DEVELOPMENT OFSELFADAPTIVE PVD COATINGS FOR

MACHINING TI6AL4V ALLOY



DEVELOPMENT OF SELFADAPTIVE PVD COATINGS FOR

MACHINING TI6AL4V ALLOY

By
MOHAMMAD SHARIFUL ISLAM CHOWDHURY

B.Sc., M.Sc.M.A.Sc.

A ThesisSubmitted to the School of Graduate StudhieBartial Fulfilment

of the Requirement®r the Degred®octor of Philosophy

McMaster University© Copyight by Mohammad Shariful Islam

Chowdhury SeptembeR021



DOCTOR OF PHILOSOPHY2021) McMaster University

(Mechanical Engineering) Hamilton, Ontario

TITLE Development of selddaptivePVD coatings for machining
Ti6AI4V alloy

AUTHOR Mohammad Shariful Islam Chowdhury B.Sc., M.Sgc.
M.A.Sc.

SUPERVISOR Dr. Stephen C. Veldhuis

Department of Mechanical Engineering

SUPERVISORY Dr. Tohid Didar
COMITTEE Department of Mechanical Engineering

Dr. Nabil Bassim
Department of Materials Science aadgineering

Page Count XX, 202



To mywife, children,parentsand sisterfor theirunconditionalove and
support.l am truly thankful for having you all in my life.



Acknowledgements

First and foremost, | would like to express dsepest gratitude to my supervisor
Dr. Stephen C. Veldhuis. | am thankful to him for giving me the opportunity to be a part of
the McMaster Manufacturing Research Institute (MMRI). Without his continuous guidance
and support, helpful suggestioasd supevision, this research work would not be possible.
| am also grateful to my committee members, Dr. Tohid Didar and Dr. Nabil Bassim for

their valuable comments and advice throughout this research work.

| need to thank all my mentors, friends, and collesgat the McMaster
Manufacturing Research Institute (MMRI), especidlly Bipasha Bose, Dr. German Fox
Rabinovich,Dr. Abul Faal Arif, andDr. Sushant Rawal, for their continuous support and
guidance along the journelywould also like to extend my spatthanks to Dr. Kenji
Yamamoto, Senior Researcher at Kobe Steel Ltd., for all his help and suggestions with the
coating selection.feel extremely fortunate toave workedilongside so manalented and
amazingndividuals and | will alwayscherish the&knowledge, experience, and memories |

have gained ahe MMRI over the years.

Finally, | thank my wife, Sadeka, my children, Aayan and Aafreen, and my family
for their understandingpatience,and support. None of this would have been possible

without their endless love, sacrificand support over the years.



| also acknowledge that this research was supported by the Natural Sciences and
Engineering Research Council of Canada (NSERC) under the CANRIMT Strategic

Research Network Grant NETGP 479618

Although I have completed this thesis paper to the besy athility, | acknowledge

the possibility that it may contain mistakes and ask the reader to excuse any they may find.



Lay Abstract

Titanium alloys are increasingly becoming the material of choice for many industrial
applications due to thesuperior propertiedHowever, they are very difficult to machine
since they havéigh chemical affinity towards tool materialew thermal condativity,
and high temperature strengthhese properties cause rapid failure of the todile T
objective of the current researdéh to address machinability issues durii@geAl4V
machiningand improve tool performance. One effective strategy to minimizemear is
to apply seladaptive PVD tool coatingbatcan formbeneficialtribo-films through their
interaction with the environmemind provideenhanced lubricity, hardness, strength, and
thermal barrier characteristics to the cutting tbothe currat research, two seHfdaptive
PVD coatings were developed thafsetthe dominant tool wear mechanisms prevalent
during the rough and finish turning of Ti6Al4V alloy and reductt tool wear rate by

more than 60% comparedttoe current industrial starzod.
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Abstract

The wsage of titanium alloys in many industriesvacreased significantly over the
years due to their superior properties. However, theyedremelydifficult to machine
because of theidistinctive characteristics such dBeir high temperature strengtfow
thermal conductivityand high chemical affinityfor tool materials Hence, despite their

increased usage, they are still expensive to machine when compared to other metals.

The arrent researclaims toaddresghe machinability issues of titanium alloys by
developing novel compositions of a new generation of-agdptive Physical Vapor
Deposition PVD) coatings that function by forming beneficidtibo-films through their
interaction with the mvironment. Thesdribo-films form during cutting and provide
enhanced lubricity, hardness, strength, and thermal barrier characteristics to the cutting
tool. It was found that during Ti6Al4V machining, significant BUE and crater wear
formation occurs however, one is dominant over the other depending on the cutting
conditions. Theefore, thecoatings investigated were desigigdaking intoconsideation
the dominant tool wear mechanisms and the complex tribological phentimaéoecur in

the cutting zoa.

The current researchvestigatednonolayerTiB» and CrN selHadaptive PVD coatings
for therough(cutting speed 45 miin, feed-0.15 mm/rev, and depth of cu2 mm)and
finish (cutting speed 150 m/min, feed0.1225 mm/rev, and depth of cut0.25 mm)

turning of Ti6AIl4V alloy. Detailed experimental studies were performed to study the

vii



effectiveness of the coatings during machining. Micrechanical characteristics of the
coatings were also studied to understand how coating propeftees the coatngs
performance in machining aridbo-film formation. The results obtained show thath
theTiB2and CrN coatingsignificantly improve tool performanacriringtherough turning
of Ti6AI4V alloy compared téhecurrent industrial standard/hichis due to certain micro
mechanical coating properties atite beneficialtribo-films formed.A coating of CrN
coating was found to increase tool life during finish turnihgiasalso established thér
machining applications where intensive adhesinteraction occurs at the teohip

interface, coatingaith lower hardness valugerform significantly bettehan harder ones
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Chapter 1. Introduction

1.1.Background

Over the years, the use of titanium and its alloys has increased significantly in various
industries. Titanium alloys posseasunique combination of mechanical and chemical
properties(high ductility, excellent toughnessd corrosion resistance, higgnperature
strength, good strengtio-weight ratio, etc.)that make them suitable for many industrial
applications especially for aerospace and automobile induglrigls However, they are
extremely difficult tocutdue tocertain distinctivecharacterists such as high temperature
strength low thermal conductivityand high chemical affinity for tool materigldow
modulus of elasticity, etd®Researchers have yet to find an effective strategy to overcome
these challenges and improve the tool life dutimg machining of titanium alloys. As a
result, the costs of finished titanium products are high, limiting the use of titanium despite

its beneficial characteristics.

For nearly all machining applications, tool coatingse applied that havéeen
demonstradto reduce tool wear rates and improve producti\ity: this reason,lisost
80% of all tools used for machining are coated tools. Howdoetitanium machining,
coatings havget to achieve the desired succéssnany cases, coated tools perform wors
than straight grade cemented carbides, thereby making straight grade carbides the
preferable choice for titanium machining [6]. Howevesating deposition technologies

have advanced considerably in recent years, andaw#tter understanding of theigue
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tribological requirements of machining titaniumew coating designs anmeow being

proposed [7].

Current research aims to develop novel compositions of adaptiysical Vapor
Deposition PVD) coatings for turning of TiAl6V4 alloys, thereby reducingpguction
cost,and improving product quality. The focus is on a new generation eluseitating
and selfadaptive PVD coating designs to address the machinability issues of titanium alloy
machining. SeHubricating or seHadaptive coatings functiorydorming beneficiatribo-
films through interaction with their environment. The coasiystem reacts with elements
from the environment (mostly oxygen) to form lubricating films or t@eoamics with
enhanced hardness, strength, and thermal barriesatbestics [8].Selection of coatings
should be made, however, considering the tribological compatibility of the tool and the
workpiece and the local conditions of heavy load and high temperature under which they
are operating. Typically, cemented carlio@s face rapid tool wear during machining due
to high heat generation, poor thermal conductivity, and high chemical affinity of titanium.
Both crater wear and flank wear are observed with intensive-upuiidge formation.
However, the severity and raiéthese cutting phenomena vary widely based on machining

conditions spanning roughing and finishing operations.

1.2.Literature Review

1.2.1.Machining
Machining or metal cutting refers to numerous controlled metal removal processes

that remove unwanted material in the form of chips from a given block of metal to attain
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the desired geometry. Turningnilling, and drilling are the mostommon machining
opeaations. Figure 1L shows a crossectional view of the machining process. In the present
research, turning operations were used. Turning refers to the machining operation that

produces cylindrical parts by feeding a singtent cutting tool into a rotatg workpiece.

Rakeiangle Rake face

HEE
1
p
./

e plane

Flank face
/ plane

Chip
motion

Cutting S—N angle

¢ 7
speed l Workpiece AN
Cut surface
Feed Velocity plane

Figure 1.1.Crosssectional view of the machining process

1.2.2.Tool wear and tool wear mechanisms

Tool wear refers to the change of the shape of a tool from its original shape due to
thegradual loss of tool material or deformation of the tool during cuf@hgrool wear is
inevitable in all machining processes. It adversely affects pragladity, dimensional
accuracyand overall productivity. So, it is of utmost importance to reduce tool wear in any

machining process.

According to the ISO standard 3685:1948], there are multiple types of wear
namely flank wear, crater wear, built upged(BUE) formation, notch wear, plastic
deformation, thermal and mechanical fatigue, chipping and fracture. The most important

wear types are flank wear and crater wear.
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Figure 1.2. Types of tool wegbased on [1]] .
Flank wear is observed in therfio of wear land on the flank face of the tool. Flank
wear decreases the relief angle of the tool and increases frictional resis@négdajik
wear reduces dimensional accuracy and gives poor surface integrity of the machined part.
According to ISO 3683:993[10], tool life criterion is set to be 300 um of flank wear.

Figure1.3 shows the characteristic tool wear curve.
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Figure 1.3.Typical stages in flank wear
Crater wear resultsn the rake face of the tobecause of the sticking and sliding
motion of the chips as theyavel over the rake face of the tool at higlress and
temperature. Crater weeauses thetrength of the cutting edde decrease and increases
the probabilityof tool breakageThe crate depth, KT, is most widely used to evaluate
crater wear.
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Figure 14. Flank wear and crater wear definitidbased on [D]] .

There are different types of tool wear mechanisms. The most typical mechanisms

of tool wear are briefly discusséglow. Most cutting processes are influenced by one or
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more of these wear mechanisms and are dependent on the specifics of the cutting process
(workpiece material, cutting zone temperature and stress, tool material, etc.)

A Abrasive Wear:Abrasive wear oawrs due to scratching or scoring of the

workpiece material by hard abrasive particles present in the workpiece. Abrasion occurs
mainly on the flank face of the tool. Abrasive wear is not a uniform form of wear and
appears at various positions across tlot weear land.Depending on the materiaking
machinedabrasive wear volume tgpically higher compared totherwearmechanisms

AAdhesion WearAdhesion or attrition wear occurs when workpiece material

adheres to the tool surface and breaksabfntervals taking cutting tool fragments along
with it. This adhesion of workpiece material is referred to as built up edge (BUE) and forms
due to high temperatures and pressures generated during cutting. It is prewvdlettt

flank and rake faces. Adhesiomear volume is generally lownless the workpiece
materials are sticky in nature.

ADiffusion Wear:During cutting, high temperatures are generated. Often at high

temperatures, diffusion of tool constituents into the workpiece or vice versa takes place.
This results in a smooth type of wear referred to as diffusion wear. The rate of diffusion is
dictated by the chemical affinity between the tool and workpiece, concentration gradient,
and the cutting temperature. With an increase in cutting temperaturesiatiffrate
increases exponentially.

AOxidation WearOxidation wear occurs due to oxidation of tool materi@iader

materials that hold the carbide particles in place are particularly suscepttgtecudting

temperatures and pressurmazease oxidatin. Oxidation wear typically results in localized
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notch wear that takes place at a maximum depth oivbate the cutting zone is exposed
to the environment.

AFatigue WearThere are two types of fatigue wear, namely, mechanical and
thermal fatigue wealternative compressive and tensile stresses during machining give
rise to mechanical fatigue, whereas thermal fatigue occurs due to cyclic heating and cooling

of the cutting tool. Crack propagation is promoted by such cyclic loadings.

[

Diffusion
Wear

Abrasion
Wear

Oxidation
Wear

Tool Wear Mechanism

Adhesion wear

Cutting Temperature

Figure 15. Causes of tool wear in cutting operatiormped on 13]].
1.2.3.Cutting tool coatings
During machininghigh temperatures are generated. The heat generated dissipates
into the chip, togland workpiece. To minimize cutting temperature generation, coatings
have been applied on cutting tools to reduce friction at thectopiworkpiece interfaces.
Detailed understanding of coatingehaviouiin relation tothedifferent tool and workpiece
material combination and howalfects cutting temperature generation is requicedool

design Coatings must be designed in such a way tlaintvithstand the harsh mhining
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conditions. It should also be able to reduce friction, provide wear resistemcserve as a
thermal barrier.

The two most common coating techniques used for cutting tools are Chemical
Vapor Deposition (CVD) and Physical Vapor Deposition (PVDOhwhe ldter being more
common intheindustrydue to the wide range of materials that can be deposited at lower
temperatures than typically used for CVD procesalshe coated tools used in the present

research are PVD coated.

1.2.3.1PVD Coatings

PVD is a vauum coating process. In this process, the material to be deposited is
separated from the target by evaporation or sputtering. The vapor particles are then
condensed onto a substrate. Vapor particles are transported and condensed, forming a film
on suitaby placed parts. Coating thicknesses deposited by PVD process typically ranges
from a few nanometers up to several microns. Chemical compounds can also be deposited
by using a similar sourcéarget) material or by introducing reactive gases (nitrogen,
oxygen or hydrocarbons) containing desired reactants into the chamber causing them to
react with the metal from the PVD sour@ [

PVD coating process produces a sharp coated edge. PVD coating provides high
intrinsic hardness and gives beneficial compressiresses that resist crack initiation. PVD
coated tools can also be-deated, making rgharpening of tools much easier, reducing
production costs.

Selfadaptive PVD coatings are a new generation of coatings that respond in a

selective way to cuttingonditions. SeHadaptive coatings function by forming beneficial
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tribo-films through interacting with their environmentibo-films are thin films that form

on the interface or worn surface of the tool as the coating system reacts with elements from
the environment (mostly oxygen). They are dynamic structures and have different chemical
composition, structure, and tribologiceEhavour compared to the underlying bulk
material[14-15]. They have a notable influence on frictional characteristics at the interface
regiors andthus thewear performance of toolslribo-films can provide enhanced

hardness, strength, and thermal barrierattaristicgo the surface of a to¢8].

1.2.4.Titanium alloys

Titanium and its alloys are increasingly becoming the material of choice for a wide
range of applications. They have found their way into numerous industries due to their
superior properties. Theinajor application, however, is still the aerospace industry, where
they are used in engine parts and airframes 14},1B]. They have exceptional corrosion
resistance, high wear resistance and fracture resistance, biocompaitditygh strength
to-weight ratio, which they can retain even at elevated temperatli®e2l]. Titanium
alloys areapproximately40% lightercompared tasteel while onlyaround60% heavier
compared toaluminum [22]. Ti6Al4V contribute to about 480% of total titanium
production. Ti6AI4V has been chosen as the workpiece material in the present research due
to its high usage itheindustry [6], [L9], [23].

Titanium is an allotropic metal and has two crystallograpbiens. It has a
hexagonal close packed (hcp) crystal structure at temperatures below 882°C and referred

to a s-phlise. This structure hagimited number of shear or slip planes. At temperatures

above 882ACphase andeasabsdgrsteredcub® ( bcc) -plmageisuct ur
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stable until about 1677AC, wiihase diso has moreh e me
shear or slip planes and allows more local deformati®hs. allotropic transformation
temperature of titanium can be increased or @dse@ by adding various alloying elements.

These alloying elements also give distinct mechanical properties. Alloying elements that
increase the allotropic tr ansthbdizerpwhereasn t em
elements that decrease the all@pi ¢ t ransf or mat i ostabiizeesnper at
C o mmo-stabilizers are aluminum (Al), nitrogen (N), oxygen (O), gallium (Ga) and
carbon( C) . Al i ncr eas e-phase ataoors temperatgrd dnd edef/ated h e
temperatures up to about 380 Al also gives high strength to weight ratio due to its low
densi ty. -st@hiizers area mobybdenum (Mo), vanadium (V), nickel (Ni), copper

(Cu), manganese (Mn), tantalum (Ta), iron (Fe), cobalt (Co), chromium (Cr) and hydrogen

( H)-stabilizers ma k e s -phdsestable even at low temperaturéscluding room

temperature. Ti6Al 4V is t[28Be most commonly

1.2.4.1Machinability issues of titanium alloys

Machinability generally refers to the ease or difficulty faced dunvaghining a
particular material for a certain set of operating conditions. Machinability of a certain
material depends not only on the mechanical properties of the material but also on the
machining processes, cutting tqolend cutting condition. Machindiby is mainly
evaluated by assessing tool life, forces generated during ¢whidgsurface finish of the
machinedpart [6 24].

Titanium alloys are considered difficttt-cut materials owing to their inherent

properties. As a result, the costs of$méd titanium products are hidimiting the use of

10
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titanium despite its beneficial characteristics. Most of the tool materials that perform well
when machining other materials show relatively poor performance in machining titanium
and its alloys, 25]. The problems associated with titanium machining are discussed below

and have been summarized from referefi6g$25-27):

1 Poor Thermal ConductivityDuring machining, energy is consumed to overcome

thefriction between the toethip or toolworkpieceinterface and to plastically deform the
workpiece to form chips. Nearly all the energy is converted tq Waath in turn raises the
cutting zone temperature. Generally, a significant portion of the heat generated is dissipated
into the chip, with a smalhmount dissipating into the workpiece and tool. However,
because of the poor thermal conductivity of titanium and its alloys (about 1/6 that of steel),
the fastflowing chip and the workpiece are not able to dissipate the heat thereby trapping
and intendying the heat in the cutting zone. Consequently, almost 80% of the heat is
conducted into the toaind as sucban reachemperatureas high as 1100°Causing rapid

tool wear.

1 Low Modulus of ElasticityTitanium has high elasticity making it ideal for use in

applications requiring flexibility while limiting crack formation. However, this
characteristic is problematic during machining. Titanium has a low modulus of elasticity
compared to other metals, nméag that it deflects more per unit force/stress. Thus, when
subjected to pressure froacontacting cutting tool edge, titanium has a greater spring
back effect causing rubbing of the cutting edge instigating premature flank wear and
chipping. Titanium diéects nearly twice as much as steel under the same cutting pressure.

The presence of built up edge (BUE) at the tool edge, a common occurrence when

11
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machining titanium, increases the perpendicular forces acting on the workpiece by at least
three to four tines. This high thrust forceoupled with low modulus of elasticity causes

the workpiece to deflect and spring away from the tool. This results in tool chatter and
rubbing causing poor dimensional accuracy and surface quality of the finished product.

1 Chanical ReactivityTitanium and its alloys are relatively chemically ineraking

them suitable for medical implant applications. However, at temperatures above 500°C,
they become very reactive and react with almost all tool materials. Due to the higbathem
reactivity and adhesive characteristics of titanium at high temperatures, intensive sticking
on the tool is commonly observed in the form of built up edge. Diffusion of particles
between tool and workpiece material also takes place causing rapetnol

M Hardening due to Diffusion and Plastic Deformatiditanium work hardens, or

strain hardens during machining and is also hardened dhe diffusion of oxygen and
nitrogen. At high temperaturenost materials experience thermal softening and ngode
reduction in strength. However, titanium retains its strength even at high temperatures
requiring higher cutting power to plastically deform titanium to produce chips. This high
cutting power and its resultant plastic deformation harden the mackunéace a
phenomenon commonly referred to as strain hardening or work hardening.

1 Mechanism of Chip FormationChip formation during titanium machining is

somewhat unique. The distinct characteristics of titanium chips are that they are serrated,
cyclic and of segmented geometry with shéaralized zones. Titanium chips generally
show lower deformation than other metals and are consequently thinner. In accordance with

cutting kinematics, a thin chip flows over the rake face of the tool faster than ttoels a

12
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chip, for the same cutting speed, which will trigger higher temperatures at thehijpol
interface. Thin chips alscurl easier whichmean thathe tool-chip contact area is small
thereby concentrating the heat generated over a small region sind caintact stress near

the cutting edge.

1.2.4.2Cutting tools and substrate material

Over the years, different types of cutting tool materials have been applied in
titanium machining in an attempt to obtdiighertool life [6], [16], [28-30] with little
success. High cutting zone temperatures during titanium machining iesalteduction
in strength of their inteparticle bonds foamajority of the tool substrates which ultimately
leads to accelerated wear and failure of the cutting 183! [31]. Tool materials tested for
titanium machining are higbpeed steels (HSS), mented carbides (WC), cubic boron
nitrides (CBN), polycrystalline cubic boron nitrides (PCBN), polycrystalline diamond
(PCD) and ceramic. However, thehaviourand wear pattermary and is unique to each
tool material. The use of each type depends orptheess requirements, tool coahd
machining conditions @], [23].

PCD tools are the most effective commercially available foolmachining
titanium and its alloysl]7]. Several researchers [6],7], [32] have confirmed that PCD
outperforms CBN, PCBN, uncoatednd coated carbide tools for titanium machining,
yielding the lowest wear rate and best workpiece surface finish. However, their relatively
high cost prevents their widespread use in industry [6].

CBN tools have the highelstirdness next to diamond tools. They sustain their high

hardness characteristics even at elevated temperatures. They also remain exidation

13
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resistant up to 2000°C. However, their high hardness and corresponding low toughness
make them susceptible to chipgiand fracturgespecially if larger depths of cuts are used.
This restricts their application to finishing operations during titanium machining.
Furthermore, they are approximately-20 times more expensive than carbide tools
making them economically feasible [6], [5].

Ceramic tools are hard cutting tool materials and have high hot hardness, good
oxidation resistance, chemical inertnes®l high compressive strength. Their high melting
point prevents thermal softening from taking place under extreaahining conditions.
However, they are brittle and have low fracture strength and toughmagsig them
susceptible to thermal and mechanical shock during machipamticularly milling [16],

[17], [33]. Compared to cemented carbide tools, ceramic siadsv higher flank and rake
wear rates [4]. Thus, ceramic tools are inappropriate for machining titanium and its alloys
[6], [16].

HSS toolswere extensively used for machining various mateiialthe past and
still used in special applications like diidy. They have higher toughness compared to
other materials. However, HSSgdw softening temperature of about 600°C. Hence, they
are not suitable for machining at working temperatures over 500°C rendering HSS tools
incompatible for this application [6]16], [19], [34].

Cemented arbide tools are the most accepted and widely used tools for titanium
machining. Commercially available cemented carbide tools fall under two categories:
straight grade carbides and mixed grade carbides (also referrestélasutting grades).

Researchers [6]16], [18] have found that straight tungsten grade carbide tools are superior

14



Ph.D. Thesis M.S.I. Chowdhury McMaster University Mechanical Engineering.

to mixed grade carbide tools. Both attrition and diffusion wear are more prominent in mixed
carbide grade toolsl§]. Cutting speeds ovéd0 m/minis not recommended for tungsten
carbide tools due to the intense heat produced at higher cutting Sphetdsoften leads

to plastic deformation of the toolSoated carbide tools have also been used for titanium
machining. However, most coatembts perform worse in comparison to the straight grade
carbides due to the reactivity of titanium with the coating materials. Therefore, uncoated
straight grade cemented carbides are still the preferred choice for titanium machining [6],

[16].

1.2.4.3Wear mecharisms of cemented carbide tools in titanium machining

Cemented carbide tools encounter rapid tool wear during titanium machining due
to the high temperatures generattth high chemical affinity of titanium, high cutting
stressesand short chigool contat length. Typically, both crater wear and flank wear are
observed, as is a substantial buitt edge formation extending over both rake and flank
faces. Surface damage and failure by chipping at the tool nose are also commonly reported.
Surface speed oftmut 45 m/min is typically adopted in industry, with attempts at higher
cutting speeds typically resulting in plastic deformation of the cutting edge due to the
intense heat generated [4], [6].

Tool wear in cemented carbide tools during titanium machiisimctated mainly
by two wear mechanisms: Dissolutidiffusion and adhesion Dissolutiondiffusion
normally produces smooth worn surfacesereasadhesionresults in irregular worn

surfaces 17], [18]. Both types of wear are prevalent on rake and ffanks of the tool.

15
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Dearnley et al. [4] found that adhesion or attrition played a significant role in flank
wear. Due to high chemical reactivity and adhesive characteristics of titanium, significant
material transfer from the workpiece to the tool is obsgin both flank and rake surfaces
[6], [35]. This adhered material builds ujprming a layer referred to as a buipp edge
(BUE). Attrition wear results from the adhered particles breaking off on reaching a critical
size tearing away fragments of taoaterial.

The hgh cutting temperature during titanium machining proside ideal
environment for the dissolutiediffusion wear mechanism to take place. It has been
reported [4] that the dissolutiafiffusion wear mechanism dictates tool wear on the rake
surface of uncoated cemented carbides. It was suggested86t3a] craer wear occurred
due to tool material diffusing into the workpiece material which passes over the tool surface
and not by mechanical fracture of the tool surface into fragments. This diffasarver,
may alter the tool structurthereby weakening thteol cutting edge and causing possible
mechanical removal of the tool fragments by the moving cBifis [

Plastic deformation of tools occurs at higher cutting speeds during titanium
machining. Higher cutting speeds during machining generates very higeraures and
gives rise to high compressive stresses near the cutting edge resulting in plastic deformation
at the cutting edge or/and at the tool nose consequently leading to tool faf i3],

[39]. During machining titanium and its alloys withraight grade carbideshe cutting

speed is limited to 60 m/min due to plastic deformation [4], [6].

16
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1.2.4.4Application of coated carbide tools in titanium machining

Almost 80% of all tools used in industries for machining are coated tools. Coatings,
being hardmaterials, offer better resistance to abrasion. They provide superior high
temperature characteristics such as high hot hardness, increased resistance to oxidation
wear, and diffusion wear. They can reduce friction between thedioipl or tootworkpiece
interfaces because of their high lubricating abiljtiésereby minimizing cutting
temperature. They also reduce cutting forces during machining in comparison to uncoated
tools @Q].

Although coated carbide tools have had significant success in mact@snigons,
steelsand many super alloys, they are yet to achieve the same level of success when it
comes to titanium machining. In many cases, coated tools perform worse than straight grade
cemented carbidethereby making straight grade carbides thefgrable choicestill for
titanium machining [6]Many researchers [4}41] have found that coatings such as TiN,

TiC, TiCN, TiN-TiC, TiNi Ti(C,N)i TiC, Al.Os/TiC, Al2Os, HfN, andTiB2 show higher
tool wear rates than straight grade WC/Co cemecéebideswhen machining titanium
alloys.

Jawaid et al.41] investigated the wear mechanism and performance of-PiXD
and CVDTICN + Al>Os coated carbide tools for face milling operations under various
operating conditions. They found that C\MDated inerts performed better than PVD
coated inserts in most cases which can be attributed to the greater coating thickness, its
better wear resistance and greater adhesion strength of the coating onto the substrate for the

CVD coated tools.
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Ezugwu and cavorkers [42-43] observed that PVD coated tools outperform
straight WC finegrain carbide inserts. They found that single layer PVD TiN coated tools
gave higher flank wear as compared to the multilayer PVD TiN/TiCN/TiN coated tool at
low feed rates whereas thegmtomenon is exactly opposite at higher feed rates for turning
operations. Ozel and agorkers f4] found that the TIAIN coating slightly outperforms
uncoated WC/Co tools in terms of cutting forces and tool wear rate.

Corduan et al. 45 recommendedTiB. coated carbide tools for higspeed
machining of Ti6AI4V at cutting speeds lower than 100 m/min. The wear pattern of the
coated tool progressed in two stages: coating delamination followed by substrate damage.
They suggested further research into refinfrgdeposition techniques of thi82 coatings
as well as research into coatings which exhibit better thermal fatigue resistance. However,
they did not conduct any tool life studies and no comparison with other coated or uncoated
carbide tools. Their studglso lacks an explanation regarding wh. coated carbide
tools experience wear progression in the manner as they reported. Their investigation also
revealed that PCD inserts showed better performance than CBN and coated tools and that
CBN tools are bettr suited for finishing operations.

Liang Jin B6] investigated the adhesion characteristics of the Ti6Al4V alloy to
various nitride coatings (TiN, AITiN, CrN) and AISI 52100 steel. COF and adhesion
behaviouwasevaluated by adhesion tests and-batdisk tests with uncoated and coated
(AITIN, TiN, CrN) AISI 52100 steel as counter face materials. It was foundhlegZrN
coating had the lowest amount of material transferred during the initial stage of,sliding

resulting in a lower wear rate. However, the COF for the CrN coating reached its threshold
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value within a shorter distance as compared to others. It was observed that in the transfer
layer on steel TiO and2®@s is present in the high oxygen content regidrereas only TiO

is present in the case of the PVD coatings. This suggested t#d#Vi6s less severely
oxidized during sliding against PVD coatings. The author concluded that TiN and CrN
coating show better performance in terms of oxidation and adhresioation of Tié\l 4V

under a dry sliding condition.

1.3.ResearchGaps

Available literature provides very limited information regarding the tribological
interaction occurring at the tool/chip/workpiece interface for Ti6AI4V machining. A
suitable and effectivedool coating is yet to be identified or developed to address
machinability issues of Ti6Al4V machining. Thus, the current research aims to address the
following research gaps not yet exploredheliterature:

1. Although some work has been done in this area, the manufacturing industry still
faces problems in terms of machinability of Ti6AI4V alloy. Tool wear of cemented carbide
tools is dictated by adhesion (with BUE formation) and diffusion wear mechanisms. No
sdution has yet been found to address the tool wear mechanisms and minimize tool wear
during Ti6AI4V machining.

2. The performance of the cutting tool is strongly associated with the conditions of the
machining process. No research has been done to susadeérhow the tool wear
mechanisms change with various machining conditions such as rough turning or finish

turning.
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3. Industries still use uncoated cemented carbide tools for titanium machining due to
lack of effective tool coating. Current research aitm develop PVD coatings to reduce
tool wear during rough and finish turning.

4. Mostly comparison data of different industrial coatings are provided in the literature
with a detailed systematic approach with regards to coating desiljiacking inthe
literature for machining of Ti6AI4V alloy.

5. The potential of a new generation of saffaptive PVD coatings to address
machinability issues of Ti6Al4V is yet to be explored.

6. Detailed study regardingibo-films formation during Ti6Al4\unachining and how
it effects tool wear is required.

7. No attempt at how the coating properties like hardness effects coating performance

during Ti6AIV machining has been made.

1.4. Motivation and ResearchObijectives

PCD tools are the most effectit@l| mateial for machining titanium alloys. However,
their relatively high cost prevents their widespread use in industry making cemented
carbide tools still the most preferred tools in industry to machine titanium alloys. Due to
the lack of an effective tool caag, uncoated straight grade cemented carbide tools are still
being used to machine titanium alloyldowever, coating deposition technology has
significantly advanced in recent years and new coating design considering the unique
tribological requirementsfanachining titanium are now possible.

During titanium machining with cemented carbide tools, significant BUE and crater

wear formation is observed. However, one is dominant over the other depending on the
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machining conditions, such as during roughing famshing operationgdence, the present
research focuses on the general direction of identifydegeloping,and characterizing
coatings that would further improve the tool life of cemented carbide ¢atdsing to the
specific wear mechanisntbat tkes place during rough turning and finish turning of
Ti6Al4V alloy thereby reducing manufacturing cost and improving product quality. The

main objectives of the current research are:

1. Study and identify the dominant tool wear mechanism associated with aodgh
finish turning of Ti6AI4V alloys.

2. Study theribo-films formed on coatings during machining and their effect on tool
wear.

3. Develop a new adaptive coating for rough turning of Ti6AI4V alloys.

4. Develop a new adaptive coating for finish turning of Ti®®Aalloys.

5. Establish an adaptive coating for both rough and finish turning of Ti6AI4V alloys.

1.5. ThesisOrganization

The main body of this dissertation has been arranged in a sandwich thesis format with
the following chapters composedf publishedjournal articlesthat address multiple
objectives of the research study outlimedection 1.4The appendices provided at ted
of the dissertatiortontain thepreliminary study conducted at the start of this research
project and other relevant studies that camgint the current researahdaddresspecific
objectives.Part of the content of the appendices been publishedh journals (details

providedin the appendices) while the resinstst of unpublished workT he final chapter
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of this dissertatiomprovides an overall conclusiaand summarizes the major findings of
the current research.

The ultimate goalof this researchwas to understand the underlying tool wear
mechanisms associated witie rough and finish turning of Ti6Al4V alloy and develop
selflubricating PVD coatings toounteracthem Two seltadaptive PVD coatingg,iB>
and CrN, were chosen based on the expected formation of benteifigdlim s thatcater
to specific wear mechanisms duritinggrough and finish turningperationsA preliminary
study revealed thaheadhesion wear mechanismhichleadsto BUE formation and crater
wear formation due to high cutting temperature generatdiotates tool performance
during rough andinish turning operatios, respectivelylt was found that botkhe TiB>
and CrN coangs significantly outperformed the uncoated cemented carbide tool and
industrially recommended AITiN coated tool for rough turning operatiaith the TiB2
coated toobiving the best performanc@n the other handhe CrN coated tool gave the
best tool performance duringfinish turning operatios, with the TiB, coated tool
performing almostdenticallyto the uncoated and AITIN coated tadlhese findingsre
discussed in detail idppendix A Sincethe CrN coating provided significant tool life
improvement for both roughing and finishing, further tuning of the CrN coatagydone
by varying the deposition process parameters to improve its performancis.disésissed
in detail in Appendix B.

Theuniquemicro-mechanical properties aadaptiveribological characteristics of the
CrN coated tooWwhich lead to improved togberformance during finisand rough turning

operatios arediscussed in Chapter 2 and Chaptere3pectively While conducting this
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research, it was also found that for machining applications where BUE formation is
observed, lower hardness coatingerform betterthan higher hardness coatings. This
finding is highlightedin Chapter4 where itis shown that TiB2 coating witha lower
hardness anthinnercoatingthickness performs better tharharder, thickefiB coating

A summary of each chapter of this dissertation is given below.

Chapter 1 provides a general background and literature reviemvahinabilityissues
and PVD coatings. This chapter also highlights the research gaps in the literature and the
main objectives of the current research.

Chapter 2 presents the tool performance of CrN coatedstdaking finish turning
operatios as contrastedith uncoated and industrlglrecommended AITIN coated teol
The wear characteristics of the tools were investigated by SEM and 3D wear volume
measurements. Detailed miemeechanical characteristics of the coatings were also studied
in detail. This chapter ddresses the first, second, thiatd fifth objective of this research
and resulted in the following publicatioMt.S.1. Chowdhury, B. Bose, K. Yamamoto, L.S.
Shuster, J. Paiva, G.S. F&a bi novi c h, and S. C. Vel dhui
investigation of PYD coated and uncoated carbide tools during 4sipeed machining of
Ti Al 6V4 aerospaceddapOPoyo, Wear, V. 446

Chapter 3 studies the tool performance of CrN coated gahiring rough turning
operatios comparedo uncoated and AITIN coated t@IThemicro-mechanical properties
of the coatings were also investigated to gain a better understanding of the coating
performanceThis chapter addresses the first, second, ,tland fifth objective of this

research and resulted in the following publicati®hS.l. Chowdhury, B. Bose, S. Rawal,
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G.S.FoxRabi novi ch, and S.C. Vel tehaviosof PVDIl nv e st
coated carbide tools during Ti6Al 4V machin
Coatings, V. 11, pp. 266, 2021.
Chapter 4 invesigates the effect of coating hardness and coating thickness during
rough turning of Ti6AI4V alloyThe wearperformancesf thevariousTiB2 coated carbide
toolswith varying hardness and thicknegsre evaluated using tool life studies and the 3D
volumetric wearmeasurements of the wotool. The micremechanical properties of the
coatings were also studied in detail tarce | at e wi th t he tmdhassti ngso
chapter, thehird objectiveof this researcivasaddressedind the followingournal article
was published: M.S.I. Chowdhury, B. Bose, G.S. -Rabinovich, and S.C. Veldhuis,
Al nvestigati on of TiBiteatedwattng togisauringdhe machirsing o f
of Ti 6AlI 4V all oyo, Materials, Vol . 14, I
Chapter 5 summarizes the major observations and findings of the current research and
highlights the researéhgontributions along with recommendations for future research
work.
Appendix A studiestool wear mechanissnduring the rough and finish turning of
Ti6Al4V alloy. The effectiveness dfelf-adaptiveTiB2 and CrNcoating for both rough
and finish turning operations were also investigated comparetb uncoated and AITiN
coated tod. All the research objectives were pditiamddressed her@artof the findings
were published in the following journal articld.M. Paiva, M.A.M. Shalaby, M.
Chowdhury, L. Shuster, S. Chertovskih, D. Covelli, EL Junior, P. Stolf, A. Elfizy, C.A.S.

Bork, G.S. FoxRabinovich GS, and S. VeldhuisTr i bol ogi c al and wear
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carbide tools withTiB2> PVD coating under varying machining conditions of TiAl6V4
aerospace alloyo, Coatings, V. 7, . 11,

Appendix B investigates the effect of deposition parameters on the performance of CrN
coatings. There are three main deposition process parameters that effect the properties of
the deposited coatingsitrogen gas pressure, bias voltagad coating thicknes§his

appendix addresses the second, tlandl fifth objective of this research.

1.6.Note toReader

It is important to note here that sinites dissertation adopts a sandwich thesis format
and ha been compiled from peeeviewed published and submitted journaticées,
similarities may be present, especially in the introduction and experimental detail sections.
However, the reader is highly encouraged to read them as they contain valuable information

that isrelevant to each study.
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Abstract

Selection of hard PVD coatings for the machining of Ti6Al4V alloy should be based on the
dominant tool wear mechanism and tribological phenomena occurring at thtoahip
workpiece interface. The present work investigates the effect of AITINCahdhard
coatings on the wear performance of cemented carbide cutting tools duringpbiggh
finish turning of Ti6AI4V. The wear characteristics of the tools were evaluated by SEM
and 3D wear volume measurements. Thsitn tribological performance of ¢hcoatings

was characterized by chip morphology analysis, in combination with coefficient of friction
measurements using a high temperature/heavy load tribometer that mimics actual
machining conditions. Micronechanical characteristics of the coatings vedse studied

in detail. The results obtained show that the application of a CrN coating significantly
improves tool performance due to a combination of the rrieohanical properties of the
coating and the tribological characteristics of the surfacaeneaged layer.

Keywords

Finish turning, Ti6Al4V alloy, PVD coating, built up edge (BUE), crater wear,filbts.
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2.1.Introduction

Developinga wear resistant PVD coating fibre machining ofTiAl 6V4 presents a
significant challengeOne of the main difficulties is posed loytensive sticking of the
titanium workpiece to the tool surface that often resirtthe detachment of the coating
layer [1]. Thereforean uncoated toobften outperformsa coated one. Wear phenomena
during the machining ofa TiAl6V4 alloy are very complex[2i5]. Intensive adhesive
interactiontakes placat the workpiecaool interfacecombined with butlup edgg BUE)
formation[5,6]. BUE playsa dualrole in the wear performance of coated cutting tools. It
predominantly forms at lower speeds and protectsuiniceof thetool [7,8]. However,
BUE is anunstablestrucure withatemporalavalanchdike performance that eventually
causesevere surface damage oncedtractures destroyediuring cutting [9]Moreover,

a dynamichermal barrier TiC interlayedorms at the buil up carbide tool interfacg7,8]
which makes the lenomenon even more complicatddowever the dominantwear
mechanism significantlghangeswith increase in cutting speé¢d]. The intensity oBUE
formationis lowerat higherspeedssince théuilt upwears out at an accelerated fai@).
Therefore, the thermal barrier TiC layemo longer capable of performinigs protective
role at the todthip interfaceand thedominantwear mechasm shifts tocratering due to
the rapid (thermally enhanced) diffusion of the cutting tool material into cfig$ For
thisreasonthe cratering wear mechanism begins to control overall tool life.

The selection of coatings in the present stwdg basedn industrial practice and
previausly published data on coatings used for the machining of titanium §l@lysTwo

major categories of coatings arexswlered in literature: AlTiNbased13] and CrNbased
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[14,15] The AITIN family of coatingsre the most widely used industry[12]. The CrN
coating, is generally a good candidate for the machining offeroous alloys due to its

very low affinity to nonferrous wakpieceq16]. CrN is also known todve high chemical
stability, which results in good corrosion and oxidation resistdidé, improved
tribological properties (low coefficient of friction) and toughng$s,17 19]. These
properties are ofjreatimportance during the machining of sticky titanium alloyswvdis
previously shown thatof some cutting toobpplications,CrN coatingdelivers better
results, especially at low speeds, compared to (Ti, Al) N coatings due to strong adhesion to
the tool substrate and high resistance to adhesivg2@amhemajorfocus of this research

is theselectionof the optimal PVD coating for wet finish turning of Ti6Al4V alloy at high

speeds of 150 m/min, where the crater tool weachranism is predominant.

2.2.Experimental Details

2.2.1.Coating deposition

All coatings were deposited on polished cemented carbide CNGG432FS inserts from
Kennametal. The tested AITIN commercial coating was supplied by Kennametal and
designated as KC5010 grade. It is an advanced PVD coating whose applications range from
finishing to general machining of most steels, stainless steelsien@us materials, cast
irons and super alloys. The CrN coating was deposited by arc evaporation usin§20AIP
PVD coater (Kobelco, Japan) from a 100 mm diameter Cr target (99.9% purity). fftie mi
polished cemented carbide substrates were ultrasonically cleaned in acetone prior to
deposition. After the pumpirdown procedure (reaching a pressure of 1-2 Fa), insitu

cleaning of the substrate was performed by argon ion etching using atbkts voltage
35



Ph.D. Thesis M.S.I. Chowdhury McMaster University Mechanical Engineering.

of 400 V at 1.33 Pa pressure for 7.5 min. The Cr target was powered in arc mode. The
working table rotated at 5 rpm during the process. During coating deposition, a constant
working pressure of 4.0 Pa was maintained with as process gaslhe substrate
temperature was 500 °C. The coating deposition was conducted at a bias vol&yé of

for 20 mins.

2.2.2.Coating characterization

Coating thicknesses were determined using Calotsl reconfirmed with
measurements on the fractured sections of the coatingsy Hiffraction (Proto AXRD
Benchtop Powder Diffraction System, Proto Manufacturing) withkkQh r adi at i on
performed to determine the preferred orientation and crystaltsteuof the coating.

Residual stresses were evaluated with a conventiofyXdiffractometer (Proto LXRD

Stress Analyzer, Proto Manufacturing), using tmgi met hod. A 1. 0 mm r c
was used to perform residual stress measurements with atiedtion time of about 80
seconds by a multiple exposure techniqgue
Measurements were carried out usinglCll (1. 541 Angstroms) radi
plane at a diffraction angle of around 130°. A Gaussian fomottas used to fit the

diffraction peaks. Fluorescence was suppressed by Ni filters.

Generation and chemical nature of trtides were determined using-Ray
Photoelectron Spectroscopy (XPS). A Physical Electronics (PHI) Quantera Il (Physical
Electronic Inc., Chanhassen, MN, USA) spectrometer equipped with an Al anode source
for generating Xrays and a hemispherical energy analyzer was used to collect the XPS

spectra. The generatedrays were focused with a quartz crystal mehoomator. The
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mono-chromatic Al-K U -ra§ (1486.7 eV) source was operated at 50W and 15 kV. The

system base pressure was as |l ow as 1.33 I
exceeding 2.67 I 1071 6 -deaned fof 4 min usiagnapMAEs wer e
beam before any spia was collected. All data were obtained using a2 beam. Al |

survey spectra were gathered at a pass energy of 280 eV ane$ogition spectra at a
pass energy of 55 eV. All spectra were collected at a 45° take off angle. Neutralization of
all sanples was ensured by a ddmdam charge compensation system. The equipment was
calibrated by setting the C18 C peak to 284.8 eV and the Ag 3d5/2 peak to 368 eV in a
freshly cleaned Ag reference foil. PHI Multipak version 9.4.0.7 software was used to
analyze all the data.

The micremechanical properties of the coatings were measured using a Micro
Materials NanoTest P3 system on polished -G/ samples. Nanmdentation was
performed using a Berkovich diamond indenter in a-oaatrolled mode. Following
ISO14577 4 procedure, the indenter was calibrated in terms of shape, displacement, load
and frame compliance. 40 indentations at a peak load of 50 mN were performed per coating.
The load was selected to ensure that the indentation contact depth waslydithof the
film thickness and to minimize the influe
ensures that only the coating (leadariant) hardness was measured alongside ceating
dominated elastic modulus. The indentations were performed with & pevedd of 5
seconds at maximum load and room temperature, followed by 60 seconds of post

indentation thermal drift correction.
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Micro-scratch tests were performed by an Anton HRfIF3 Revetest® Scratch
Tester. A 200 em end nteawvis usedRlbectdstwead perforchéda mo n
in a 3scan procedure progressive mode. Tisea@n procedure of the scratch test consisted
of an initial topography scan, followed by a ramped scratch scan in which the load was
ramped up from a minimum load of 0.5 &Na maximum load of 150 N and then completed
with a post topography scan. The ramping load rate was 498.33 N/min with a scan speed
and total scan length of 10 mm/min and 3 mm, respectively. At least 3 scratch tests were
performed on all samples. The AntBaarRST3 Revetest® Scratch Tester was used to
assess the toughness of the two coatings using a modified Palmqgvist toughness method
(ISO 28709). The load applied for the test was 100 N and the toughness values were given
by the quotient of the load and tte¢al crack lengths (from crack tip to indentation corner)
from all four corners of each indent.

A specially designed apparatus described in [21] was used to determine the relationship
between the coefficient of friction and temperature at theviookpiece interface. The
apparatus mimics the adhesive interaction at thevtodkpiece interface during machining
conditions. The apparatus operates by rotating a coated pin between two polished discs of
workpiece material (TiAl6V4 alloy). The discs were résely heated to a temperature
range of between 25 °C to 1000 °C to simulate friction conditions at thevtwkpiece
interface. Plastic strain in the contact zone was generated by applying a force of 2400 N.
The friction coefficient value was calculateg the ratio amongst the shear strength of the

adhesive bonds and the normal contact stress generated at the interface. Three tests were
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conducted for each coating and the estimated magnitude of error of the coefficient of

friction was approximately 5%.

2.2.3.Machining studies

Progressive tool wear studies were conducted under a wet turning condition of an
ASTM B265 Grade 5 Ti6Al4V aerospace alloy. According to ISO 3685:1993 and ISO
86882:1989, the tool life criterion was set to be a maximum flank wear of 0.3Then
flank wear measurements were taken by a Keyence optical microscope (mod&0@BX
Series, KEYENCE America, EImwood Park, NJ, USA). Detailed inspections of the inserts
were carried out after every 600 m length of cut with an Alicona Infinite Focu3DG5
surface measurement system (Alicona Manufacturing Inc., Bartlett, IL, USA) and a
scanning electron microscope, SEM (VegalBSCAN, Brno Kohoutovice, Czech
Republic). 3D topographic images of the cutting inserts with real color information were
generatd by the Alicona 3D optical system with foeuariation technology. Cutting tool
topography was characterized by aBiotif analysis at a magnification of 10x. According
to ISO 2517& [22], a 3Dmotif is defined as a valley and/or peak (hill) that inchithee
critical points (peaks, valleys and saddle points) and the critical lines (ridge lines and course
lines). The 3Bmotif analysis compared the worn and the new cutting edge.

All turning tests were performed on CNGG432FS cemented carbide (WC, 6% Co)
grade K313 turning inserts from Kennametal. The turning tests were conducted in a
NAKAMURA SC450 turning machining center (Nakamura company, Hakusan Ishikawa,
Japan) in an MCLMb° Kennametal KenlocTM tool holder under flood coolant condition.

The cutting fuid was directed at the tool tip via a nozzle at a flow rate of 14 L/min. An

39



Ph.D. Thesis M.S.I. Chowdhury McMaster University Mechanical Engineering.

XTREME CUT 290 (Qualichem, Salem, VA, USA) sesyinthetic cutting fluid, typically
recommended for machining aerospace alloys, was used during machining. The cutting
conditions Table2.1) were selected based on industrial recommendations. The cutting tests
were repeated at least 3 times for each coating. The scatter of the tool life measurements
was approximately 10%. Chip characteristics was analyzed using standard procedlures [23
EBSD analysis of chip cross sections was conducted by a JEOL7080F high
resolution SEM, operating at 20kV and 60 um aperture size. A CCD detector was used at
a 181 mm insertion distance. The sample was tilted by 70 degrees and working distances

ranged from 8 to 12 mm.

Table2.1. Cutting data for the experiments performed.

Cutting data

Machining Cutting tool Workpiece V'Y;):gﬁfscse Speed, Feed, c[))fef::] Coolant

operation substrates material HRC ! m/min  mm/rev ' Condition
Kennametal
CNGG432FS .

Turning Grade K 313 T|§|I€V4 37-38 150 0.1225 0.25 Flood
Turning y

inserts

2.3.Results and discussion

2.3.1.Structural and mechanical properties of the coatings

The mechanical properties and structure of the coatings were thoroogdyigated
in this paper. Figre 2.1shows the fracture sections of the coatings. The thickness of the
monolayer AITIN coating with cubic microstructure is 1.94 um (Tab®.2The CrN
coating has a similar thickness of 1.80 um (Table 2) as well as alayen cubic
microstructure. XRD data for CrN are shown in Fig. 2. The coating shows distinct

diffraction peaks in the (111), (200) and (220) crystallographic planes, with other peaks
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being less intense. The intensity of the (200) peak was the highesatimgl a preferred

(200) orientation. The residual stress values, as well as-miechanical properties of the
coatings are given in TableZ2 The CrN coating has higher compressive residual stresses
values than the AITIN coating. However, the CrN aogthas a lower hardness and
increased plasticity index compared to the AITIN coating. Plasticity index is the ratio
between the plastic work done during indentation and the total plastic and elastic work done
during indentation [24]. It was observed thatridg applications featuring heavy loads
typical of titanium machining, a higher plasticity index indicates higher toughness and
durability of the coating [25]. Toughness is the capability of a material to absorb energy
during the deformation leading upfracture as well as its ability to resist crack propagation
[26]. A modified Palmqgvist toughness test shows that the CrN coating has higher toughness
(Table 22). Since both AITIN and CrN coatings were deposited on the same substrate, it
can be concludetthat the difference in the toughness values is entirely associated with the

coatings.

SEM HV: 2000 kV WD 9.710 mm PR R VEGAW TESCAN SEM HV: 20.00 KV WD: 9.675 mm VEGAW TESCAN
View field: 28.89 ym  Det. SE 5um ” View field: 28.89 um  Det: SE 5pm -
SEM MAG: 10.00 kx  Date(m/d/y): 03/26/19 n SEM MAG: 10.00 kx  Date(m/d/y): 01/30/19 u

(a)

Figure 2.1. SEM images of fracture sections of coatings: a) AITiN; b) CrN.
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Figure 2.2. XRD data of monolayer CrN coating.
Table 2.2. Micro-mechanical properties of the coatings
Properties Modified
. . . Elastic - 3 Residual Palmqvist
Coating  Architecture Thlckrgess, Hag:lg:ss, modulus, Pl;arllzt:ac)!ty rl;iili !‘|/E stresses, Toughness,
H GPa ratio  MPa N/um
AITIN Monolayer 1.94 28.9+£2.0 516.52 0.46 0.056 0.09 -599 + 168 1.37
CrN Monolayer 1.80 21.1+x24 534.5 0.63 0.039 0.033 -955 + 68 1.5

A scratch test is an effective method of analyzing the responses of a coating under a
variety of loads. It can be used to investigate microscopic plastic deformation performance,
frictional and wear characteristics as well as mmacking behaviour of the
subsurface/surface layers [27]. Scratch test results of CrN and AITIN show that the
deformation mechanism during highly loaded sliding contact is quite different in the two
coatings. Coefficient of friction data reveal resistance to scratching withtodtieg layer.

The lower value of coefficient of friction in the CrN coating indicates better resistance of
the coating against peeling during friction. The scratch tracks, illustratedureF2g3and
Figure 24, show that the AITIN coating fails in aittle manner with substrate exposure

even outside the scratch track, whereas in the CrN coating, failure occurs by plastic flow.
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In the CrN coating, the deformation is localized with no substrate exposure outside the
scratch track. Such scratch tbehavour of the coatings could be related to their hardness,
H/E, H¥/E? ratios and residual stress. The H/E ratio of a coating indicates the elastic strain
to failure characteristics of the coating and#i#E?r at i o i ndi cates t he
to plagic deformation [28]. Compared with the AITiN coating, H/E &#tiE? ratios are

lower in the CrN coating. The elastic modulus of both coatings is quite comparable.
Therefore, the lower H/E and®E? ratios can be attributed to the significantly lower
hardress of the CrN coating. Lower hardness and IG#E? ratio indicate that CrN has

less brittleness. Also, combined with the fact that CrN coating has higher compressive
stress, it can undergo greater plastic deformation under the applied load. The
aforemetioned characteristics of the CrN coating are extremely important for machining
applications where BUE formation is present, since they inhibit coating detachment when
BUE is removed during cutting, which provides better substrate protection. Thus, the
improved performance of the CrN coating could be associated with the lower hardness and

tougherbehaviourof the coating.

0.40 T 40
0.35 Coefficient of friction, p L 35
u— i Acoustic Emission L
S 5 0.30 - 30 §
= 0.25 252 —
S S 0204 [ 203 S
= o L o w
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Figure 2.3. Scratch track data for AITiN coating.
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Figure 2.4. Scratch track data for CrN coating

It is known that inmachining applications where the adhesive wear mechanism is
present, a coating with a high H/E ratio has less wear resistance [21,29]. Thus, under heavy
loaded tooling applications where intensive surface deformation of surface layers occurs
during friction, a secalled elastic strain to failure (H/E) is crucial for achieving better tool
life [21,29]. This should be considered in combination with plasticity index values (Table
2.2). Under heavy loaded applications, coatings also need to have an incrahisetb ab
dissipate frictional energy that arises from severe deformation of the surface layers. The
more energy is dissipated, the less of it is spent on deformation and damaging of the carbide
material. Higher values of plasticity index, in this casetierCrN coating, are associated
with higher energy dissipation under loading. The plasticity index parameter has similar
implications as the H/E parameter [30,31]. Both parameters could be used to evaluate the
wearbehaviounof heavyloaded tribesystemsinder conditions of intensive adhesive weatr,
typical during titanium alloy machining. Therefore, a CrN coated carbide with lower
hardness and H/E ratio, as well as higher plasticity index and toughness, demonstrates

better wear performance as well as langel life.
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2.3.2.Tool wear studies

Tool life and wear performance studigsrecarried outat a speed of 150 m/mjn
whereBUE formationwasdiminished8], buttool life wasshort due to the intensive crater
wear [8]. Figure 2.5oresentdlank wear vs. length of cut data for wet turning of both coated
and uncoated tools atcutting speed of 150 m/miithetool wear intensitys ranked from
the highest being present in tAETIN coatecdtool to the lowest in the CrN coated tool with
that of the uncoated being in between. Tl coated tool outperforedthe AITiN coated

tool by ~129% andheuncoated tool by ~45%.

300
®- Uncoated

250 =M= AITIN A
=%= CrN

N
o
o
5

(

(1288179) (2035,179) (2961,179)

Flank Wear (um)
|_\
a1
o

=
o
o

(o)
o

0 600 1200 1800 2400 3000
Cutting Length (m)

Figure 2.5. Flank wear vs. length of cut data under wenditions

at 150 m/mirfor coated and uncoated tools.

To explain why the CrN coating outperformed the others and to understand the tool
wear mechanism, progressive wear studies were performed following every 600 m length

of cut using 3D optical imaging otined with SEM wear pattern studies (g 2.6and
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Figure 2.7. Two wear phenomena are prevalent under the outlined machining conditions:
crater wear and intensive adhesive interaction at the tool/chip interface. The red color on
the 3D images (Figre 26 and Figure 2.7 represent8UE, while the blue color represents
crater wear formation. 3D and SEM images of the uncoated tools show significant BUE
formation along with crater wear formation that propagate with cutting. At elevated cutting
speeds presedtring Ti6AlI4V machining, the diffusion wear mechanism begins to prevalil
due to high cutting temperature generation, which generates severe cratering on the rake

face of the tool [32].

i Ll
100 um
1 07IGanT

Figure 2.6. 3D progressive wear data for uncoated tool after every 600 m length of cut: (a) 600 m; (b)
1200 m; (c) 1800 m; (d) 2400 m.

=
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Figure 2.7. 3D progressive wear data for Crdbated tool after every 600 m length of cut: (a) 600 m; (b)
1200 m; (c) 1800 m; (d) 2400.m

It is interesting to note that all tools show a very stable form of wear up to a certain
point, before beginning to rapidly fail (Rige 2.9. The onset of this pd failure can be
linked to the moment when crater wear expands to the flank edge of the cutting o@. Fig
2.8 and Figire 2.9show the progression of BUE and crater wear vs. length of cut for
uncoated and coated tools. Significant BUE formation isrebdein the uncoated tool
compared to the coated tools. The BUE instability is also demonstrated by the increment
and decrement of the peak volume in relation to previous passasEi§. Compared to
an uncoated and a AlTiN coated tool, the CrN co&tetlhas less BUE formation, which
decreases the possibility of tool edge chipping following BUE removal. The CrN coating
also has reduced crater wear intensity, as well as delayed propagation of crater wear with
the length of cut. This results in a morefarmly increasing wear, which prevents the rapid

failure of the CrN coated tool (Rige 2.7and Figure 2.9. It should be noted here that the
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reduced crater wear values of the uncoated toolu(Ei@.9 are caused by the BUE
covering the crater wear ots irake surface. This is confirmed by the SEM imagesu(Eig

2.6(c) and Figire 2.7(c)).
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Figure 2.8. Built up volume for coated and uncoated tools considering the peaks
above reference surface thie original tool
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Figure 2.9. Crater wear volume for coated and uncoated tools considering the

peaksbelow referencsurface of the original tool
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2.3.3.Tribological analysis

Analysis of the Critoated tool reveals that the crater wear intensity and overall sticking
of the workpiece material to the friction surface of the tool has been diminished compared
to the uncoated tool (see big 2.6and Figire 2.7. The tool life improvement of the CrN
coated tool could be attributed to two groups of characteristics: fimeahanical (see
section 3.1) and tribological. Compared to the AITIN coating, the CrN coating shows lower
hardness and an increased plasticity indeble 22). Scratch tests (Fige 23 and Figire
2.4) reveal that under loaded sliding contact, the AITiN coating fails in a much more brittle
manner compared to the CrN coating, with higher substrate exposure being indicated by
acoustic emission data. The sliding contact friction is alsehmrhigher in the AITIN
coating, as shown by the coefficient of friction data during the scratch test. Thus, for the
outlined application, the softer and tougher CrN coating features superior performance due
to its ability to sustain intensive sticking Wwitut peeling off and better tribological
behaviourunder loaded conditions typical of Ti6Al4V alloy machining.

Tribologicalbehaviourf the coatings in contact with the Ti6AI4V alloy were assessed
via: 1) the investigation of tribélm formation on theool/chip interface during cutting; 2)
evaluation of the coefficient of friction vs. temperature of the coatings, and 3) evaluation
of the chip characteristicd @ble 2.3). All analyses show that the uncoated and AITIN
coated tool feature worse tribologdigaioperties compared to the CrN coated tool.

Tribological performance is strongly associated with the adap@aviourof the
coating. This is directly related to the formation of tiflms on the friction surface [9].

In general, tribefilms affed the weabehaviouiof cutting tools in two ways: (1) they serve
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as a thermal barrier due to the lower thermal conductivity of the correspondingxiiles;

and (2) they provide ksitu lubrication to reduce the intensity of workpiece material
stickingto the tool [9]. During cutting, a strong temperature gradient is created, with the
highest temperature being present on the rake surface of the tool, where the crater wear
intensity is at its maximum. XPS analysis of trifilon formation on the worn surée of

the tool helps explain the superior performance of the CrN coatingr@=231(. The data
obtained show that the CrN coating layer undergoes-tididation, forming ar.Oz tribo-
ceramic on the rake surface of the tool. These films have a corustducture [33] and
provide thermal barrier properties at high cutting temperatures [34]. The temperature at the
tool/chip interface during cutting under the outlined conditions is aroun®300C [8],

at which these tribdilms function with a fair dege of efficiency. This is supported by
coefficient of friction vs. temperature data shown inufrgR.11. The apparatus used to
determine the relationship mimics the adhesive interaction that occurs during machining.
It can be seen that the coefficient attion values in the CrN coating are significantly
lower compared to the uncoated and the AITIN coated tool. Thus, thesdilmbaan

serve as a functional substitute for the thermal barrier TiC interlayer that forms at lower

speeds [35], reducing tleeater wear intensity and friction at the tool/chip interface.
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Figure 2.10. High resolution XPS data of worn rake surface of CrN coated insert, Cr2p spectrum
Tribological conditions at the tool/chip interface play a significant role during the chip
formation process. To evaluate chip characteristics, the chips were collected at the
beginning of the cut (approximately 50 m cutting length). The data are presefegdule
2.3. The tribological characteristics of the coating layer show good correlation with
coefficient of friction data (Figre2.11) and indicate the same trend. The chip compression
ratio is greater in the CrN coating, which yields a higher sheaephngle. This signifies
that the shearing force acting on the CrN chips is lower, which results in the reduction of
cutting and frictional forces at the tool/chip interface. CrN chips have higher chip sliding
velocity, indicating a lower tool/chip contatength and a consequently lower rise in
temperature at the cutting zone. Higher chip sliding velocity also confirms lower friction at
the tool/chip interface. The chip characteristics thus demonstrate lower friction being

present at the tool/chip inteda, which increases tool life in the CrN coating.
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Figure 2.11. Coefficient of friction, shear strength and normal contact stress vs. temperature data for
uncoated and coated tools.
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Table 2.3. Tribological performance evaluated through clelparacteristics.

Coating Chip Compression 0 - Shear (=) Sh: Chipsliding

Ratio - CCR Angle (°) Strain Velocity (m/min)
AITIN 1 48.50 0.66 150
CrN 1.4 59.17 0.37 210

To confirm that the chip flow process is improved in the CrN coating, cross sectional
EBSD analysis was performed on the chips of the coated tools collected during cutting.
Results presented in kigg 212 show the microstructure and texture orientatiothef
chips. Overall, the images display the main deformed zone on the edge close to the interface
between the cutting tool and the chip. Both chips present a grain refinement in this zone.
However, the chips produced by CrN coating show a tendency taateittean ultrafine
grain on the shear boundaries, which confirms the enhancement of the chip flow process.
It has also been observed that the accelerated chip flow promotes dynamic recrystallization,
where new grain orientation takes place as shown irikatation maps. This probably

increases the slip planes which enhances the plasticity of the chips.

001 010

Figure 2.12. EBSD analysis of chip cross section showing orientation and phase map: (a) AITiN; (b) CrN.
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2.4.Conclusions

Selection of the best hard PVD coating for the machining of a Ti6Al4V aerospace alloy
strongly depends on the tool wear mechanisms and the tribologmabmena occurring
at the chiptool-workpiece interfaces. The wear performance of the PVD coatings evaluated
in this work are considered and explained in relation to the mechanical and tribological
conditions that develop at the tool/chip interface.

Different compositions of PVD coatings were tested under conditions ofshigd
finish turning of TiAlI6V4 aerospace alloy. The best tool life was exhibited by the CrN
monolayer coating. This coating has a beneficial combination of mieahanical and
tribological properties, which prevent intensive detachment of the coating layer under
operation. Application of a CrN coating addresses the challenges posed by major wear
mechanisms present in the highpeed machining of TiAl6V4 alloy, especially severe
craterng. Due to the enhanced ability of the CrN coating to form thermal b&ri€s
tribo-films under operation, the intensity of crater wear is strongly diminished, and the tool
life is increased. The major novelty presented in this research consistglefitbastration
of integral characteristics (adaptive performance, as well as the combination of micro
mechanical and tribological properties) of the CrN coating layer, which are mostly

responsible for its superior wear performance under specific machiomalitions.
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Abstract

Tool wear phenomena during the machining of titanium alloys are very complex. Severe
adhesive interaction at the tool chip interface, especially at low cutting speeds, leads to
intensive Built Up Edge (BUE) formation. Additionally, a high cutting tempeeatauses

rapid wear in the carbide inserts due to the low thermal conductivity of titanium alloys. The
current research studies the effect of AITIN and CrN PVD coatings deposited on cutting
tools during the rough turning of a Ti6Al4V alloy with severe BldEnation. Tool wear
characteristics were evaluated in detail using a -®aam Electron Microscope (SEM) and
volumetric wear measurements. Chip morphology analysis was conducted to assess the in
situ tribological performance of the coatings. A high terapgé heavy load tribometer

that mimics machining conditions was used to analyze the frictioglahviourof the
coatings. The micromechanical properties of the coatings were also investigated to gain a
better understanding of the coating performancsast demonstrated that the CrN coating
possess unique micromechanical properties and tribological adaptive characteristics that
minimize BUE formation and significantly improve tool performance during the machining

of the Ti6AI4V alloy.

Keywords

PVD coating; Ti6Al4V, crater wear; built up edge (BUE); trifions.
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3.1.Introduction

Titanium alloys are widely used in many industries, especially the aerospace and
automotive sectors, due to their superior mechanical properties such as high corrosion
resistance, biocompatibility, and good strengtweight ratio. However, they are
considered to be difficulto-cut materials due to a set of unique characteristics that severely
affect machinability [1,2]. Titanium alloys retain strength even at elevated temperatures,
leading to work hardening or strain hardening of the workpiece duringinag. Their
low thermal conductivity results in high cutting zone temperatures and consequent rapid
tool wear [1,3]. They also have a high chemical affinity which causes intensive Built Up
Edge (BUE) formation, especially during rough turning at lowimgitspeeds, contributing
to premature tool failure and chipping [1,4,5].

Cemented carbide tools are the most widely used tools for titanium machining. Tool
wear of cemented carbide tools during titanium machining is controlled mainly by two wear
mechanisra: the first is adhesion wear that results in BUE formation and the second is
diffusion wear causing crater wear formation. Adhesion caused BUE formation on both the
flank and the rake surfaces of the cutting tool plays a significant role in flank w&r [1,
Due to the diffusion of tool material into the workpiece nrééas it passes over the tool
surface, crater wear ensuing from the high cutting temperature generated during titanium
machining determines the degree of wear on the rake surface ofdlhg/,&]. The
predominant wear mechanism, however, can vary depending on the machining conditions.
Typically, rough turning of the titanium alloys at lower cutting speeds is associated with

severe BUE formation [941]. However, during finish turning at igspeeds crater wear
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becomes the predominant wear mechanism due to significantly higher cutting temperature
generation [1012].

Many research studies have considered the use of PVD coated tools to address these
issues. However, in most cases, PVD coaietstperform worse than uncoated tools, since
the unstable structure of the formed BUE facilitates detachment afatsutamage of the
coating layer [13,14]. Multiple research studies [1,12,15] have concluded that coatings such
as TiN, TiC, TiCN, TiNTIC, TiNi Ti(C,N)i TiC, Al.O3/TiC, Al>Oz, and HfN feature higher
tool wear rates than uncoated tools. However, several researchers [16,17], have reported a
slight improvement in the tool performance of a single layer PVD TiN or a multilayer PVD
TiN/TICN/TIN and TiAIN coating at high cutting speeds compared with uncoated tools.
Although coated carbide tools have had significant success in the machining of cast irons,
steels, and many superalloys, they are yet to achieve the same level of efficiency when it
comesto titanium machining. Extensive research is still required to address the tool wear
issues during Ti6Al4V machining especially at a combination of low cutting speeds with a
high depth of cut (i.e., rough turning) that promotes significant BUE formatinoe $he
performance of the cutting tool is strongly associated with the conditions of the machining
process, PVD coatings used for Ti6Al4V machining must be selected according to the
tribological interactions taking place at the iadlip interface. The mromechanical and
tribological characteristics of the coatings must be tailored to address the underlying
predominant wear mechanism.

For machining applications with intensi Ve

becomes a significant factor in detening its overall performance. A CrN coating is
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generally used to machine nonferrous alloys due to its low chemical affinity with
nonferrous materials [18]. CrN is known for its high chemical stability, good corrosion and
oxidation resistance [19], impred toughness, and lower friction coefficient i[28].
These properties are highly beneficial for the machining of sticky titanium alloys. It was
previously shown that the CrN coating performs better compared to (Ti, Al) N coatings in
some cutting tool apigations, especially at low cutting speeds, due to its high resistance
to adhesive wear and strong coatisigbstrate adhesion [24]. Themre, a seHubricating
CrN coating was developed in the present study to minimize BUE formation during the
rough tuning of a Ti6Al4V alloy and improve tribological interaction at the itobip
interface. The performance of this CrN coating was-pamed with that of uncoated tool
and the widely used commercial AITiN coating recommended in industry.

The authors, in previous research paper [11], have shown that CrN coatirppsited
by Fine Cathode (FC) arc deposition process, improves tool performance durisgéegh
machining (finish turning) of Ti6AI4V alloy. This was due to the formatio€rR0Os tribo-
film with thermal barrier characteristics that reduced the propagation of crater wear. The
authors also found evidence of the lubricating properti€r@¥s tribo-film. In the current
research paper, detailed investigation of a CrN coating deposited by anextiptasma
enhanced arc Superfine Cathode Process (SFC) [25] is conducted to assess tool
performance during the rough turning of a Ti6Al4V alloy. The main goal of this research
is to demonstrate that the unique micromechanical and tribological chararsesfsthe
developed CrN coating can improve tool performance during the rough turning of a

Ti6Al4V alloy associated with strong BUE formation giving maximum economic benefit

65



Ph.D. Thesis M.S.I. Chowdhury McMaster University Mechanical Engineering.

to the industries by reducing machining downtime and tooling cost. This investigso
suggests that CrN coating can possibly be considered as a ganmp@de coating to be

used for a wider cutting range condition.

3.2.Experimental Methods

3.2.1.Coating Deposition and Characterization

All the coatings investigated in the present study wagposited on Kennametal
CNMG432 and polished Sandvik Coromant SPGN120308 cemented carbide uncoated
inserts.The Kennametal CNMG432 were used to conduct the machining tests whereas all
coating characterization were done on the flat polished Sandvik Cor@R&1120308
inserts. Both the inserts have the same cemented carbide grade and have same
microstructural composition. The commercial AITIN coating was supplied by Kennametal.
This advanced PVD coating is designated as KC5010 grade and is recommended for
machining nonferrous metals and superalloys. The CrN coating was deposited by a
cathodic arc ion plating process using an-SIZ0 PVD (Kobe Steel Ltd., Kobe, Japan)
deposition system. This coating system uses an advanced gakianaced arc superfine
cathoek process (SFC) [25], which is a novel, magnetically controlled cathodic arc source.
The SFC process enables the deposition of smooth coatings with low compressive residual
stresses. A 105 mm diameter Cr target with 99.9% purity powered in the arc mode was
used to deposit the CrN coating. The substrates were cleaned with acetone insmunttra
bath for 16 minutes before the deposition process. After purgung to a pressure of
1x102 Pa, the substrate was cleaned in situ by argon ion etching for 7.5 minutes at a

substrate bias voltage of 400 V and pressure of 1.33 Pa. The substrate was heated to 500°C
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and rotated at 5 rpm during the process. The CrN coating was deposited at atagges vol
of 1750 V for 20 minutes at 4.0 Pa pressure

The coating thicknesses were determined on the polished Sandvik Coromant
SPGN120308 cemented carbide inserts using & BWiba Coating Group ball crater
system and a steel Ibavith a diameter of 25 mm. The thicknesses were confirmed with
optical measurements of the coatTESCAN 6 fr a
scanning electron microscope (SEM) (Brno Kohoutovice, Czech Republic). The surface
morphology of the coatingsas evaluated using an Anton Parr Td¥c400 atomic force
microscope (AFM) (Graz, Austria). The system was operated in the tapping mode using
commercial silicon probes with a resonant frequency of 285 kHz and a force constant of 42
N/m. The scan size wagaintained at 25 pm x 25 um. The image processing and data
analyses were performed using Td8tanalysis software (Versien.4.8341).

An XRD X-ray Diffraction System from Proto Manufacturing Limited (LaSalle,
Ontario, Canada) with GK U ( 1. 5 4 4on was usedtd idedetniine the crystal
structure and preferred orientation of the CrN and AITiN coatings. Residual stresses were
measuredviaarsiy techni que with a LXRD Stress Ana
These measurements were performed withOanim round aperture in (422) and (200)
pl anes identified at 2d angl eisgs oebpeclivel@ A and
A Gaussian function was used to fit the diffraction peaks.

X-Ray Photoelectron Spectroscopy (XPS) was used to determinerthati;n and
chemical composition of the tribaxides. A Kratos AXIS Supra (Kratos Analytical,

Manchester, UK) spectrometer with a hemispherical energy analyzer collected the XPS
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spectra. Xrays were generated with an Al anode source. ThK Bl -r&y sourcewas
operated at a constant acceleration voltage of 15 keV and an emission current of 25 mA.
The systemds base pr e 3% arrramd the @psratingptessire dglh e r |
not exceed 2x16 Torr. A 4 kV Ar+ beam was used to sputtdean the saples for 5
mi nutes before any spectra were collected.
All survey and higkresolution spectra were collected at pass energies of 160 eV and 40
eV, respectively. Al 1l s pe denadahangeneutralizatiom ai n e ¢
system. Higkresolution data was calibrated by setting the CL€ @eak to 284.8 eV.
Analysis of the data was performed by CasaXPS Version 2.3.18 software.

The micromechanical properties of the coatings were evaluated using aM\dienals
NanoTest P3 system (Micromaterials, Wrexham, UK). Nanoindentation was performed in
a loadcontrolled mode at a peak load of 50 mN and a dwell period of 5 seconds. A
Berkovich diamond indenter was used to perform 40 indents per coating. Thieinvdas
calibrated according to ISO1454/[26]. The load was adjusted to minimize the influence
of the sampleds surface roughness and to Kk
the coatingds t hi cknes nly(ldadinvariant) hssdndsowae n s u r
measured in combination with the coatidgminated elastic modulus. The same
instrument was used to perform nanoimpact tests on the coatings. The tests were done at
room temperature using a cuberner indenter. The indenterwasedcer at ed 12 &m
from the coating surface with a 20 mN force that was used to produce an impact every 4
seconds for a total duration of 300 seconds. Five tests were performed at different locations

for each coating.
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Scratch tests were conducted with Anton PaaiRST3 Revetest® Scratch Tester
(Graz, Austria). A Ro c k we I-radiusiwaa usedriodthei n d e n
tests, which were performed in progressive mode-s&&h procedure was adopted for all
tests. This procedure consisted of atppography scan at a 0.5 N load, a progressive load
scratch scan in which the load was steadily increased from 0.5 N to 5 N, and a post
topography scan at 0.5 N load. The total scratch length was 0.5 mm with a ramping load
rate of 7.02 N/min and scan sple&f 0.78 mm/min. Three scratch tests were performed for
each sample. Mulpass wear tests were also-pammed with the same RST3 system. Each
wear test was carried out at a constant load of 0.75 N for 5 passes with a Rockwell diamond
indenter with a 2@ m eadids. The track length was maintained at 1 mm. The toughness
of the coatings was evaluated by means of a modified Palmqvist toughness method with
the RST3 system, as per ISO 28079 stanf#H A load of 100 N was used for the test.

The toughnes values were calculated by dividing the load with the summation of the total
crack lengths from crack tip to indentation corner from all four corners of the indent.

To investigate the correlation between the temperature and the friction coefficient at the
tool workpiece interface, a specially designed instrument, described in [28], was used. This
apparatus can mimic the adhesive interaction that occurs during machining at the tool
workpiece interface. The test is performed by rotating a coated pin indretwe polished
Ti6Al4V alloy discs. To simulate the friction conditions at the taarkpiece interface,
the discs were progressively heated from 25°C to 800°C. A load of 2400 N was applied to
create plastic strain at the contact surface. The frictiofficeat was calculated using the

ratio between the shear strength of the adhesive bonds and the normal contact stress
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generated at the interface. Three tests were conducted for each coating, and the estimated

magnitude of error for the coefficient of tfrection value was approximately 5%.

3.2.2.Cutting Tests and Chip Morphology Analysis

To evaluate the wedrehaviour progressive tool wear studies were performed within a
NAKAMURA SC450 turning machine under wet turning conditions. An ASTM B265
Grade 5 Ti6Al4Vaerospace alloy was used as the workpiece material. All tests were
conducted on cemented carbide (WC, 6% Co) grade K313 CNMG432 turning inserts
supplied by Kennametal. A MCLI8° Kennametal KenlocTM tool holder der a flood
coolant condition was used ftire tests. XTREME CUT 290 semisynthetic cutting fluid,
which is designed for machining aerospace alloys, was used during cutting. The coolant
was maintained at a flow rate of 14 L/min. TaBl& outlines the cuting parameters used
to conduct the machinintests. The selected cutting conditions chosen were based on
industry recommendations. Figuf2l shows the experimental setup for the turning
operation. A maximum flank wear of 300 um was set to be the tool life criterion, as per
ISO 3685:1993 [29]. Th#lank wear measurements were made with a Keyence optical
microscope (model VH>000 Series, KEYENCE America, EImwood Park, NJ, USA)

during the cuting tests. The scatter of tool life measurements was approximately 10%.
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Table 3.1. Cutting parameters for machining of Ti6Al4V alloy

Machining Cutting Workpiece Workpiece Speed, Feed, Depth of  Coolant
. Tool . Hardness, - .
Operation Material m/min mm/rev  Cut, mm Condition
Substrates HRC
Kennameta c
CNMGa32 ASTM 5755
Turning Grade!(Sl, TiBAIAV 37-38 45 0.15 2 Flood
Turning
alloy

inserts

Figure 3.1. Experimental setup for turning operation.

After every 600 m of cutting length, the tools were inspected with a SEM and an Alicona
Infinite Focus G5 3D surface measurement system (Alicona Manufacturing Inc., Bartlett,
IL, USA). The focusvariation technology of the Alicona system was used to genada
topographic images of the cutting inserts and measure the volumetric difference between
the worn and new tool. To measure the built up volume and crater wear volume, 3D volume
dataset of a worn tool after every 600 m of cutting length were comppaetta reference

3D volume dataset of the same tool corner celecprior to machining using the Alicona
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system. A postprocessing software package Measure Suite aligns the two datasets and
calculates the built up and crater wear volume by measurindiffeeesnce in volume of

the worn tool above and below the reference dataset. Chip analysis was conducted using
standard practices [30]. A JEOL JSMIOOF highresolution SEM was used to perform
EBSDanalysis of the chip cross sections. The SEM was opeaai@@5 kV accelerating
voltage and 60 um aperture size. The sample was tilted to 70°, and a working distance of
be-tween 10 to 12 mm was maintained. The CCD detector was kept at an insertion distance

of 186 mm.

3.3.Results and Discussiors

3.3.1.Tool Wear Performance Studies

Tool wear performance was investigated under wet rough turning conditions. The tool
wear progression with respect to cutting length for uncoated, AITiN coated, and CrN coated
tools is illustrated in Figurd.2. The highest tool wear intensity was observed for the AITIN
coating, followed by the uncoated tool and the CrN coated tool. The tool life of the CrN
coated tool improved by approximately 232% compared to the AITiIN coated tool and 155%
compared to the uoated tool.

Progressive tool wear studies were conducted after every 600 m of cutting length using
an SEM combined with 3D imaging by Alicona. The progression of tool wear for uncoated,
AITIN coated, and CrN coated tools is shown in FiguB&83.5, respetvely. Two tool
wear phenomena were observed: intensive adhesive interaction at the tool/chip interface
and crater wear. Both the 3D and SEM images of the uncoated and AITiN coated tools

showed significant BUE formation and propagation of crater weantiag progressed.
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Figures3.6 and3.7 show the formation of BUE and crater wear with respect to cutting
length for uncoated, AITiN coated, and CrN coated tools. Both the uncoated and the AITIN
coated tools show significant BUE formation compared to the Grated tool. The
instability of the BUE formation is also evident by the strong fluctuation in peak volume
compared with the previous passes (Figdu®. The lower BUE formation in the CrN
coated tool decreased the possibility of tool edge chippingwoily its removal. The CrN
coating also showed a reduction in the crater wegannity and delay in the propagation

of crater wear as machining progressed. Thus, lower BUE formation and delayed crater
wear resulted in a much more uniformdrease in toowear, which, in turn, prevented
rapid failure of the CrN coated tool. It is important to note here that the reduced crater wear
values obtained for the uncoated tool (FigB#® were due to the BUE covering the crater
wear on the tool. This can be canied by the 3D and SEM images (Figurd &, b) and

(Figure35 a,b).
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Figure 3.2. Flank wear vs. length of cut data of wet rough turning for uncoated, AITiIN and CrN coated

tools showing significant tool life improvement for CrN coated tool.
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Deviation

Figure 3.3. 3D progressive wear data for uncoated tool highlighting progression of bulétygs and
crater wear after different length of cut: (a) 600 m; (b) 1200 m; (c) 1800 m.

Figure 3.4. 3D progressive wear data for AlTidbated tool highlighting progression of built up layer and
crater wear after different length of cut: (a) 600 m; (b) 1200 m; (c) 1800 m.
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Figure 3.5. 3D progressive wear data for Crdbated tool highlighting progression of built up layer and
crater wear after different length of cut: (a) 600 m; (b) 1200 m; (c) 1800 m.
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Figure 3.6. Built up volume progression vs. length of cut for uncoated, AITiN and CrN coated tools

considering the peaks above reference surface of the original tool.
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Figure 3.7. Crater wear volume progression vs. length of cut for uncoated, AITiN and CrN coated tools

considering the peaks below reference surface of the original tool.
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3.3.2.Coating Characterization

Detailed investigations were conducted to assess the mechanical psopedie
structure of the coatings. The SEM images of the fracture sections of the coatings are shown
in Figure 8. Both the AITIN and CrN are monolayer coatings with a cubic microstructure,
with the thickness of the AITIN coating being 1.94 um and that ot coating being
1.83 um (Figure8.8; Table3.2). Figure3.9 shows the XRD data for both AITIN and CrN
coatings. Three distinct diffraction peaks for the (111), (200), and (220) crystallographic
planes were observed in both coatings. The intensity dR0®) peak was the highest in
both the AITIN and CrN coatings, indicating that they have a preferred (200) orientation.
The micromechanical properties and residual stress values of the coatings are shown in
Table3.2. It is evident that the CrN coatingsha higher compressive residual stress, lower
hardness, and higher plasticity index than the AITiN coating. The plasticity index is given
by the quotient of the plastic work and the total plastic and elastic work during indentation
[31]. For the high tooload characteristic of titanium machining, a higher plasticity index
indicates a coati ngo6s 3Bi.g hTeoru gthonuegshsn ei sss aa nnda
to resist crack propagation as well as its energy absorption doeidgformation that lead
to fracture B3]. The modified Palmqvist toughness test confirmed the higher toughness of
the CrN coating (see TabR2). Sincethe substrates were the same in both cases, the
differences in the toughness values were solely due to the composition of the coatings. As
reported inthe literature, higher compressive residual stress also helps prevent crack
propagation in the coating84]. The fatigue fracture resistance properties of the coatings

were evaluated using naffapact testing in relation tthe final depth ofthe penetration
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during impact. The lower depth dhe penetration in CrN indicates the superior
performance of this caalg under repeated loading, in addition to better fatigue resistance

(Figure3.10).

SEM HV: 10.00 kY WD: 13.47 mm ol . .
View field: 21.67 pm  Del: SE 5 pm n' SEM HV: 10.00 kv WD: 15.95 mm VEGAW TESCAN

SEM MAG: 10.00 kx  Date(m/d/y): 02/06/20

(@)

SEM MAG: 10,00 kx  Det: SE [l
SEM MAG: 10,00 kx  Date(m/dAy): 02/11/20 n

Figure 3.8. SEM images of fracture sections of the studied PVD coatings highlighting coating thickness:
(a) AITiN; (b) CrN.

Table 3.1. Micromechanical properties of AITiN and CrN coatings.

Properties
Coating Architecture Thick Hard H Elastic Plasticit Residual Flylcl)diﬁe'dt
9 |(i":ess‘ ar gﬁi:'( ): Modélgzl (B), i?]?j(lac;y H/E ratio HS3/E2ratio St;:szes, Toatjgr?r:/éss,s,
N/pm
AITiN Monolayer 1.94 28.9+2.0 516.52 0.46 0.056 0090 1599 1.37
CrN Monolayer 1.83 20.37 £ 2.5 591.87 0.66 0.034 0.024 1979 1.51
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Figure 3.9. X-ray diffraction patterns of monolayered AITiN and CrN coatings.
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Figure 3.10. X-ray diffraction patterns of monolayered AITiN and CrN coatings.

The AFM images of 3D surface morphologies of the AITIN and CrN coatings are
illustrated in Figure3.11. The arithmetical mean height (Sa) values were obtained from a
scan size of 25 um x 25 um. As shown, the overall surface roughness of the CrN coating
waslower than that of AITIN. The lower roughness of the CrN coating contributes to its
superior frictional properties. Scratch tests were conducted to analyzehbegibeof the

coatings under progressive loads. Wear tests, which are basicallypasgdtonstant load
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scratch tests, were also performed at a subcritical load of 0.75 N with the objective of
studying the gradual deformation of the coatings. These studies provided information about
frictional and wear characteristics, microscopic plastic dedtion performance, and
microcrackingbehaviourat the subsurface/surface interface [35]. Figut® shows how

the coefficient of friction changes for the coatings after one pass, three passes and five
passes during repetitive wear test. It shows thatlttaugh each of the coatings initially

have a similar coefficient of friction, it increases less drastically in the CrN coating with
further wear test passes, which indicates the more gradual deformation of this coating. The
scratch test results showdtht the deformation mechanism under a heavily loaded sliding
contact was considerably different for the AITIN and CrN coatings. The scratch test results
for AITIN and CrN coatings are illustrated in Figu8d3 and Figure8.14, respectively.

The coefficiem of friction data obtained during the scratch test demonstrated the ability of
the coatings to resist scratching within the layers. The CrN coating had a lower coefficient
of friction, which signifies its superior ability to withstand peeling during iiict The
scratch track of the CrN coating showed that the failure was caused by the plastic flow, and
the deformation was highly localized, with little substrate exposure outside of the scratch
track. In comparison, brittle failure with widespread substeatposure outside of the
scratch track was observed for the AITIN coating. The performance of the coatings in the
scratch test can be described in terms of their hardnessHYFZ, ratios, and residual
stress, as summarized in Table 2. The H/EHi#B°r at i os wer e calcul at e
hardness (H) and coatingb6s elastic modul us

H/E ratio signifies the elastic strain to failure characteristics of a coating, artf/&re
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ratio refer s toucesisaplastiodetormatignd3s]. TheoH/E ditiE2yatios

of the CrN coating were lower than those of the AITiN coating. The elastic modulus of both
coatings was very similar. The lower H/E ad8iE? ratios of the CrNcoating can be thus
ascribed to its considerably lower hardness. This combination of properties suggests that
CrN is less brittle. The soft CrN coating, combined with its overall lower compressive
residual stress, can thus undergo greater plastic deformader the given load. For
machining applications in which BUE formation is prominent, such qualities of the CrN
coating are very important since they prevent coating delamination when BUB (v egl

during machining, providing better tool protectidinus, the enhanced performance of the
CrN coating can be related to its lower hardness and toughness characteristics. It was
previously shown that a coating with a low H/E ratio delivers better wear resistance in
machining applications that feature adhesivear. Thus, the elastic strain to failure
characteristic (H/E ratio) is critical for attaining better tool life under heavy loaded tooling
applications where severe surface layer deformation occurs during friction [28,37].
However, suctbehaviourmustbee val uat ed i n conjunction wit
index values (Table8.2). For heavy loaded applications, the coatings must have an
enhanced capability to dissipate the frictional energy generated by severe surface layer
deformation. The greater tle@mergy dissipation, the lower the amount of energy expended
on the deformation and damage of the substrate material. A higher plasticity index indicates
greater energy dissipation under loading. Thus, the high plasticity index CrN coating
exhibited betteperformance than the AITIN coating. The plasticity index and the H/E

parameter both have similar ramifications [4,38]. These parameters could be applied to
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assess the wear performance of a heavily loadedgyisi@m under the severe adhesive
wear conditbns typical of titanium machining. Therefore, the CrN coated tool, which had
a higher plasticity index and toughness combined with a lower hardness and H/E ratio,

demonstrated superior tool wear performance and longer tool life.

g
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Figure 3.11. Atomic force microscope (AFM) images of surface topography of the coatings with arithmetic
mean height (Sa) values: (a) AITIN; (b) CrN.
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Figure 3.12. Evolution of coefficient of friction at different passes during repetitive wear test at 0.75 N for
AITIN and CrN coatings.
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Figure 3.13. Optical images of the ramped load scratch test track with coefficient of friction and acoustic

emission data for the AITIN coating.
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Figure 3.14. Optical images of the ramped load scratch test track with coefficient of friction and acoustic

emission data for th€rN coating.
3.3.3.Assessment of Tribological Performance
It is evident from Figure8.3i 3.5 that the BUE resulting from titanium adhesion and
crater wear intensity is significantly reduced in the CrN coated tool compared with the
uncoated and AITIN coated tools. This welaehaviour and subsequent tool life
improvement could be attributed to the micromechanical (section 3.2) and tribological

charateristics of the CrN coating, which include lower hardness, H/BHf&f ratios, and
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higher plasticity index compared to the AITiN coating (Ta®®). A lower H¥YE? ra-tio

and hardness indicate the low brittleness of CrN, which also has a highemnessgfihe
scratch test revealed that the CrN coating failed due to localized plastic flow deformation
and had a lower sliding contact friction. Such a combination of mmwchanical
properties provides the softer and tougher CrN coating with an enhancaullibapo
withstand intensive sticking without delamination, and improved -ogaal
characteristics under heavy loaded tooling applications.

The tribological performance of the coatings, discussed in the following paragraphs,
was evaluated through: An analysis of tribdilm formation at the todlchip interface
during machining; 2) an evaluation of the coefficient of friction of the coatings with respect
to temperature; and 3) an assessment of the chip characteristics (Babkdl Zinalyses
confirmed that the CrN coated tool provided better tribological performance.

The tribological performance of a coating is strongly dependent on itadagitive
behaviour Thi s is directly related t ooxilehad coat
the tooli chip interface during cutting [14]. Tribidms influence tool weabehaviourin
two ways: by providing in situ lubrication that reduces the intensity of BUE formation and
by serving as a thermal barrier on account of the low thermal conductititg génerated
tribo-oxides [14]. Figure3.15 shows the coefficient of friction versus temperature data for
the uncoated, AITiIN coated, and CrN coated tools. The instrument used to determine this
correlation mimics the adhesive interaction present duritijmqgwnder a heavy load. The
coefficient of friction values for the CrN coating were considerably lower than both the

uncoated and the AITiIN coated tool, especially at temperatures betwéa®65C, which
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are typical for the outlined machining conditorj10]. Such superior tribological
performance from the CrN coating can be attributed to its ability to form lubricious and
thermal barrier tribaxides during cutting. The XPS analysis on the worn tool confirmed
tribo-film formation, as evident in Figurg.16. The obtained data reveal that the CrN
coating undexvent tribcoxidation and formed &r.Oz tribo-ceramic layer on the surface

of the tool. These tribtayers have a corundum structure [39] and provide lubricating
characteristics [40] and enhanceeérthal barrier properties at high cutting temperatures
[41]. Cr0s tribo-films thus decrease friction at the tbchip interface, thereby
significantly reducing BUE formation as well as crater wear intensity during the machining

of a Ti6AI4V alloy.

Table3.3. Tribological performance evaluation through chip characteristics for AITiN and CrN coatings.

. Chip Compression | _ o R Chip Sliding
Coating Ratio - CCR U -ShearAngle () | (=) Shea Velocity (m/min)
AITIN 1.11 51.90 0.56 50.0
CrN 1.36 58.23 0.39 61.1

=@= Uncoated |
b= AITIN
e~ CrN

Coefficient of
Friction, p

o o ot o

[ N w E=

o
o

0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figure 3.15. Coefficient of friction vs. temperature data for uncoated, AITIN and CrN coated tools obtained

from high temperature/heavy load tribometer.
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Figure 3.16. High resolution XPS data (Cr 2p spectrum) of worn rake surface of CrN coated insert

confirming formation o€r,0s tribo-oxides.

Tribological interactions occurring at the tochip interface play considerable role in
forming the chips. The characteristics of the chips collected after approximately 50 m of
machining length were evaluated, and the results are summarized in 3[&blEhe
tribological characteristics of the AITIN and CrN coatingsnpliment the coefficient of
friction data shown in Figur.15. The chip compression ratio and shear plane angle were
greater for the CrN coating. This indicates that a low shearing force acted on the chips
produced by the CrN coated tool, which resuiteteduced cutting and frictional forces at
the toof chip interface. The chip sliding velocity was alggherin the CrN coated tool,
which reduced the tobthip contact length and friction at the tochip interface. This
consequently impeded temperatuiges at the cutting zone. The analysis of the coated
tool 6s chip characteristics therebighipconfir

interface leads to increased tool life in the CrN coated tool.
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In order to analyze the chip flow processcrss sectional EBSD analysis was
performed on chips collected during machining. Figut& shows the texture orientation
maps and microstructure of the chips. The images demonstrate that the main deformed zone
was largely close to the edge of the ¢hgol interface, and both chips depict grain
refinement in this region. However, the chips produced by the CrN coated tool showed the
formation of ultrafine grains along the shear boundaries. This confirms the superior chip
flow process in the CrN coated todhe accelerated chip flow process also resulted in
dynamic recrystallization of the grains with new grain orientation taking place as observed
in the orientation maps. This may have increased slip planes and, consequently, enhanced
chip plasticity.

001 010

Figure 3.17. EBSD orientation, chip cross sections and phase map of
chip cross sectionga) AITIN; (b) CrN.
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3.4.Conclusiors

Intense BUE formation occurs during the rough turning operation of a Ti6AI4V
aerospace alloy. This phenomenon, combined with the high cutting temperatures generated
during machining, results in rapid tool wear. An effective strategy for minimizing tool wea
is the application of selidaptive PVD coatings that generate lubricious and protective
tribo-layers to counteract the underlying wear mechanisms. A monolayer SFC PVD CrN
coating was demonstrated in the current research, which significantly improvdidetoo
during Ti6Al4V machining as compared to commercial AITiN coating. A CrN coating is
capable of inhibiting the intensive detachment of the coating layer due to its unique
combination of micromechanical and tribological characteristics. In additiergating
generatesCr,0s tribo-flms during machining, which possess thermal barrier and
lubricating characteristics. The developed CrN coating can impede the tool wear
mechanism (cratering and adhesive interaction with the workpiece), thereby sigificant
prolonging tool life. The beneficial micromechanical and tribological properties, in
conjunction with the adaptivieehaviournf the developed CrN coating, were demonstrated
to have delivered superior performancedan the outlined machining conditiofer a

Ti6AI4V alloy.
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Abstract

The machining of Ti6AI4V alloy, especially at low cutting speeds, is associated
with strong BuiltUp Edge (BUE) formation. The PVD coatings applied on cutting tools to
machine such materials must have the necessary combination of properties to address such
an underlying wear mechanism. The present work investigates and showsthay/D
coating can be designed to have certain mechanical properties and tribological
characteristics that improve machining in cases where BUE formation is observed. Three
TiB2 coatings were studied: one low hardness coating and two high hardness coatings with
varied coating thicknesses. Wear performances for the variBuscoated carbide tools
were evaluated while rough turning Ti6Al4V. Tool wear characteristics were evaluated
using tool life studies and the 3D wear volume measurements of the worn surface. Chip
morphology analyses were done to assess thsgtuntribological performance of the

coatings. The micronechanical properties of the coatings were also studied in tetail

relate with the coatingsé performances. Th

turning of Ti6AI4V alloy with intensive BUE formation, the hard&iB. coatings
performed worse, with coating delamination on the rake surface under operéisaas;
the softer version of the coating exhibited significantly better tool life without significant
coating failure.
Keywords

Rough turning; Ti6Al4V alloy; PVD coating; builip edge (BUE), flank wear; tribo

films; magnetron sputtering

96



Ph.D. Thesis M.S.I. Chowdhury McMaster University Mechanical Engineering.

4.1.Introduction

Titanium alloys possess an exceptional combination of mechanical and chemical
properties (high ductility, good toughness, htgmperature strength, corrosion resistance,
and a good strengito-weight ratio) making them very popular in the aerospace and
autonobile industries [1L5]. However, they are very difficult to machine owing to certain
unique characteristics like low thermal conductivity and a high chemical affinity towards
tool materials. These result in high cutting temperatures during machining gtrdpou
edge formation due to intensive adhesive interaction at thehgointerface, causing the
carbide tools to wear rapidly. Consequently, to have a reasonably long tool life, low cutting
speeds are typically used when machining titanium, sacriffmioductivity.

For almost all machining applications, tool coatings have had significant success at
reducing tool wear rates and improving productivity. However, when it comes to machining
titanium, coatings have not achieved the same level of successny cases, coated
cemented carbide tools perform worse than uncoated tools, especially during rough turning
at low cutting speeds where the major phenomenon dictating tool performance is intensive
BUE formation [6]. Many researchers have used PVD coatet$ tto improve tool
performance when machining titanium alloys. However, mid¢ly used PVD coatings,
such as AITIN, AlOs, HfN, TiC, TiN, TiCN, TiN/TiC, TiN/TiC/TiN, and AbO3/TIC,
exhibit lower efficiency than uncoated tools [4,7,8]. This is due to how BUE formation
instigates cohesive debonding and peeling of the coating layer under 1ddd. [Some
researchers [12,13], however, have reported a minor improvement in tool pederwith

TiN, TiAIN, cBN+TiAIN, and TiN/TiCN/TIN coated tools.
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Although PVD coated tools have had limited success with machining titanium, coating
technology has advanced considerably over the years, and with the evolution of coating
deposition technologgeand a better understanding of the unique tribological requirements
of machining titanium, new coating designs are being proposed [14]. Amongst others, PVD
boride coatings have shown significant promise for machining titanium alloysTiBg].
coatings hae high thermal and chemical stability at room and elevated temperatuies [15
19]. Such properties mak&iB> coatings very promising candidates for machining
applications where BUE formation is observed. HoweNi&, coatings have high hardness
and residuestresses making the coatings brittle with low substrate adhesion [16,17]. This
is counterproductive for such applications. However, this issue can be resolved by varying
coating deposition parameters and by using various deposition technologies liltroragn
sputtering [1921]. Recently, it has also been shown fhi@&> coatings have strong self
lubricating properties within the cutting zone [2]. These properties develop due to the
ability of the coatings to form beneficial trifitms through interactio with their
environment [22]. For machining applications where BUE formation occurs, it is of the
utmost importance to enhance the lubricity of the coating since it can minimize BUE
formation and prevent coating detachment under load [9,23].

For the presat paper, thrediB. coatings deposited by magnetron sputtering were
studied: two high hardne3$B. coatings of varied thicknesses and one low hardhiéss
coating. One of the main goals of this paper is to relate the wear performadiBeadated
carbde tools during the rough turning of Ti6Al4V to their mechanical and adaptive

characteristics. The novelty of the present study lies in identifying the best perfd@iBng
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coating for machining applications where BUE formation is observed, and-depin

analysis of the relevant properties which make it perform better than the other types.

4.2.Experimental Procedure

4.2.1.Coating Deposition and Characterization Analyses

As indicated in the introduction, a previous investigation done by the authors has shown
that tool life is significantly improved by the application of i8> coating [2]. Thus, the
sameTiB> coating used in that investigation was selected for the cuimeestigation
(Coating A). The two other coatings chosen for this investigation (Coating B and Coating
C) were the commercialiB> coatings manufactured by Kennametal (designated as
KC5410 grade). All the coating deposition conditions except depositian wiere kept
constant for Coating B and Coating C. The coating deposition times for Coating B and
Coating C were changed to achieve varied coating thicknesses. Coating B had a similar
thickness to Coating A, and Coating C was thicker. The coatings hacediffeardness
levels, with Coating A having the lowest hardness. Taldlenighlights the nomenclature
for the coatings, including the thickness, hardness, and other micromechanical properties
of the coatings.

The coatings were deposited on Kennametal CNMP432 and polished Sandvik
Coromant SPGN120308 tungsten carbide inserts in a 6% cobalt matrix. Turning
experiments were conducted with the Kennametal CNMP432 inserts. All coating
characterizations were performed the flat, polished Sandvik Coromant SPGN120308
inserts for accurate measurements and ease of use. Coating thicknesses after deposition

were measured using the Calotest method with a 25 mm steel ball on SPGN120308 flat
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inserts. Coating thicknesses wererified with high resolution Scanning Electron
Microscope (SEM) images of Focused lon Beam (FIB) cross sections with a Zeiss NVision

40 (Carl Zeiss, Oberkochen, Germany) doehm FIBSEM instrument. The thicknesses

of Coatings A, B, and C were 1.79, 1.&hd 2.89 um, respectively (Table 1)-rxy

diffraction analyses using @U (1. 544427 Angstroms) radi at
Proto AXRD Powder Diffraction System (Proto Manufacturing Limited, LaSalle, ON,
Canada) to determine the crystal structure drel preferred orientation of th€iB2

coatings. Residual stresses in the coatings were calculated by a Proto LXRD Stress
Analyzer (Proto Manufacturing Limited, LaSalle, ON, Canada), using thegsi me t h o d .
The measurements were performed with a multippeexs ur e t echni que at
using a 2.0 mm round aperture with a collection time of 80 s for each diffraction peak. To
carry out the measurements;KiU (2. 7497 Angstroms) radiat.
plane at a diffraction angle of around 8Bdr diffraction peak fitting, a Gaussian function

was applied.

Table4.1. Micro-mechanical properties of the three monolay#, coatings.

Nomenclature Coating A Coating B Coating C
Thickness, pm 1.79 1.82 2.89
Hardness (H), GPa 9.49 + 0.516 36.03 + 2.156 34.18 + 3.512
Elastic Modulus (E), GPa 413.51 £ 10.56 582.12 £ 11.50 581.14 + 24.33
Plasticity Index 0.778 0.494 0.507
H/E ratio 0.023 0.062 0.059
H3/E? ratio 0.005 0.138 0.118
Cutting edge radius of coat 51.38 +3.17 49.77 + 3.58 53.01 +5.20
tools, um
Modified Palmqgvist 1081 0.897 0.643
Toughness, N/um
Yield Stress, MPa 4600 8007 7936
Residual Stress, MPa 1633 +53 1842+ 79 1930 + 36
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X-ray Photoelectron Spectroscopy (XPS) measurements were performed on worn tools
(after approximately 100 m cut) to assess the 4filbo formation in a SPECS system
(Berlin, Germany) equipped with a Phoibos 150-RCD analyzer and monochromatic
radiatons our ce Al KU (1486.7 eV). An initial a
elements present (wide scan: step energy 1 eV, dwell time 0.1 s, pass energy 80 eV) and
detailed analyses of the detected elements were carried out (detail scan: step e8ergy 0.0
eV, dwell time 0.1 s, pass energy 30 eV) with an electron exit angle of 90°. The
spectrometer was previously calibrated with Ag (Ag 3d5/2, 368.26 eV). The spectra
collected were adjusted using the CasaXPS 2.3.16 software using a Qdussiaizian
function after background subtraction. The concentrations were calculated by correcting
the values with relative atomic sensitivity factors.

A Micro Materials NanoTest P3 (Micro Materials, Wrexham, UK) system was used to
measure the hardness and elastic modofiike coatings deposited on the polished-WC
Co samples. A Berkovich diamond indenter was used to perform the nanoindentation at
room temperature. The indenter was calibrated for indenter shape, load, displacement, and
frame compliance according to ISOX#=4 [24]. A minimum of 40 indentations were done
at a |l oad of 50 mN. The | oad was adjusted
roughness and prevent the substrate effect by keeping the penetration depth during
indentation to less than 10% ottbverall coating thickness. Thermal drift correction was
done by collecting 60 s of pestdentation data after each indentation. Nanpact testing
was also conducted at room temperature with the P3 system. Five tests were carried out at

various locatias for each coating with a cuigerner indenter. A load of 20 mN was used
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to do the impact test after every 4 s for a total test time of 300 s. An AntoiNFa&r
Nanoindentation Tester (Buchs, Switzerland) was used to measure the yield stress of the
coatngs. The test was conducted in the sinus mode at a sinus frequency of 5 Hz and
amplitude of 20 mN. A 20 em end radi. sphe
the yield property at a load of 200 mN. Twenty tests were carried out at different locations

for each coated tool at a loading and unloading rate of 400 mN/min.

An Anton PaatRST3 Revetest® Scratch Tester (Buchs, Switzerland) was used to
perform micrescratch tests, mulpass wear tests, and toughness measurements on all
coatings. Micrescratchtests were carried out to study thehaviourof the coatings under
progressive loading. The tests were conducted with progressive loading from 0.5 Nto 5 N
over a scratch length of 0.5 mm at a scratching speed of 0.78 mm/min and loading rate of
7.02 N/min The preandpost opogr aphy scans were done at
radii Rockwell diamond indenter was used to perform all tests. Three scratch tests were
performed on each coating. Mufiass wear tests were also conducted with the same 20
e m gaadidRockwell diamond indenter. Each test was performed with 5 passes over a
track length of 1 mm at a constant load of 0.75 N. Based on the ISO 28,079 standard [25],

a modified Palmqgvist toughness measurement method was used to calculate the toughness
of the coatings. The test was done at a 150 N load with a Vickers diamond indenter. The
toughness values were calculated using the ratio of the load to the sum of the total crack
lengths at the indentation corners. The images of the imprints were takea Véta 3

TESCAN scanning electron microscope (SEM) (Brno Kohoutovice, Czech Republic).
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The surface topography and morphology of Ti®, coatings were assessed using the
tapping mode of an Anton Parr ToscaTM 400 atomic force microscope (AFM) (Graz,
Austria). Commercial silicon probes with 285 kHz of resonant frequency and a force
constant of 42 N/m were used to perform the scans. Aszamsiar ea of 1 &em
used. ToscaTM analysis software (Versiod.8341) was used for image processing and
data analysis of the scans. The thermal diffusivity and thermal conductivity of the coatings
were measured using the laser flash method withisaoMery Laser Flash DL-FL200
system (TA Instruments, New Castle, USA). The measurements were done at 100°C

increments up to 800 °C.

4.2.2.Experimental Setup and Tool Wear Analyses

Cutting tests were performed to analyze the viedraviourof the coated tools. Wet
turning experiments were conducted on an ASTM B265 Grade 5 Ti6Al4V alloy and done
on a Nakamura Tome SC450 CNC turning machining center (Nakahouna Precision
Industry Co, Ltd., Hakusan, Ishikawa, Japan). The wet turning tests were carried out for
roughing operations with industry recommended cutting conditions, as stated i@ Rable
Coated CNMP432 carbide grade (WC, 6% Co) K313 Kennametal turning inserts put on a
MCLN-5° KenlocTM tool holder were used for all tests. The tool holder was placed on a
Kistler Type 9129AA 3component piezoelectric dynamometer for measuring the resultant
cutting forces during machining. The dynamometer was connected to a Kistler type 5010
chage amplifier. The analog to digital signal conversion was done by a National
Instruments (NI) Type 9215 data acquisition card in a National Instruments (NI) cDAQ

9172 DAQ system. A 5 kHz sampling rate was used for collecting the data. The data were
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procesed using National Instruments (NI) LabVIEW 2014. All cutting tests were repeated

3 times for each coating to assess repeatability.

Table4.2. Cutting parameters for machining of Ti6AI4V alloy.

Workpiece  Cutting

Hardness,  Speed, Feed, Depthof Coolant

mm/rev  Cut, mm Condition

Machining Cutting Tool Workpiece
Operation  Substrates Material

HRC m/min
Kennametal Flood
ASTM B265
Rough  CNMPA432 ""; - je5  37i38 45 0.15 7 coolant
Turning  Grade K 313 Ti6AIAV allo (Xtreme Cu
Turning insert y 290)

Tool life was evaluated in terms of tool flank wear which was measured after each
cutting pass using a VHB000 Keyence optical microscope (KEYENCE corporation of
America, Itasca, IL, USA). The cutting tests were continued until each tool reached a
maximum flaik wear of 300 um in accordance with the 1ISO 3685:1993 standard [26]. The
scatter of the flank wear measurements was approximately 10%. Chip morphology analyses
were conducted on chips collected after approximately 50 m of cutting using standard
practices 27].

Volumetric wear measurements were conducted for all the worn tools after
approximately every 600 m of cutting length. The analyses were performed using the focus
variation technology of the Alicona Infinite Focus G5 3D surface measurement system
(Alicona Manufacturing Inc., Bartlett, IL, USA). The system is capable of generating 3D
topographic images of the cutting tools and of measuring the volumetric difference between
the new and worn tools using the Measure Suite module. Before any cutting tests we
performed, a 3D volume dataset of the cutting edge of the new tool was collected for

reference. It was then compared against the 3D volume dataset of the same cutting edge of
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the worn tool after approximately every 600 m of cutting length. The MeasiieenSdule
aligned the two datasets and measured the crater wear andpbuitume of the cutting
tools by calculating the volumetric difference of the worn tool above and below the
reference dataset. The cuttiadge radius of each tool was also meegwsing the Edge

Master module of the Alicona system.

4.3.Results andDiscussiors

4.3.1.Machining Performance Analysis

To assess the performance of the coatings during the wet rough turning of Ti6AI4V,
tool life studies were performed. Figutd presents the progression of tool flank wear on
the coated tools during machining with respect to cutting length. The highdstnféar
intensity was seen for Coating C, followed by Coating B and Coating A. Coating A had
approximately 346% tool life improvement compared to Coating C and approximately
248% tool life improvement compared to Coating B. Coating A also showed the lowest

BUE intensity.
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Figure 4.1. Flank wear vs. cutting length data for the thi&B, coatings during wet rough turning of
Ti6Al4V alloy.
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Figure4.2 shows the progression of tool wear and the 3D difference measurement of
the cutting edge after every 600 m of cutting length for the thige coated tools. The
tool wear was mainly concentrated on the cutting edge and dictated by two tool wear
mechanims: adhesion of the workpiece material leading to BUE formation at the cutting
edge of the tool and crater wear occurring due to the generation of high cutting
temperatures. As can be seen from the 3D images, the volume of BUE formation was
significantly dfferent for the various coated tools. The harder Coatings B and C showed
substantial BUE formation, especially during the initial stages of the cut. Crater wear was
also seen to be higher for Coatings B and C. The lowest BUE formation and crater wear
progession was observed for Coating A, which had low hardness. Figresd 44
illustrate the evolution of BUE formation and crater wear as cutting progressed for the three
TiB2 coatings. BUE formation is unstable and dynamic in nature. Béhaviours quite
evident from the fluctuation in peak volume compared to previous machining passes, as
seen in Figurd.3. As BUE breaks off, it often leads to coating delamination and tool edge
chipping. Coating Abés | ower B Udpwhileocuttm@gt i on
therefore reduced the probability of tool edge chipping. Thus, the reduced BUE formation
together with delayed and lower crater wear intensity led to uniform and stable tool wear
for Coating A. It is important to point out here that the pedlcrater wear value for Coating
B at 600 m of cutting length (Figue4) was due to the BUE covering the crater wear on
the rake surface of the tool. This can be corroborated by the 3D images and BUE

progressive volume data (Figu4g8 and4.3).
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Figure 4.5 shows the variation in cutting forces for the three coated tools. The forces in
all directions are lower for Coating A than for the others. This indicates that Coating A had
lower cutting and frictional forces. All the coated tools had a similamguétdge radius
(see Tabld.1) confirming that the variation in cutting forces was entirely due to the coating
variations and not due to microgeometry changes in the tool. Chip characteristics provide
valuable insights into the tribological interactiomaking place at the toahip interface
during machining. The characteristics of the chips collected after approximately 50 m of
cutting length are presented in TaBl8. Analysis of the chip characteristics showed an
improvement in tribologicabehaviourfor Coating A. Both the chip compression ratio and
shear plane angle were higher for Coating A. These suggest that the cutting and frictional
forces at the toethip interface were lower due to lower shearing forces acting on the chips.
This complements thdata on cutting forces. Coating A also had a higher chip sliding
velocity which confirms that there was lower friction at the-4dup interface and indicates
that the toolchip contact length was shorter. These led to lower cutting zone temperatures

ard consequently increased the tool life of Coating A.
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Figure 4.2. 3D progressive wear difference measurement of the coated tools highlighting evolution of

built-up layer and crater wear during machining.
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Figure 4.3. Built-up volume progression vs length of cut for the tAn@&s coated tools considering the

peaks above reference surface of the original tool.
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Figure 4.5. Variation of cutting forces for the thr&éB, coated tools.

Table4.3. Tribological performance evaluated through chip characteristics foiBe coatings.

Coating Chip C_ompression 0 - Shear Angle ( =) _ S| C@gligﬁ;ng
Ratio - CCR ) Strain .
(m/min)
Coating A 1.18 53.7 0.50 52.9
Coating B 1.03 49.6 0.63 46.5
Coating C 1.07 50.7 0.59 48.2
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4.3.2.Coating Characterization

Detailed micremechanical and structural analyses of the coatings were conducted to
assess the wednrehaviourof the coatings during machining. XRD patterns for all the
coatings are shown in Figudes. These indicate that the crystal orientations andtsitres
of all the TiB> coatings were quite similar. Distinct peaks with varying intensities were
observed for the coatings at crystallographic planes of (001), (100), (101), (002), and (110).
For all the coatings, the (001) peak had the strongest intesisgigesting that the coatings
had a significant preferred orientation at the (001) crystallographic plane. The XRD
analysis shows that all the deposited monolaki&: coatings have hexagonal crystal
system (ICCD 0@035-0741). The irradiated area for tK&D analysis was the same for all
three coatings. The XRD peaks are broader for coating B and C compared to Coating A
suggesting higher dislocation density, which is contributing to the higher hardness of

Coating B and C.
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Figure 4.6. X-ray diffraction mtterns of the thre&iB, coatings.

Figure 4.7 shows high resolution SEM images of the structural characteristics and
Figure4.8 shows the cross sections of all three coatings. Both figures indicate that all three
coatings have columnar structures. The AFM topography scans presented id Bigise
show that the size of the top of the columns [28,29] which in case of CoartgeNargest
indicating the presence of thicker columns compared to Coatings B and C where the
columns are found to be finer. Coating A also shows slightly increased roughness (Sa =
8.06 nm) in nanometer scale due to somewhat more curved column toperf&jred to
coating B (Sa =5.21 nm) and C (Sa = 6.18 nm). Due to the thickness difference, although

still much finer, Coating C has slightly larger column size than Coating B. The effects of
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these differences in the coating structures are also evidengththe differences in their
properties and deformatidoehavious, as discussed below.

Figures4.714.9 also show that the column sizes, distributions, and-ouiemmn
spacings are different specially in case of Coating A. Previedspth investigatios [28
32] have shown that these differences in columnar structures can affect coating properties
and depending on the application, their performances. For example;ohtem spacings
play an important role in effecting residual stress, hardness [3&]3@nd crack
propagation [30]. Lower intezolumn spacings or highly dense column boundaries result
in higher compressive stress and hardness [28]. Therefore, the lower residual stress as well
as the hardness (Tabdel) in Coating A can be associated twihe subdense column
boundaries or higher inteolumn spacings [28] as can be seen in the SEM images. XRD
investigations, as discussed earlier, also indicated higher dislocation densities in Coatings

B and C which can also contribute to their highedhass values (Tabll).
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Coating A

Figure 4.7. SEM surface morphology of the thré, coatings: (a,c,e) at low magnification, (b,d,f) at high

magnification.
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Coating A
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Figure 4.8. SEMimages of FIB crossections of the thregiB, coatings showing coating thickness and
structure: @,c,8 at low magnification, If,d,f) at high magnification.
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Figure 4.9. AFM images of surface topography and column boundaries of the difféBerttoatings with
arithmetic mean height {pvalues.

The coating thicknesses, miempechanical properties, and other related
characteristics of the coatings are presented in Tdlle Coating A coating had

considerably low hardness compared to the other coatings. The elastic modulus of Coating
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A was also laver compared to the other two coatings but not as significantly lower as in
the case of its hardness. The softer Coating A had lower H/B3Etratios than the other
harderTiB2 coatings. The H/E anHI®/E? ratios of the coatings are calculated from the
coatingbébs hardness and el astic modul us. H/
correlates well with how elastic the contact point of a coating stays during mechanical
contacts [33,34]. ThEI*/E? ratio indicates resistance to plastic defornratamhigher value

of H¥/E? usually suggests that the likelihood of coatings to deform plastically is reduced
[35]. The substantially lower hardness of Coating A was the main contributing factor for
the coat i ngo6BYE ratiow Such aHoorEbinatiwotproperties implies that
Coating A was less brittle. Although Leyland et al. [33] suggest that coatings with a higher
H/E ratio usually led to a reduction in wearr, it is reported in the literature that for machining
applications with an adhesive wearechanism, as observed in the rough turning of
Ti6Al4V, coatings with lower H/E ratios show better wear resistance [36,37]. Similar
observations were also made in the current investigation, where Coating A showed the best
wear resistance properties. Herfog,high tool load applications, typical when machining
titanium, where severe deformation of the surface layers is possible, an optimized

combination of H and E values is crucial for longer tool life.

It is also important for the applied coating in suglplecations to have an enhanced
ability to dissipate the frictional heat energy that is produced due to intensive deformation
of the surface layers. The more energy is dissipated, the less energy is absorbed into the
tool effectively reducing deformatiomd damage to the tool substrate. The plasticity index,

which is given by the ratio between the plastic work done and the total work done (plastic
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and elastic) during indentation [38], can
energy. Beake edl. [34] reported that a higher plasticity index improved the cutting
behaviourin turning processes where adhesive wear dominates due to a greater ability to
dissipate energy. Thus, a higher plasticity index, in this case for Coating A, indicates the
coai ngds capability to dissipate higher ene
coating means that the coating releases absorbed energy through plastic deformation and
not by brittle fracture, and higher H/E values result in higher critical loadsofeelastic
deformation or the onset of yield during indentation or scratch testing [34]. The yield stress,
determined from the indentation test, of Coating A (Tahlg was lower and therefore
expected to yield early followed by a gradual plastic de&dion. On the other hand, the
higher yield stress of the harder Coatings B and C suggest that they could withstand higher
stress but was followed by drastic brittle deformations. The residual stress datad(Table

also support this fact, where highengaressive stress in the case of Coatings B and C may
have delayed the yield a little, but the inherent higher stress was expected to cause drastic
failure. Thisbehaviouris also evident in the scratch test results (Figdrg@ 4.12, Table

4.4), where thescratch track for Coating A began to show signs of initial deformation or
start of cohesive failure at a lower critical load ()L.®ut underwent plastic deformation
without significant cracking and with more localized deformation (i.e., the only substrate
exposed is within the scratch track, Figdr#0), and the adhesive failure t(based on
penetration depth data and scratch track analysis) was somewhat delayed compared to the
other two. On the other hand, Coatings B and C did not show any gradual deformation or

cohesive failure with clear LCCand started to deform drastically inbaittle manner
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wherever the substrate was exposed, even outside of the scratch track @iguisesd

4.12). The acoustic emission data (Figutdd and4.12) also show clearly how drastic the
deformationbehaviourof Coatings B and C was compared toa@og A. Coating C
underwent the worst deformation, indicating inferior tool performance (FigliyeFrom

a cutting tool life perspective, it could be highly beneficial that the softer Coating A does
not chip in the same way as the harder Coatings Eaarttl less substrate is exposed when
the coating fails. In this way, the surface is better protected by the coating layer. Therefore,
the scratch test results, coupled with the mioechanical properties summarized in Table
4.1, help to explain why flakip off during cutting was avoided in the softer Coating A
layer and why this coating has a potential for better tribological performance under
operation. To study the frictionddehaviourof the coatings, muHpass constant load
scratch tests, also knows avear tests, were performed at a subcritical load of 0.75 N.
Figure4.13 shows that for all the passes, the coefficient of friction was comparatively lower
for Coating A and decreased slightly as the number of passes increased. This indicates that
there vas less friction at the cutting interface for Coating A than for the other two. A chip
characteristics analysis also indicated improved tribolodieddaviourfor Coating A

(Table4.3).
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Figure 4.10. Ramped load scratch test data with optical imaget@ftratch track for Coating A.

Pre-?can Scra}tch Post-lscan

0.0 0.1 0.2 0.3 04 0.5
Distance (mm)
T T T T T T T T T 1

0.5 1.0 1.5 20 25 3.0 3.5 4.0 4.5 5.0
Load (N)

Figure 4.11. Ramped load scratch test data with optical images of the scratch track for CBating

Pre-fcm Scre}tch Post;scan

1
o @8

54 05

£ 9 &3 1 =
244 £0.4 4 -4 E
= S =
= ° £
834 £0.34 -33
5 {13 8
824 §0.2- L2738
e 4 B ] =}
3 S0 18
211 87 B
04 00+ Lo

0.0 0.1 0.2 0.3 0.4 0.5

“Distance (mm)
I T T T T T T T T 1

0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0
Load (N)

Figure 4.12. Ramped load scratch test data with optical images of the scratch track for C@ating

119



Ph.D. Thesis M.S.I. Chowdhury McMaster University Mechanical Engineering.

0.35 T T T 0.35

+ Cowke A ! : ' —Coating A
«— Coating B —— Coating B
~— Coating C 0.30 4 Goating C

0.25 4

COF ()

0.00 r T T T
0.0 02 04 06 08 10
Distance (mm) Distance (mm)
(a) (b)

0.35 T T T -
«— Coating A
-— Coating B

0.30 4 —— Coating C

1 N
AN A 4 h oM AL VISV IR S iaal)
015 1N A A ™ IOAATVITVEA
AR

010-irf.ﬂ N 11 i
P ;

0,054 ! ‘KJ‘ M L3
“ ”Af \ KUN\VAM W/

Distance (mm)
(c)

1.0
Figure 4.13.Evolution of coefficient of friction at different passes during repetitive wear test at 0.75 N for

the threeTiB; coatings after: (a) 1 pass, (b) 3 passesl (¢) 5 passes.

Table4.4. Critical load for crack initiation in coating, LCand critical load for coating failure, LE

obtained from ramped load scratch test for the thFd coatings.

Coating LCi, N LC2 N
Coating A 1.00 2.75
Coating B - 2.01
Coating C - 1.50

It has been previously shown that a higher plasticity index (as seen for Coating A) is
indicative of higher toughness and durability of the coatings [40]. Toughness refers to a
coatingbs ability to absorb enerrgstedakr i ng
propagation in the coating [41]. The modified Palmqgvist toughness test confirmed that the

softer Coating A had higher toughness than the harder Coatings B and CATalsénce
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all the coatings were deposited on the same substrate matkeabariations in the
toughness values obtained were entirely due to the applied coatings. £igushows

SEM images of the imprints and the crack formations under indentation load. Cracks along
the edges of Coatings B and C indicate the brittlenésbsese high hardness coatings
compared to the softer Coating A.Nanonpact tests were carried
fracture resistance under repetitive impact at the same spot with a 20 mN load every 4 s
(Figure4.15). The evolution of the impacepetration depths due to progressive coating
damage was continuously monitored. The increase in penetration depth with repetitive
impact was lowest for Coating A, indicating better fatigue fracture resistance. For Coatings

B and C, the increase in peneitvatdepth was significantly higher, indicating the inferior
performance of these two coatings. Thus, the higher plasticity index, lower H/E ratio,
higher modified Palmqvist toughness, and improved fatigue fracture resistance of the softer
Coating A indicat that this coating has the ability to withstand more plastic deformation
than the other two which, from the higher hardness values and higher H/E ratio, are more
likely to fail in a brittle manner. For machining applications where an adhesive wear
mechansm leading to BUE formation dictates tool wear, the coating properties that Coating

A possesses are crucial. BUE is an unstable structure that breaks off intermittently during
machining causing surface damage and coating delamination [42]. Coatingsl tihad fa

brittle manner are more prone to coating delamination during BUE removal. Moreover,
Coating Ab6bs increased ther mal di ffusivity

comparison with the other two, as shown in Figdd6, will be beneficiafor thermal
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energy dissipation at the cutting zone, saving the tool from overheating. This also ensures

that Coating A performs better, resulting in longer tool life (Figlté.

Coating A

VEGAW TESCAN

(a) ‘
Coating B

SEMMV-1000KY WD 16.08 mm
SEM MAG: 907 x Det BSE

VEGAX TESCAN

(c) ‘
Coating C

SEM MV 1000KY  WD: 18.23 mm

SEM MAG: 909 x Det BSE

60 ym U 60 pm “Escn'
(e) (f)
Figure 4.14. SEM images of Vickers indentation and cracks of the thigecoatings from modified

Palmqvist toughness test,¢,e) SE images,bd,f) BSE images.
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XPS analysis on the worn tools shovig®Ds tribo-film formation (Figure4.17). Table
45 shows the relative percentages of the tfios for the threeTiB, coatings. These
tribo-films form due to the selubricating nature of th&iB> coatings [2,22] and enhances
lubriciousness of the coating thereby reducing friction at thedioipl interface. As seen
from Table4.5, Coating A actually has the least amount of tfibn formation although it
gave the best tool performance (Figdr&). This suggests that the superior machining
performance of Coating A is mostly attributed to its unique superior micromechanical
and tribological properties, not just due to the tfilim formation. Therefore, Coating A,
with a higher toughness and plasticity index combined with lower hardness, lower yield
stress, lower H/E anH3E? ratios, and improvethermal properties, provides better tool

protection and longer tool life by preventing coating delamination during cutting.

e Coating C ' ' ' ' ' '
Coating B TiB,
400 — Coating A A =
350 A N
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Figure 4.17. High resolution XPS data (B 1s spectrum) of worn rake surface of theTiBeeoatings

confirmingB,Os tribo-oxide formation.
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Table4.5. Relative percentages of tBeO; phase present on the rake surface of the thiBecoated tools

after approximatsef 100 m cut obtained from High Resolution XPS.

Coating Binding Energy (eV) Relative Atomic Percentage (%)
Coating A 191.9 2.348
Coating B 191.8 4.56
Coating C 191.7 3.815

4.4.Conclusiors

Tool performance during the rough turning of Ti6AI4V alloy is mainly dictated by an
adhesive wear mechanism leading to significant BUE formation. An effective strategy to
improve tool performance in such cases is to use a lubricious tool coating th&t has i
mechanical and adaptive characteristics tweaked to provide better tribological interaction
at the toolchip interface and reduce and minimize the effects of BUE formation. Amongst
others, th@'iB» family of coatings have shown great promise for the mméwip of titanium
alloys.

The micromechanical and tribological properties of a coating have a direct relation to
the wear performance of a tool under machining conditions associated with strongpbuilt
edge formation. The properties of the coating strprnglky depending on the deposition
parameters and techniques applied. In the current researchTifBsematings deposited
by magnetron sputtering with varied coating thicknesses and hardness values were
investigated. All the thre&iB2 coatings formedB.Os tribo-films during machining which
increased lubriciousness of the coatings reducing friction at thechgolinterface.
However, despite having lower amountiabo-film formation, the thifliB2 coating with

low hardness showed more significant thi@ improvement during the rough turning of
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Ti6Al4V alloy than the thin and thicKiB2 coatings with high hardness. This could be
attributed to the fact that the low hardn@#. coating has the ability to minimize BUE
formation and prevent coating delanation due to its unique blend of micromechanical
and tribological properties. The low hardndsB. coating under the tested machining
conditions presents favorable combinations of mechanical and thermal properties and
improved tribological propertiesith less substrate exposure, which ultimately leads to

enhanced tool performance.
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Chapter 5. Conclusions and Future Work

5.1. General Conclusion

Despite possessingn excellent combination of mechanical and chemical properties
like high-temperature strength, high ductility favorable strengthto-weight ratio,
desirablgoughness, corrosion resistanigigh wear resistance and fracture resistagice,
theuse of titanium alloys is limited due to its low machinabilityd]1 Titanium alloys are
categorised as difficulio-cut materialsiue to certain unique characteristics such as high
chemical affinity towards tool materials, low thermal conductivity, Hehperature
strength, low modulus of elasticity, etc. These properties result in rapid toglnasang
machining titanium alloyselatively expensive.

An effective strategyor reducing tool wear is to use appropriate tool coatings to help
protect the tool by providing better wear resistaritewever,uncoated straight grade
carbide tools are still being usedndusty for titanium machininglue to a lack of effective
coating[6]. But with the significant advancementtobl coating deposition technology in
recent years, it is now possible to design new tool coatingscaterto the unique
tribological requirements of machinitiganium alloys [7].

In the current research, novel compositions of-adHptive and seluibricating PVD
coatings were developed to address the machinability sssu&i6Al4V alloy during
turning operationsVhile turningTi6Al4V, theadhesion wear meahism whichleadsto
BUE formation and crater wear formation due to high cutting temperature generation

dictates tool performance. However, the severity and rate of these wear phenomena vary
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widely based on machining conditions. Two PVD coatiigB, and CrN, were chosen

based on the expected formation of benefitidlo-films that counteracspecific wear
mechanisms durintherough and finish turning of Ti6AI4V alloy. tdepth experimental

studies were conducted to assess the performance of both coatings against uncoated and
industially recommended commerci@lTiN coated too$ during the rough and finish

turning of Ti6Al4V dloy. Tool wear characteristics were evaluated via tool life stubags
werecoupled with SEM, 3D volumetric wear measurements of the worn tools, cutting force
measurementsand chip morphology analyses. The mianechanical properties of the
coatings wee also studied thoroughiy correlatiorwi t h t he coatings6é pel
coating characterization techniques such as nanoindentation, impact test, scratch test,
tribometer test, thermal conductivity test, AFM, XRD, XPS,48BM etc. Based on the

detailed experimental and analytical segithe major findings of the current research are

summarized below:

1. During Ti6AIl4V turning,theadhesion wear mechanismhichleadsto BUE formation
and crater wear formatiguictates tool performance. Howevene of either BUE or
crater wealis dominant over the other depending on cutting conditibhs in-depth
experimental studies revealed tBAE formationdue to intensive sticking of titanium
on the cuttingtool dictates tool performance during roughniag whereas crater wear
formation due to high cutting temperature generatiwas the dominant tool wear
mechanism during finish turning.

2. SelfadaptiveTiB2 and CrN coatingwereeffectiveatimproving tool performance for

rough turning Ti6Al4V alloy compared to uncoated and AITIN coatedstadlere
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adhesion wear was the dommaool wear mechanisnThe TiB, coatinghadthe best
tool performance due tthe formation ofa B2Os tribo-film which has lubricious
characteristicdeading toreduced BUE formationThe CrN coating provided the
secondbest tool performance for rough turning Ti6Al4V due GOz tribo-film
formation which also has lubricating properties but has lower efficighey B>Os
tribo-films within therough turning temperature range.

3. A self-adaptive CrN coating improved tool performance floe finish turning of
Ti6Al4V alloy compared to uncoated and AITIN coated $ownlhere crater wear
formation dictates tool performance. Tissdue toCr.Os tribo-film formation that has
thermal barrier characteristics in addition to lubricating characteristite8> coating,
however, was found to be ineffective during finish turning operation due to a drap in
efficiency of theB2Os tribo-film at high temperatures.

4. Detailed experimental investigatioimgo the effect othe deposition parameters on the
performance of CrN coating revealed that the optimal deposition paramétethe
best machining performance for finish turning operatioereM Pa nitrogen gas
pressure;50V biasvoltageand 1. 81 em coating thickness.

5. SinceaCrN coating improves tool performance for btiterough and finish turning of
Ti6Al4V alloy, it can posibly be considered as a gengualpose coating for a wider
range of cutting conditions for Ti6Al4V turning.

6. For machining applicationshere BUE formation is observed, coathiydness plaga
significant role in tool performance. It was found that loWardness coatingserform

better than higher hardness coatings since they faglcduseof localized plastic
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deformation and have lower sliding contact friction. Such behiapimvides the lower
hardness coatingsith the ability to withstandntensive stickingpreventing coating
delamination, and improved tribological characteristics under heavy loaded tooling

applications.

Thus, in the present research, the selection and design of thdaelive PVD coatings
for the turning of Ti6AI4V allby was based on the dominant tool wear mechanism and
tribological phenomena occurring at the toblp-workpiece interface. The major focus of
this research was to identify the o a t iumqges @dombination of micromechanical
properties anadaptivetribological characteristics that leads to improvement in tool wear
performance by addressing the underlying dominant tool wear mechanismtbarimggh

and finish turning of Ti6AL4V alloy.

5.2. Research Contributions

The main contributions of this research aretisbelow:

1. The dbminant tool wear mechanism dictating tool performance duhagough and
finish turning of Ti6AI4V was identified. Both adhesive wear leading to BUE formation
and crater wear formation was prevalent during Ti6Al4V turning. However,ione
dominant over the other depending on the cutting conditions. It was established that
adhesive wear causing BUE formation dictates tool performance dimengugh
turning of Ti6AI4V, whereas crater wear formation determines twdiaviourduring

thefinish turning of Ti6AIV4 alloy.
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2. Two selfadaptive PVD coatingsliB> and CrN, that can form beneficiaibo-films
catering to specific wear mechanisms dutingrough and finish turning of Ti6AI4V
alloy, were designedlheTiB2 coating formedalubricousB20s tribo-film andlowered
the tool wear rate during rough turniagproximately 74% compared &m industry
recommended AITiN coated toat the same cutting lengtfihe CrN coating, on the
other handwhich formstribo-film s with both lubricious and thermal barrier properties
providedanapproximately 61% lower tool wear rate for rough turning compared to
AITIN coated tool.TheCrN coating alsétowered the tool wear rate during finish turning
of Ti6Al4V alloy by around 68%

3. It was established that for machining applicatisimerethe adhesive wear mechanism
prevails, lowerhardness coatingserform bettethanhigher hardness coatings due to
their increased capdy to prevent coating delamination and better tribological
characteristics.

4. A CrN coating was developaging a systematic coating development framework and
wasestablished to be a genemlrpose coating for a wide range of cutting conditions
for Ti6AI4V turning. Thenitrogen gas deposition pressure, depositias bbltage and
coating thickness was systematicdlipedfor the CrN coating to achiewhe best tool

performancealuringafinish turning operation

In this research, the role of coating properties #iab-film formation on tool
performance was investigated in detail. It was shown that significant tool life improvement
can be achieved if PVD coatings are designed with mamegohanical and tribologita

propertiesthat aretailored to address the dominant wear mechanism and tribological
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interaction taking place at the techip interface. The knowledge gained and the research
approach adopted can be implemented to design PVD coatings for other difficutt

materials to achieve similar results.

5.3. Recommendations forFuture Research

In the current study, it was shown that tool life can be significantly increased for turning
operatios by designing PVD coatings to have a certain combinatfonicro-mechanical
and tribological properties that addresses the main tool wear mechanism. Two PVD
coatings were developed that address the adhesive wear mechanism and crater wear
formation during Ti6Al4V turning. Similacoatings and coating development stregeg
can therefore be implemented for other machining applications such as drilling, milling, or
tapping especially where the abovementioned wear mechanisms occur.

Other monolayer or multilayer coatings with different alloying elements that can
generatdribo-films must be experimented aman attempt to further improve tool life.
Since it was found thatiB2 and CrN coatingform beneficiaB20sz andCr20s tribo-films,
it may be worthwhile to investigate a combination of these two codgngs a monolayer
CrB2 or a multilayerTiB2/CrN coating. A very elementary investigation done with a
monolayer CrB and a multilayerTiB2/CrN coating revealed that both coatingsvé
potential but eachhave their own challenges that need to be addressedliminary
deposition was donesing a&c and sputtering CrBtargets. However, deposition was not
successful because both targets cracked during depositicsrmay be due to éhthermal
shock and the target being brittle which is a common issue for boride targets. To solve this

issue, extra measures need to be taken such as better target design with proper back plating
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for more effective heat transfer away from the target oramsénstrument with better
cooling system or lower heat generation during deposition. Furthermore, deposition
parameters can be adjusted to possibly avoid craclkiag.the multilayerTiB2/CrN
coating, coating thicknesses of each layer must be optinozsutain benefits from both
layers. Compatibility and good adhesion between the two layers of the coating must also
be ensured.

As this researchhas focused on coating development, the effect of the developed
coating orthesurface integrity of the machideurface was not fully investigated. Surface
integrity studies should therefore be performed to better understand the effect of the
developed coatings on the workpiece.

During cutting, mechanical and thermal stress distribution on the cutting tool
significantly affects coating performance. In addition, temperature distribution on the tool
also affects tribo-film formation. It is very difficult or nearly impossible to accurately
measure the temperature and stress distribution on the tool during machihg finite
element modelling. Therefore, to better understand amdlate the effect of temperature
and stress distribution on the performance of the coated tools, a comprehensive finite
element model needs to be developed.

Cutting edge preparation can significantly affatbolé sicrogeometry and substrate
properties. With edge preparatjaris possible to redudbemanufacturing defects of tools
and improve coating adhesion and coating quality. Edge preparation cée @sne after

coating depositionwhichcan further enhance the coating quality and performance. Hence,

140



Ph.D. Thesis M.S.I. Chowdhury McMaster University Mechanical Engineering.

an indepth study on the effect of different edge preparation techniques on the coating

guality and tool performance needs to be done.
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Appendix A: Tool Wear M echanismDuring Rough and Finish

Turning of Ti6AI4V Alloy

A.1. Preface

PVD coatings fothemachining of Ti6Al4V alloy should bgelected and designed with
consideation forthe unique tribological phenometieatoccur at the toethip-workpiece
interface and the dominant tool wear mechanism that dictates tool fBiluteg Ti6AI4V
machining, significant BUE and crater wear formation is observed. Howevefponef
wearis dominant over the other depending on cutting condisoals as rough turning and
finish turning. Sincecutting tool performanceis strongly dependent ormachining
conditiors, it is of utmost importance to study in detail the underlying tool wear
mechanisra undervarious machining conditions during Ti6AlI4V tung. It has been
previouslyshownthatTiB 2 coatings provide strong selfubricating properties at the cutting
zone duringthe rough turning of Ti6Al4V alloy [1]. Hence a preliminary study
compkmenting the current research work was conducted to shedgffect of different
machining conditionsn the tool wear mechanisms and wear performance of uncoated and
TiB2 coated cemented carbide te@thile turning Ti6Al4V alloy. Part of thestudy was
pubished in the following journal articld?aiva, J. M., Shalaby, M. A. M., Chowdhury,
M., Shuster, L., Chertovskih, S., Covelli, D., Junior, E.L., Stolf, P., Elfizy, A., Bork, C. A.
S., FoxRabinovich, G. S., & Veldhuis, S. C. (2017). Tribological and vpesformance

of carbide tools withilriB, PVD coating under varying machining conditions of TiAI6V4
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aerospace alloy. Coatingsplume 7, Issue 11, pp. 18Thegoal of the papewasto relate
different machining conditionsluring Ti6AI4V turning to the tribological and wear
performanceof cemented carbide tools and to the underlydwminant tool wear
mechanismsRough turning a&low cutting speed of 45 m/min and finish turning@aigh
cutting speed of 150 m/minesestudiedn detail It wasfound that BUE formation dictates
tool performance during rough turning whereas crater wear formatigithe dominant
tool wear mechanism during finish turninthe study also showed thailiB> coating is
very efficient under rough turning conditiobat practicallyuselessat the higher cutting
speeds of 150 m/min under finishingeratiors. This has been discussed in detaiPart
A of this appendix.

Since, duringthe finish turning of ttanium, crater wear dominates flank wear, it is
necessaryto investigate seladdaptive coatings that cafurnish thermal barrier
characteristics througlribo-film formation. With that in mind, a CrN coating was
developedat the MMRI with the expectation that €D tribo-films will form that cargive
thermal barrier properties at a high cutting temperaGeaerally, &CrN coating is a good
candidate for machining neferrous alloys because thdyave a very low affinity for
nonferrouswvorkpieces 2]. CrN is also known to have high chemical stability, resulting in
good corrosion and oxidation resistanc®, [and good tribological properties (low
coefficient of friction) and toughnes4-f]. These properties aceucialfor the machining
of sticky titanium alloysCr-O tribo-film s also have lubricating characteristicakingCrN
a good candidatéor machining applications with intensive BUE formati@uch ashe

rough turningof Ti6AI4V alloy. The performance of the CrN coated tool dgiherough
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and finish turning of Ti6Al4V alloy was investigated and bagn discussed in detail in
Chapter2 and ChapteB, respectively It wasfound thata CrN coated tool significantly
improves tool performance compared &o uncoated tool and industry recommended
AITiN coated tool for botliherough and finish turning of Ti6Al4V alloy.

The performance of the CrN coated tool was also compared agaiistcoated tool.
It wasfound thata TiB2 coated tool is superior in performanceat8rN coated tool during
rough turning operatian However, for finish turning operatisnaCrN coated tool is
superior in performance ®TiB> coated tool. These findingsediscussedh detail in Part

B of this appendix.

A.2. Part A: Wear performance of TiB > coated carbide tools under

varying machining conditionsfor TiAl6V4 alloy

This section highlights the preliminary investigation that was conducted to understand
the underlyng tool wear mechanism duritigerough and finish turning of Ti6AI4V alloy.
A detailed account othe FEM of the temperature profile of the techip-workpiece
interface,experimental studies conducted with uncoated EBd coated tod, and the

effectiveness afribo-films formed under varying machining conditions are presented.

A.2.1 Finite Element Process Modeling

The finite element process modeling (FEM) is essential in evaluating cutting conditions,
such as temperature profiles within the cutting zone. This is a critical step in understanding
tool wear mechanisms. During Finite Element Modeling (FEM) for metahgudtifficulty

arises from severe plastic deformation of the metal, which results in extreme tribological
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conditions at the toalorkpieceinterfaces §]. The cutting temperature profile is critical
for understanding and controlling the machining predgls

The modeling was performed with Third Wa
software, which integrates advanced finite element models appropriate for machining
operations. A continuous method for the formation of continuous chips was developed
throuch cutting length of 3 mm. The workpiece material was Ti6Al4V, and its mechanical
properties were obtained using the FEM program database. The input parameters entered

into the code as well as the contact conditions are given in Aahle

TableA.1. Workpiece, tool and coolant material properties and cutting contaatitions fLO-12].

Materials Properties and Contact conditions

Property workpiece Tool Coolant
Densityy ( BRg/ m 4430 15700 980
" Elastic modulusk (GPa) 110 705 -
© Poi ssondds r a 0.33 0.23 -
o Specific heatC, (J/kgfC) 670 178 -
3 Thermal conductivitys-  ( W/ m 6.6 24.0 -
Expansion Coefficient W(um/m/°C) 9 5 -
Tmet, (°C) 1630 - -
Troom, (°C) 20
Heat transfer Coeffh (kW/mz2K) 10
Heatpartition Coeff.,U 0.5
g Friction coefficienty 0.2
‘g‘ Coolant mode Emulsion- Flood
o Coolant Concentration 6%
Jet Coolant Radiugnm) 5
Friction energy transferred into heht, 100%
g g A (MPa) B (MPa) C n m
2 F
%5
683
RN
S E> 782 498 0.028 0.28 1
Qg
o
235
i
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The Johnsoi€Cook phenomenological constitutive model was used for FEM modeling

of cutting temperature calculation modeling (2D mipd10]. This model describes the

workpiece materiabehaviouy considering the separated effects of strain hardening and

thermal softening (eq 1).

Where:

- Y Yi

NG Vi @

A -yield stress of the material under reference deformation conditions (MPa)

B - strain hardening constant (MPa)

n - strain hardening coefficient

C - strain rate strengthening coefficient

m - thermal softening coefficient

T - deformation temperature

Tr - room temperature

Tm - melting temperatu re of the material

- - reference strain rate (1/s)

-Nwi UPYEO]I O0wx OEUUPEWUUVUUEDOWOOUOEODPAT EwbDUT WE wl

- w- plastic equivalent strain

The cutting edge was defined ideally rigid, according with CNGG 432 Grade K313 (Kennametal).

The cutting parameters and tool code geometry used in the simulation are listed in Table A.2.
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TableA.2. Cutting data for the experiments performed.

Machining Cultting tool Workpiece Hardness Speed Feed Igfe Ef:
operation substrates material (HRC) (m/min) (mm/rev) (mm)
Rough Kennametal
turming CNMG432
Wet ' Grade K 313 45 0.15 2
L turning inserts
machining
Ti6AI4V alloy 37-38
Finish Kennametal
turning CNGG432FS
Wet ' Gre}de K313 150 0.1225 0.25
T turning inserts
machining

The 2D models of temperature at the cutting zone are presented in AiguFEM
modeling shows the cutting edge temperature distribution fotwbedifferent cutting
conditions tested. It can be seen that temperatures on the both rake arsdiflaces for
the area close to the cutting edge are around B80°C at rough turning conditions (Figure
A.1, a). However, the maximum cutting temperature rises up to 950°C at a speed of 150

m/min (FigureA.1, b).

23

Temperature (°C)

687.492
645.774
604.055
562.337
520.619
478.901 21
437.182
395.464
353.746
312.027
270.309
228.591
186.873 19
145.154
103.436
61.7178

Temperature (°C)

951.803
| 893.462
835.122
776.781
718.44
660.1
601.759
543.418
485.078
426.737
368.396
310.055
251.715
193.374
135.033
76.6927

2:1

Y (mm)
Y (mm)

Figure A.1. FEM temperature profile ata) 45m/min ancb) 150 m/min.
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A.2.2 Experimental Procedure

The TiB2 coatingwas depositeevith DC magnetron sputtering from a stoichiometric
TiB> target. The parameters of deposition are presezigsivhere [1]The properties of
the TiB2 coating are shown in Table 3. The coating was deposited on cemented carbide
(WC/6%Co0) Kennametal turning inseiitsgrade K313 (CNMG432 and CNGG432FS),
withthefd | owi ng geometry charaxtied;i sdli ear: a rbcaec k
= 5A; cuttioFr@0°eattegangleayn gi BA; bsi de cus9%° ng ed
and nose radius,® 0.8 mm.

Table A.3. Properties otheTiB; coating [1].

Properties
Coatin Architecture i
ing itectu Thickness Hardness Residual stresses (GPa!
(um) (GPa)
TiB2 Monolayer 1.79 15.5+4.3 -0.633+0.0838

The machining experiments of Ti6Al4V aerospace alloy were performed in a
NAKAMURA SC450 turning machining center. The turning tests were conducted for
rough and finishing operations under wet cutting conditions. The cutting fluid was applied
at a flow rateof 14 L/min via a nozzle positioned directly above the cutting tool and directed
toward the tool lip. The cutting fluid was sesyinthetic XTREME CUT 290, typically
recommended for machining aerospace alloys such as Ti6Al4V. The cutting conditions are
presented in TabléA.2. These cutting parameters were selected according to standards
widely used in industry for the machining of aerospace alloys in roughing and finishing
operations. The tool life criterion was set to a flank wear of 0.3 mm. During tiegdest,

the tool flank wear was measured using an
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were repeated three times for each cutting test condition. Flank wear was measured three
times for each insert. The scatter of the flank wear values wad foure approximately
5%.

The coefficient of friction vs. temperature was determined with the aid of a specially
designed apparatutescribed in13]. This apparatus was designed to mimic the adhesive
interaction of the tool/workpiece interface that occdusing machining conditions. A
rotating sample of the coated substrate was placed between two polished specimens made
of work-piece material (Ti6AI4V alloy). To simulate tool/friction conditions, the specimens
were heated by resistive heating to tempeestwanging from 25 to 1000 °C. A force of
2400 N was applied to achieve plastic strain in the contact zone. The coefficient of friction
value was calculated, as a ratio between the shear strength of the adhesive bonds and the
normal contact stress devedmpat the interface. Three trials were performed for each
coating. The estimated magnitude of error in calculating the coefficient of friction was 5%.

Progressive wear studies have been performed for uncoated and coated cutting inserts
under both roughingnd finishing conditions. After each 600 m length of cut, the inserts
were studied by Alicona Infinite Focus 3D optical microscope and scanning electron
microscope (SEM). The 3D analysis of worn tools was performed on Alicona by plotting
the profile of r&e and flank surface wear of cutting inserts. Based on the combination of
small depth and vertical scanning, the 3D optical system with Péauated was used to
generate a thredimensional topography with real color information. In order to
characterizehe topography of cutting tools, a 3Dotif analysis was adopted to generate

the regions of cutting tools out of the measured data. According t83$82 [14], a 3D
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motif is defined as a valley and/or peak (hill) which includes the critical point&qpea
valleys and saddle points) and the critical lines (ridge lines and course lines). This analysis
has been performed through of comparison between the worn and unworn cutting edge with
a magnification of 50x. The Volume and square wear modes were neaswr¢he total

amount of BUE and its volume outlined with different colors. Besides the surface profiles
and true color information, the whole areas of the cutting tool can be measured in 3D data.
These values have been reported in the Origin analytodfelare system to stablish
statistical data. The measurement was repeated three times for each insert. The average
error was around 5%. In addition, thigh-resolutionscanning electron microscope (SEM)

(Vega 3TESCAN) was used for the detailed inspettid the worn cutting tools.

The formation of tribeoxides was evaluated through of-rXy Photoelectron
spectroscopic (XPS) analysis on both flank and rake surfac€iBercoated inserts. A
Physical Electronics (PHI) Quantera Il equipped with a hemisgdiesnhergy analyzer and
an Al anode source for-Kay generation and a quartz crystal ma@hoomator for focusing
the generated Xays was used to collect XPS data. A monochromatic-8l Kedy (1486.7
eV) source was operated at 50 ¥8 kV. The system baggessure was as low as 1.0 x
10 ® Torr with an operating pressure that did not exceed 2.0%Tb@r. Before any spectra
were collected, the samples were sputteaned for 4 min using alkAr+ beam. A 200
em beam was wused f osampaes.IApatsenengy af 28D ¢Vevastuged o0 n
to obtain all survey spectra, while a pass energy of 55 eV was used to collect -all high
resolution data. All spectra were obtained at a 45° take off angle. A dual beam charge

compensation system ensured neutrabpadf all samples. Alhigh-resolutiondata was
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calibrated by setting the C1s@peak at 284.8 eV. All data analysis was performed using

PHI Multipak version 9.4.0.7 software.

A.2.3 Results and discussion

Properties of th&iB> coating studied are presentedlable 3. We can see in the data
that theTiB> coating has low residual stresses and low hardness. The coating is thus capable
of sustaining harsh machining environments during the cutting of Ti6Al4V, especially at
low speeds (lower cutting temperatureghder conditions of intensive buildup edge
formation. However, its efficiency varies under different machining conditions (higher

cutting temperatures).

A.2.3.1 Rough turning operation at low speed

Flank wear data is presented in Figite2. The data indicathat TiB, coated carbide
insert shows significant improvement in the wear rate, as sodheasncoated insert
demonstrates intensive wear rate above 300 microns. SEM images show strong buildup
edge formation on the rake surface of the uncoated inset. In contrast, there is very low

intensity of buildup edge formation on the surface offiiB> coated insert.

151



Ph.D. Thesis M.S.I. Chowdhury McMaster University Mechanical Engineering.

strong buildup

350 -
——TiB2

—&—Uncoated

300 -

250 A

200 A

150 -

Flank Wear (um)

100 -

50 -

0 1000 2000 3000 4000 5000
Cutting length L (m)

Figure A.2. Flank wear data vs. length of cut for the uncoated &l coating carbide turning inserts

with SEM images of the worn surface (after length of cut of 4000 m).
FigureA.3 demonstrates HR XPS data on the worn rake and flank surfaces of the cutting
tool. It shows that complex phenomena are taking place during romgimg, which

include:

A Formation of thermal barrier TiC interlayer at the chip/toderface 13, 15|
(FigureA.3a).

A Formation of a substantial amount (around 24.9 at. 9%8,0% lubricating tribe
films which reduce intensity of buildup edge formation through surface lubrication on the

rake surface (FigurA.3b).
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A Formation of a smaller amount (only 6.5 %)Bafs lubricating tribefilms due to

lower temperatures on the flankface in correspondence to temperature profile presented

in FigureA.la.
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Figure A.3.HR XPS data on the worn raka,b) and flank surfacege) after rough turning of Ti6AI4V

alloy: (a) Ti2p;(b,c) B1s spectra.

FigureA.4 exhibits COF vs. temperature data for the uncoated i@ecoated inserts.

The data presented indicates the formatioB-@fs tribo-films that melt at 450 °Clf] and

serve as a liquid lubricant [1]. The temperature during rough turning is relalovely

153



Ph.D. Thesis M.S.I. Chowdhury McMaster University Mechanical Engineering.

(around 650700 °C, Figure 1agnd these tribdilms are still fairlyefficient [17] (see SEM
images in Figure A.2).

At higher temperatures, (machining at higher speeds) they do not perform their
lubricating role with similar efficiency (see Sectior28.2). Thisbehaviouwas observed

and reported by Senda et dl8] and Munro [L9].
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Figure A.4. Coefficient of friction vs. temperature data for the uncoatedTaBgcoated

inserts: (1) uncoated; (2)iB; coated.
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A.2.3.2 Finish turning operation.

Flank wear rate data are presented in Figube Tool life is very similar for the coated

anduncoated inserts. According to FEM showed in Figirgb the temperature on the

rake surface iaround900' 950°C.

300

-=-Uncoated
2=TiB2

250

200

150

100um_600x

Flank Wear (um)

100

50

3000 3200 3400 3600

1600 1800 2000 2200 2400 2800 2800

0 200 400 600 800 1000 1200 1400

Cutting Length (m)

Figure A.5. Flank wear data vs. length of cfatr the uncoated andliB; coated carbide turning inserts
under finishing operations at 150 m/min

3D progressive wear volumes evaluation was performed by Alicona microscope. 3D
images ofworn inserts after 600 (Figue6 a,8, 1200 (FiguréA.6 b,f), 1800 (FigureA.6
C,9), 2400 m (Figuré.6 d,h)length of cut are presented in Figéx&®. In this case, the red

color represents a material adherertuting tool (BUE) while blue color shows damage

generated at the cutting to@kater wear).
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UNCOATED TiB>

. e
hm;uam&m:gg

H

Figure A.6.3D progressive wear volume data on uncoatédi{andTiB,-coated (&h) inserts,
finishturning at 150 m/min. (a,e) 600 m lengthcat; (b,f) 1200 m length of cut; (c,g) 1800 m length of
cut; (d,h) 2400 m length of cut.

Numerical data on the volumetric 3D wear measurement for uncoatddBwcdoated

insertsis presented in Figurg.7.
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Figure A.7. Numerical data on the volumetric 3D wear measurement for uncoatet@iBndoated inserts,

finish turning at 150 m/min: a) rake surface square covered by buildup; b) volumetric 3D wear data.

During the initial stage of wear, intensive adhesion of the weckpmaterial to the rake
surface face can be observed (Figaré a-b and ef) for both uncoated and@iB. coated
tools. Formation of the unstable buildup structure and its further tearing leads to the
chipping on the cutting edge (see Figué c-d and gh, as well as Figuré.6 b).
Moreover, chipping of the cutting edge leads to an increase in the intensity of the buildup
edge formation. This is because the buildup edge tearing also removes a part of the cutting

edge, which correspondingly may intengifytting edge chipping.
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SEM HV: 20.00 kv W
View field: 1.44 mm
SEM MAG: 200 x

Figure A.8. SEM images of the Coated tool worn surfat&50 m/min.

XPS analysis was performed at the very cutting edge (see the spots marked at figure
A.8). FigureA.9 presents XPS data under different speeds in the area of the cutting edge
for both rake and flank worn surfacég. the higher speeds of 150 m/min the mechanism
of wear is changing: buildup is quickly worn out (Figit8) and therefore the TiC thermal
barrier layedoes not form15] (FigureA.9 b). Higher temperatures under operation (above
900950 °C, FiguréA.1 b) [20] leadto intensive cratering (Figurés1 b;A.6 b). Therefore,
two simultaneously occurring phenomena affect flank wear rate (FAghyea) the buildup
edge tearing off and b) the crater wear. The flank wear intensityBofcoated tool is
similar to the uncoated one. Formation of a large amount of lubric&i@g and WQ
tribo-films (FigureA.9 ¢) does not result in high tool life. This is probably due to a higher

coefficient of friction of both th&iB> coating and uncoated tool at elevated terapures
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(FigureA.4) and dominating crater wear mechanism combined with intensive chipping. On
the flank surface we can only see tritlxidation of both wearingff coating layer and the

substrate (Figuré.9 d).

Figure A.9. HR XPS data on the wosurfaces after finish turning of TiAl6V4 alloy (cutting edge aida)
150 m/min (a,b) Ti2p spectra atake and flank surfaceespectivelyand (c,d)O1s spectra at rake and

flank surfacerespectively
In addition to COF vs. temperature measurementdyitiadogical performance of the
cuttingtools at elevated temperatures was evaluated through chip characteristics. This was
accomplishedvia the characterization of chip undersurface morphology using Alicona

microscope with simultaneo@valuation of theurface roughness. The studies performed
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