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ABSTRACT

The origin ofmaterial surface deposits, often denotegbiak-up, on finish turnedadvanced

nickel based superalloy RR1000 has been investigated. fypesof pick-up were defined

streaks of chip residue producing relatively low surface roughness changes, mingp pick
deposits ranging in length from 100 0 & m, a n dip deyogit® nangimpyiincléngth
from200500 em | eadi ng t os. The apmespbndicgachigs were io the usi o
form of continuous ribbon with primary hook shaped serrations, with some hooks containing
smaller secondary serratiorixth forming at the thin trailing edgef the chip The sizes of

the minor and major pickps comresponed directly with the size of the secondary and

primary serrationsrespectively, with the smearing residue streaks éaokiny serration
entrapment between the tool and the workpiece. Maximum-ypclsurface coverage

occurred at higleutting speed anbigh depth of cutombined with a fine graiRR1000and

dry machining conditionsT his corresponded to maximum serratitmtachment, i.e. serration

breakoff, atthec hi po6s tr ai | i n g staes gnest triawdl ad the strameés ats t r e s
its maiimum withinthe chip It was found thathe selection omachiningparametersand the

workpiece ductility performancevere key factors forinfluencing pick-up severity.Low

cutting speed, low tool radius, higher feed rate and sharper tools limitegntatgonssize

and theirtendency for failureby reducingtotal strain and temperature withthe chip. In

turn, lower chip formation heat loads due to #qeplication of coolandr the use of uncoated
tools reduced chi p t e mpcayrtadetanceledso,lessesevéreachic i ng C
serration and reduced picip. Hence, folow ductility powder processed alloys like RR1000

with strict requiremerstfor finishedlow surfaceroughneswvalues,which dictates the use of

low feed rates, thkey to mnimising pickup is to reduce chifemperatureand strainsThis

can be achieved by trepplication of coolanand optimised chip geometry to maximise the
chipbés trailing e dgamountof mkeana 8 exceeéds thenduatilitymi s e

limit of the material.
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1 PREFACE

1.1 PROJECT BACKGROUND

Rolls-Royceplcé most innovativget engine high pressure critical rotative componanés
manufacturedisingthe materiaRR1000, currently considered theost advanceadh-service
polycrystalline powder metallurgy nickddased superalloyRR1000 wasengineeredto

maintain its enhanced mechanical propertieshigh heat environmentsallowing the
compressor and turbine discs to opemttéeast25 °C higher tha its predecessr in Rolls-

Royceplc production Udimet 720Li These capabilitielsaveimprovedthe overalliin-service
system efficiency in terms of power output, fuel consumption and emission reglbctien a

cost of reduced manufacturing productivity as the alegpoor machiningperformance

The potential forfuture RR1000 machining optimisatiois limited as poor tool life
performanceandstrict production quality standardset for powder metallurgy alloydictate
the use ofspecific machining parameter comaiions for finisting the componen slow
tolerancedetail features, Figure-1(ad). Adding to thee production complexitiesthe
specific machining operation window validatgaking thefinal preproductiorManufacturing
Capability Readiness Level (i.e. NRL6) favours the occurrence of parent material deposits
on the finishturned surfaces Figure 11(ef). RollsRoyce plcu s es t he-utp®&r mofApi
describe this defectvhich is believed to increase the risk of proleacompromise in fatigue
life and untilrecentlywasthe major concern of neconformance to the production standards

for more than 30%f RR1000 finished components.
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Figure 1-1: High pressure compressor assembly; (a) Seal fins, (b) Circum groove, (c)
Cone profile, (d) Internal spigot profile, (ef) Typical pick-up examples as detected

during binocular inspection.

The sensitivity of RR1000 to pielip puts significant pressure grodudion with high
nontquality costand extendedead delivery times, due to added operatimatuding further
inspection and correction ofonconformant components,increasing the risk of low
production efficiency compared to other superaloyhis project focused on pickup
investigation undethe general scope of MCRL7 to MCRL@oncerned with the RR1000
machinng optimisation accommodating activities that assessed and implemented a series of
machining solutions targeting the optimisationpobduction strateggnd pick-up redudion.

The experiments and analysis described in this thesis aim to capture thesesé¢he step
by-step process followed in order to understand the formation and deposition mechanism of
pick-up; and investigate possibieachiningsolutions thatnayreduce or eliminate the defect

while fulfilling the minimumproductionrequirements fothese critical rotativeomponents

The knowledge was also captured in R&llsyceplc minimum machining standards in order

to apply the improvements when machining future new high strength alloy systems.



1.2 PROJECT SCOPEAND HYPOTHESIS

This projectaimsto identify the originof pick-up and investigate the meahisms favouring

its depositionbased on theesearch hypothesithat fithe defectis related tothe chip
formation mechanisroontrolledby the adopteanachining strateggnd cutting conditiorts

The main argument statdbatif parent materialvas to be foundieposited on the finished
surface after being machinedf, then it must have been originated from the chifhis
indicatesthat he uncommonphenomenon of serration formation at the chipading edge
detected in RR100finish turning operations is of great interest and serves as prime suspect

mechanismn this investigation.

The experiments wer designed to investigate the effect mfachining parameters and
material properties on pielp occurrence, both in and out of the RR1000 production line
validated conditions, aiming to link the defect severity to factors affectingdgigrmation
and chip serratiofiormation A methodologyis also developed taquantify and assess the
effect of ma&hining onRR1000chip geometryaimingto enhance the knowledgd the chip
formation physics favouring the deposition of pighk Finally, understanding theonditions
at the chiptool-surface interaction zone should lead to the assessment and valiofation

machining strategies that would reduce pigkand optimise the RR1000 production line.



1.3 THESIS OUTLINE

Chapter 2presentghe literature review relevant to thisachiningproject covering briefly
the microstructure opolycrystallinesuperdoys, specificallyreferringto the characteristics
of RR1000variants. Furthermore, fbcuseson outlining the principles of chip formatioand
the challengeé high strength materiahachining, whilstidentifying possibldeadsrelated

to the phenomem of pickup.

Chapter 3coversin detailthe experimental investigation procesgluding the selection
basisof the assessed parametansl conditionsThis section also reports both tbguipment

andmethodologesused for analysing theollected data

Chapter4 documents thexperimentakesultsextracted byusing a range of microscopy
techniquegi.e. SEM, 3D scanning etctd investigatechip formation and surface integrity
The discussion sections link the chip formation data and optical obsesvadidindings
identified in literature, in order to highlight trends in pigl occurrence and RR1000 chip

formation mechanics.

Chaptes 5 and 6summariseghe major discussion poingnd extract conclusions based on
the experimental outcomes, whilst sudgges improved machining strategiesiming to

reduce pickup and optimise RR10Q8&roduction.

Chapter 7 recommends possible future work that would enhance the ledased on

knowledge gapsglentifiedin the duration othe project



2 LITERATURE REVI EW

2.1 INTRODUCTION

Jet engines are designed basedByayton's thermodynamiccycle principle Mair and
Birdsall (1998) which defines thepossiblemaximumoutputenergyextracted from an ideal
three stagdneatsydem consisting of @ompressoin series with acombusbr and turbine.
Based on this principlen a jet engingoressurised air leaving the compressor mixes up with
fuel and ignites in the combustion champesducinghigh energygases, which theexparu

in the turbineeleasing thesystem snergy andhuspropellingthe aircraff Figure 21.

Figure 2-1: Rolls-Royce Trentfamily high bypass turbofan assemblyllustration; (a)

Compressor, (b) Combustion chamber, (c) Turbine{Courtesy of RollsRoyce plc}

Modern jet engines utilise both sophisticated design features (i.e-gtagé compressor
and turbine assemblies, ReRoyce three shaft engine configuration etc.) and cutting edge

engineering solutions (i.e. integrated turbine blade cooling etc.ytedtenaximum power at
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higher efficiency.Figure 22 shows that greatgrerformanceis ultimately driven by the
turbine systemoperating temperaturéhough due to theurrent jet engine configuration
reaching its full design potential further improvementdependson the capabilities of
materialsavailable formaintaining structural integrity withithese high pressure and high
heat systemdNational Academy of Sciences (2006)
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Figure 2-2: Factors affecting the jet engine thermodynamic efficiencyNational

Academy of Sciences (2006)

In practice the propertiesof materials selected ifet engine manufacturingre akey
restrictionfor even hotteiin-serviceoperation conditions {.e. currentlytemperaturgpeakng
around 2000C in the combustion chambemhilst the cost ofdeveloping/selecting more
advanced alloy often prowes unviable. Figure 23 shows therange of nickel based
superalloys Roll&Royce plc introduced in the production dfritical rotative jet engine
componerg over the yearshighlighting the relationshipetween their temperature operation
capabilities angroduction costRR10000owes itssuperiorityto the useof exotic alloying

elements and more advanced production techniques (i.e. powder metg@ifoopssig),
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raisingthe premachining cost of these components to 320% higher compatbedgemade

of the conventionasupealloy Inconel 718 Kappmeyer et al. (2012 herefore,significant

effort has been put intdevelopingadvanced production processes to reduce overall cost,

including forging RR1000 to a rough component-foam shape in order to limit wastage and

machining time, Figure -2, however further manufacturing advances are essential to

optimise the RR1000 component production line.
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Figure 2-3: Superalloys usedby Rolls-Roycein the manufacturing of high pressure

rotative components Kappmeyer et al.(2012)

RR21000machining is further complicated Isyricter production standards set for powder

metallurgy alloys, compared those forconventionahlloys, in orderto ensureenhanced in

service fatigudif e. These include
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Fulfilling these high quality standards has proven detrimental for productivitye aspétific
machining parameter combinaris used to produce the required surface finish results in
extensive pickup occurrence; leading to redundant and costly correction operations. Adding
this to RR10006s | ow machinability tesed agagr
components costompetitive a challenge; setting the foundations for the research conducted
in this projectThesec al | ed RR1000 fAupandtshiet idvardmaoredceso pi c k
in other production lines focudehe following literature review omdentifying the ways
RR1000 differs as a materialg. microstructure and mechanical characteristics) from other
superalloys and the ways tlselectedmachining strategy may favour pick occurrence

based on the project hypothesis.

()

Figure 2-4: High pressure urbine disc; (a) Forged preform, (b) Finished component

Kappmeyer et al. 012)



2.2 NICKEL BASED SUPERALLOYS

2.2.1 Introduction

Superalloys are a family of higlemperature metallic alloying systems able to maintain their
enhanced static propertjéige high strength and toughness high temperaturegigure 25.
They can alsmoperatein oxidising and corrosive environments and maintain high creep
resistance during low cycle loading; making thamideal material choice for the high heat
and high pressureegionsof a jet engine This literature reviewsectionreports on the
microstructure andnechanical properties of modepolycrystalline nickel based alloys
especially RR1000pcusing onthe effectof targeted and ntargeted alloy characteristics on

machinability and production efficiency.
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Figure 2-5: Advanced high strength materialsNational Academy of Science (2006)
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2.2.2 Microstructure and Mechanical Propertiesof Polycrystalline Superalloys

Nickel (Ni) is the metallic element most commonly used as base material for superalloys due
its low diffusion rate and the fact that no phase transformation ta&es until it reaches its

hi gh mel ti ng Q) providihgthe alloyewith séadility at®levated temperatures.

Its face centred cubic (FCC) crystal structure, Figuer2sults in thealloyd good ductility

and toughnes and whileother metalsalsofit these requiremnts they are densezompared

to Ni that has density of 8907 kgipand far more expensive, as they belong in the platinum
metal family. If other crystal structure metals were to be considered, cobalt (Co) is a good
candidate with hexagonally closedckel (HCP) structure and chromium (Cr) with bedy
centered cubic (BCC) structure, thoughstcand brittle characteristics respectivehake

them better fit as alloying elements for supesa, Reed (2006)

Figure 2-6: Face centred cubic crystal structure (FCC)Reed (2006)

Table 21 presents the composition oickel based superalfje used in jet engine
production lines, with elements like Co, Cr and molybdenum (Mo) used in additiont¢éo Ni
stabilise the alloy matrix In some cases iron (Fe) is used instead ofi@ofor the nickel

iron based Inconel 7)8esulting int h e aldwkr®sgrvice operation temperature but also
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reducingits production cost as pviously discussed in Figure2 Elements like aluminium
(A, titanium (Ti), tantalum (Ta) and niobium (Nbpnd with Ni andorm anordered phase,
coherent with the matribxg al | e d g a m)mehe qgomesporgling(pbase for tNe-Fe

based superalloys is ¢galled gamma doubl e

Table 2-1: Composition of wrought superalloyshalanced with Ni %weight, Reed (2006)

Cr Co Fe Mo Nb Al Ti Ta Hf w Zr C B
RR1000 15.0 185 50 1.1 3.0 36 20 05 0.06 0.027 0.015
Udimet 160 150 3.0 25 5.0 1.25 0.05 0.025 0.018
720Li
Waspaloy 19.5 13.5 43 1.3 3.0 0.080 0.006
Rene
88DT 16.0 13.0 40 07 21 37 400 0.03 0.030 0.015
'7”1";”6' 19.0 185 3.0 51 05 09 0.040

Ordered phase precipitatese known to facilitate part of the all@ystrengthand thus
controlling both their size angolume fractionis crucial for optimising the mechanical
properties Jackson and Reed (1999)he solution and heat treatment temperature defines
both the grain structure and size of the large prinzary p r e avhigt the ambumtsof
precipitate elements in solution and cooling rate affect the formati@mafier secondary
and tertiaryo™ precipitates Figure 27. The authors found thaageing thetertiary o
precipitates to a preferred size increases the @llogsistace to dislocationrmovements
optimising thetensilestrength The phenomenon was explained Preuss et al. (2008hat
found smaller tertiary o ‘precipitateswill produce weak dislocation couplinglsie to the
formation ofsmaller dislocation bowing, Figure&a), compared to the strong ldisation
couplingsformed by optimum sized precipitafeghich enhance théoad transferfrom the

matrix to the ordered phadeigure 28(b).

pri
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Tertiary Gamma Prime

Primal‘y Gamma Prime (Gamma Prime Precipitated at Low Temperatures on
(Gamma Prime not Solutioned During Cooling from the Solution Treatment)
Heat Treatment) 5-10 nm After Quenching

1-10 microns 15-50 nm After Ageing

Secondary Gamma Prime
(Gamma Prime Formed at High Temperatures on

Cooling from the Solution Heat Treatment) .
70-120 nm Y-Grains

(Limited in Size by Zener Pinning by Primary
Gamma Prime During Solutioning)
5-22 microns (ASTM 8-12)

Figure 2-7: Gamma prime precipitation illustration of Udimet 720Li microstructure,

Jackson and Reed (1999)

(a) "WEAK" (b) "STRONG"
15t Dislocation

/ Q 1t Dislocation

. v O

]
2n Dislocation @

Y
&— £ — P 2" Dislocation /7 ™\

Figure 2-8: Effect of tertiary gamma prime precipitate sizeon dislocation movement;

(a) Weak coupling, (b) Strong couplingJackson and Reed (1999)
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I n addition to hi gwolumeefractian lalleys aldo rexdibitgetevated h i g h
crack growth rates that limit their fatigue life, and thus both the RR1000 composition and
microstructure were manipulated in order to balance dmtwow temperature strength and
fatigue crack growthHardy et al. (2004)This was achieved by increasing the content of Co
thatpronot ed t he partition of Al dece§soU720lh,avhilsia t o 2
mi ni mising their content; which | imited the
preferred alloy strength. Creep resistance and fatigue life were impbgvigaiiting the Cr
content and adding carbon (C), boron (Boy zirconium (Zr), whilst adding hafnium (Hf)
prevented the extensive presence of carbidesCiMi.e. a controversial intermetallic phase
that benefits creep resistantieough if in excess thits fatigue performance). Furthermore,
controlling the RR1000 powder size and powder consolidation rawge hpot isostatic
pressingagnds ub s equent hot forging processes) bel o
hot extrusion (i.e. to eliminate the effect of powder prior particles bouneRifBs) and final
gual ity heat treatment resul ts i n ioh)iwmte gr ai
improved microstructure uniformity compared to cast and wrought alloys, FigQre 2
Mitchell et al. (2004)and May et al. (2011) All these characteristics adg to RR1000
exhibiting he enhanced mechanical performance of other superalloys (e.g. U720Li) at higher
temperatureg-igure 210, making this alloy the primary disc alloy optionRolls-Royce plc

production.

RR1000 is also unique in that a component can be processed to geelivitee with
different microstructures at different disc locations, targeting specisernvice performance
and addressing the varying mechanical and thermal stresses acting along the components
crosssection, Mitchell et al. (2008). The authors produtied grain (FG) RR1000 at the

bore,which operates at the highest stresses and ltngveratures, following a heat
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Figure 2-9: Fine grain RR1000 microstructure uniformity; (a) Primary gamma prime

and (b) Secondary and tertiary gamma primeMitchell et al. (2004)
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——720Li - 700°C, 500 MPa
Alloy #1 - 725°C, 500 MPa

15 1
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Figure 2-10: Creep performance comparison between RR1000 and Udimet 720Li,

Hardy et al. (2004)

11c

Qo

treatmentbe | ow t he sporlivnuasr yt eomp e r alf) that eesulfed in 26
%v ol ume f r act ipecipitaiek (siper2 >maand restricted grain growth to
ASTM 12-11 (average grain size&>m), Figure 211(a). Coarse grain (CG) RR1000 was

produced at the rim, which operates at higher temperatures under lower mechanical stress,
foll owing a heat tr esadlmeuwnst tacbnoplddo aresiltieg r(iimaer.)

in ASTM 7-3 (average grain size 323 5 ¢ m) ,-11(B)i Rgure A1(cRslows that FG
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was engineered for optimum fatigue performance/life and acceptable tensile strength,

compared to the CG that targeted improved crack propagation resistance and optimum creep

performance, Figure-21(d).
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Figure 2-11: RR1000 dual microstructure turbine disc; (a) FG RR1000,(b) CG RR1000,

(c) Fatigue crack growth performance assessment at 700 and (d) Creep performance

assessmeniMitchell et al. (2008).
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Overall significant compromises are required to balance the mechanical properties and
achieve improved performance at higher operating temperahiseddes, however, mean
other nonrtargeted properties may also vary to different levels. For exasmpll variations
in grain size (i.e. ASTM 1@ (116 e m) compar-&ld68 oc MST M hlo2w
effect on tensile strength at room temperature, in the range ofIBIOMPa, but a more
significant influence on creep resistance, with the fineingseze experiencing higher crack
growth rates at elevated temperatures as demonstratddridy et al. (2004)Furthermore,
Qiu (2010) showed that the extruded FG material (i.e. ASTM112 exhibits tensile
elongationto failure around 10% for both room temperature and 700 °C, in contrast to the CG
material (i.e. ASTM 87) that experiences more than double the elongation to failure for both
temperature conditionsTable 22. Banik et al. (2004yeported snilar findings with FG
RR1000 exhibiting 1520% less tensile elongation to failure compared @G Rene 88
showing that ductility is rarely a concern @G materials (i.e. conventionally processed
superalloys) Adding these to the finding b@uédou et al. (2008hat also reported low
ductility for FG variations of théigh strengthpowder metallurgy nickebased alloy N18,
shows thathe phenoranon is linked to the very fine grain structaespabilityof the powder

processed superallays

Table 2-2: RR1000 mechanical propertiesQiu (2010)

Conditions 20 C 700 C

oo UTS EL oo UTS EL
(MPa) (MPa) (%) (MPa) (MPa) (%)

FG RR1000 1075 1575 O 1 980 1300 O 1
CG RR1000 1075 1573 22 963 1453 22
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2.23 Effect of Mechanical Properties and Microstructure in Machining

The mechanical properties targeting enhancedemice performance, achieved through
alloying and microstructure manipulation, are also the reasongtighgth materials (i.e.
titanium or nickel based alloys) are considered difficult to machine. In addition to elevated
strength, low machinability materials are usually characterised by high hardness and low
thermal conductivity which factor in high mechmcal and thermal loads as well as
accelerated tool wear rates during cuttiBgugwu et al. (1999)These phenomena restrict

the machining strategyindow, with lower machinability materials being machined at slower
cutting speedsindlower material removal rates, Figurel2, in order to optimise product
quality; proving detrimental for productivityi.e. RR1000 produton line being a valid

example.

O Transition Range M High Speed Machining Range

Fiber-reinforced plastics

Aluminum

C -
[ —
Bronze and Brass :-
—
-

Cast ron

Steel

Workpiece Material

Titanium

[ -

10 100 1,000 10,000
Cutting Speed (nmVmin)

Figure 2-12: Cutting speeds usedor machining different material categories Schulz

Nickel alloys

and Moriwaki (1992)
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Arrazola et al. (20093emonstrated th aboveeffect by comparing the machinability of
titanium alloys, showing that for identicaultting conditionsthe strongerharderand less
ductile alloy Ti555.3, produced higher machining forcesaand different chip formation
characteristicghan the weltknown titaniumalloy Ti6Al4V, whilst exceethg the set tool
wear criterion when machined at half the cuttingegpWhen hard turning steePoulachon
and Moisan (2000)also identified variation in chip morgology, at identical cutting
parameterswith decreasing he wor kpi ece6s eihooeasqn@id hardnesst o f a
and strength(i.e. transformation from continuous to setontinuous segmented chip to
discontinuous chip)Figure 213, confirming the integral role ofvorkpiece mechanical
properties irchip formationand finished surface deformatiorhe authors also observelip
deformation mechanisnransformationdue toincreasing machining heat loads hgher
cutting speed a pheomenon proving that machining parametsrcontrol the cutting

conditions thus affecting the performancoedchinability of alloysand vceversa

N ANV ‘
1000 Cracking
m/min Shear \Z_ formation
formation area area
Thermal
softening Shear localized
deformation
area
100
m/min
Work- ;
hardening p L . '
I T T 1 1 7
| 180 220 225 402 620 750 HVo
. 30 HRC 42 HRC 53 HRC (62HRC)
Work-hardening . i Thermal softening
i
| | ] 1 Yo e
2 14 1.2 1.15 0.1 initial

Figure 2-13: Effect of mechanical properties and cutting speed on 100Cr6 steel chip

morphology, Poulachon and Moisan (2000)
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Olovsjo et al. (201Q0a2010b) reported snilar findings in nickekbased superalloy
machining, as turning the lower strengthalloy Waspaloy resuled in better ool life
performance (i.e. at least 50% less flank wear) comparticht ofthe stronger alloy Inconel
718 even thouglboth operations producesimilar mechanicamachiningforces It was also
found that increasing hardnessaccelerates thdlank wear rates independently of the
microstructure, whilsvaryinggrain sizeaffected thechip geometry andub-surface integrity
These phenomeniadicaie similar deformationcharacteristics for superalloye those for
steel and titanium alloy machininguggestinghat both the microstructure and targeted or
nortrtargeted mechanical propertieave key rolen the chip formation mechanism and thus

probablyhave amajor role in pickup occurrence and severity when turning RR1000.
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2.3 METAL CUTTING

2.3.1 Introduction

Metal cuttingis a termthatdefines every machining operati@re. milling, urning, drilling
grinding etc.) that requires material removal in order to reforrmatal workpieceinto a
newly shaped component. This invohstgaring deformation taking place on the top layer of
the workpiece surfagcedue to its interaction with theutting tool and a&pending on the

production stagean be categorised:as

1 Roughng cuts,used to give shape to a preform. Aggressive cutting parameters are
usually a characteristic at this stage as the objective is removing the majority of
excess materiat maximum efficiency.

1 Semtroughing cuts, used to prepare the surface for the finishing cuts. Less aggressive
parameters are used, compared to roughing, in order to remove material at low
tolerance

1 Finishing cuts, used to produce tfieal productsurfae. Machining parameters are
the least aggressive at this stage in order to achieve high quality product finish

according tespecificproduction standards

The finished surface is thenly useful productof machiningoperationsand thus the
interest of botththe industry and academia is focused on optimising surface infedygyto
its effect on the performance of a component in service. Chips on the other hand are
consideredhe waste byproducts,currently presenting no significant interest for research
even thoughtheir formation mechanisnaffects power consumption and controls both the

mechanical and thermal loads of the, auhich aredefiningfactors forsurface quality
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With pick-up being a surface integrity concern dhd thesis hypothesis possibinking
the defect to chip morphologyhé following literature revievgectioninvestigates the basic

chip formation physicsn order tounderstand thenachiningconditionsfavouring pickup

occurrence in RR100fnish turning geratiors.

2.32 Chip Formation in Turning Operations

2.32.1 Orthogonal Cuts

Early attempts innvestigatingchip formation physics, using 2D orthogonal cutting, resulted
in observations and prediction models that set the foundafmnsinderstandingthe
principles ofthis complex shearing proce3$e orthogonal cut configuratigiirigure 214(a),
simulates chip formatiomechanicsn their simplesttwo-dimensionaform, with depth of cut
and workpiece width (i.e. the flat tool cutting edge is always wider in length hiat t
wo r k pivadthe besng the only dimensional parameters controllitige effective
rectangular uncut chip thicknesshilst the cut chip flow is restricted asingle plane along
the workpieceool interface. The principles learned from this @ip formation concepare
then used to comprehend the more complex chip formation of thedimeasional oblique
cuts (.e. feed rate is added to the effective 2D dimensional paramefggsye 214(b)

which will be discussed more extensively in section2223.

Merchant (945) developeda 2D force prediction modebasedon the assumption that
during cutting all plastic deformation occurs alangingleshear plan@\B, suggesting that
machiningforces were a function of the deformed chip thickness and shear Bigyles 2
15. This enables the al cul ati on of shear plane a(gl e

and chig@s thickness ratio, which equals to the ratio of uncut chip thickness (i.e. depth of cut
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in orthogonal cutting) and cut/deformed chip thickndagithernore, the shear plane area
was used to calculatde chipés shear and normal stresseemonstratinghat the work
hardeningrequiredin chip deformationis linked to physicaldimensios defined by the
machining parameters amerkpieceproperties neitherof which weresufficiently defined in

the modelleading toinaccurateresults (e.g.He modelfailed to predict the effect afutting

speedon shear ang)e

Uncutchip :
cross section :

Figure 2-14: Turning operation configurations; (a) 2D orthogonal cut and (b) 3D

oblique cut, Denguir et al. (2014)

Figure 2-15: Merchant’s cutting force prediction model,Merchant (1945)

However, sing theconceptseen in Figure -5 and assuming cotent chip thickness

through itscrosssection Trent and Wright (20008howedhatvaryingthe cutting speedVc)
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alsovaries the shear plareen g | eFigureli2)l6(a), due to its effect on the magnitude of
shearing speed &, Equation 2.2, and the speed at which the chip travels away from the tool
(V), Equation 2.3For example atc 0 n s t, mereasingVc also increase$ resulting in
lower cut chip thicknesswhich is always largethan the uncut chip thicknedsurthermore,

Figure 216(b) shows that sheastrain ¢) was defined as the ratio of total material
displacement © S )longathe shear plane over thehi ckness of t he shea
Equation 2.4, and thus the rate of deformation or strain raeal be expresses as a function

of time ( gotequiredto achieve maximum straifror high ductility materialb ot h @y and
values are highgue to their high plasticity tolerancguggesting lower chip deformation and

thus explaining the often observedindings that higher ductility materials produce thicker

chips compared to less ductile materials when machined at identical cutting condisons,
highlighting the effect of materiakpperties on chip formatiofEquation 2.5lsoexpresses

as a function of V¥, indicating thatan infinitely large rake angléi.e. equal to 90 would

resultin zero strainthus no deformatignn which casecut chip thickness would be equal to

the uncut chip thickess.

(2)

Figure 2-16: Chip formation physicsin orthogonal cutting ; (a) Machining speed vector

diagram and (b) Shearstrain model, Trent and Wright (2000).
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Thechipsingls hear pl ane angle for orthogonal cutt.
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Bitansand Brown {965)proved experimentally this theoremhen machiningvith sharp
tools at fixedVc and depth of cutwith their findings suggestinthat large positive rake
angles 0 Yesult in insignificant chip deformation, Figurel2(a). DecreasingJ, and thus
increasing the shearing angkybjeced the chipto higher strain resulting inmore severe
materialdistortionand in the case of negatitk e v eedt h & t semoriphwlégy Figure
2-17(b-c). Furthermore, Figure-28 shows that increasing h e stedg®rbudding radius)r
increasd the localchip deformationat the cutting edgealsoresulting in more severe sub
surface distortion, due tmore severploughing effect of the to&8 edge geometry, compared
to the minimum deformation detectesh thesurfacesand chips producedith sharp tools.
This phenomenomvas causeddue tolarger part of the chip being deformed at thenter
edge profilewhere theeffective rakeangle varies from the todltop rake angle te90J, and
thus exhibiting similar characteristics to those discussed for Figurgé Although the

benefits of high positive rake angles and sharp tool edges were demonstrated, the authors
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highlightedthe inability toextensivelyuse these tool geometry characteristickard metal
turning due to thdrigh machining forceand temperature thaften compgomise thecutting

edge integrity.

Figure 2-17: Effect of rake angle on chip formation; (a)U=80 , (b) U=50, (c) U=-10,

Bitans and Brown (1965)

Figure 2-18: Effect of tool edge rounding radius on chip formation; (a)re = 0.8 mm, (b)

re=3.2mm, Bitans and Brown (1965)

Figure 219(a) shows that machining &t= -85J no chip formationwas observed as the
cutting tool rulbed across the workpieaenly displacing thevorkpiecematerial and forming
sideflow. Komanduri (1971oncluded that this phenomenon is a restilinaterial flowing
both over and under the cutting edgenigh negative rake angles, Figuré¥b), as material

shearing was being replaced by material dragdingas calalatedthat thetransformation
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between forming and not forming chips occurs78J rake angle at which pointthe rake

face friction was zero and thus no chip flowas occurring. Furthermore,hé observed
increase in surface distortion depth, more seveseeflow and chip microstructure

recrystallization with increasing negative rake arsyiggestda greater ploughing effect and

higher strain damage induced by the cut under these conditions.

]
~Ve Rake

I
|
Mi

tagnation
£oin

~Clearance angle

Figure 2-19: Effect of high negative rake angles; (a) Nahip formation and (b) Chip

formation minimum conditions, Komanduri (1971)

Combining all the abovdindings indicats that chip formation is more complex thahe

simple single planeshearing process assumed by researchers in thewststthe plastic

deformationzone extendng in a largerarea of the chigothess also consider a secondary
shear zone along the t ool -oslintertadeprandchpuflove
depending onboth the workpiece mechanical properties and machining conditieos.
simplicity until this point,continuous uniform chip foration wasassumeduysually occurring
in materials with sufficient ductilityi-igure 220(a), though other chip morphologies should

also be considered like the continuous -umiform thickness chips affected by the

occurrenceof built-up edge (BUE)nN the atting tool, Figure 20(b), the semicontinuous
segmented chipg®rmed when machining low ductility materialader highstrainconditions

Figure 220(c), and the discontinuous chkiformedwhen machiningvery brittle materials,

by

f
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Figure 220(d). The latte two chiptypeslack the uniformity in sheadeformationdistribution
encountered focontinuouschips though their morphology revesl that fracturing (both in
microscopic and macroscopic scale)also a work hardening mechanism present in chip

formation, Shaw and Vyas (1993)

~
-~

N

Figure 2-20: Typical examples of chip types formed in orthogonatutting; (a)
Continuous chip, (b) Continuwous chip formed with built-up edge, (c)JSemicontinuous

segmentecchip, (d) Discontinuous chip, Childs et al. 2000)

Semented chips fornwhen fracture occurs on the workpiece free surface due to the
combined effect of low chip ductility and high deformation conditions acting along the shear
plane (often caused by increase in cutting smeadbined with low rake angled)iakayama
et al. (1988) Konig et al. (1993)xplainedthat the cracks nucleate when a critical shear
stress value is exceeded at an afgainimum compressive stress (i.e. on the surfaediilst
it was demonstrated that their propagai®also affected by the uncut chip thickneRsick
chips produced at high depth of c(,) resulted in severe chip segmentatiue to the
exceeded critical sheatress value being significantly hightran the compressive stress
acting nearer the tool edghip interface, Figure-21(a), compare to thinner segmented
chips(at low g) forming small and frequent cracksjgure 221(b). Furthermore, e latter

exhibited similar morphology to continuous chipssupporting thestatementthat both
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shearing and fracturing mechanisms @resentn the formation ofany chip type. However,
the reduction in deformed chip thickness higher V¢ resuled in more severe chip
segmentation due to the higher plastic deformation associated with these cutting conditions

Gatto and luliano (1994)

Figure 2-21: Effect of uncut chip thickness on steel chip segmentatipga) Thick chip at

high ay, (b) Thin chip at low a,, Konig et al. (1993)

Anothertheory statesthat segmented chips form purely due to adiabatic shear caused by
t h e ma poerrthiermal propertiesuggesting that the low thermal conductivity and low
specific heat transfer coefficient of materials, like those of titanium alloys, lead to material
softening during cutting and the formation of adiabatic shear b#mweanduri and Von
Turkovich (1981) Figure 222(a) shows thamostplastic deformatiorwasrestricted to the
shear bands, also causing material recrystallization due to the excessive localised mechanical
strainsand heatoads whilst the rest of the chip volunshowed minimateformation More
recent findings suggest thahip segmentation is a combination of both cyclic crack
formation on the workpiece surface and adiabatic shear for thehaodened area of the
chip, Shaw and Vyas (1998yvhilst microfracturing is part of the deformation mechanism,
Figure 222(b). Theonly point of disagreement among researchers is that of the dominant
mechanism, withsome suggesting that adiabatic shear causes the crack initiation and

propagation,Barry and Byrne (2002)whilst others argue that crack initiation defines the
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shear bandsccurrencdrequency Vyas and Shaw (1999 owever, hey all agree that both
the material properties (i.e. lack in ductility and poor heat properties) and machining

parameters affect thmachiningconditioninfluencing thischip formationmechanism

Microcrack

Tool Face

~<J

(b) Fracturing mechanism,Vyas and Shaw (1999)

Okushima and Hitomi (1961found that machining even less ductile materials under
extremestrain conditions or very brittle materials form discontinuous chips due to crack
propagation near the cutting edge area causing complete chip fracture, Figg(a.?2
Deformation in the shearingace A A OB 0 two betowelr tham thain other chip types,
suggestingdorittleness favours high localised plasticity at low deformation rates. Using FEM
simulation, Guo and Yen (2004Qdemonstratedhat this phenomenon results in instant
formation of aninternal crack, which then propagates along the shearing planev@ids a
second crackormed near the free surfa@ausingthe chip to fail, Figure -23(b). The cyclic
repetition ofdiscontinuous chip formatioalsovaried the mechanicaloadsduringmachining
(i.e. drop in shearing stressdse to the chip failurejesultingin nonuniform subsurface
deformationand proving the direct effect of chip formation on surface and-sulface

integrity, Obikawa et al. (1997)
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propagation \ X

Figure 2-23: Discontinuous chip formation; (a)Brittle fracture, Okushima and Hitomi

(1961) (b) FEM simulation, Guo and Yen (2004)

When machining Inconel 718 at fixed depth of digmanduri and Schroeder (1986)
found that increasing Ytransforned the continwous ribbon shaped chips produced at &/
1590 m/min, Figure 2-24 (ab), into smaller discontinuous chipsigures 224 (c¢d), whilst
chip segmentation and sefmontinuous chip formationccurredat Ve ©O60 m/min.Similar
trendswere observed whemachining steel]sDo | i n g e k ednd taahium a{logsO 0 4 )
Sima and Ozel (2010proving that any materialis able toproduce anyhip type depending
on the machining conditions created by the machining param@&tersvorkpiee properties
at corresponding conditior{ge.g. effect of temperature on strasain relationshipjnfluence
the chip deformation rate tolerance and thus the dbiation mechanisntransformation
threslold (i.e. from uniform plastic deformation to locsdid plastic deformation combined
with ductile failure to complete ductile failurelndicative of this temperature, material
properties and chip formation relationship are also the data presenfediyet al. (2013)
who observed reduction ithe alloy Ti6AI4V chip segmentation size, shear bands thickness
and subksurface distoron depthwhenheatingup theworkpieceprior machining(i.e. in the
range of 46350 C); proving t hat reducing t he all oy

temperatures reselt in lower alloy resistance to deformatioand thusless deformation
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work was required to form the chip and finished surfaCeerall the investigationso far
revealed that both shearing and fracturing deformation mechanisms are involekgb in
formationand surface deformatiomhilst the effect of parameters omachiningconditions
and their interactionvi t h  t he wor k plafiree ¢heahip matenabflpve and thee s
finished surface integrityrinally, the lack of reference taumerous modeldevelopedn an
effort to capture the essence of this complex relationishy@cause they amredicting chip
flow trends according to thehpsics already discussed, Figsi225(ab), asthey require

calibration(i.e. using experimental dgtéo define th& empirical constant values

() ®d) (c)

Uy g , wé” in)

Figure 2-24: Chip formation mechanism transformation when machining Inconel 718;
Continuous ribbon shaped chips (a) ¥ = 15 m/min, (b) Vc = 90 m/min, Discontinuous

chips (c)Vc = 122 m/min(d) Vc = 213 m/min,Komanduri and Schroeder (1986)
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Figure 2-25: Predicted chip flow dataat varying V¢ when machining Ti6AI4V ; (a)

Effect on dhip thickness, (b)Effect on chip shear angle,Daymi et al. (2009)
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2.32.2 Oblique Turning

Within this sectionthe geometrically complex deformation mechanism of oblique turning
cuts is explained using tr@thogonalmachinng chip formationphysics and observations
described abovén contrast to orthogonal cutting, in oblique turnthg workpiecesurfaceis
considered infinitely wider than tahdgdhusaool &6 s
number of tool passarerequiredfor machinng the full surface,Figure 226(a), whilst the
tool is continuously feélong theworkpiece atconstant feedate (f) and fixed depth of cut
(ap). Combined thesedimensionalmachiningparametergproducenon-uniform uncut chip
geometryprofiles, in contrastto the uniform rectangular shaped ahip orthogonal cutting,
resuling in variation of themachining conditionscting along thé o odutting edge (i.e.
varying heat loadsand mechanical strainsaffecting the chip formaion and workpiece
deformation Kishawy et al. (2006)Furthermorethe resultant machining force (F) acting on
the cutting toolrepresents the summation thireeforce vectos due to theaddedeffect of
feed rate, Figure-26(b), with feed force (F}f measuring th&orkpieceresisance tahe toobs
displacemenalongz-axis whilst cutting force k) andpushoff force () acting on the %
plane are similar to thodeund in 2D orthogonal cutting. Further discussion m@&chining

forces will follow in section 23.4.1

Bushlya et al. (2015emonstrated that in oblique turning, uncut chip morphology is
controlled bythe tool geometry, whilst they highlighted that secondary tool characteristics
often ignored i researchers (i.e. rake angl$ &nd cutting edge rounding)y may result in
significant errors when calculating the uncut chip area and chip volume machined per unit
time. The authors observed that using sharp tools results in more uniform chip flow

distribution along the cutting edge, similar ttee orthogonalmachining Figure 227(a), in



33
contrast to noseadiused and round tools that produce less uniform chip profiles, Figure 2
27(b-c). The latter two tool options though improve surface integrity emsure enhanced

control over the surface roughness; making them ideal tool options for finishing operations.

(a) T ‘ (b) Tool
74/ Chip removed in
the first pass
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Generat®
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Chip produced by .
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the first tool
ion \ 3
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Figure 2-26: lllustrations of oblique turning with round tools; (a) Chip formation

process Kishawy et al. (2006) (b) Machining force configuration, Denguir et al. (2014).
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chip area
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Figure 2-27: Effect oftool geometry on uncut chip crosssection in oblique turning; (a)

Sharp tool, (b) Noseradiused tool, (c) Round tool Bushlya et al. (2015)

However, his investigation focuses on tlehip profile produced byound toolsonly, as
they are primary tool optiosiin RR1000 final production stagesidthey prodiwce the most
common chipgeometryin finish turning operationg-igure 228 showsthe workpieceround

tool interaction interface projection during machining indicating that theuncut chip
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morphology and aregis controlled by the values afol radius (), depth of cut (g and feed
rate (f). Uncut chip thickness varies continuously alongtthe o | 6 s c,withttheng e d g
c hi p 6 s settibni(i.a. chiprforming at thetrailing edgé forming the finished surface,
whilst chip thickness increases in tifieed direction until it reaches a maximummcut
thickness lmax J. This value corresponds to the uncut chip thickness descripted in
orthogonal cuttingandt h u soften wsédgo calculate the chip compression ratio (CCR) that
defines the overall chip defoiation rate (i.etatio of maximum uncut anghaximumcut chip
thicknes$. For amore advancedralysisthough the 3D chip profile is divided in an infinite
number otthin 2D segmentge.g.A to B, C to D& etc.)verticalto the cutting edge, for which
orthogonal cutting conditions are assumed, whilst the uncut thickness of each segagent (h

can be calculated using Equation Dénguir et al. (2014).

Undeformed
chip area

..... r A
Projection \
of previous

edge line

max u

v

: . 4 C )X
f . Projection of current
edge line

Figure 2-28: Round tool uncut chip geometry in dlique turning, Bushlya et al. (2015)

The uncut thickness of each segment along the chip profile formedliguelturning cuts

with round tools, (k9);
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The effect ofdifferential chip thickness in 3D turning is especially noticeable when

forming segment chips, with severe segmentation occurring atcthe i thiéker/leading
edgecompared tahe more uniform continuouship formation atits thin/trailing edge Figure
2-29(a) Furthermore,increasing maximum uncut chip thicknessing smallerr, (for
consantVc, a and § resultsoverallin more severehip segmentatiorcompared to thinner
chips produced with largey, Figure 229(b). Both observationoincide to the phenomenon
descripted in Figure-21, for orthogonal cutting chips at differegs, andwhen combined to
the fact that increasinfghasa similar effect in chip morphologyKishawy (1998) confirns
that 2D chip formation physics apply in 3Bachining eventhoughcutting conditions vary
along the oblique turning cutting edg&he author usedhis concept of noruniform
deformation toalso explain theoccurrenceof serrations orithe hard steel AISI 155@ hi p 6 s
thin edge, Figure2-29(ab), suggesting thy form due tdateral chip flow(in addition to chip

flow al ong t he amadihiigstressdievesmechancsiiFigureg230a s

El-Wardanyand Elbestawi (1998)xplained that chip thinning parameters (i.e. higand
low f) increase hdaloads and compressive stresses in the chip, waktlting in more
materi al bei ng machi nefalouring thet obcarrericeo af beéragtion ut t i
below asecal | ed Acritical 06 mi nComaqguentlycchttingg eddeh i ¢ k n €
roundnes (re) was also found thave significanteffect on thep h e n o me n o nduesto sev er |
its control over the amount ahip thin trailing edgematerialbeingmachined at differential
negative rake angle¥hus krger g increagslocal plasticity and foresmore chip material to
b esidés q u e eproduting both chip serrations and the surface defect known aicside
(further details in section 2.3.3.1). This alsox pl ai ns the increase 1in

seveity with increasing tool weaasmachining wih a worntool has a similaeffect to
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Figure 2-29: Effect of uncut chip thicknesson chip segmentation andedgeserration

whenturning hard steelAlSI 1550; () r, = 3.6 mm, (b) r, = 1.2mm, Kishawy (1998)

0.1 mm

Figure 2-30: Chip lateral flow when turning of hard steel at \ = 160 m/min, f = 0.05

mm and & = 4 mm, El-Wardany et al. (2000b)

machining with a blunder toptesulting in higher deformation stresses and heat loads at the
cutting edge. Furthermore, the mbdeveloped to predict chip sideflow indicates that
machining conditions suggesting extensive ploughahghe cutting trailing edggnished
surface interface (i.e. reduction in cutting force and increase ingitidrce) also favour the

occurrence of ltip serrationsThe model also suggests thagmall enough, with sharp edge
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could eliminate t he, whilstepedfinmeombimatios of patameters e n c e

could be used to reduce its severity.

Thakur et al. (2009pbseved similar sec al | ed odshw trailing edg
turning Inconel 718 with tungsterarbide tools at f = 0.08 mm/rev and: XD 50 m/min,
Figure 231, suggesting they formed due localised thermal softening of the workpiece (as a
result of its low tle r ma | conductivity) that decreases t
hardening at its thin edge. Even though the authors limited their discussion concerned with
this phenomenon and provided no further detilsutthe chip formation impact on surface
integrity, it is evident in Figures-20(b-c) that increasing ¥ affecied both the geometry and
occurrence frequency of these serratidghathermoret he chi pés i rregul ar
when machining at ¥ = 40 m/min reveals that the statement of noag®ns occurring at
these conditions maybe falg@verall, this phenomenon is not widely reported in literature
concerned with superalloy machinireyen though its presence is visible in figures published
by researchers lik€awade et al. (2008pr high speed finish turning Inconel 718 with

ceramic tools at£ 0.050.15 mm/rev.

Figure 2-31: Chip edge serrations when turning Inconel 718 at f = 0.08 mm/rev, & 0.5
mm and r, = 0.8 mm; (a) \&e = 40 m/min, (b) Vc = 50 m/min, (c) Ve = 60 m/min, Thakur

et al. (2009)
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Kumar et al. (2002glso failed to discuss serration formation at the @Ghipailing edge
when finish milling hard steel ASSAB 718 at f = 0.05 mm/todtbywever, these findings
showthat the phenomenon is not exclusive in turning, while physics appear identical for both
operations.Furthermore,it is evident that both the serration siaad morphology were
affected by the machining conditions created when using tool coatinggsared to uncoated
tools, Figures 232(ab), or applying different cooling processes, Figur&2grd), verifying
that the phenomenon @solinked to the maching dynamics and not just to the uncut chip

geometry dimensions.

Figure 2-32: Chip edge serrations when milling hard steel ASSAB 718 aic\& 150

m/min, f = 0.05 mm/tooth and g = 0.35 mm; Uncoated tool (a) Dry cut, Coated tool (b)

Dry cut, (c) Conventional cooling , (d) High pressure cooling{umar et al. (2002)
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Finally, Asai and Kobayashi (199@ bser ved t he phenomenenbds o0c
turning aluminium alloys to a mirror surface finishfa 0.02 mm/rev and ¥ = 450 m/min,
supporting further the theofgr nonuniform chip deformation as they found that machining
shearing angle varied along the differential chip thickness profile. Their findingmdisaie
that any material type wouldroduce chip serrations at permitting machining conditions
which similar to otherchip morphology characteristickke chip segmentation, defined by

both themachiningparameters and materials properties.

2.33 Surface Integrity

This section aimgo correlate specific machining conditions afiiegtthe finished surface

integrity tothose controllinghe chip formation mechanism in order to understand furtther
O6physi cs 6 whilst forasmd dn idéentifygng similarities in the RR1000 miaahg

strategy and the literature reporting favourable conditions for the occurrence of surface
defects especially pickup. Furthermore, m insightis providedin terms of RollsRoy ce 6s pl ¢
decision driving factorshat led to establising stricter RR100Qoroduction standard®nly

achieved following specific production paramster

2.3.3.1 Sulsurface Integrity

Hardy et al. (2014found thatacceptablesurface finish (i.e. low surface roughness Ra)
results ingopod RR1000fatigue inservice performancenly when comimed withgoodsub
surfaceintegrity. Low cycle fatigue testingevealedhat subsurface distortion damage below
10 >m from the RR1000 finished surfag¢andin the absence of a phenomenon known as

white layej, Figures 233(ab), minimises the design compromise in fatigues@mvice
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performance compared to that of an optimum damdgge compnent explaining Rolls-
Royce 6specific powder alloy productiorequirements fosub-surface strain and distortion

depth profilet o be | ower than 1pPeseatm wi th no white | :

material, (b) Coarse grain material,Hardy et al. (2014.

When turning Inconel 718Sharman efal. (2006) found that for finishing machining
conditions(i.e. fixed g = 0.25 mm while varying \c = 40120 m/min and f =0.150.25
mm/rev)tool wearhad the mest significant effect on suBurfaceintegrity. Using new tools
resuled in minimal subsurfae material distortion, Figure-24(a) and shallow work
hardeningdepth profiles of the finished surface compared tamachining with worn tools
under higher mechanical loattsat producedip-to three times thickesub-surfacedistortion
layers, Figure 234(b), and deepersubsurfacework hardening profile Increasing cutting
speed(i.e. Vc ©80 m/min)when machining with worn toolalso had significant effect on
subsurface integrity dgradation, indicating higher deformation strain rates at these
conditionsin alignment with the findings reportddr chip formation However,higherV¢
resuted in lower residual tensile stressesfor both new and worn toolgven though

increasingVc is supposedo produce higher cutting temperatyreich should have hadn
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opposite effectThe authors explaineithat thisphenomenon occurred dtethe fasier chip
flow (at higher \¢) limiting time for heat diffusiontowardsthe finished surfageneaningthat
the chips were those subjectéml higher heat loadsUsing similar principlesthey also
explained thathe lowertensile stressedetectedwvhenmachinng with uncoated toolwere
produceddue to more heat being dissipdteh r o u g h  hotlyeand tessathrobigh the
surface in contrast tomachining with coated tools at identical cutting parametersch

produced higher tensile stresses due tohtbatresistantcoating limiting heat dissipation

through the tool and thus subjexctbothchip and surface to higher thermal loads.

Figure 2-34: Sub-surface distortion when finish turning Inconel 718 (a) New tool, (b)

Worn tool, Sharman et al. (2006)

Li et al. (2009)reportedidentical trendsin residual stressesvhen facefinish turning
RR1000at varying cutting speedsven thoughensilestress values in the cutting direction
werefoundat least 400 MPa higher than thgseviously reportedor Inconel 718indicative
of the mechanical properties effext machiningconditions and especially temperaturéise
authors, howeveprovidedno explanation for the increagetensile stressesbservedwith
increasing tool radius (i.e. from # 0.8 mm to = 6.0 mm) at identical material removal

rates. Shaman et al. (2015)who also observed similar residual stress behavishen
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turning Inconel 718s well as increadesubsurface distortion layer depth with increasing
tool radius (i.e.y= 2.06.0 mm) suggested thadwer maximumuncut chip thicknesgalues
(hmax_y, produced atarger , andfixed cutting parameterencrease the ploughing energy of
thecudue to more materi al b ei n g;subjectingbothteed at t
surface andchip to higher heat and strain loadsvhich explains the increase in residual
stressesFurthermore, they illustratetthat machining withlargerr, at fixed hmax_y resultsin
thinner chip profiles with more materialbeingmac hi ned bel ow the tool
rounding especially at the trailing eddgbat isresponsible for forming the finished surface
Figures 2-35(a-b). This, based on the suggested theaigo explainstheincrease irresidual
tensile stressewith increasing f at fixed hmax u (i.€. tensile stresses almost doubled with
double toolradius)as shown inFigure 236. However, ncreasg f alsoresulted in higher
residual stresseseven though thicker chip profiles were produced, with the authors
suggesting thancreasing the material volume removed required more deformation work for
machining (i.e. high machining forces)which probably also caugd increase incutting
temperaturesMatsumoto et al. (1999pund thatincreasing the material removal ratee to
increasingthe g, had lesseffect on residual stresses, supporting further the comicaftub

surface integrity is defineddiyh e condi ti ons edd t he chipbs trs

(a) (b) ~ 0035
0.035 R2.0 / Re.0

- = 030 | 7S |
1 1 \
S |
| |

0.25 025 —

Figure 2-35: Chip crosssection profiles for varying tool radius at fixed maximum uncut

chip thicknesshmax o= 0.145 mm (a) Thick chip, (b) Thin chip, Sharman et al. (2015)
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Figure 2-36: Effect of tool radius on residual stresses in the cutting directiowhen
finish turning Inconel 718at fixed maximum uncut chip thicknesshmax v = 0.145 mm,

V¢ =40 m/minand worn tools; Sharman et al. (2015)

Chou and Song (2004pund thatusing similar aggressivefinish parametersn hard
turning steel AISI 52100like high f and highV¢ (i.e. f = 0.3 mm/rev and /= 120-180
m/min), resuled in excessive machining stresses and heat Joadsising extensive
transformation/recrystallization of the sgbrface material, a phenomenorotm aswhite
layer. They alsoobserved thaincreasing, from 0.8 to 2.4 mm at £ 0.05 mm/revesults in
deeperwhite layer penetratiomdue to higher machining temperaturéevelopedon the
finished surfacesuggestinghatchip thinning conditionsncrea s e t he cut 6s pl ou¢
and thussubjecting both the chip and surface at higher heat |oadsgreement with the
residual stresses scenarios presented ablhige layer was also detectéu finish turning
Inconel 718 Figures 2-37(a-b), though inthis case the phenomenon was athgervedat Ve

0300 m/minfor semiworn or worn todd, indicative of1.t h e aehHarmedigfermation
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and heat resistance propertesmpared to hard steelsnd 2. demonstratinghe amount of
strain and heatlevelopedn superalloychip formationfor white layer to form ora material

that is stable until it exceeds its high performance lirBitsshlya et al. (2011)

Figure 2-37: White layer formation when turning Inconel 718with worn tool at V¢ =

300 m/min, g = 0.3 mm and f = 0.2 mm/rey(a) Cutting direction, (b) Feed direction,

Bushlya et al. (2011)

With subsurface integrity being influenced by machining thermodynamics,oclant
applicationis a machiningsolution employedo reduceboth the severityof white layer,
Bushlya et al. (2011)and surface tensile stressAsyunachalamet al. 004a) comparedo
those detected imry machining due its effect on suppressig machining temperature
(discussed further in section 2BB. Furthermore, usingsharper tool edge rounding,
previously shown to reduced localised deformation in the chips, was also found to produced
shallowersubsurface distortion and lowsurfacetersile residualstresgscompared to using
tools with larger edge rounding or chamfered eddpeele et al. (2016)Combined withthe
fact thatsharper tools resulteitd at least double tool lifeompared to blunder toolshen
finish turning TiGAI4V, verifies that these conditions favour reduction in mechanical and heat

activated plastic deformatiaf the chips, surfaces and todtyghes et al. (2004)
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2.33.2 Surface Finish

Further t o RR1O0 00 GstwmndasdpHady étialc (20d4)erpthined tthato n
acceptable surface finiskrequires both low surface roughness values and a defect

surface, as defectské the pickup surface demits present a major concern for further
reduction in the componentods fatigue | ife dt

surfaces (which may act as stress concentration areas or crack initiation points)

While subsurface deformation is affet ed by t he cut dypamitsher mo m
surface finish is vastly controlledy the geometrical aspects of cuttingith Ardi et al.
(2014) suggesting that smoother finished surface topograppyoduced when using low
values, Figure -88(a),alsoimproving fatigue life performance compared to that of a rougher
machined surface produced at higlieiFigure 238(b). Surface finish is most commonly
derived/quantified using surface roughness &ap known as average roughnessich
measures the absolute mesight deviéion of the surfacegreated by the machining mark
peaks and valleys alternatidnpm atheoretical surface centrelineer a specific length (L.)
Figure 239. The simplicity in calculating this specification, Equation 2.7, set Ra as one of
the easier ananost commonly used quality control markers in high iguahachining
production lines;Thomas (1981)with RR1000 components requirirayerageRa less than
0.8>m, even though the production target is in the range e0G&m.

Theaverage finished surface roughness, (Ra):
Us 8

2 AP sl')gA@g
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Figure 2-38: 3D reconstruction of Udimet 720 finish turned surface topography, (a) Low

feed rate, (b) High feed rateArdi et al. (2014).

Peaks Surface

Centreline
— —— e L S e e i i —
: A& B
Jafl /A Y
Fa / ay N

Vo . VA S VAN
“ ° \:%\M\ValleyB’(

Figure 2-39: 2D surface finish profile illustration, Thomas (1981)

¥

Ezugwu et al. (1999jound that f has the most gnificant effect on Ra values when
turning Inconel 718with new tools due to its effect orboth the spacing between the
machining mark peakand thedepthof the valleys, indicating thatdecreasing prodwed
lower Ra values whilst small variationsrinandVc appear to be insignificanEigure 240.
However, &rge variations inyrat fixedf, also resuétdin lower Ra valuesdueto the spacing
of the peakdeingconstant while the depth of the valledscreaed which can be explained

by therelationshp Ra = £/ 321, used b appoximately calculate theoreticRla values
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Figure 2-40: Effect of machiningparameterson finish turned Inconel 718surface

roughness Ravalues Ezugwu et al. (1999)

Furthermore,Ezugwu and Tang (199%)bservedincrease insurface roughneswith
increasing machining timehenturningcast iron G17 and Inconel 718J)ggestinghat tool
wear results in rougher surfacendependery of the machined materiaKishawy and
Elbestawi (2001)eported similar findings when turning hasteel D2, though they also
found that inceasing \¢ from 350 m/min to 500 m/min accelerated the tool wear, veltech
resulted inmore degadation of the surface finish, indicatirige indirect effect ofVc on
surface roughnes#t identical tool wear conditionhough,neitherV¢ nor g, appeard have
significant effect on Ravaluesas they are not geometry defined paransetdrthe finish
machined surfacexceptwhen they result in the formation of surface defdetdVardany et

al. (2000a)

Increase in surface roughses R a , from 0.5 to 0.9 &m, wa !
occurrence of more frequent and severe parent material deposity turned Inconel 718
surfaca, machined with TiAIN coated carbide tools at f = 0.1 mmindule increasingVc
from 40 to 80 m/minregpectively, Arunachalam and Mannan (2008) was suggestethat

dry machining combined with increasingc resulted in high surface temperatures that
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favoured a so cal |l edofsmedrad metavand adhered michipsc ha ni s |
Figure 241, though no further evidence were providédunachalam et al. (2004bsed the
same concepto explain thedefectfree surfaces detected when machining Inconel 718 at
identical cutting paraeters under cooled conditigreuggestinghat applyingcoolant caused

the reduction o$urface temperatund led to the defect elimination.

Figure 2-41: Parent material surface deposits on dryturned Inconel 718 atV¢ = 80

m/min and f = 0.1 mm/rev, Arunachalam and Mannan (2003)

Similar parent material deposjts i n t hi s case c métd deloiiswmeére e si d u ¢

also seen byawade et al. (200%yhendry turning Inconel 718ising ceramic toolat high

cutting speed and low feed rat(i.e. Vc = 125475 m/min and = 0.050.15 mm/rev) with

the authorssuggesing the same deposition mechanism concept discussed .abbee
presentedindings partially support thistheory as defectseverity increasd with increasing

V¢ from 125 m/min to 300 m/min, Figures42(a-b), thoughfurther increase of ¥ = 475

m/min resulted in reduction of the parent material deposits contradicting the statement that
higher temperature would result in the welding of more chips, &gR42(c). The authors

failed to commenboth on this phenomenon as well as tbecurrenceof the surface defect

calledsideflow at these cuttingonditions
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500 pm (200x)

Figure 2-42: Surface defects in high speed machiningf Inconel 718 atf = 0.05 mmfev;

(@) Vc =125 m/min, @) Vc = 300 m/min,(c) V¢ = 425 m/min, Pawade et al. (2007)

Bresseler et al. (199@Isoreporteddeposition of chip fragmentn the finished surfaces
among other defectike the formation of grooves and caviti@gen machining hard steels
at Vc = 107 m/min and f = 0.075 mm/rev with new round ceramic tools, Figud&talc,d)
Thesedeposits were not reported at highés, though similar to the findings above these
conditions favoured the formation of more severe sideflbigure 243(b) Kishawy and
Elbesawi (1999)explained thama t er i al being squeezed to the
results inlateral materiaflow, leavingmaterialuncut along the machining marksigure 2
44(a) which is onlyconsidereda roughness concern for surface integrifigure 244(b)
linkst he chip serrations det ec atearesponding duteng c hi p o
conditionsto sideflow, suggesting thattting parameters favauag thin chip geometry, high
plasticity and acceleratetol wearratesalso resut in more severesideflow presenceand

notch tool wear

Zhou et al. (2012also found that dry turning Inconel 718 using worn ceramic toolg at V
= 200 m/min, f = 0.1 mm/rev and, & 0.3 mmresulted in more severe parent material
deposits and formation of secondary defects like sideflow, carbide tearing, cracking, cavities
and grooves, compared to machining with new tools, Figuds@b). Coolant application

reduced the defect presencefimshed surfaces, improving the overall surface quality for
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Figure 2-43: Surface defects in hard turningsteel AISI 4615with ceramic toolsat V¢ =
107 m/min,r, = 4.7 mm, @ = 0.125 mm and f = 0.075 mm/rev; (algrooves (b) Sideflow,

(c) Material deposits (d) Cavities, Bresseleret al. (1997)
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Figure 2-44: Material side flow in hard turning ; (a) Surface defects, (b) Defect

formation mechanism,Kishawy and Elbestawi (1999)

both worn and unworn tool conditions compared to those in dry cuts, Figute&-a),
though no reasoning was discussed. Furthermore, the authors observed that the deposits,

either related to buHtip edge (BUE) or chip adherence thie surface, were more severe at
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low f values independently of the other machinpeyameterssuggesting thathe defect
formationwasrelated tohighercut ploughing energy dhese conditionsthough no further

evidence were provided in terms of thegoriof either deposit type.
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Figure 2-45: Effect of cooling conditions on arface defects when turning Inconel 718 at
Vc =200 m/min, g = 0.3 mm and f = 0.1 mm/rev; Dry cuts (aVorn tool, (b) New tool,

Cooledcuts (c)Worn tool, (d) Newtool, Zhou et al. (2012)

However, Axinte et al. (2006)observed severparent material deposits, also known as
pick-up, smearedn the finished surfacealong the cutting directiowhen turningRR1000
with round SO5F grade (i.e. TICN/AD3/TiN) carbide tools undeflood cooling conditions
Figure 246(a) The defedd were detected foall assessegarametersthoughincreasing

materialremoval rategQ), due to the increase W, combined withhigh tool wear resulted
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more frequent defect deposition, Figured6{b-c), whilst theseconditionsalso resulted in
white layerformation, Figure 246(d). The authorsuggestedhat pick-ups originated from
transferring adhered materi al present ,on thi
though no evidence were provided to validate this theory. The low surface roughness values
(i.,e.RaO0 . 5 irglioaje that the cuts were performadowf, whilst Ra appears unaffected

by thepick-up deposition.

Machining

; (feed) marks _ i

Figure 2-46: RR1000 finish turned surface integrity; (a) Pick-up 3D morphology, Pick-
up deposits(b) Q = 30 mni/sec, €) Q = 37 mnt/seg (d) Sub-surface damage at Q = 37

mm?sec,Axinte et al. (2006)

Acceptable RR1000 surface e€¢mdugvh aughprepentc&l ues

Figure 247(a) were also producemh finish drilled and milled RR1000 surfaceschined



53

under cooled conditionand acceptabl tool weay Soo et al. (2011)Similar deposits were

also observed b¥ylood et al. (2016)n drilling and milling Udimet 720jndicating parent
material deposits (i.e. piekp) are not exclusive to turning opéons, whilstSharman et al.
(2008)stated that these deposits are not uncommon in hole making operations as a result of
chip entrapment between the workpiece and the driflutg. Figure 247(b) shows that the
smeared presselded chips on the finish drilled Inconel 718 surfaces appear as white layer
with no further sulsurface damage detected as a result of the defect deposhmmauthors
statedthat the major concern witthese deposits in the aerospace industry is that they could
potentially covetup other surface defects critical for fatigue performance, like cracks and

cavities.

Figure 2-47. Parent material depositsin hole making operations (a) Drilling RR1000,

Soo et al. (2011)(b) Milling Inconel 718,Sharman et al. (2008)
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2.3.4 Cutting Mechanics and Temperatures

Up to this point,chip formation and surface integrity revealed thatdig/sic® of every cut

are dictated by the combinedsistingeffort of mechanical and thermal loads towards the
work put into reforming a workpiece to a preferable shape. Within this sedten
relationship between the magnitudenasfchiningforces and temperatures with the material
mechanical properties and cutting parameters would be explained, whilst taking into

consideration factors alterirayittingdynamics duringnachining (e.gtool weal).

2.3.4.1 Cutting Forces

Crawforth et al. (2016andArrazola et al. (2009emonstratethat machininghigh strength
titanium alloys at identical cutting parameterfor orthogonal and oblique turning
respectivelyresuledin a range of machining loadepending on both allogomposition and
mechanical characterisgiovith those demonstrating highstrengthand hardnesat elevated
temperatures also producihgghermachiningforces.However,Olovsjo and Nyborg (2012)
found thatturning Waspaloyproduced higher machining load®mparedto those when
turning the stronger harder and less ductile Inconel 718, whilsthe coarse grain
microstructure variants of both allogésoresulted inhigher forces thathose produced for
the fine grain variantsBased on these findings, tlaeithorssuggestd thath e mat er i al
resistance to deformatiofindicated by the area under the stregain curve) definesthe
deformation work requirevhen machining and thusa high ductility and relatively strong
material may producéigher machining loadthan a higher gength and relatively brittle

material(conditions that weralsoproven to affect chip deformatioate see section 2.3.2).
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Thiele and Melkote (1999who alsoobservedhigher resultant machiningorce when
increasingAISI 52100 steel workpieckeardnessteportedincrease irmechanical loade/hen
turning athigherf, due to increasing the overall chip material volume removed per unit time,
as well asvhen usingools withlargerre, due to increaegt he cut 6s plTohsughi ng
explainsthe significantly higher cutting forces detectetien machiningnconel 718with
worntools, compared tasingnew tools, as it essentially means machining witméér tool
edges, Figure 248, whilst thenew tool datashow reduction of themachining forceswith
increasingVc. Ng and Aspinwall (2002kxplainedthat increasing ¢ increases the chip
shearing anglevhich forms thinner chipsthus reducing thenachining forcesacting on the
todl, except for conditions of extreme heat for whitmarpreduction in mechanical loads

may be theonsequence dhe workpiecé ghermal softening.
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Figure 2-48: Effect of cutting parameters and tool wear on Inconel 718irning forces;

Sharman et al. (2006)
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Huang and Liang (2003kported higher forces in steel machining when using tools with
high cubic born nitride (CBN) content compared to those recorded for tdblsower CBN
content at identical cutting parametdrggure 449%a), suggesting that th@oorerlow CBN
tool thermal conductivityesulted in highecuttingtemperaturesausing thermal softening of
the workpiece Figure 249(b). Furthermore,Devillez et al. (2007)demonstratedthat
orthogonal cutting Inconel 718 with coated tools resulted in lower machining forces than
those recorded for the urated tools, with the authors suggesting tbaatings reduced
friction between the chiool-workpiece interfacedue to their better tribological properties
even thoughthe phenomenowas not valiatedfor higher material removal rate&ssessing
thoughthe performance of similar conditions when machining Inconela@2&w f, Thakur
et al. (2014)reported that uncoated toofgoducedthicker chipsthan the coated tools,
indicating thatfactors affecting th&e ut 6 s t h e ralsooaffectohig rfornatson thus
controlling indirectlythe machining loagimagnitudeLi et al. (2014)alsostatedthat the se
call ed 6t her motions effeet mn chip Ifodmatiowas cesponsible for the
oscillatingthermaland mechanical loads recorded when forming segmented chips, with peak
cutting temperatureand lower cutting forcesecordel when formingshear bands (i.ehip
thermal softening whilst machining loads peaked when shearing the chip segatdoiver

cutting temperaturdsigure 250.

It is therefore clear that the cutting parameters and workpiece properties define the work
required for machining, which in its own turn affects théabee between the interacting
relationship of mechanical and heat laadeatinfluencesthe chip and surface tolerance to
deformation with the cutting forces simply representing the workpiece physical response to

chip formation and surface deformation.
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Figure 2-49: Effect ofthe tool6 €BN content on AISI H13 steel machining conditions;

(a) Cutting forces, (b) Predicted cutting temperature; Huang and Liang (2003)
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Figure 2-50: Temperature and cutting force relationship in segmented chip formation,

Li et al. (2014)

2.3.4.2 Cutting Temperatures

Parameters controllinpeatgenerationand heatdissipation are critical in machinirgs the
majority of work put intoplastically deformingthe chipand surface transforms into heat.
Strength being the major material property resisting deformation affects cutting temperatures

the most, whilst pooworkpiecethermal conductivity, likehoseof high strength titanium
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and nickel based alloys, incressfurther the temperatures developed in the cutting zone.
Figure 251(a) illustrates that heat is primarily generated in the primary and secondary chip
deformation zones (of which a very small amount is friction related), which also explains the

fact that higner temperatures are developed closer to the cutigg

The magnitude of cutting temperaturissalso affected bythe selection ofmachining
parameters with conditionsincreas i ng t he cut 0 s (e.g Icloputhidmingy g ene
conditionsand large edgeounding and those increasing theverall work required for
machining (e.g. increase in the material volume removed per unit teselting in higher
heat levelsChen et al. (2006and Nedic and Eric (2014)while it was demonstrated that
increasing cutting speed €Y has the most steep effect in cutting temperature ingréhse
Wardany et al. (1996Kitagawa et al. (199 eportedcutting temperatures up to 10@for
titanium alloys and 120Q for nickel alloys, whilst more moderate finishing conditions when
machining Inconel 718 produced termgueres in the range of 88WO0C at t he t ool 0s
edge, Figure -51(b). Simulation models developed zel et al. (2011)0 examire Inconel
718 chip formation turning conditions confirmed these experimental trends, with lower
cutting temperatures detected a % 30 m/min compared to those found & &% 70 m/min
(verifying the residual stress findings indirectly suggesting highat loads at high ¥
conditions, discussed in section 2.3.3vihjlst in both casekigher heat loads werbserved

in the cutting zonecompared to those #tetool edgs, Figure 252.

Komanduri (1982)ktated thafor all cutting conditionghe majority of heat is dissipated
through the chip, explaininghe hotter chip surfasereported above whilst it was
demonstrated thdtigherV ¢ valuesreduce the percentage of heat dissipated through the tool
and the workpiece subjecting the chip at even higher heat. |[Sasst and Trent (1975b)

explainedthat this variation in heat flux is promoted thye V¢ increase andf the machining
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of less duatile materialvariants either of which result imower chip thickness deformation
ratio valuesthatacceleratematerial flow through the cutting zoaed thusconcentrating the
majority of heat in the chipFurthermoreheat flux was found to be affecdtédy the tool
material thermal conductivitgand the tool coating grade, both of which control the heat
diffusion rate through the tool bod@stafiev et al. (1999)Chinchanikar and Choudhury
(2014)demonstratethe TiAIN coating resulted in lower cutting temperature compared to the
superiorthermal barriemultilayer coating TICN/AIO3/TiN, suggesting thathec oat i ng d s
insulating peformance controls the amount of heat reflected back to the cuttingandrtus
affecting the maximum cutting temperatuFeally, Huda et al(2002)observed reduction in
theoverallcutting temperaturd ue t o cool ant application on t
those detected in dry machiniagidentical cutting parameteliadicating thatoolant acts as
heat removal agerdand thus cooling performance is another faetidectingt h e fleatt 6 s

flux balancewhich would be discussed further in section 2.3.5.
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Figure 2-51: Thermodynamics in material removal operations; (a) Heat generation and
dissipation areas Abukhshim et al. (2006) (b) Cutting temperatures in turning Inconel

718 Kitagawa et al. (1997)
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Figure 2-52: Cutting speed effect on Inconel 718 cuttingemperatures; Vc = 30 mm/min

(a) Chip and (b) Tool, Ve = 70 mm/min (c) Chip and (d) Tool,Ozel et al. (2011)

2.3.43 Effect onTool Performance

Tool wearhas already been proven a major factor affecting both chip formation and surface
quality, whilst tool life is often used to qu#y workpiecemachinability.More dfficult to
madine materials like nickel based alloys compared to iron based stesdst in pooer

tool life at identical cutting parametedsie tosubjecting the tool edges imgher mechanical

and thermalmachining loadsWright and Chow (1982)Higher workpiece strength and
hardnessverelinked to accelerated tool wear ratésrazola et al. (2009which waseven
verified when Olovsjo and Nyborg (2012)eportedlower mechanical load®r machining

Inconel 718 compared tmachining Waspaloy with the stronger and harder alloy still












































































































































































































































































































































































































































































































