip formation hagpasitive impact on surface
finish for less ductile materials such a6A4V.[54] [37] [38]

3.4 TOOLDETERIORATION PHENEDNWA
Groover[37] lists three failure modes for cutting toolgt) Fracture failure(2) temperature failure angd(3)

gradual wear.In agreement to this, the 1ISO standard for tool life testing in milling defines these three
failure modes as (1) brittle fracture, (B)astic deformation and, (3) tool we§b5]. These failurezan be

subdivided intanore specific failure phenomena

3.4.1 Flank Wear

Thetypical components of a milling insert for an indexable tool is illustratdeignre24. The insert flank

face is represented by Ahe flank is the part of the insert thabmes into contact with the workiece as

the cutter rotates.Flank wearesults from the friction between the tool flank face and the material being
cut [37]. Friction is high on the flank face and this is where most of the tool wear should occur under
normal TF6AF4V machining conditions. Theakeface isthe area of the insert that is adjacent to the cutting
edgeand denoted byB. The rake face mostly directs the flow direction of the newly cut matefia.ifsert
clamp screws denoted by D. The insert clamp screw pulls the indexable inséstthe insert seat, which

is represented by C.
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Figure24: Milling insert components
Flank wear is a gradual process and characteristic of normal cutting condhamsver, flank wear can be

accelerated in cases where inadede lubrication is applied or cutting speeds are excedS8E[56].

Flank wear isneasured by determininthe width of the wear bands, also known as the wear land, on the

rake face as shown irigure25.

Figure25: Flank wear measurement criteritor an endmill[57]

The wear land is measured from the position of the original cuttingeeslgen in cases where the edge is
worn away. In such a case, the position of original cutting edge is determined by extending the line from
the neighbouring, unaffected cutting edge. VB 1 is the uniform wear land and usually has a constant width
across thecutting edge. Uniform wear is considered the as the average wear on the cutting edge and
denoted asw in literature. Nonuniform flank wear has an uneven width for all occurrences along the flank
and is illustrated as VB 2 kigure25. Nonuniform flank wear is also described as maximum flank wear and

denoted asw in literature.1SO 8688l : 198955] further describes localed flank wear as»aggerated
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flank wear at localed areas onthe flanks. Localed flank wear is referred to as VB 3 and is further

subdivided into notch weaaind groove weaas shown irFigure26.

Notch wear

Groove Wear

Figure26: Localized flank wear in the form of notch wear and groove wst)

The flank wear rate can h#ecelerated by choosing a more suitable tool grade for the material being cut,
reducing cutting speed or selection of a smaller entering angte. Taylor tool life equation is based on
flank wear:

wY 0 Wl & «
Wherewis the cutting speed)Yis the time (min) tadevelop a certain wear landy(), ¢ is a worlpiece and
tool material exponent and is a constant. The value for factarsand 6 are determined experimentally,
through performing numerous cutting tests at different cutting speefeedrates, depths of cut, tool

materials and geometriesCutting speed is the primary factor affecting tool [8&] [56] [58] [38].

VB, mm |break-in
period steady-state wear region failure region

tool
failure

cutting time, min

L

Figure27: Flank wear as a function of timgs8]

The breakin period Figure270 a4SSa GKS (22t Q& AaKIFNL) OdzidAy3a SR3S
of machining. During the steagyate wear period, wear is uniform although not a linear relationship over
time in all cases. The failure region marks the useful tool lifetime where cutting temperatures are elevated

and productivity is reduced due to approaching maximum flank wear for thg3a@dl
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During tool wear experimentshé cutting time is recorded and the wear land is measured. Tool wear
experimentsare rather costly becausdarge amouns of materialis removed to record tool weafrom

breakin to failure as Bown inFigure27 and also explained earlier Figure4 and Figure8.

Costs aréncreasedor high costalloys such as -BAFV[4]. The cost ofecording the tool failure time for
face milling with a tool diameter of 63 mm (Kennametal Beyond BIS®RM63A04RC20BB) would therefore

not be feasible for academic purposes at university level.

3.4.2 Crater Wear
Crater wear(Figure 28) consists of aconcave section on the rake fa@nd occurs wih high cutting

temperatures that is caused by chip friction against the rake f@caters are predominantly measured by
depth or areg38]. Diffusion is usually associated with crater wear. During diffusion, atoms are exchanged
in the tookchip interface Diffusion depletes the tool tip of the atoms responsible for its hardness. The tool

then becomes more vulnerable abrasion and adhesion.

Figure28: Crater weal[56]

ISO 8684l : 1989[55] also explains how crater wear (KT 1) is typically formed parallel to the major cutting
edge and the maximum crater depth is often located some distance away from the major cutting edge.
Another closely related type of wear is stioirmed face wear (KT 2n which the maximum depth of the

wear scar occurs at the intersection of the wear scar with the tool major.flank

Figure29: Stairformed face weal55]

Crateringor stairformed face weaisremediedby reducing the cutting speed and increasing coolant to the
tool-chip interface[37] [56]. ISO 8988l : 1989 provides a guideline for maximum crater size in terms of
testing time, under adol deterioration section55]. Unfortunately, crater wear can be challenging to

measure accurately.
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Figure30: Vertical scanning interferometej59]
Devillez, Lesko, and Moz&9] proposed the use of white light interferometry for the measurement of the
crater depth as shown iRigure30. During white light interferometry, an optical profiler is used to scan the
object (such as a cratered insert) along the vertical axis. Fringes developed along the crater as each area of
the surface moves into focus. The images are comipated to a computer algorithm that fits the data

with a coherence envelope, which reveals the crater depth.

Alternatively,Hong, Wang, and Won{f0] measures crater wear by implementiagphase shifting method
to achieve a 3Dendering of the tool surfaceDuring the scanning process, an LCD projects linear sinusoidal

fringe patterns over the inseds shown irFigure31 (a).

3D map of wocd wmen, in Mxros

Catting odge |

Figure31: 3D map (b & c) of insert crater (§50]
These projedbns are altered from foudifferent angles with respect to the insert, which is mounted on a
stage in front of the projector and microscope camera. The images are captured by a long working distance
microscope. The captures 2gBaylevel images are then processed to map the 3Dasarfas shown in
Figure31(b & c).

3.4.3 Notchand Groove Wear
Notchand groovewear is characterised by a noticeable indentation at a certain point along the nvajor

and minorflank facelSO 8988l : 198955] categorises notctand groovewear under localied flank wear,

because the notches develop time areaof the major flank adjacent to the work surface during cuttasy
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shown inFigure32 b. However,groove wear is formed onhe areaof the minor flank adjacent to the

machined surface during cuttiras shown irFigure32 a.

(a)

Figure32: (a) Groove wear (b) Notch wear[56]

Notches or grooves are initiated when machining a material that has an inconsistent hardness gradient. In
practice a hardened outer layer is encountered. Residintem sand casting, hardening from cold drawing

or previous machining are the main causes of notch w8andvik Coroman66] suggestghat notch or

groove wearcan be caused by excessive cutting speed and Kennametal blaceesect cutter geometry

[45].

3.4.4 Plastic Deformation
Plastic deformation (PD) is the distortion of the cutting part of a tool from its original shape without initial

loss of toolmaterial asshown inFigure33[55]. DuringPD,the cutting tool edge geometry is transformed
by high temperatures at the toalhip interface.The cutting force presure on the tool further contributes

to the deformation of the geometry.

Figure33: Plastic @&formation [56]

A plastically deformed tool is more susceptible to flank wear, because of increased abPii®meduced

by selecting a harder grade tool, reduciegdrateand cutting at a lower sped&6].

3.4.5 Chipping
Chipping patterns hava sawtoothed appearance and can easily be mistaken for normal flank waear

shown inFigure34. An ineffectively clamped workpiece orcatting ofchips is often the caudd5] [56].
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Figure34: Non-uniform chipping (CH 2]56]

There are foutypes of chipping according to ISO 89B81989: (CH 1) Uniform chipping, where the loss of

tool fragments along the cutting edge is around the identical size, (CH 2umifmnm chipping which is
formed at a few positions along the active cutting edpes with no uniformity from one cutting edge to
another, (CH 3) Localized chipping which happens consistently along specific locations along the active
cutting edge, and (CH 4) Chipping of the fa@tive part of the major cutting edge, which is formed ddes

the active part of the cutting edge due to chip hammeris§].

Chipping can be reduced by changing from a tool with a neutral geometry to a lead angle geometry. Rigid
clamping reduces chatter and an increase in coolaesgure or better delivery system helps to prevent the
re-cutting of chipg56] [45].

3.4.6 Edge Fracturer Catastrophic Failure
This phenomenor(Figure 35) is observed when there is rapid deterioration to complete failure of the

cutting part [55]. A number of factors contribute to edge fracture: Excessive loadheninsert, BUE
excessive tool wear, tool grade and incorrect geomgi]. Edge fracture can also occur in cases similar to

chipping, due @ lack of stability in the wogkece clamping.

Figure35: Edge fracturg56]

Edge fracture can be reduced bgducing thefeedrate and ADOC while ensuring that the wogkece is
rigidly clamped. Selection ofraore suitableinsert type, with regards to geometry and grade reduces the

chances of fractures.

3.4.7 Thermal Cracking
Thermal cracking is induced by extreme temperature variatwitisin the cutting tool insertduring cutting.

There are three types of cracks: (CR 1) Comb cralckt form on the tool face and the tool flank and are

oriented perpendicular to the major cutting edge, (CR 2) Parallel cthakappear on the tool face or the



















































































































































































































































