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CHAPTER 1: INTRODUCTION

CHAPTER 1: INTRODUCTION

1.1  Turning

Material removal methods have been used in shauiligy material since the Neolithic
period (8000-3000 BCE), including carving, woodwogk and grinding. Although metal
alloying techniques were used in the Bronze AgeD@33500 BCE), it was not until the
Industrial Revolution (1770-1850) that modern mdthof material removal were developed
in manufacturing. For metal, these include boringning, drilling, milling, shaping and

planning [1].

Turning is one of the most important techniquesniaterial removal. It is used to
remove layers of materials, and involves the rotatif a workpiece as a cutting tool is moved
across its surface. The cutting tool is set toeagmrecified cutting depth (in mm or inches) with
the cutting surface parallel to it, and moves vatipre-specified velocity in relation to the
rotation speed of the workpiece. This velocity r@alled the ‘feed rate’) is simplified as the
distance travelled by the tool parallel to the iogttsurface per unit of revolution of the

workpiece (stated in mm/rev or in./rev) [2].




CHAPTER 1: INTRODUCTION

1.2 Difficult-to-machine material

The term ‘difficult-to-machine material’ is seliglanatory. These types of material
entail greater manufacturing costs to produce comepts. These stem for example from
reduced tool life, increased production time ansustainable accuracy. Several materials have
been identified as difficult to machine, such &nium alloys, Inconel, and cemented carbide.
This study focuses on titanium alloys and cemertathide (tungsten carbide with cobalt

binder), as these materials are commonly usedrinousindustries.

1.2.1 Titanium Alloys

Titanium is an elusive material with highly desiematerial qualities, which has been
used in the aerospace, medical, automotive ineéssétinong several others, owing to its high
strength-to-weight ratio, ability to withstand edé®d temperatures, and excellent corrosion and
fracture resistance. The aerospace and militanysines have been the main users of titanium
alloys — sometimes known as ‘marvel metals’ — wiakie increased production and allowed
the manufacture of smaller components. Howeveffjcdifies during machining makes
manufacturing products using titanium very expeasivhis is due to chemical instability
during cutting, which leads to reactions betweeanstand workpieces. To reduce this effect,
the machining process is tuned down in order togdte tool life. But this reduces productivity,
even as demand is increasing. Careful selecticcutting tool is also important in order to

minimize instability during the cutting process.
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Titanium alloys are basically materials that comtéitanium and other chemical
elements. The main reason for alloying is to imprtwe mechanical properties of titanium to
enable the metal to be used in extreme applicatitorsexample in the aerospace and
biomedical industries. Titanium alloys can be balycclassified into three major classes:
alpha alloys, alpha—beta alloys, and beta allolges& are based on the microstructures of these

materials, and involve various additions and preess

Basically, alpha alloys are much stronger but teggile than beta alloys, while alloys
with both alpha and beta characteristics have nmediwength and ductility [3]. Alpha alloys
are alpha-phase alloys that are not thermallydl#at These alloys generally contain a large
amount of aluminum, ensuring excellent strength amiation resistance at elevated
temperature. Examples of alpha alloys are Ti-5A82 and pure titanium. Alpha—beta alloys
are basically alpha alloys that contain beta-stabg elements (such as vanadium, ferum,
molybdenum and silicon). The role of beta structntéanium alloys is to allow heat treatment
to be applied to modify the strength. One exampbnalpha—beta alloy is Ti-6Al-4V. Lastly,
beta alloys contain a large percentage of metastadth-phase due to sufficient beta-stabilizing
elements. These elements in turn maintain the fledaed structure of titanium alloys after
guenching (thermal treatment), and also enabldyhesof alloy to be solution and age treated.
Stable beta-phased alloys can only be annealedxample of a beta alloy is Ti-10V-2Fe-3Al.

The microstructure of the aforementioned alloydapicted inFig. 1.1
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Fig. 1.1 Microstructure SEM photographs @f) alpha phase of pure titanium, (b) alpha—beta
alloy of Ti-6Al1-4V and (c) beta alloy of Ti-33Nb-15Ta-6Zr [4]

1.2.2 Cemented Carbide

Cemented carbide is a metal matrix composite whard carbide particles or grains
are bonded or cemented together with metal binctemonly used binders are cobalt and
nickel), with or without a small percentage additaf other metals. These materials are usually
found in cutting tools and have been used to ma® ahd molds. The hard carbides used in
cemented carbide are titanium carbide (TiC), tamtatarbide (TaC) and tungsten carbide
(WC) [1]. The hardness of these materials is infaezl by the percentage by weight of the

binder, whereby the lower the binder content, thelér and less tough the material becomes.
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Tungsten Carbide (25% Co wt)

20 um

Fig. 1.2 Sintered cemented carbide of tungsten cdarbwith coba
binder

Common properties of these cemented carbides arg Wgh physical strength and

considerable thermal conductivity. Due to thesgprtes, cemented carbide is widely used
for making molds and dies, and also in cuttinggdaly. 1.2shows a typical cemented carbide
grain under an SEM microscope; the black spotsesgmt the cobalt binder in the cemented

carbide with tungsten carbide in light grey.

Cemented carbides are manufactured by a sinterowegs and shaped as desired by
using EDM and diamond grinding. The sintered gaditungsten carbide with cobalt is shown
in Fig. 1.3 These shaping methods are very expensive, tieusasing the overall production
cost. Research is needed in turning and millingnmid making. These have been seen as
alternatives to existing processing methods, whalid reduce dependency on or completely
replace diamond grinding in the cemented-carbidéen@h removal process. Cutting of

tungsten carbide is known to be chemically stable.
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1.3  Cutting Temperature

Tool life plays an important role in determiningadjty of surface roughness. Tool life
is related to the tool wear rate during workpieaticg. In turning, tool wear depends on the
tool and workpiece material, cutting speed, feeskdp cutting depth, and coolant or cooling
method. In order to increase production rate, rgtipeed and depth of cut can be increased.

But in increasing production rate, tool wear alsaeases.

Cutting temperature is one of the most importamapeters indicating the energy
produced during cutting. It is a product of shegrand friction forces that emerge during
cutting between the tool/chip and also the toolkpce interface. The higher the energy in
the cutting, the higher the cutting temperaturé el this relationship depends on the cutting
depth, feed rate and cutting speed. Cutting tenyeras also influenced by several other
factors including thermal conductivity, tool/workge hardness, ductility, coolant, and

lubrication.

Temperature — especially high temperature — is yaportant in cutting due to its
effects. Excessive thermal energy generated dwtitting is one possible factor in lowering
the strength, hardness, stiffness and wear ressstainthe cutting tool, which in turn can lead
to plastic deformation that changes the tool’s getoyn Such excessive energy also influences
accuracy and dimension on the workpiece duringrguttAt very high cutting temperature,
thermal damage and metallurgical changes usuatlyrcand induce undesired properties on

the machined surface [2].
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1.4 Previous research

Several studies touch on cutting of cemented carlpdrticularly in micromachining
[6, 7]. These studies assess the possibilitieseplacing diamond grinding. Conventional
cutting of cemented carbide is still lacking. Thgyht have been influenced by the move to
near-net dimension manufacturing. However, studissussing the performance of cutting
tools, especially ultra-hard tools such as CBNdiathond-based tools, in conventional cutting

of cemented carbide is relatively low [8, 9].

Meanwhile, the literature on cutting of titaniumlogks is extensive. Cutting
performance of tools has been tested and methogsdeselection of suitable tools for cutting
of titanium alloy have been formulated [10, 11Jshibuld be noted that the cutting of titanium
alloys induces high temperature, which has a thleeffect on the tool. Demand for these hard-
to-machine materials means they have gained d loterest from researchers in particular in
the development of tool materials and cooling méshd he trend is skewed toward high-speed

cutting to save process time and increase producai@ [12].

It is well known that cutting of titanium alloysdaoces very high cutting temperature.
Almost all of the studies done in this area shoghhiool wear on tools used in cutting of
titanium alloys, especially in high-speed cuttifgabhani provides evidence that titanium
carbide provides a layer of protection in a PCDI,tdwt further research is needed to
corroborate this finding [13]. Meanwhile, Rahmamletconcluded that binderless CBN makes

the best tool for cutting of titanium alloy in higipeed milling [11]. It should be noted that the
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studies on cutting of titanium alloys reveal thabls with high thermal conductivity are

preferred [10, 11].

It has been found that the CBN tool performs betteomparison to PCD in cutting of
cemented carbide, and that cutting of cementedd=ib harder with lower binder content [8,
9]. Tool wear in cutting of cemented carbide isitinal [8, 9]. There has been little discussion

of tool failure in cutting of cemented carbide att;g temperature.

1.5  Objectives of the study

This study focuses on the performance of supettioatd in cutting difficult-to-machine
materials, in this case titanium alloy (Ti-6Al-4\nd cemented carbide (WC-Co), two
materials that occupy each end of the range ofcdlffto-machine materials: they have
opposing properties, being very soft and very haaterials, respectively. They are both
vulnerable to chemical wear. It is important togue further understanding of these tools and

their material reactions, as difficult-to-machinatarials are in high demand.

Superhard tools are tools that contain CBN and drairas the base materials, with a
minimum hardness of 30 GPa HV (14). These toolehhree major desirable mechanical
properties: high thermal conductivity, low therngdpansion, and low friction coefficient.
These properties mean superhard tools have corbe in high demand in manufacturing

industries. In this study, superhard tools, inipakar diamond tools, will be used to cut both
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titanium alloy and cemented carbide, assessingptssibilities for use of these tools in
relatively extreme cutting conditions and furtheereases in productivity. The diamond tools

are single-crystal (SC) diamond and binderless mantygcrystalline diamond (BL-NPD).

As the name suggests, these tools are carbon-l#Gaetiamond tools have a very high
thermal conductivity of 1000-2200 W/(m-K) and goextable hardness level of 70-120 GPa
HV. Meanwhile, BL-NPD is made from nano-sized diamccrystals or particles with a
thermal conductivity of 250—-300 W/(m-K) and a stigtmigher hardness of 120-140 GPa HV.
The BL-NPD tool has been chosen in this study b&edle use of this material for tools is
relatively new; it was first introduced in 2012 dieeits very high hardness value. The SC
diamond tool is tested against this tool to compaoé performance. The two tools are tested
together in high-speed wet cutting of Ti-6Al-4V atdether with other tools, using materials
such as PCD (polycrystalline diamond) tools withdars and CBN (cubic boron nitride), in
cutting three grades of cemented carbide (basedrgsten carbide, WC) that vary by binder

percentage.

The performance of the BL-NPD tool is the main ®ciihis study is important to
understand how this and other superhard tools ieasevere cutting conditions involving
difficult-to-machine materials at elevated cuttsgeed. Tool life, especially tool wear, will be
analyzed. This in turn will help improve the selestof tools and their materials to cut these

difficult-to-machine materials efficient and econoaily.
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It is important that the performance of new typebinderless diamond tool is studied
in order to establish the potentials of the nevwhtetogy. The pursuit of the right tool for
cutting of titanium alloys is vital here, due tetfact that machining these types of difficult-
to-cut material is inducing high wearing on theltd®s the chemical conditions during the
cutting of titanium produce the by-product titanigarbide, it is interesting to see how a pure-
carbon-based tool (i.e., a diamond tool) behavamglcutting, especially in high-speed

turning.

Research on tool performance in cutting of cemewtatiide can provide a better
understanding of the requirements for tools in ttmatext. Comprehensive research on tool
wear, cutting force, cutting temperature and s@facighness is needed to formalize efficient
conventions for the cutting of cemented carbided$tof a selection of ultra-hard tools is
necessary in order to establish the best all-raaabfor cutting different grades of cemented

carbide.

In order to explore the unknowns of cutting ulterdhand hard-to-machine materials,

the study is constructed based on certain objextieese are:

I. To assess the machinability of ultra-hard and hendachine materials in severe
conditions.
ii.  To investigate the cutting properties of the secailtra-hard tools on ultra-hard and

hard-to-machine materials at high cutting speed.

10
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ii.  To investigate the influence of the physical prapesrof tools and workpieces on
cutting performance components.

iv.  To establish the best tool among those studieditiing the aforementioned materials.

This study emphasizes the cutting performance @f @inthe hardest tool materials —
diamond — in cutting two of the most difficult-toachine materials, titanium alloy and
cemented carbide. The cutting of cemented carbille®vCBN against several diamond tools
in a comparison of performance. Meanwhile, forniiian alloy, two distinct diamond tools will

be tested against each other to find the besindbk given cutting conditions.

1.6 Thesis Outline

In Chapter 2, a literature review is carried outtool damage, cutting of cemented

carbides and titanium alloy, and cutting temperatur

In Chapter 3, the basic principle of the two-cglgrometer is explained, as well as the

temperature calibration set-up.

Chapter 4 presents the study on the cutting pedoom of the two distinct diamond

tools in high-speed cutting of titanium alloy.

Chapter 5 presents the study on the cutting pedoom of CBN and diamond tools in

cutting three grades of cemented carbide.

Chapter 6 presents the conclusion.

11
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CHAPTER 2: OVERVIEW OF DIFFICULT-TO-

MACHINE MATERIAL CUTTING

21 Tool
2.1.1 Tool Damage

Tool life is governed by the ability of a tool tlmw or subdue tool wear leading to tool
failure. Tool damage is classified in two distirgioups: wear and fracture. Wear is a
phenomenon of material loss in contact with othatamal, which progresses continuously.
Meanwhile, fracture is a sudden event of damage gneater scale than wear; most of the time

it is identified by chipping.

Tool damage is caused by three different kindsastdr: mechanical, thermal and
adhesive. This is illustrated Fig. 2.1 Mechanical damage relates to deterioration iteftidoy
abrasion, chipping, fracture and fatigue, andds ependent on temperature than for example
thermal damage such as plastic deformation, ddfusind chemical reactivity at the tool—
workpiece interface. Here, the higher the cuttiegpperature, the higher the damage rate.
Finally, adhesive damage occurs as the workpied¢errabwelds itself to the tool cutting edge.

This type of damage is also temperature dependént [

14
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Thermal Damage

Adhesion \
N\

Removal rate

/
. N
Mechanical Damage

Cutting Temperatu

Fig. 2.1 Tool damage mechanism and cutting temperature

Wear and fracture are categorized according tq sihech ranges from less than 0.1
pm to 100 pum with four different modes. Fractui th more than 100 um in size is considered
to constitute a failure. An example of tool weasl®wn inFig. 2.2wherewear and fracture

can be clearly seen.

Abrasive wear is caused by the hard particles fiteenworkpiece sliding on the tool.
These hard particles come from the workpiece mianogire. Meanwhile, attrition is related
to abrasion on a bigger scale. Basically, the Iparticles cause microchipping on the tool as
the workpiece and tool slide against each othandwutting. The tool incurs micro-fractures,
which lead to microchipping on the tool surfacestlyg chipping and fracture are caused by
mechanical shock caused by fluctuations in tharguforce. This fluctuation is on a larger

scale than the cutting force experienced by thedoong attrition [1].

15
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15kV X150 100um 21 30 SEI

@ T

15KV X150 100pm 16 30 SEI
(c)
Fig. 2.2(a) Adhesion and abrasive wear on CBN tool iniegttVC
(b) Diffusion wear on diamond tool in cutting aaimium alloy

(c) Fracture/failure on SC diamond tool in cuttivg.

Fig. 2.3Plastic deformation on cutting edge of a tool

Plastic deformation is thermal damage sustainethéycutting tool whereby the tool

geometry changes at the cutting edge as the cosipgestiress increases. This type of wear is

16
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shown inFig. 2.3 This phenomenon occurs due to the high cuttingpegature, reducing the

hardness of the tool and weakening the tool stradd].

Diffusion refers to the tool wear induced by highttmg temperature, with material
from the tool being removed as it diffuses with Wi@kpiece materials. This type of wear is
shown inFig. 2.2 (b) It has been researched by several authors isdhxt of cemented
carbide tools. Other types of material also havweraency of diffusion, such as diamond,
silicon nitride, ceramics and other materials usedanachining steel. Carbon, silicon and
nitrogen tend to diffuse with iron at elevated temgture. It is noted that diffusion wear can be

slowed if a protective layer is applied onto th&ate of the tool, also known as coating [1].

2.1.2 Tool life criteria

In industry, quantitative measurement of accuracyrioducts is related to surface
roughness. Surface roughness is in turn relatéabldife, especially in relation to tool wear.

In order to maintain accuracy, certain limits hawée applied, in particular on tool life [1].

In order to set the tool life limit, tool wear htmsbe measured in the desired cutting
conditions. This will prolong the cutting time, whi is not economical. Observation of the
surface roughness can be used, but there is nd fiakie relation between tool wear and

surface roughness in real-world cutting conditianth only one time observation. Another

17



CHAPTER 2: OVERVIEW OF DIFFICULT-TO-MACHINE MATERIA CUTTING

/ Chip contact area

Crater wear

| Sharp tool line
| Worn tool line

Flank wear

Fig. 2.4 Typical flank weai/, on worn cutting tool

way of studying tool wear involves observationtad tutting chip, but this is difficult to apply,
as measurement is difficult in mass production. dhly effective way to determine optimal
utilization of the tool in industry is to determirtee number of components that can be
produced with one tool or a set of tools. This apph can be used in a preliminary test, but
the calculation must take into account the safetgtdr, which ultimately increases the

manufacturing cost. [1]

Tool wear has been a fundamental component in siegetool life in laboratory
experiments, since it is easy to determine qudividy in a lab setting. Flank wear has always
been used as an indicator of surface roughnesaaacy. An example of flank wear width

as used in tool life measurement is showifriln 2.4 A standard measurement limit of 300

18
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microns is applied. This value is increased suctoansure the tool does not fail during the
experiment, limiting the tool usage based on serfatighness and accuracy. Crater wear is
another indicator for tool life. Surface roughnassl accuracy are independent of this type of
wear. Crater wear can therefore be seen as a hatieator of the machinability of diverse
tool and workpiece combinations. Generally, crakepth between 0.05 and 0.1.mm can be

seen as a sign of the end of tool life [1].

2.2 Material

2.2.1 Cutting of titanium Alloy

The aerospace and military industries have been osers of titanium alloys. These
industries emphasize increased production and teation of smaller components. High
production means that material removal is alsoaxl, The quickest way to increase the

production time is to increase the cutting speed.

Most of the research done in this area has shoatrtitanium alloys are indeed hard-
to-machine materials. Higher cutting temperaturhicreased cutting speed is possible due
to the low thermal conductivity of titanium allogs the thermal energy is concentrated at the

tool-workpiece—chip interface. This ultimately iaases manufacturing cost [2].

Titanium alloys have been identified as havingrarg carbide-forming tendency. A

semi-empirical classification produced in 1995 @ades that titanium on its own has a very

19
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high affinity to form carbide in comparison to nioim, vanadium and molybdenum [3].
Titanium carbide (TiC) is a strong material in itsand the forming of this material on the tool

might help to cut the titanium alloy in the process

One study has suggested that, in cutting of titadnased material, tool candidates
should show certain properties, as follows: thédbup edge formed in cutting is strong enough
that the chip slides smoothly; chemical stabilityl dow solubility with Ti; adequate hardness

and mechanical strength [4, 5]. PCD tools possessetattributes.

As illustrated inTable 2.1, Pettifor formulated a relation indicator for foknown
metals with carbon [3]. This is described empiticahowing the strength of reactivity with
carbon using the enthalpy values of carbide foromatrrom this table, Pettifor concluded that
the more negative the value of the carbide-forneinthalpy of a metal, the higher the affinity

of that metal towards carbon.

Table 2.1 Enthalpies of formation of carbides

Metal Carbide | 4H kJ/mol
Titanium (Ti) TiC 92
Niobium (Nb) NbC 71
Vanadium (V) VC 51

Molybdenum (Mo) MoC 5

20
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Meanwhile, another study pointed out that thedeations might not be an issue using
carbon-based tools, as the carbide formed mightdmepact and strong [6]. The authors
concluded that, in cutting of titanium-based materiool candidates have to show “strong
interfacial bonding between the tool and the chipreate a seizure condition at the chip—tool
interface, low chemical solubility in titanium toeate a barrier to the diffusion flux of the tool
constituents into the chip and sufficient hardreas$ mechanical strength to maintain physical
integrity”. At the time of writing, the PCD tool iacknowledged to possess all of these

requirements.

It has been found that, at 500°C, almost all concrably available tools will react with
titanium alloy [7]. The temperature gradient intmg of titanium alloy is similar to that in
cutting pure metal, though the alloying titaniunedncrease the cutting temperature [5]. This,
in turn, limits the allowable cutting speed of tioel if tool life is to be improved. Another
study suggested that very high temperature inrgutf titanium alloy is due to shorter cutting
length in comparison to cutting steel [8]. Thesadibons might lead to the conclusion that
tool candidates for titanium cutting should havghhielevated-temperature hardness to
overcome the high stresses from the cutting prosestable thermal conductivity to reduce
thermal shock, good chemical dormancy to subduectt@mical reaction with titanium,
adequate toughness and fatigue resistance to edldipreegmentation, and high compressive,

tensile and shear strength [7].
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2.2.2 Cutting of cemented Carbide

Tungsten carbide (WC) is used in manufacturing $tidless, where its use is grouped in
three major areas according to the hardness an@itigier content: mold, dies and tools.
Candidates for mold building have to able to wilnst high-impact and -shock environments.
Meanwhile, material candidates for dies are reguioebe able to withstand high impacts and
have resistance to abrasion. Lastly, materialstdois are required to have even better

resistance to abrasion.

CBN and PCD tools have been used in cutting of oéedecarbide in previous research
[9]. It has been reported that PCD tools have &drigendency to build up adhesion, as the
binder content decreases for better tool wear. @®i$ have the reverse effect. Both PCD and
CBN tools experience abrasion/attrition wear. Ameotlstudy has stated that cutting of
cemented carbide is much more effective with th® Rabl, with higher binder content and

smaller WC particles [3].

Cemented carbide is a hard and brittle materiak $hrface profile is therefore
important in the production of molds and dies. &cefroughness has much to do with tool
performance and how the cutting chip forms duriagieg. For brittle materials, it is expected
that the cutting chips produced are brittle and ¢geny in nature. Cutting brittle materials
implies the tool does not cut smoothly, which campjardize tool life. Achieving ductility in
cutting of cemented carbide has been an objeatigeveral studies due to the surface quality

that is guaranteed in ductile cutting of brittleterals. In conventional low-speed cutting,
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researchers have achieved ductile cutting of cesdecarbide ranging from 10 to 25% Co
binder content at cutting speed of mmin using CBN and PCD tools [10]. Meanwhile, in
micromachining, researchers have achieved grindunfaces on cemented carbide using
ultrasonic elliptical vibration cutting [11]. Ondtother hand, cutting of cemented carbide with
a very low binder content (Co binder at 0.5%) hesrbsuccessfully executed to provide a near-
diamond grinding-like surface finish with a chamfdramond tool [12]. High-speed
micromachining has suggested that turning with G&Ms could replace diamond grinding in

processing cemented carbide [13].

Cutting temperature on cemented carbide is alsogbeiplored. One study on cutting
of cemented carbide (22% Co binder content) witH@&@d that cutting temperature increases
with cutting depth and cutting speed [14]. Theiogttemperature of 550°C at the rake face of
the tool gave a speed of 27 m/min with 0.5 mm depttut and feed rate of 0.1 mm/min. On
the other hand, high-speed cutting of 100 m/mirm&itdepth of cut of 2 um yielded a lower

cutting temperature of 180°C in cutting of cemertartbide with an SC diamond tool [15].
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2.3 Cutting Temperature

Cutting temperature has been associated with gugtiergy, influenced by the tool life.
Almost 99% of the energy used during metal cutisngpnverted into thermal energy, with 1%
of the remaining energy used in cutting [16]. Mostthe thermal energy during cutting is
transferred to the tool and the chip. One studykamted that thermal energy is directed to the
tool if the thermal conductivity of the workpieceatarial is very low [11]Fig. 2.5shows that,
in the case of cutting of titanium alloy, 80% oéttinermal energy goes to the cutting tool and
the rest to the cutting chip. On the other handyiting steel 50% of the thermal energy passes
to the tool. Other studies have suggested thanhguspeed (and cutting force in some cases)

increases the cutting temperature [17-19]. Thislccdoe related to the theory of cutting

energy/power shown below.

P. = FV (2.1)
10 T T T 'y T T T T T
S
e
< 80 °f  mieAlav
E _
'g Sted AlSI 1045
2 40 §
=
(D)
T 20 .
1 A 4

0O 200 40 60 80 10C 12C 14C 16C

Thermal Conductivity,, (J/mm s°C)

Fig. 2.5 Thermal distribution versus tool thermal condutyiin cutting

Ti-6Al-4V and AISI 1045 steel [11]
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It is shown here thd: andV are components that raise fAevalue. Increasef. indicates
that the energy required for cutting is also insmeg. This means that the relation between

cutting speed, tool wear and cutting temperatutenizeakable.

Most cutting temperature studies [17-19] emphaieeutting speed — probably based
on the goal of decreasing the cutting time. Thésaias point out that the influence of cutting
speed is much greater than that of depth of cutlihg feed rate is another factor influencing

cutting temperature.

Studies have also pointed out that the thermal wondty of the tool's material
influences the cutting temperature. This is cleahpwn in cutting of titanium alloy in wet
conditions with PCD and CBN tools [18]. PCD toofsiea lower cutting temperature than the
CBN tools, as they have a high thermal conductiatyd the coolant acts to absorb thermal
energy during cutting. The ability of the matet@mbisperse thermal energy is indicated by the
thermal conductivity values; thus, the higher thermal conductivity, the lower the cutting
temperature. With lower cutting temperature, toeawassociated with thermal wear and even

chemical wear will be reduced.

Depth of cut and feed rate have also been idedtdie factors influencing cutting
temperature. These parameters can be used to secogadecrease the amount of material
removed within a period of time. Increased deptltwdfhas been shown to increase cutting

temperature in cutting of cemented carbide [7]rdased feed rate has also been shown to

25



CHAPTER 2: OVERVIEW OF DIFFICULT-TO-MACHINE MATERIA CUTTING

increase cutting temperature [18]. It is observed in both parameters a by-product is cutting

force, and it is this that influences cutting temgpere.

2.4 Conclusion

In-depth studies have been done on the cuttingmiented carbide and titanium alloy.
Effects of the cutting temperature of titanium gllave been much explained and the search
for the optimum high-speed cutting tool to withstainermal wear is still on-going. Meanwhile,
cutting-temperature studies in relation to cementetlide are still lacking. Tool performance

comparisons still lack variety, and hard turningdsts have not been conducted.

It is clear that there are opportunities to adaffekknt perspectives on CBN and
diamond tools in cutting of cemented carbide. The@so an opportunity to study the effect
of high-thermal-conductivity tools in high-speedttowg of titanium alloy, looking at the

effectiveness of the titanium carbide layer in 1@dg tool wear.
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CHAPTER 3: BASIC PRINCIPLES OF TWO-COLOR

PYROMETER

3.1 Introduction

Thermal energy is closely related to the cuttingrgyp needed to cut the workpiece in
any given conditions. The thermal energy is a lmdpct of the cutting energy used to shear
the workpiece at the primary shear zone, as wétl@agn at the tool—chip and tool-workpiece
interfaces. This is clearly shown in dull or woowols, so cutting temperature can be used as an

indicator of tool life.

Cutting temperature has been determined by sewstiods, such as thermocouple
and radiation (pyrometer) methods [1]. Radiatioohteques have been seen as better
measurement methods in cutting, as they have thty ab measure in very tight spaces, such
as those found in this context [2-5]. This typa@eshperature measurement technique uses two
or more infrared sensitive sensors, which give ltage output whenever they sense infrared
radiation. The utilization of two or more such sassn tandem solves the emissivity problem

during temperature measurement.
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3.2 Thermal Radiation

Materials are continuously emitting electromagneditiation as atoms and molecules
detach due to internal energy. Electromagneticatamii wavelengths can be tens of meters
(basically the length of a radio wave) or as sraslllum or below (the wavelength of cosmic
rays). This study only considers thermal radiatiaich is emitted by all elements or

substances in the universe.

Fig. 3.1shows the wavelength and frequency domains ofrthleradiation, showing
the respective positions on the electromagnetictagpm. The thermal radiation domain is
positioned approximately between 0.1 and @&06. The visible range is situated roughly
between the wavelengths of 0.4 anddm. As wavelengths increase, the thermal radiation
domain can be divided into three consecutive subaiias: the ultraviolet range, the visible

range, and the infrared range.

Visible range Near infrared
(~0.4-0.7um) (~0.7-25um)

108 10%  10* \02 10 /10 100 106 108 10w

Far infrared
(~25-1000um)

1072 1020 1018

10w 108 108 104

Fig. 3.1Wavelength and frequency domains of thermal remiand positions on the
electromagnetic spectrum
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The intensity of thermal radiatioh, is defined as the radiant energy per unit of time
per unit of solid angle per unit of area of the tenj projected normally to the line of view of
the receiver from the radiation element [6]. Quamtarguments of Planck [7], verified
experimentally, have shown that for a blackbody spectral distributions of hemispherical
emissive power and radiant intensity in a vacuuengiwven as a function of wavelength | and
the blackbody’s absolute temperatilitelhe monochromatic intensity of blackbody radiatio

v, has been identified as:

2
wAT)= /15{exp(2rrll((::/k/1)—]} o)

where:

K =1.3805 x 13° J/K is the Boltzmann constant,

h =6.6256 x 164 J.s is the Planck constant,

c =3x1C¢ m/s is the speed of light in a vacuum.

The unit ofly; is W/(mP.sr), the number of Watts per unit of wavelength);(¥he unit of the
area normal to the ray isrand the unit of the solid angle is sr, steradidre total intensity
of blackbody radiationy, is acquired by integrating the monochromaticnstity, l;, over the
entire radiation spectrum:

1,(T)=[1,,(A,T)dA
2 (3.2)

The total intensity represents the energy convéyettie ray (in a certain direction) per unit of

time, solid angle, and area normal to the direatibtine ray.
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By multiplying & by lv;, the monochromatic hemispherical emissive powéh@black

surface Ep;, can be obtained as:

G
Mexplc,/AT)-1 (3.3)

= (/]’T) =Tty (/]’T) =

For which the values of the constants C1 and C2easkeducted from equation (3.1):
Ci=2rhc?= 3.742x10° W.n? (3.4)
Co=hc/k=1.439x10¢* m.K (3.5)

The unit ofEp, is W/, which is the energy per unit of time, wavelengthg surface area.

Fig. 3.2 shows thekEy; (4,T) function for several temperatures. The monochramat

emissive power in shown to intensely increase wighabsolute temperature. A maximés)

Monochromatic emissive powedgbi W/(m2- um)

10—4 — I .
! 1¢° 10" 10°

Wavelength mm

Fig. 3.2Radiant energy of a black body
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value is registered at a characteristic wavelefayteach temperature by solvil‘?gbﬂ / 0A=0

in conjunction with equation (3.8):
JT=2.898 x 1 m-K (3.6)

This is known as Wien's displacement law [8], aedadibes the locus of thH&,; maximum,
represented by a straight line in the logarithmetdf as shown ifrig. 3.2 As seen here, the
wavelength of maximuniey, varies inversely with the absolute temperaturadileg to the
conclusion that the bulk of the energy emitted biglackbody shifts to gradually shorter

wavelengths.

In conclusion, the monochromatic emissive poigirepresents the heat flux emitted
from a surface area along all the rays intersebtethe hemisphere, per unit of wavelength
interval. The total hemispherical emissive powerbtdckbodyEy can be calculated by

integrating equation (3.2) over all the wavelengihthe radiation spectrum:

E,(T)= I E, (4T
y (3.7)

which is the Stefan—Boltzmann law [8, 10];
E (T)=0oT* (3.8)

wheres = 5.6697 x 10-8 W/(m2.K4) is the Stefan—Boltzmaonstant.
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From equations (3.3) and (3.8), it is clear thattibtal energy radiated from a surface
depends on the temperature of the surface; thexefbe temperature of an object can be
determined by measuring the total energy radidfbd.infrared radiation pyrometer is based
on this phenomenon. A blackbody has both an ide&ése and an ‘actual’ surface; the actual
object has a total emissive power that is less thanemissive power radiating from the
blackbody. The emissive power of this ‘real’ sugag highly affected by the emissivity of the
surface. The emissivity is defined as a ratio efttital emissive power of the surface to that of
a blackbody at the same temperature. This probésiid the development of the two-color

pyrometer that will be used in this study.

3.3 Basic Principles of Two-Color Pyrometer

The diagram of the pyrometer is showrFig. 3.3 The pyrometer consists of optical
fibers, sensors and operational amplifiers thatehlagen arranged to collect, channel and

change the thermal radiation (on the infrared spattto an electrical signal that is recorded

Two Color Pyrometer

Chalcogenide >S< Op Amp
Fiber I_/———@: L
* / I ’_|> Oscilloscope J
[\ A Insh oo
| AN EE i

Rotating heat spot

Fig. 3.3Fundamental diagram of two-color pyrometer witticg fiber
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on an oscilloscope. Two infrared sensors/detechoesused to detect different spectra of

wavelength.

In cutting, thermal energy is emitted by the tdolkhis study, the target area is the flank
face near to the cutting edge. The thermal enesgymitted on the infrared spectrum and is
collected by the end of the chalcogenide fibersThirared ray will be transmitted through the
fiber to the two-color detector. The detector cetssof two types of detector assembled in a
sandwich configuration, which convert the infrarag to electrical signals. These signals are

recorded by an oscilloscope.

3.3.1 Components of Two-color Pyrometer

It is essential to perform proper selection oficgitfiber, infrared detector and other
important components of the pyrometer in ordemntsuee the accuracy and functionality of the
built pyrometer. In this section, the main compdsexi the two-color pyrometer will therefore

be discussed in detail.

3.3.1.1 Optical fiber

There are two major groups in the production ofagptfiber: multimode and single-
mode. Multimode fiber is categorized into two fuathypes: step-index and graded-index. In
graded-index fiber, the core refractive index iéedentiated by the radial distance originating

from the center of the fiber in the form of a funaot
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In this study, step-index NSG chalcogenide opfit&r is used to build the pyrometer.
Fig. 3.4illustrates the structure of the step-index opfib@r. Since the core’s refraction index,
ny, is higher than the index of the cladding’s refi@ag, n2, the ray that enters the core at a
smaller angle than the critical angle is guidechglthe fiber. The critical angle (minimum
angle for total internal reflection) is regulatedthe index of the refraction variance of the core

and cladding materials as follows:

sing, =l
n (3.9)

From Snell's law:

: (T
ny,siné,, =n, sm(— - qocj
2 (3.10)

The rays that reach the boundary at a low angleliasrted from the core into the cladding,

and there is no light transfer along the fiber. @beeptance angle of the fiber is influenced by

Refractive index

No
N2
(ii) /
e kN
28 -
I S W

i) 5
Em
(i)}/

0

(iii)

Core

\ Cladding /

Fig. 3.4Experimental set-up of internal turning
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the critical angle, described as a numerical aper{MA). The NA is defined as follows,

deriving from equations (3.9) and (3.10):

OV %
n,siné, =n1{1—(—2J } =n’-n,% =NA

nl
(3.11)

A high value of NA will allow the light to transiihrough the fiber near to the axis
and at numerous angles, permitting efficient caupbf light transmitted into the fiber. On the
other hand, it will also prompt increased disparbrays at different angles, which acquire
different path lengths and different times of trarssion through the fiber. The ratio of the
change in the refractive index of the core andditagl is called a relative refractive index

difference, and is described as follows:

o
N (3.12)

As the refractive index for the atmospheredsl, the maximum acceptance angieof the

optical fiber can be found as follows:

&, =sin*(NA) (3.13)
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3.3.1.11 Characteristics of Optical Fiber

Within a continuous fiber, structural and chemioaperfections affecting absorption
and scattering contribute to transmission loss.oftiton loss due to elements such as Cr, Mn,
Co, Fe, Ni, Cu, and V inside the fiber material leen detected previously [11]. These
elements, especially Cr and V, affect losg at0.8 pum. In this study, this type of absorption
loss is insignificant due to the satisfactory reguc of the impurity. Meanwhile, density

fluctuation in the fiber may also cause transmisdmss, as all transparent materials have

(SN
o

o
<
1

TransmitanceF(1) (%/m)
)
£
1

70F .
°P 1 2 3 7 5 6 7
WavelengthZ pum
Fig. 3.5Spectral transmittance of chalcogenide glass fiber
Table 3.1 Specifications of chalcogenide glass fiber
Core diameter [um] d. 400
Numerical aperture NA 0.4
Refractive index distribution Step type
Acceptance angle [degree] ém 23.58
Transmission wavelength range [um] 1t06.6
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intrinsic spatial density fluctuation [11]. Thisifituation affects the refractive index fluctuation
and subsequently the Rayleigh scattering. Curvaititbe fiber routes allows an acceptable
level of radiation loss in some modes. Geometritah-uniformity at the core—cladding

boundary also contributes to transmission loss. Sthréaces at both ends of the optical fiber

have to be smooth in order to inhibit this; theséaxes are therefore polished.

The NSG chalcogenide optical-fiber wavelength isvahin Fig. 3.5 It can be seen
that it is possible to measure temperatures asab®00C using this optical fibefTable 3.1

shows the detailed characteristics of the NSG dggleide glass fiber.

3.3.1.1.2 Measuring area of the optical fiber

Fig. 3.6 (a)shows the schematic illustration of measuring atehe incidence face of
the optical fiber. The fiber is placed perpendictitaand at a distance bfrom the objectds
is the diameter of the target ardag. 3.7 (b) shows the relationship between measuring
distancet and diameter of the target arda,lt can be seen that by increasing the measurement
distance, the target diameter can also be incredséds been shown previously that the
measuring distance does not influence the outptiteofwo-color pyrometer [5]. In this study,

the measuring distances were fixed at 0.5 mm, iyigld target-area diameter of 0.74 mm.
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1.2 T T T T
1.1F | 7 = 0.5 mm
1 d. = 0.736 mm

Spot diameter d;, mm
©S © o o o
L & NN 0 o
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o

0-3 1 1 1 1 1 1 1
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Measurement distance ¢ mm

(b)

Fig. 3.6(a) Schematic diagram of measurement area; (@jaoak between measurement
area and measurement distance

3.3.1.2 Pyrometer

Two types of infrared detector are available: tredrrand photon. Thermal detectors
convert radiated power from infrared rays into nuead parameters without any conversion.
The bolometer [12], Gollay cell [13] and thermogil€] are categorized as thermal detectors.

On the other hand, photon detectors respond tdentiradiation electronically. These types

41



CHAPTER 3: BASIC PRINCIPLE OF TWO COLOR PYROMETER

of detector respond much faster, as the radiatio@s ciot need to come from an object that is

only being heated.

Photon detectors are subdivided into two distingbes: photoconductive and
photovoltaic. These detectors differ in their comsfion. As suggested in the name,
photoconductors are fundamentally poor conductenese conductivity is improved with the
presence of photon-generated carriers; meanwhiiletopoltaic detectors are diodes that
generate an electromotive force when photons aectdel. The advantages of photovoltaic
detectors over photoconductive detectors are ingatdlveoretical limit to signal-to-noise ratio,
modest biasing and more accurately predictableoresyity. Photovoltaic detectors are more
delicate in comparison to photoconductors, howea®they are more vulnerable to electrical

discharge and physical damage during handling.

; 12 T T T T T T
=
¥ o1c InAs |
£ InSh
x 0.8+ _
(|
2 0.6 .
=
g
T 0.4r .
©
S 0.2 -
(&]
(]
o
U') O.C 1 1 1 1 1 1

0 1 2 3 4 5 6 7

Wavelength/, pum

Fig. 3.7 Spectral transmittance of InAs and InSb detectors
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In this study, Indium Arsenide (InAs) and IndiumtAnode (InSb), are used as infrared
detectors. InAs is used in photovoltaic detectois laSb in photoconductive detectors. These
detectors are mounted in a sandwich formation lmits positioned in front of InSb. The range
of detectable wavelength for the sensors’ confifjoinas 1 pm to 5.5 pm; the range of InAs is
from 1 um to 3 um, with the rest of the wavelengifiered by InSkFig. 3.7visually explains
the spectral transmittance of pyrometer sensoischucial that these sensors are kept at a low

operational temperature of -60°C using a Peltietaro

The configuration of the chalcogenide fibers antbcders used in in the experiment is
used to measure the temperature from the desiesl 8ue to the range covered by the
chalcogenide fiber and the InAs/InSb detectorsptremeter range is between 1 and 5.5 um.
This set-up, which gives a flat response from 101400 Hz, is suitable for use in turning,
with a good degree of accuracy. This pyrometerrabkehas been successfully implemented

in cutting and milling.

3.3.1.3 Amplifier

The infrared detectors built into the two-color @yreter used in this study have a
desired response time that is suitable for intesnting at low and high speed. For this purpose,
the response performance of the conversion amgtiibio circuit is required to be higher than
the response speed of the infrared detectéigs. 3.8 shows the schematic diagram of the

amplifier for the InAs and InSb cells. The outputrent from the photovoltaic cell (InAs) is
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Fig. 3.8 Amplifier circuits of (a) InAs and (b) InSb detecs

converted into voltage and amplified with the casi@n amplification circuit, as shown in
Fig. 3.8.Because the InSb detector cell is a photocondeetb(a), the resistance of the InSb

cell is amplified using the amplifi€b).

3.3.2 Pyrometer calibration

In measuring temperature using infrared signatssgivity is encountered as a problem.
To address this, two types of infrared sensor aeslio measure the temperature from the
infrared radiation, rather than just one. In thiady, two signals are recorded by the
oscilloscope. As mentioned above, the two-coloecter comprises two distinct sensors: InAs

acts as a photovoltaic sensor, positioned in fobihSb, acting as a photo-conductive sensor.
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Heating element Peltier cooler Fin

Chalcogenide In=b J’ﬁ
fiber 2 '
= Op Amg
InAs
L

Two-color pyrometer

Variable speed 00

Signal chopper e TamTa T
Variable / Slidac Oscilloscope
Transformer

Fig. 3.9Schematic set-up of pyrometer calibration

These detectors produce two electrical signalsillivoits that will be used to calculate the

tool flank-face temperature. This successfully dgsdhe emissivity problem.

In theory, this type of pyrometer is capable of sugmng the total energy radiated from
the surface of the target object. Here, the obgpresumed to have a blackbody surface at
uniform temperature with no losses to the surroogeli The calibration curve is based on the
relative sensitivity of the pyrometer. This calitioa curve is formulated based on the

following formula:

A oas J.:zwlgl(/]'T)EbA(/]-T)FM)DmAsM)dA

A nAs/InS — T A
RN e L‘ w,€,(A,T)E,, (1, T)F(A)D, g (A)dA (3.14)
where:
Eni(4,T) : the spectral emissive power of a blackbody
e1(4,T) andex(1,T) : emissivity of the object
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1, W2 : constant
F(4) : spectral transmittance of optical fiber
Dinas(4) andDinsn(4)) : spectral transmittance of detector cell.

This calibration curve is then verified experimdiytand compared to the theoretical curve.

In relating the voltage ratio to the temperaturu®ait is important to calibrate the

detectors. This is done by using the heating eleén®IC), which is treated as a heating

3 : :
2_ .
1_ .
0_ —

> _q 1

>

% _z_InAs . . . ]

S 3 : : :

g 7 '

5 1 -
0_ -
—1F -
_q_lnSb . . |
0 0.01 0.02 0.03

Time t s

Fig. 3.10Typical oscilloscope signal output

46



CHAPTER 3: BASIC PRINCIPLE OF TWO COLOR PYROMETER

1200 T r
¢ InSb (Experimental)
1000 k| © InAs (Experimental)
Theoretical Curve (InSb)
O 800 | Theoretical Curve (InAs)
&~
) o @0
3 600 } b4 ,}"
< p
5] o
& e
5] <0
= 400 p
25
N
v &
200 |} i
O L Lo i il il L Lo i i il L L i i iiial L L i i iiial L L b L L Ll
10° 10! 102 103 104 10°

Output voltage £ mV

Fig. 3.11Relation between InAs/InSb voltage and object terajure

blackbodyFig. 3.9shows the set-up for pyrometer calibration. Thisugp calibrates the output
voltage from the InAs/InSb detector and tests @iagf the theoretical curve obtained from the

theoretical equation.

The InAs and InSb signals recorded by the oscitlpscare shown ifrig. 3.1Q The
temperature readings from the thermocouple is fletied against both detectors’ output
signals. These in turn are compared with the theatecurves shown ifrigs. 3.11and3.12
It is found that the readings satisfy the theoedtmurve; good results have therefore been
obtained. This method of calibration has been usedevious studies involving steel, sintered

metal and titanium alloy [15].
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Fig. 3.12Relation between InAs/InSb output voltage ratid abject temperature.

34 Conclusion

This chapter has explained the temperature measuatéechnique that has been used
in this study. The pyrometer set-up has been dedignd proven to be able to measure

temperature, even in wet conditions. The conclusadrthis chapter are as follows.

1. Temperature measurement is obtained using thegeotttio of the InAs and InSb
outputs. Emissivity is not a problem here and caighored. Calibration is relatively
easy once the theoretical curve has been determined

2. A pyrometer assembly consisting of chalcogeniderfdénd InAs and InSb detectors
can be used for this study. Based on previous resethis pyrometer has a minimum

detectible temperature of 200°C
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CHAPTER 4: HIGH-SPEED TURNING OF TITANIUM

ALLOY WITH DIAMOND TOOLS

4.0 Introduction

Titanium alloy (Ti-6Al-4V) has been used in in agpace, automotive, chemical plant,
power generation, medical applications and sewahadr industries owing to properties such
as high strength, low weight (weight-to-strengttiolaand excellent corrosion resistance. In
order to exploit this exceptional material as maehtomponents, it is essential to machine
with desired sharpness, accuracy, integrity andlymotvity. Serious tool wear, however,
occurs when titanium alloy is machined becausdaWwethermal conductivity of the material
causes high cutting temperature [1-3]. A strongyalg tendency or chemical reactivity with

materials also promotes galling, adhesion and sidfu/dissolution of tool materials [3-5].

Thereare many investigations on the machining of titem@iloys with several kinds
of tool materials [6]. Narutaki et al. [3] reportdte high cutting temperature of carbide tools
and the excellent cutting performance of naturahdind tools in their pioneering study.
Jawaid et al. [7] used the straight tungsten carlimderts for turning Ti-6246 alloy. They
reported that the tool life decreases rapidly witnencutting speed exceeds 60 m/min, and the
dominant wear mechanisms of dissolution-diffusiod attrition were found. Zhang et al. [8]

also applied the tungsten carbide tools in higredpuilling of Ti-6Al-4V alloy at the cutting
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speed of 150 m/min. They observed that tungstebalt@and carbon diffused onto the
workpiece during diffusion experiments in which ttabide tool and the Ti-6al-4V specimen
were placed side by side and heated at 773 K ifiuttmace. Hartung et al. [9] measured the
tool—chip interface temperature using a tool—chgrinocoupling technique in turning of Ti-
6Al-4V with TiB2- and HfC-coated and uncoated cemeencarbide tools. The cutting
temperature approached the melting point of titanwhen the cutting speed exceeded 460

m/min, and this high temperature caused the cveter.

The advanced tool materials such as PCD and CBN @alep applied to high-speed
cutting of titanium alloys. Ezugwu et al. [10] refexl lower cutting performance of CBN tools
compared to uncoated carbide tools. Nabhani gt Hlexecuted the simple quasi-static contact
method in order to identify the critical workpiet¢eel interface temperature in the formation
of strong adhesion of titanium alloy. 760°C and “@@vere obtained for PCD and CBN,
respectively. Konig et al. [12] found that the dgfon and dissolution processes of PCD tools
were promoted by high local temperature due to goenmal conductivity of the workpiece in
turning Ti-6Al-4V. Similar results were obtained Bybhani [11] for PCD and polycrystalline
CBN (PCBN) when machining titanium alloys. Recenttynderless CBN sintered tools
(BCBN) without any matrix materials have becomeilatée. Hirosaki et al. [13] reported
better cutting performance of binderless PCBN caeygbato conventional PCBN and
polycrystalline diamond tools in the machining ofemadium-free titanium alloy. Wang et al.
[14] also used BCBN for high-speed milling of Ti-B4V at the cutting speed of 300-400

m/min. Non-uniform wear at the flank face was founddominate, and adhesion of the
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(a) 200 pm

(b) 200 um

(c) 200 um

Fig. 4.1 Premature excessive adhesion/wear (highlightece@yo® on (a) CBN (b) BCBI
and (c) PCD-a cutting Ti-6A4V in wet conditions at 300 m/min at 25 m of cuj
length

workpiece materials on the flank face of the toabwalso observed at higher depth of cut, feed
rate and cutting speed. It was concluded that BC8Nd be the most functionally satisfactory
cutting-tool material for machining titanium alloy®Nevertheless, monocrystalline and
polycrystalline diamond tools were found to havdusble characteristics such as high
hardness and wear resistance and outstanding theonductivity, which are beneficial

properties in machining titanium alloys [15].
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Diamond is considered one of the hardest matemndisther it is created naturally or
synthetically. Tools made of materials such as #thdnd and NPD have been used to cut
ultra-hard materials owing to their hardness anerntfal conductivity properties. These
diamond tools have been seen as a chemically stalle current usage. In the preliminary
experiments, five types of super-abrasive tool€BR, BCBN, PCD, SC diamond, and NPD
— were used in the turning of Ti-6Al-4V in both dagd wet conditions. Significant tool wear
and/or adhesion of work material on the tool fa@erobserved, preventing continuation of

the cutting experiments with PCBN, BCBN and PCDe Ttols are shown iRig. 4.1

In this study, the cutting performances of the S&@m@nd and NPD tools are

investigated and their wear mechanisms examined.

4.1 Experimental Procedure

4.1.1 Workpiece Material and Cutting Tools

The most widely used/p titanium alloy — Ti-6Al-4V (Grade 5) — is selected the
workpiece. Its applications are blades, discs siiagframes, biomedical implants, and others.

Table 4.1shows the properties of the Ti-6Al-4V alloy used.
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Table 4.1 Characteristics of workpiece materials

Workpiece

Specific Heat
p [I(kg-K)]

Thermal Conductivity
A [(WI(m-K)]

Hardness
HV [GPa]

Ti-6Al-4V

520

7.1

3.8

Table 4.2 Physical properties of tool materials

Tool specification Thermal Conductivity| Hardness
P A [WI(m-K)] HV [GPa]
SC 1000 — 2200 70 -120
BL-NPD 250 — 300 120 - 140
Rotation n 1
L-) Boring Head
Feed fl Cutting tool
Peltier Cooler
- «— [ Fin
Nozzle R —em
Coolant InSb |
Work <> \:\ '
e CD- + Op-amp|
L \/‘: i
"""" InAs| '
" “Fwo-color Pyrometer
[ iy
X I:I (oY o] (C}C
3D dynamometer| © s O

]

Fig. 4.2Experimental set-up of internal turning

Charged Amplifier

As stated, two types of diamond tool — SC diamomdl @ binderless nano-
polycrystalline diamond (BL-NPD) — are used hérable 4.2shows the characteristics of the

tool materials. BL-NPD has extremely fine grainesianging from 30 to 50 nm.
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Table 4.2 Experimental conditions

Cutting tool Single crystal: SC
(Binderless diamond) | Nano-polycrystalline: BL-NPD
Rake angle a Qe
Nose radium r. |[0.8mm
Workpiece Ti-6Al-4V
Cutting speed v 300 m/min
Depth of cut a 0.2 mm
Feed rate f 0.1 mm/rev
Cutting style Wet@.=6 £/min)
Coolant Emulsion (1:30 in water)

Coolant
=~ nozzle__

/ Coolant
/ A

=]

Fig. 4.3Wet cutting with circular coolant nozzle array

4.1.2 Experimental Set-up and Conditions

The internal turning experiments with cutting fllade carried out using the vertical
machining center (Matsuura MC-600 V), as showikriom 4.2 As shown in the figure, the
cutting tool is mounted on a boring head. The wi® is prepared in a tubular shape with
the dimensiong76.5%100xh50 mm. In order to assess the availabilitgudfing tools, the
relatively high cutting speed o=300 m/min is set. The other operating parametegs a

summarized irmable 4.3 The cutting tests are done with several differeamhbers of cutting
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pass, where each cutting pass is equivalent to @bautting length. A water emulsion coolant
is supplied at 8/min with the nozzle arrays circularly located abdke tubular workpiece, as

shown inFig. 4.3

The cutting performance of each tool is evaluateduiting force, cutting temperature,
surface roughness and tool wear. Cutting forcejngutemperature, tool wear and surface
roughness are measured by a three-axis piezoelebtnamometer, two-color pyrometer,

stylus profilometer and SEM, respectively.

Rotation n

Workpigce
e |

Insert . : \
05mmli |

Feed f
>
)
=

Optical fiber

< Side view >

Cutting speed v

Optical fiber

Air flow ] > Workpiece
< Top view >

Fig. 4.4Cutting temperature measurement in wet cutting
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4.2 Cutting Temperature Measurement

As stated above, the cutting temperature is medsuseng a compact two-color
pyrometer. As illustrated iRig. 4.1, the chalcogenide glass fiber is inserted intmalkhole
(¢1.2 mm) drilled through the inner surface of théindrical workpiece. The infrared rays
radiated from the flank face of the tool are acedity the fiber tip’s incidence face when the
cutting tool passes over the hole during the cgtbiperation. In order to avoid coolant flowing
into the probe hole, compressed air is supplienhftioe fiber tube, as shown kig. 4.4. The
thermal radiation accepted by the fiber tip is $raiited to the two-color detector, which
comprises InAs photovoltaic and InSb photocondectoells assembled in a sandwich
arrangement. These detectors are electrically doojea Peltier device and have different
spectral sensitivities within the ranges 1-3 um 8rsl5 um, respectively. The infrared
radiation received by the detectors is then coedeirito electrical energy and amplified. By
taking the output voltage ratio from these detexttine temperature of the object can be
calculated using the calibration curve obtainethenexperiment. The pyrometer, having a flat
response from 10 Hz to 400 kHz, can be used forsarement of the tool temperature in
turning with acceptable accuracy [16]. This typepgfometer has also been successfully

employed in other applications such as milling [a@¢ drilling [18].
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4.3 Cutting Force Measurement

In this experiment, the tubular workpiece is modnien the three-axisx{y-z)
piezoelectric dynamometer, so that the sinusoidting forcesFx andFy and the constant
axial forceF; are measured in internal turning. Then, the ppalojtangential) cutting forde,
and the thrust (normal) forée, are calculated based BpandFy with respect to tool rotational

position6, as shown ifrig. 4.5 Here,F; is equivalent to feed fords.

—h
—
T
—
>

F,: Principal force
F.: Thrust force

< Top view > < Side view >

Fig. 4.5Definition of cutting forces
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4.4  Experimental Results

4.4.1 Cutting Force

The cutting force changes with cutting lengthfor the two types of diamond tool are
presented ifrigs. 4.6and4.7. It can be clearly seen from the figures thaticgtforce increases
with the number of cutting pass, due to the dullidhe cutting edge. It seems to increase

relatively rapidly when the cutting length exceagproximately 600 m.

400 — 7T

zZ i Wor_kplece: T|—.6AI—4\' @-:BL-NPD -
o v =300 m/min @ SC
L 300k f=0.1 mm/rev ’ -
a a=0.2 mm
:§ - Wet .
2 200F .
=
=]
3 i i
£ 100 -
O
£ | ]
o
O 1 | 1 | 1 | 1 | 1 | 1
0 200 400 600 800 1000 1200

Cuttinglength L, m

Fig. 4.6 Change of principal cutting force with cutting ¢gh

60—————T—— 7120
- | Workpiece: Ti-6AlI-4Y -A- - : BL—-NPD
50F| v =300 m/min —-A- B :SC 100
< || f=0.1mm/rev { =
s a=0.2 mm A
L 40 Wet 80 -
S anl lon 8
S 30 -160 5
17 i i °
3 20} d40 ©
= i | e
10f 120
0 I L l L l L l L l L l L | O
0 200 400 600 800 1000 1200

Cutting length L, m

Fig. 4.7Change of thrust and feed force with cutting langt
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As for the comparison between the SC and BL-NPIstdbe cutting force of the BL-
NPD tool, especiallfFp andF+, increases faster than that of SC; higher cuffiomge is then
observed in the NPD tool. There is not much diffieeebetween the tools at the initial stage of
cutting due to their similar geometry; the highetting force of BL-NPD is related to the
higher wear rate — even though BL-NPD is much hatitien SC, as shown in Table 2. This
could be related to the promotion of attritionakwer the growth of adhesion of work material
on flank/rake faces. The cutting-edge dullness eiases the friction between tool and
chip/workpiece, and thus the thrust fofee does not change so much with cutting length. It
should be noted that the chipping of the SC toaucg after the cutting length of 1000 m,
whereas chipping does not takes place on the BL-N#®ID at all. This shows the high

toughness of the BL-NPD tool.

4.4.2 Cutting Temperature

120 T T T T T T T T T T T
-| Workpiece: Ti-6Al-4 -9-:BL-NPD -
- [ | v=300 m/min -9-:SC
Z 1000 f=0.1 mm/rev
= -l a=0.2 mm T
8 800
(D)
o
e
8 600
X
C
®©
= 400 ’\0/‘\0’/4 |
(@]
(@] | i
|_
200 1 | 1 | 1 | 1 | 1 | 1
0 200 400 600 800 1000 1200

Cutting length L, m

Fig. 4.8Change of tool flank temperature with cutting léng
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Fig. 4.8 shows the change of tool flank temperattiravith cutting lengthL. for the
two types of diamond tool. In BL-NPD, it is evidehat the temperature increases as the cutting
length increases, and it reaches approximately@00higher when the cutting length reaches
1125 m. This temperature curve has a similar tecydénthat of principal cutting forde,, as
shown inFig. 4.6 where both cutting temperatufeand cutting forcép of the BL-NPD tool

increase relatively rapidly &=600 m.

Meanwhile, the tool flank temperature of the SGxbad tool shows minute increments
around 350°C throughout the cutting experimentigjrafly, the cutting force does not increase
as much, as shownlfg. 4.6 The higher temperature of BL-NPD seems to beamilgncaused
by the low thermal conductivity (250-300 W/(m-kgJative to that of SC diamond (1000—
2200 W/(m-k)), as shown in Table 2. It should b&edahat the large amount of adhesion
(discussed below) could influence cutting tempeeafli9] due to the experimental conditions
and the relatively high thermal conductivity of ttuols used. The temperature recorded is
taken as the tool edge cutting temperature. Higtperature on the BL-NPD tool is expected

due to tool geometrical changes [20].
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200 pm 200 pm

(a) SC | (b) BL-NPD

Fig. 4.9SEM photographs of the worn cutting edges of SCBIn-NPD tools (the white
region indicates electron scattering due to acattey voltage)

4.4.3 Tool Wear
4.4.3.1 Tool morphology

Fig. 4.9presents the SEM photograph of the cutting edgheo5C diamond and BL-
NPD tools. As seen in the figure, the growth ofdlddesion of work material already starts at
Lc=125 m, and it becomes pronounced flay500 to 700 m in the case of BL-NPD. The SEM

photographs clearly show the rate of adhesion ishnigher in the BL-NPD tools.
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Fig. 4.10Change of flank wear width with cutting length

j Rake_,face

. 15KV x15 '—2_66]} : 'i,'».'jéé,{.q'séiv‘
200 um
Dulled cutting edge

Adhesion

15kV X300 50um 23 41 SEI I

50 um 50 um
(a) SC (b) BL-NPD

15kV X300 50pm 12 46 SEI

Fig. 4.11SEM photographs of rake face and cutting-edge hwggies of SC diamond and
BL-NPD tools atLc=1000 m
The growth of flank wear widtlB with cutting is shown ifrig. 4.1Q As shown in the
figure, theVB curve has a similar form to the curves of cutforge and tool flank temperature.

According to the tool morphologies shown in Figitl8 tool wear mechanisms seem to be
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related to the adhesion of Ti-6Al-4V because thakKlwear is mostly under the adhesion layer

in every photograph taken.

4.4.3.2 Wear mechanism

Fig. 4.11shows the SEM photographs of the rake faces ®BIkNPD and SC tools
after the cutting length of 1000 m. In these figyrhe red circles show the tool-work contact
region. There is visible geometrical change inBheNPD tool, which is less marked in the
SC diamond tool. It is unmistakable that the toebwof both tools is linked to adhesion. As
shown in the close-up imageshig. 4.1Q the adhesion covers almost all of the flank wear
region on the cutting edge. At the same time, tharwegion is clearly seen in both tools. Small
crater wear such as chamfering is observed on thBIFD tool; on the SC diamond tool,
adhesion and wear are relatively insignificant. ldeer, large-scale chipping has taken place
after the cutting length of approximately 1000 ne doi brittleness. Chipping tends to occur at

engagement or disengagement.

(b)

Fig. 4.12(a) Rake and (b) flank of worn BL-NPD tools (11®%utting length) observed
under 3D microscope
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50um P

Crater wear

50p.m:

Flank wear

Fig. 4.13Geometrical change of cutting edge of worn BL-N&[L125 m cutting length
based orFig. 4.12

Furthermore, as shown Figs. 4.12and4.13 the tool edge at the end of life of BL-
NPD experienced geometrical changes, affectingflivk and rake faces of the tool. As
measured here, the dimension changes with BL-NBR@und 50 um in depth. Note that this
measurement includes the adhesion on the tool edgethe dimension changes are expected

to be higher after etching.

4.4.4 Surface Roughness

Fig. 4.14shows the change of surface roughriRssith cutting length. In the case of
the SC diamond tool, it is evident that the surfacgihness decreases as the cutting progresses.
This is due to the geometrical changes of thettoatl occur through wear of the cutting edge,
whereby the rake angle changes to a negative aaltli¢he nose radius also increases. It is well

known that the negative rake angle produces a $mapstrface profile than a 0° configuration
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Fig. 4.14Change of surface roughness with cutting length
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Fig. 4.15Change of surface profile with cutting length 8¢ diamond tool

or a positively angled tool. On the other handfasie roughness remains almost constant at

around 3 um due to the adhesion of work materiahertool face.

The longitudinal surface profiles of the workpieces by SC diamond and BL-NPD
tools are shown ifrigs. 4.15and4.16 respectively. Relatively clear feed marks arecolesd

until Lc =750 m in the case of the SC diamond tool. On tierohand, similar machined

67



CHAPTER 4: HIGH-SPEED TURNING OF TITANIUM ALLOY WIH DIAMOND
TOOLS

O N
1

|
[N

o

Height H, pm

|
NN

0 0.5 1 15 2
Length L, mm

Fig. 4.16Change of surface profile with cutting length Rir-NPD tool

profiles are formed in cutting with BL-NPD tool dtthe successive adhesion and abrasion

actions of the Ti-6Al-4V material.

4.5 Discussion of Tool-Workpiece Interaction
4.5.1 EDS Analysis

Fig. 4.17presents the microscopic images of the worn rakkflank faces of the BL-
NPD tool. The tool is etched by 1% HF-HRI@ order to remove the bonded Ti-6Al-4V, while
adhered materials partially remain. As shown infigare, a very smooth surface without
scratch marks is observed, which suggests thaisiioifi wear is dominant rather than attritional

wear.

Based on research done by Nabhani et al. [11nthe stated that the smoothness of

the flank face and crater is due to diffusion—disson wear of the tools. Diffusion—dissolution
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(a) Flank face 100 um (b) Rake face 100 um

Fig. 4.17Microscopic image of BL-NPD tool after etching b% HF-HNG

Table 4.2 Enthalpies of formation of carbides

Metal Carbide | 4H kJ/mol
Titanium (Ti) TiC 92
Niobium (Nb) NbC 71
Vanadium (V) VC 51

Molybdenum (Mo MoC 5

wear occurs with some combinations of carbon-b#seld and titanium work materials, and

is promoted at high cutting temperature above 50B&Sed on Pettifor's semi-empirical work,

Kuljanic et al. [21, 22] reported a relation indmaof some well-known metals with carbon,

as shown ifable 4.4 From this table, it can be concluded that titemhas a very high affinity

to form carbide in comparison to niobium, vanadamad molybdenum.

The SEM/EDS (energy-dispersive X-ray spectroscompping analysis is carried out

for both the SC diamond and the BL-NPD tool. Theetnt mapping images of C, Al, Ti and

V corresponding to each tool are showrfigs. 4.18and4.19 respectively. In the BL-NPD
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element mapping, less carbon (diamond) is detemetthe relatively large flank wear region
whereas Ti, Al and V are fully detected in the wehelear region. This means that the

workpiece Ti-6Al-4V is firmly adhered to the flamkear region, and the wear is deeply related

W T R e ‘:v g

RN B &

200um VKol 200 um

Ti Ka1

Fig. 4.18SEM/EDS element mapping for flank face of SC diachtool

C Kal 2 200um AlKal 200m

Ti Ka1 200 um V Ka1 200 um

Fig. 4.19SEM/EDS element mapping for flank face of BL-NRiolt
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Tool: BL-NPD
Workpiece: Ti-6Al1-4V [
100 v =300 m/min
/=0.1 mm/rev —
:\; 80 a=02mm
E Cutting Condition : Wet  |—
‘7 60
=
a
o 40
<
> 20
0 y 0 o g 4
Ti C 0] Na Cl K Cu
Elements

Fig. 4.20Elemental analysis on etched BL-NPD flank face

Cutting Direction

Feed
Direction

Tool Insert

Chip Flow

Fig. 4.21Carbon-based build-up position on the cutting hip

to the adhesion of the workpiece. The same tendisnalytained for the SC tool, as shown in
Fig. 15; however, the adhesion area is smaller thah of the BL-NPD tool with weak

indication of Al, Ti and V. It is estimated thaktlvorn area of the flank and rake face behind
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the adhesion is diffusion/dissolution, where chenreactions between the tool (carbon) and

workpiece (titanium) take place under high tempeat

SC Cutting Chips

250 m 500 m 750 m 1000 m
BL-NPD Cutting Chips

125 m 375m 625 m 875 m 1125 m

Fig. 4.22Suspected carbon build-ups on cutting chips

Tool: S.C . = 0.8 mm) = Titanium
Workpicce: Ti-6A1-4V Alum
Cutting Speed : 300 m/min - ummum
Feed Rate: 0.1 mm/rev ® Vanadium
100 ] Depth of Cut : 0.2 mm Carbon
w0 W Cutting Condition : Wet m Oxygen
.80
<70
2
=60
5
ot 50
&40
<
= 30
20
10 .t
0
125 m 250 m 500 m 750 m 1000 m
Cutting Length

Fig. 4.23EDS elemental analysis of back surface of cuitimgs for SC tool
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Tool: BL-NPD (7, = 0.8 mm) = Titamium
Workpiece: Ti-6Al-4V )
Cutting Speed : 300 m/min % Aluminum
Feed Rate: 0.1 mm/rev Vanadium
100 ] Depth of Cut : 0.2 mm Carbon
o0 b Cutting Condition : Wet m Oxygen
80
S0
260
g 50
A
@ 40
<
=30
20
10 .t

125 m 375m 625 m 875m 1125 m
Cutting Length

Fig. 4.24EDS elemental analysis of back surface of cuttimgs for BL-NPD tool

In order to confirm the existence of TiC betweea Ti6Al-4V and the diamond tools,
SEM/EDS mapping is also done on the etched surfaseshown inFig. 4.17 Fig. 4.20
illustrates the elemental analysis of the flankefat the BL-NPD tool. Here, the suspected
build-up contains C, O and Ti with traces of Na, ICland Cu. The last four elements might
come from the coolant used. It is supposed thatan@€ TiQ are formed, but the presence of
these compounds cannot be corroborated. The taelriaacould also diffuse into the cutting

chip during high-speed cutting.

To gain more evidence for the chemical reactiomvben tool and chip, an SEM/EDS
analysis is done for the cutting chips for bothlsod he suspected carbon-based build-up is
seen on the chip surface touching the rake facshasn inFig. 4.21 It is hypothesized that
the titanium carbide is diffused into the cuttifgpcduring the cutting. In the SEM images,

these suspected build-ups are represented byitkealar.Fig. 4.22shows the gathered image
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of the supposed carbon build-ups, which are assumée@ very thin. EDS analysis shows
evidence of C in the dark area, as shown in thdimga inFigs. 4.23and4.24 for the SC
diamond and BL-NPD cutting chips. The Ti signalnfrehe background is strong indicating
that the build-up is thin. Note that the readingtlom SC diamond tool cutting chips at 125 m
cutting length is not available due to the scaroftthe build-up during SEM observatidfg.
4.25 shows typical close-up images of the back surtddde chip strips and their element
mapping with respect to carbon and titanium. Asasho the SEM photographs, dark spots
are observed on the chip surface, and these ircneamimber as cutting proceeds, especially
with the BL-NPD tool. The EDS mapping analysis m@gea substantial amount of carbon
(carbide) on the Ti-6Al-4V chips, as shownFhig. 4.25,proving that these carbon element

build-ups do not emerge from the cutting fluid. §t@ndency is prominent in cutting with the

(a) SC tool (L .=750 m)

10um  cKat1 2

(b) BL-NPD tool (Z,=875 m)

Fig. 4.25SEM/EDS photographs and element mapping of badlciof cutting chips
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BL-NPD tool. It is hypothesized that the TiC on ghecutting chips comes from chemical
reactions at high temperature. Nabhani [11] ancckédoet al. [15] reported that TiC seems to
inhibit the growth of tool wear in the cutting afanium alloy with PCD tools due to its wear
resistance properties; however, this is not the cashis experiment, where the EDS analysis
appears to show that the TiC formation is carriwdyaby the passing chip. In the case of BL-
NPD, tool wear acceleration by diffusion shows tin&t assumed TiC layer does not impede

tool wear growth.

4.5.2 Wear Model Analysis

Based on the results and discussion in the pregiectson, a diffusion—dissolution wear
model is proposed for the cutting of Ti-6Al-4V witlamond toolsFig. 4.26demonstrates the
simplified diffusion—dissolution wear model undeonsideration. During cutting, the
workpiece material adheres to the tool surfaceb)aAs the cutting process continues, the
chemically unstable environment catalyzes the foionaf carbides (TiC) under the adhesion
layer (c, d). Detailed close-ups of (c¢) and (d)Fig. 4.26 are shown in Fig. 4.24. 1t is
hypothesized that C atoms from the macromolecdiesnond) chemically react with Ti atoms
on the Ti-6Al-4V material, and vice versa, as shawhig. 4.27(a). Thus, a thin layer of TiC
is formed at the boundary between tool and chigépiece. This is due to the high affinity of
Ti to form TiC with C, as explained by Pettifor [22he thin layer of carbide, which fuses
carbon atoms on the tool surface and the titaniubstsate in the adhesion, will be diffused
and dissolved by the chip movement (e, f, and b process is repeated (h) throughout the

cutting. According to the above mechanism, rel&igelbstantial tool wear occurs with BL-
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Ti-6Al1-4V

Atoms/molecules on Adhered material
contact surface

(a)

“/
(b)
/Ti—6A1—4V adhesion \ ‘ /
(c)

(d)
Formed TiC
removed ‘ Adhered Ti-6A1-4V

Adhered Ti-6A1-4V

(2) (h)

Fig. 4.26Diffusion—dissolution wear model of diamond towiutting Ti-6Al-4V
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NPD at high cutting temperature above 500°C, as/sho Fig. 4.8. Both tools are binderless
and the work—tool combination is the same, buftctiteng temperature of BL-NPD is higher.
This proves that the thermal conductivity of a w®ahaterial has a great influence on tool wear

[12].

In the experiment, the BL-NPD tool wears more rhpildan the SC diamond tool. This
is due to the fact that diffusion happens moredigmlong the grain boundary in comparison
to the perfect lattice (single crystal), owing e imperfect surface of the polycrystalline grain
structure [23]. This has been shown in an examgliedd#fusing experiment on radioactive
silver in monocrystalline and polycrystalline sprens. The results showed the influence of
temperature in increasing the diffusion rate fothborystal structures, with the diffusion

activity seen to be higher in the polycrystallineusture. Activities at elevated temperature

Ti-6Al-4V
; TiC molecules

Diamond tool
Detail on (c) Detail on (d)

Fig. 4.27 Further magnification of the tool wear mechanisont Figs. 4.26 (c) and (c
showing the diffusion of Ti and C
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were traced on the grain boundaries of the polyalyse silver [24]. Activation energy of
diffusion is therefore less in the polycrystallthan in the lattice or single-crystal structure,[23
25]. This means that any temperature-dependenustiii will occur earlier at lower
temperature in polycrystalline structures than onocrystalline structure, as witnessed in the

accelerated wear on the BL-NPD tool during cutoh@i-6Al-4V.

4.6 Conclusions

Two types of binderless diamond tool — SC diamamdl BL-NPD — were applied to
high-speed turning of titanium alloy (Ti-6Al-4V) thi water-soluble coolant. The main results

obtained are as follows.

(1) The cutting force of BL-NPD increases with cuttilegngth faster than that of SC
diamond. The higher cutting force of BL-NPD is cadi®y the higher wear rate, even
though BL-NPD is much harder than SC diamond.

(2) The flank temperature of the BL-NPD tool is consalgy higher than that of the SC
tool, reaching approximately 800°C at the cuttiemggthL=1125 m. This temperature
difference is caused by the thermal conductivibiethe tool materials.

(3) TheVB curve with respect to cutting length has a sinfam to those of cutting force
and tool flank temperature. The tool wear mechasiseem to be related to adhesion
of Ti-6Al-4V on the tool.

(4) Diffusion—dissolution wear occurs in such a marthat a thin TiC layer is formed
between the diamond tool and adhered Ti-6Al-4V mi@tewhich dissolves through
the cutting chip. This wear model seems convincang;e carbon element is detected

by EDS analysis.
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(5) The SD diamond tool shows better cutting perforreandurning of Ti-6Al-4V at the
cutting speed of 300 m/min. The BL-NPD diamondoisgh but causes a high cutting

temperature due to its low thermal conductivity argh rate of tool wear.
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CHAPTER 5: INVESTIGATION OF HARD TURNING

OF CEMENTED CARBIDE

50 Introduction

Cemented carbides, which are commonly used for snalegés and cutting tools, are
currently machined or shaped by grinding and/or E[@éctrical discharge machining) in
order to achieve the exact desired dimensionsiimaligg of cemented carbides, an expensive
diamond grinding wheel is needed, and the MRR (N&tRemoval Rate) is very low as well
as EDM process. In order to reduce the post-cdstimnigring processes, cemented carbides are
now being produced in near-net shape. This hasseaged researchers to find alternative post-
processing methods to improve the production otipren tools, molds and dies without

sacrificing the quality of the surface finish.

Ultrasonic elliptical vibration cutting/milling cfintered tungsten carbide yields almost
the same quality of surface finish as grinding Previous research has reported the influence
of binder content of sintered WC on cutting perfanbes of PCD and CBN tools [2,3].
However, significant machining characteristics saslcutting force and cutting temperature
have not been clarified with respect to the workpigroperties of cemented carbides.
Furthermore, the appropriate tool materials for eet@d carbides are still incompletely

understood.
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Table £.1 Properties of three kinds of cemented carbide

L Grain Co Thermal Vickers
Specification ) 'al
of carbide size  content conductivity hardness
um_ wi% & W/(m-K) HVGPa
WC-m (for 3 o5 - -
mold)
WC-_d (for 3 20 - o
die)
WC;—t (for 2 12 - a4
cutting tool)

WC-m (25% Co wt) WC-d (20% Co wt) WC-t (12% Cowt) 99 um

Fig. 5.1Grain structures of cemented carbide workpieces

This chapter deals with the cutting performancesanfie diamond and CBN tools in
hard turning of three types of cemented carbideerratdesigned for mold, die and cutting

tools, in which WC particle size and Co binder emitare changed.
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Table 5.2 Characteristics of cutting tools

.. Binder Thermal Vickers  Rake
. .. |Grain size .
Specification m content conductivity hardness angle
H wt% A W/(m-K) HVGPa a°
CBN 2 7% Co 110-120 41 — 44 0
PCD-a > 0.5 10% Co 480 — 560 50- 60 0,10
PCD-b 50 5% Co 480 — 560 60 — 80 0
sL-npD | 003~ O 250-300 120-140 O
0.05
SC [] [ 1000-2200 70-120 0
CVD-SC [ O 1000-2200 70-120 0

CVD-SC

BL-NPD
Fig. 5.2Seven types of cutting tool
5.1 Experimental Procedure
5.1.1 Workpiece Material and Cutting Tools

Three types of cemented carbide — WC-m, WC-d andtW@ith different mechanical

characteristics are prepared, as shownhaible 5.1.The grain structure of these workpieces is
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shown inFig. 5.1.WC-m, used in mold-making contains about 25 wt%a@d is the softest

of the carbides. WC-t, developed for tools, corddi wt% Co and is the hardest carbide, and

Feed direction_ _ Cutting direction

PeItiey cooler Fin

Workpiece nSb
D- +Op Amp
INAs +

Two-color pyrometer

‘ -
Dynamometer

Oscilloscope _I

un o
u o
8889

Charge amplifier

Fig. 5.3Experimental arrangement

Table 5.3 Cutting conditions

Workpiece Cemented carbide
(WC-m, WC-d, WC-t)

Insert CBN, PCD-a, PCD-b,

(Nose radiust, = 0.8 mm) | BL-NPD, SC, CVD-SC

Cutting speedv m/s 40

Depthofcut d mm 0.05

Feed f  mmirev 0.1

Cutting style Dry
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WC-d, for dies, has medium hardness. These straiglysten carbide grades have grain size

of 2to 3 um.

Workpiece
Fiber holder

\_—

Insert
\

AN
Optical fiber Workpiece

<Top view>

Fig. 5.5Cutting temperature measurement
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The tools used are made from CBN and five typeiavhond: polycrystalline diamond
(PCD-a, PCD-b), BL-NPD, SC diamond, and SC diampmoduced by chemical vapor
disposition (CVD-SC). The properties of these taaiterials are listed in Table 4Rig. 5.2

illustrates seven cutting inserts.

5.1.2 Experimental Set-up and Conditions

The internal turning experiments are carried ouheut cutting fluid with the vertical
machining center, as shown king. 5.3. This experiment set-up on the machine is shown in
Fig. 5.4. In order to assess the availability of cuttingl$p a relatively high cutting speed of
v=40 m/min is set, and other operating parametesh@sn in Table 4.3 are also set as constant.
The cutting performance of each tool is evaluateduiting force, cutting temperature, surface
roughness and tool wear. Cutting force, tool wearsurface roughness are measured by three-
axis piezoelectric dynamometer, stylus profilomesexd SEM, respectively. The cutting
experiment is stopped upon reaching the flank wedth of 300 um, or when signs of tool
failure are observed. Two sets of cutting testerecuted for each tool, where cutting force
and surface profiles are measured as a first stépatting force and cutting temperature in

the second step.

5.2 Cutting Temperature Measurement

The cutting temperature is measured using a newpaotrtwo-color pyrometer. As
shown inFig. 5.5 the chalcogenide glass fiber is positioned indmall hole ¢1.1 mm), which
extends to the internal surface of the tubular-edaporkpiece. The incidence face of the fiber

receives the infrared rays emitted from the flamgef of the cutting tool when it passes over
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the hole throughout the cutting operation. The rtfa@rradiation received by the fiber is
conveyed to the two-color detector, in which InAsldnSb photocells are assembled in a
sandwich structure. These detectors are electricabled by a Peltier device and have
different spectral sensitivities in the ranges 8 lim and 3-5.5 um, respectively. Based on
the output voltage ratio from these two detectibiestemperature of the object can be calculated
using the calibration curve attained in the expenmThe pyrometer, having a flat response
from 10 Hz to 400 kHz, can be used for tool tempeeameasurement in turning with a good
degree of accuracy. This pyrometer type has beeressfully applied in previous studies in

cutting [4] and milling [5].

5.3 Experimental Results

In a preliminary experiment, the softest carbideCW) is cut by the hardest tool (BL-
NPD). The intensity of thermal radiation emittedrfrthe tool is so low that it was undetectable
by the pyrometer. This means that the tool tempegat very low, and no discussion of the
tool performance is possible from the thermal vieinp For this reason, the PCD and CBN
tools are assigned for WC-m cutting, and SC diam@\D-SC and BL-NPD for WC-d and

WC-t.

5.3.1 Tool Wear

The experiment was carried out on three differembides with five types of cutting
tool. Fig. 5.6 shows the change of flank wear width with cuttieggthL when the softest

carbide, WC-m, is cut. As shown in the figure, plodycrystalline CBN tool has lower wear
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600 T T T T T T T T T

- | Workpiece: WC-m T
-@- . PCD-a i
-@- : PCD-a¢=10°)
" | -O-: PCD-b T
400} | & : CBN .

a1

o

o
T

3001 1
i Chipping 1
200 J/ .

Flank wear width VB pum

100f n

O I | I | | I | I
0 20 40 60 80 100

Cutting length L m

Fig. 5.6 Change of flank wear width with cutting lengthtimning of WC-m

CBN

0°)

PCD-a (o

(0=10°)

PCD-a

«

PCD-b

L=125m L=37m L=61m

Fig. 5.7 SEM photographs of flank face in turning WC-m (5eg 5.6
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X40  500pm 18 41 SEI X100  100pm 22 40 SEI
CBN (L =89 m) PCD-b (L = 69 m)
(@) (b)

Fig. 5.8Chipping on the cutting tools

than the PCD tool. This result is aligned with poer¢ research [2] showing that CBN wears
more slowly than PCD tools in cutting WC with higlembalt content. The grain size of the
CBN tool is very similar to that of WC-m, which see to slow tool wear in comparison to

PCD-b, which has a very similar cobalt binder contén addition, CBN grains can endure

interference between WC-m-grade carbides withrgiténgths within 64 m. As for PCD tools,

the wear of PCD-b, with less Co content and laggain size, is considerably smaller than that
of PCD-a. The SEM photographs of the flank facke afl2.5, 37 and 61 m are shownHig.

5.7, in which traces of significant attrition can bieserved, in the form of scratch marks, for
PCD-a ¢=0°, 10°). There is little evident effect of rakeyke on tool wear. The CBN and PCD-

b tools that show chipping during cutting of WC-re ahown irFig. 5.8 This illustrates why

these tools are not tested in cutting harder gratleemented carbide.
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Fig. 5.9Change of flank wear width with cutting lengthtumning of harder carbides WC-d
and WC-t
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Fig. 5.10SEM photographs of flank face in turning WC-d (&g 5.9
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BL-NPD

[=12m [=120 m L=350 m

Fig. 5.11SEM photographs of flank face in turning WC-t (§¢g 5.9

10kV X100  100pm 19 34 SEI 10kV X100  100pm 19 30 SEI
SC (L=555m) BL-NPD (L = 505 m)
(@ ()

Fig. 5.12Chipping on the cutting tools

Meanwhile, the change of flank wear width with swgtlengthL in turning of the harder

carbides WC-d and WC-t is shownhig. 5.9 In cutting these harder materials, neither CBN

nor PCD can be used continuously, due to the lawrtess of the tool material; BL-NPD and

SC diamond tools are applicable, however. Only BRENs available for cutting of the hardest

carbide, WC-t.

In turning of WC-d, the BL-NPD tool has the besttiig performance with the least

flank wear. In the case of the SC diamond tooltt@another hand, the flank wear wiiMB
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approaches approximately 270 um at the cuttingtheafj560 m, and chipping occurs at the
same timeFig. 5.10represents the SEM photographs of the tool flanH,it is visible that the
cutting-edge geometry of BL-NPD remains almost tams CVD-SC shows similar behavior
to SC diamond because it has similar physical pt@se In the case of CVD-SC, however,
although wear rate is somewhat higher, chippingrftadaken place. It is estimated that the

toughness of CVD-SC is higher than that of SC diagno

In the case of turning WC-t, the SC diamond toaargoes chipping at the initial stage
of cutting, whereas BL-NPD is able to continue iogttup to the cutting length of
approximately 500 m. In most cases, chipping ofditing edge occurs at the bottom of the
workpiece where the feed stops and turns back imatedg, as shown ifrig. 5.5 it is at this
moment that a pulsed cutting force arises. Thiscease the chipping. The SEM photographs
of the flank face of BL-NPD are shownhig. 5.11 Despite turning WC-t, the hardest carbide
material, the flank wear is smaller than that ofd&nond when turning the medium-hardness
carbide WC-d. This abrasion resistance of BL-NPD lza explained by its high hardness and
toughness, which emerge from the extremely finenggize. From the above results, it can be
concluded that BL-NPD has the best cutting abitifythe tested materials in turning of
cemented carbide. Based on the same physical piegpef CVD-SD and SC, cutting test on
WC-t is not done with CVD-SC todkig. 5.12shows the chipping on SC diamond in cutting

WD-d and on BL-NPD in cutting WD-t, as illustratedFig. 5.9
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5.3.2 Cutting Force
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Fig. 5.13Change of principal cutting force with cutting ¢gh in turning of softest carbide,
WC-m
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Fig. 5.14Change of principal cutting force with cutting ¢gh in turning of carbides WC-d
and WC-t
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The change of cutting force with cutting lengthtumning of the softest carbide, WC-
m, is shown irFig. 5.13 It can be noticed from the figure that CBN and>Pi&show almost
the same cutting forces, which are smaller thanother PCD tools. This shows a similar
tendency as the tool wear characteristics showaign5.6 FromFigs. 5.6and5.13 the CBN

tool seems to be suitable for cutting of cementaide sintered for molds.

Fig. 5.14shows the cutting force in turning of the hardebedes WC-d and WC-t. To
begin with the WC-d carbide, both SC diamond andNBlD are usable, although chipping
occurs on the SC diamond tool when cutting lengdpproaches 560 m. BL-PCD, however,
allows extremely stable cutting, where the printqa4ting force is kept almost constant at 40
N. CVD-SC shows a similar tendency to the SC diasntool, whereby the cutting force
reaches approximately 130 N at 500 m without clmgpin the case of the hardest carbide,
WC-t, the turning experiment can be continued \BithNPD only. As shown irrig. 5.14 the
cutting force increases rapidly frob¥260 m and reaches approximately 220 N=810 m,
where a tool failure occurs. According to the abmasallts, the cutting conditions should be set

up to ensure that the cutting force does not exappdoximately 200 N.

5.3.3 Cutting Temperature

The tool flank temperature reading in cutting Wdsnshown inFig. 5.15 Although
this is a hard material, the tool temperatures orealsare relatively low, below 450°C, due to
the high thermal conductivities of the tool matkiat is estimated, however, that the

temperatures at the chip—tool interface are somehigher than those at the flank face [6].
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Fig. 5.15Change of tool flank temperature with cutting fémig turning of softest carbide,
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Fig. 5.16Change of tool flank temperature with cutting fémig turning of WC-d and WC-t

Both PCD-a ¢=0° and 10°) tools indicate that higher temperatuneer 400°C are associated
with cutting force, as shown iRig. 5.13 WC-m cutting with the CBN tool also produces
temperature of around 250°C to 310°C within theiegtlength of 20 m. In the case of CBN,

the cutting temperature rises due to the low thecaraductivity, while the cutting force is kept
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low. On the other hand, PCD-b emits a lower theram&rgy in cutting WC-m in comparison
to CBN and PCD-a. This is closely related to thebmation of flank wear and cutting force,

and also the thermal conductivity of PCD-b.

Meanwhile, when cutting the harder WC-d carbide, ¢htting temperaturé of BL-
NPD is clearly lower than that of the SC and CVD-8&mnond tools, anchored around 250°C
with a very slow increment, whereas thevalues of SC diamond increase from approximately
270°C to 320°C. Meanwhile, with the CVD-SC tdglreaches a slightly higher value than
with SC diamond at 340°C, but the temperature cbhagea similar pattern due to the similarity
between the tools’ properties. This temperaturiedihce is directly related to the lower tool
wear and cutting force rather than thermal conditgtias shown irFigs. 5.9and5.14 In this
case, thermal conductivity has less effect onmgtimperature. Additionally, the SC diamond
is not perfectly transparent and has some absoebaitkin the visible-to-infrared region. As
shown inFig. 5.17 both SC and CVD-SC diamond tools comprise colonaderials; CVD-

SC in particular looks almost opaque. Thermal tamheoccurs when they become hot. Clear

(b)C

VD-SC 3500 um

Fig. 5.17Appearances of two types of SC diamond
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Fig. 5.18Typical output voltage of the two-color pyrometkrAs and InSb
cells) when WC-d carbide is cut by the SC and C\MDedtamond tools
output signals of thermal radiation were obtainexnf the tool flank faces for both SC and

CVD-SC diamond tools, as shownhkig. 5.18

When cutting the hardest carbide, WC-t, the SC dradtool breaks abruptly after the
first cutting pass, as shown Fig. 5.14 so that the temperature measurement cannot be
continued; a peak temperature of about 420°C isibd. This seems to be caused by
significant flank wear, as shownkig. 5.9 It is clear here that WC-t is a very hard matd¢da
cut in dry and hard turning conditions. The cuttiegnperature of BL-NPD progressively

increases from 275°C to 420°C as the tool wear growa steeper pattern than cutting
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temperature in WC-d machining. The gradient ofingttemperature tabulated for BL-NPD,

as shown irFig. 5.16 again reflects the flank wear and cutting force.

5.3.4 Surface finish
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Figs. 5.19and5.20represent the typical turned surface of WC-m chrloiut by CBN,

PCD-a and PCD-b, and WC-d carbide cut by BL-NPD &@dand CVD-SC diamond tools,

respectively. As seen in the figure, clear feedkware observed on the machined surface.

These stable finished surfaces seem to be formeldeyylastic flow of workpiece material.
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Fig. 5.22SEM photographs of machined surface of WC-d culBbyNPD and SC and CVD-
SC diamond
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Fig. 5.23Close-up BES images of pitting/cavity on WC-d aad machined by SC diamond
tool
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Ductile cutting has been achieved for WC-m, as showFig. 5.19 using thediscontinuous
chip produced during cutting. The chip morphologies also shown ifigs. 5.20and5.21:
short-length semicontinuous chips are generateibsito high-carbon steel. According to the
above results, it can be said that the cementdyldess for molds, dies and tools can be turned

by the binderless diamond tools tested.

Further observations are made of the machinedidathe WC-d cut by BL-NPD
and SC and CVD-SC diamond, as showRim 5.22 Cutting with SC and CVD-SC diamond
produced obvious cavities/pitting at the end ofttdad’s life. This is clearly shown iRig. 5.23
Meanwhile, cutting with BL-NPD produced a much smtheo surface with smaller
cavities/pitting in comparison to the results of & CVD-SC diamond cutting. On the other

hand, clear marks of cutting were seen, simildhése shown ifrig. 5.20

5.4 Discussion

Most of the tools experience attrition as the ntawl wear mechanism. Failures are
usually due to an exceeding of the allowable fiaelar width and major chipping. With softer-
grade cemented carbide (WC-m), however, most ofdihges are due to mechanical shocks.
Effects were similar for the harder-grade WC (W@&ndl WC-t) with the harder BL-NPD and
SC and CVD-SC diamond tools. The aforementionetviear mechanism is accompanied by
some adhesion of the workpiece mateifad). 5.24shows the EDS analysis of the adhesion
section on the tool surface, including the massgage of W, C, Co and O. From the figure,

it should be noticed that the adhesion of work male(Co and W) is detected on the CBN,
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Fig. 5.24EDS elemental analysis of adhesion at tool edge
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Fig. 5.25Close-up SEM images of flank wear
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BL-NPD, and SC and CVD-SC diamond tools. The inileee of this adhesion on generation

of chipping is not clear at the present stage.

Tool performance is somehow related to the todllihess value and the grain structure
of the tool. This is evident in cutting WC-d and W&ith BL-NPD and SC and CVD-SC
diamond tools, although these have almost the $araness value. BL-NPD, with its grain
size of several nm, seems to perform better in geai cutting force and tool wear in
comparison to the single-crystal-structured toétscutting WC-d, any tendency towards
chipping or edge chipping is non-existent at theNBRD cutting edge, in contrast to the SC
and CVD-SC diamond tools. These latter seem taicieypping during cutting of WC particles,
while BL-NPD wears in a gradual manner. Comparg@dormance has also been seen in

previous research [7], where similar tools weredusecutting binderless cemented carbide.

Workpiece

(a) BL-NPD (b) SC

Fig. 5.26Crack propagation model in cutting tools
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Dulled insert

Fig. 5.27Formation of machined surface by dulled SC/CVD¢s&@nond tools (a).
Magnified view in the vicinity otutting edge showing cleaving and grain plucl
by dulled SC/CVD-SC tools.

This wearing phenomenon is noticeableRig. 5.25 and is explained further in
Fig. 5.26 It is apparent that the nano-grained tool wearsengradually, and the crack formed
by chipping to exposed WC particles is halted blyeotgrains/particles interface before
propagating to other areas in BL-NPD. This reddasge chipping and the tool will usually
sustain attritional wear. Meanwhile, the structoféhe SC and the CVD-SC diamond tools is
a factor in localized chipping. This is due to tiaure of singular crystals. When the worn tool
starts to crack, the crack will propagate and bexancontrollable. This is the reason for the

chipping that is visible at the tool edge.

The difficulties of cutting cemented carbide haeemtouched on in earlier studies [3].
This study emphasizes that as the binder contergases, carbides become much easier to cut

as the spaces between the WC particles becomerbigge, binderless small-grained (um or
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nm) tool material has been clearly shown to perfbest in cutting of harder carbides. Tools
with hard single-crystal structure are second b&ke interaction between carbides and
SC/CVD-SC diamond tools is explainedkig. 5.27 It can be seen that WC grains can be
ripped out by the SC and/or CVD-SC diamond toatah be concluded that as the tool draws
near the end of its life, unsuccessful cutting of \§rains results in cavities/pitting on the
machined surface; the WC grain is then pluckedobilhe workpiece by the plunging tool's
cutting edge. This phenomenon also seems to céygaireg/micro-chipping of the tool face.
This is an effect of the dulling process of cutten§VC-d workpiece using SC and CVD-SC
diamond tools. It is obvious here that grain sutetand hardness are important parameters in
choosing a tool for cutting of cemented carbidethase feature improve the tool’s ability to

withstand wear and maintain edge sharpness.

Tool flank temperature is low due to the high tharmonductivity of both the
workpiece and the tool materials. Thermal condugtivalues indicate the ability of the tool
and workpiece to channel thermal energy away frbexgdource; the higher the value, the
quicker the thermal energy is transferred to threosundings. Howeverrigs. 5.14and5.16
suggest that cutting temperature is more influerimedutting force (tool wear) than thermal
conductivity in the case of the harder carbides Wwé&hd WC-t. SC diamond tools have been
shown in previous research to produce high cutkmgperature at slower cutting speed and
higher depth of cut [6]. This phenomenon is similaYWC-m cutting, where although PCD-a
has a higher thermal conductivity than the CBN ,tablshows a much higher cutting

temperature, as shownkig. 5.15
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5.5

Conclusions

The cutting performance of the CBN and four typedi@mond tool has been examined

in dry turning of three grades of cemented carMI€), with Co binder content of 12%, 20%

and 25%. The main results are summarized as follows

(1)

(2)

@)

(4)

(5)

In cutting of the softest carbide, WC-m (25% Chg polycrystalline CBN tool shows
lower tool wear than any of the PCD tools, butBiotNPD. Grain particles in the CBN
tool are of similar size to the tungsten carbideiglas in WC-m, improving the cutting
performance of the tool, as shown in the relatiahall attritional wear.

In turning of the harder carbides WC-d (20% Co) aNE€-t (12% Co), neither
polycrystalline CBN nor PCD can be used continupdsie to their low hardness, but
BL-NPD and SC and CVD-SC diamond tools are appleathe BL-NPD tool has the
best cutting performance with the lowest flank wa#fith WC-d, extremely stable
cutting can be carried out with BL-NPD, where th@gpal cutting force is kept almost
constant at 40 N. It can be reasonably assumedh@dL-NPD tool will also show
the best performance in turning WC-m, as well as-tv&hd WC-t.

In the case of the hardest carbide, WC-t, turnanganly be continued with BL-NPD,
and the cutting force and flank wear width reacprapimately 220 N and 270 pm,
respectively, as the cutting length exceeds 500 m.

Although hard materials are being turned, the tewiperatures measured are relatively
low, below 450°C, due to the high thermal condutés of tool materials. However,
cutting temperature is directly related to the teglar and cutting force rather than
thermal conductivity in turning of WC-d and WC-t.

The stable finished surface is formed by clear faack on machined surface indicating

that the tool geometry is maintained in cuttingcaltbides.
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CHAPTER 6: CONCLUSION

Advancements in the machine world are rapidly ewmglvDemand for specific-use
components in the manufacturing industry is indregsand materials such as titanium alloys
are used in the aerospace and biomedical indusBesented carbide is used to manufacture
tools, dies and molds used in the production ofmaments such as glass lenses, drawn wires
and cutting tools. Demand for efficient means afducing components using these materials

has increased due to the high costs that are tiyrreourred.

In this study, several tools have been successtiediied in cutting of titanium alloys
and cemented carbides. The main emphasis howegebden on BL-NPD, a binderless
polycrystalline diamond tool material with grairzeiof 30-5(hm, Vickers hardness of 120—
140GPa and thermal conductivity of 250-300 W/(m-K)-BED tools have been thoroughly
investigated in terms of cutting performance amad lite. The findings have been addressed in

Chapter 4 and Chapter 5.

Chapter 2 provided an overview of difficult-to-mawh material cutting. Means of

measuring tool performance were explained, witbca$ on tool life. Previous studies on the
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cutting of titanium alloys and cemented carbideenaso discussed, and previous studies on

cutting temperature in relation to these materadse reviewed.

In Chapter 3, the principles of the two-color pyeier were introduced. This pyrometer
measures the temperature generated in turningtoperesing the infrared radiation channeled
through an optical fiber to the detector from tlesiced target area. This detector, consisting
of InAs and InSb cells sandwiched together, tuhesinfrared radiation that is received into
electrical signals. By using two detectors, thessmity problem in the infrared pyrometer is
mitigated. The calibration of the pyrometer shows exceptional level of accuracy in

temperature measurement.

In Chapter 4, SC diamond tools showed better paidoce than BL-NPD tools in high-
speed cutting of Ti-6Al-4V. It should be noted thiat type of cutting at 30@/min induces
high temperature, although it is carried out usandlooded coolant delivery technique.
Titanium alloys, though they have desirable makgmaperties, are known to accelerate tool
wear due to high cutting temperature and chemezttrons with the tool material. It is clear
here that the formation of titanium carbide doesinlaibit diffusion wear on the tool in high-
speed cutting in wet conditions. Although BL-NPDshather high thermal conductivity, the
wear severely reduces the tool’s life expectantys | due to the polycrystalline structure and
the nano-sized grain. This physical attribute aaedés the tool wear mechanism. The thermal
conductivity value of BL-NPD is not able to mitigahe thermal damage, despite the flooding
technique. This is clearly shown in the cutting pemature measured throughout the
experiment. The SC diamond tool excelled in thiglgt showing lower wear on the cutting

edge. Diffusion wear is believed to occur with S@nabnd tools, but at a slower rate. The
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single-crystal structure is found to reduce diffusivear. Furthermore, the very high thermal
conductivity of the SC diamond material helps tnsfer the thermal energy to the coolant
medium. This has been proven effective in redutiilegcutting temperature, thus reducing the
thermal damage on the tool edge. With lower adimess& diamond shows very promising

tool performance in high-speed cutting of titanialoys.

In Chapter 5, the BL-NPD tool was shown to have libst performance in cutting
harder-grade cemented carbides. The cutting peafocen of the binder tool material, CBN,
was shown to be better than that of PCD with ceateoarbides, due to the similar grain sizes
and the similarity of these grain sizes to thogb@workpiece. It should be noted that the CBN
tool is limited to the softest cemented carbideée@sThis is due to the mechanical shock
endured by the tool during cutting. The hardnessgrain structure of the tool help determine
the performance in cutting of cemented carbidapflicable, CBN is preferred over PCD tools
in this context due to better performance in teof®ol wear. Binderless tools reign supreme
over single-crystal tools here. BL-NPD, which hasamo-sized grain structure, wears more
gradually than SC diamond. The micro-cracking am tthol does not propagate as fast as it
does on SC diamond. This slows tool wear and lowetteng force, thus also lowering cutting
temperature. It should be noted that thermal caimdtycinfluences the cutting temperature.
Tools that have higher thermal conductivity enliwaer cutting temperature, but cutting force
outweighs this influence. This study has shown thdting force has the most significant
influence on cutting temperature. Ductile cuttiiggemented carbide has been achieved with

indication of clear feed marks on the machinedaaf
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CHAPTER 6: CONCLUSION

In high-speed cutting of titanium alloys, or otlveorkpieces with similar attributes,
using conventional coolant delivery, the best isatertain to have a single-crystal structure
and very high thermal conductivity. This study lshswn that thermal wear damage such as
diffusion—dissolution greatly reduces the life aflyrrystalline tools. As this type of wear
involves very high cutting temperature, tools whibave high or very high thermal

conductivity are certainly needed.

The study has suggested that strong tool candifatéise cutting of cemented carbide
should have high hardness with a binderless patyaline structure. This requirement is based
on the tool wear induced during cutting in BL-PCdeSC diamond tools. The results have
shown that cutting of cemented carbide does natdachigh temperature because of the
combined thermal conductivity of tool and workpiekkard turning at 4@n/min is possible,

although this might not be the recommended cugpegd.

The pursuit of the best performing cutting toollwibt be ending in the near future. A
better understanding of the cutting requirementsea components is needed for new tools
be developed. The introduction of more difficultst@mchine materials needs to be addressed
by improving tool materials. It is recommended ttie simulation on cutting performance
based on the result from this study is to be depeelan the future. Furthermore, comparative
studies with binderless nano-polycrystalline amgjlg-crystal CBN could also be carried out.
MQL (minimum quantity lubrication) cutting of cented carbides seems a suitable method

for future works.
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