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Abstract

Metal cutting technology plays an important role in the automotive and aeronautic
sectors, both of which are important for the Swedish economy. Both make use of
traditional grey cast iron and difficult-to-machine materials like titanium alloys and
compacted graphite iron. The tools used to machine these materials wear at varying
rates depending on factors such as contact temperature, pressure, and the relative
motion of the workpiece material and the tool surface. Given that the machining
process and the production of tool and workpiece materials are energy intensive and
generate waste, it is important to improve the process sustainability. This can be
achieved by improving machining conditions and tooling solutions, and by
developing more wear-resistant tooling. Doing so requires knowledge of the wear
mechanisms that contribute to tool degradation.

The aim of this work is to expand knowledge of wear mechanisms in commercial
tooling during machining, to explore the phenomena occurring at the
tool-chip/workpiece interface, and to explore the driving forces that govern their
intensity and relation to performance. Tools worn in turning and milling
applications and the related interfacial phenomena were explored after controlled
variations in the cutting environment. The methods used included freezing the
cutting action, imitational experiments, and to a lesser extent simulations or models
of the wear processes. Samples generated by these experimental methods were
studied using scanning electron microscopy, X-ray energy-dispersive spectroscopy,
electron backscatter diffraction, ion channeling contrast, transmission electron
microscopy, and X-ray diffraction.

The major tool wear mechanisms include diffusional dissolution and formation of
reaction products that are either easily removed with the chip flow or that work as
diffusion barriers. Additional chemical wear through oxidation may occur in milling
operations. Tool coatings are subject to mechanical wear and also to some degree to
diffusional dissolution. The combination of several titanium alloys including
commercially pure titanium, near-o Ti-6Al-2Sn-4Zr-2Mo, o+ Ti-6Al-4V,
atp Ti-6Al-2Sn-4Zr-6Mo, and near-p Ti-5A1-5V-5Mo-3Cr, compacted graphite
iron, and grey cast iron with tooling including polycrystalline diamond,
polycrystalline cubic boron nitride, uncoated cemented carbide grades and coated
versions including physical vapor deposition applied Tio4sAlossN with or without
NbN overlayer and chemical vapor deposition applied Ti(C,N)-Al,O3; makes for
many variants of reaction products, intensity of wear mechanisms, performance, and
ways to decrease the wear rate.

Keywords: Machining, Tool wear, Wear mechanisms, Diffusion, Chemical wear.



Populdrvetenskaplig sammanfattning

Skirande bearbetning dr en viktig men kostsam tillverkningsmetod. En
kostnadsdrivare dr anvandningen av skérverktyg som slits ned eller gér sonder och
behover bytas. Grundliggande arbetsmaterial i de ekonomiskt viktiga bil- och
flygindustrin inkluderar bland annat svérbearbetade titanlegeringar och
kompaktgrafitjdrn men &ven traditionellt grajirn. Bearbetningen, avfallet som
genereras samt produktionen av verktygs- och arbetsmaterial dr energikrdvande och
deras héllbara utveckling behdver forbéttras. Det kan uppnés genom forbéttringar i
maskinférhéllanden och i verktygslosningar, men ocksd genom utveckling av mer
héllfasta och slittdliga verktyg. D& behdvs kunskap om underliggande
utslitningsmekanismer som bidrar till verktygsslitaget.

Malet med avhandlingen &r att 6ka kunskapen om utslitningsmekanismer i vanliga
skarverktyg vid bearbetning av dessa arbetsmaterial. Det gors genom att anvidnda
lampliga experimentella metoder och karaktériseringstekniker. Verktygsslitage
skapas genom bearbetning av arbetsmaterialen i svarv- och frismaskiner. Fenomen
vid griansytan utforskas efter kontrollerade processvariationer, efter skapande av en
stillbild av skédrprocessen genom quick-stop-forsok, efter imitationsexperiment och
till en mindre del genom simuleringar och modeller av utslitningsprocesserna.
Prover genererade genom dessa experiment studeras via djupgédende
mikroskopitekniker for att kunna identifiera utslitningsmekanismerna.

Hoga processhastigheter som behovs i industriella verksamheter skapar hoga
processtemperaturer och relativ rorelse mellan spana och verktyg. Da skapas
forhallanden dar huvudsakliga utslitningsmekanismer inkluderar
diffusionsupplosning och skapande av reaktionsprodukter som antingen létt
avldgsnas med spanflodet eller som skyddar verktyget frén slitage genom minskad
diffusionshastighet. Vid frasning tillkommer kemisk forslitning i form av oxidering
som orsakar sprickbildning. Verktygsbeldggningar som applicerats for att oka
verktygslivsldngden slits mestadels mekaniskt genom sprickbildning men ocksa till
viss del genom diffusionsupplosning. Kunskapen om utslitningsmekanismerna gor
att riktade insatser kan goras vid val av processparametrar eller vid val av
verktygsmaterial som bdda kan minska utslitningshastigheten. Kunskapen kan
ocksé anvéndas vid utvecklingen av nya, mer slitstarka verktygsmaterial som bidrar
till mer héllbara tillverkningsforhéllanden.

Nyckelord: Skérande bearbetning, Verktygsforslitning, Utslitningsmekanismer,
Diffusion, Kemisk forslitning.
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1 Introduction

In 2022, the total value of Swedish exports was 3,140 billion SEK, representing
slightly more than half of the GNP [1]. Seventy percent of these exports were goods,
many of them produced by the automotive and aeronautic industries, machine and
workshop industry, and mining industries [2, 3]. All these industries use various
methods to shape metallic components [4]. Shaping without losing volume can be
done using deformation methods, and metals can be merged by melting processes
such as welding or additive manufacturing. However, a key value-adding
production process is machining, which is a subtractive process in which parts of
the material are removed by the shearing action of a cutting tool. Machining can
provide high-dimensional tolerance, surface finishes, and complex shapes that
cannot be achieved using other methods [5, 6]. It has been estimated that some 80%
of all manufactured parts require some machining [5].

In an attempt to reduce their footprint as the second largest source of CO, emissions
globally, the automotive and aeronautical transport industries are working on
sustainability by reducing their emissions and increasing their energy efficiency
[7, 8]. Weight reductions can contribute significantly to lowering emissions, but
reducing weight requires smarter design or replacement of currently used materials
with materials that are as strong or stronger but with lighter weight [2]. In the
automotive industry, compacted graphite iron (CGI) or austempered ductile iron
(ADI) are advanced high—strength cast materials that are replacing conventional
grey cast iron in many products, including the engine blocks and cylinder heads for
diesel engines [9, 10]. This change will have a significant effect as ninety-seven
percent of the Swedish truck fleet are registered as diesel powered, and this fleet
will be slower to move away from fossil fuels than personal cars and buses [11].
Electrification and hybrid solutions are rapidly emerging technologies, and CGI is
also a suitable material for the smaller engines in hybrids [12]. In the aerospace
industry, aluminum and titanium alloys are established materials due to their
lightness and strength, and composite materials are the latest addition [13]. Both
CGI and Ti alloys are considered difficult-to-machine materials, and sustainable
machining with efficient tooling solutions is needed.

The removal of metal by machining is done through the shearing action by a cutting
tool. The process is energy intensive and creates high temperatures in the cutting
tool and in the material being cut. The contact regions where the tool and the
material meet is the focus of this thesis. It is here that high contact pressures, high



temperatures, and the relative motion of the workpiece material and the tool surface
cause degradation of the cutting tool. The intensity of these factors affects how long
a tool will last before it degrades to the point where it can no longer function
efficiently to produce the surfaces or dimensions required, or where it poses a risk
of damaging the part or the equipment.

In 2013, the market share for cutting tool materials was as follows: cemented carbide
(53%), high-speed steel (20%), ceramics (8%), cermets (6%), polycrystalline
diamond (PCD) (7%), and cubic boron nitride (cBN) (6%) [14]. More than half of
the products using cemented carbide were related to metal cutting [15]. The global
production of cemented carbide has grown steadily [15] since it was first patented
in 1923 [16, 17]. The Swedish company Sandvik AB added cemented carbide
products to their range of cutting tools in 1942, a move that has contributed to their
status as a world market leader in metal cutting products and solutions today [18].

Cemented carbide consists of WC grains in a Co matrix, with WC providing wear
resistance and Co providing impact resistance [15]. However, both W and Co are
critical raw materials (CRMs), meaning that they are economically important and
that there are risks associated with the raw material supply for the European Union
[19]. Accordingly, such materials should be used efficiently in the many cutting tool
materials or their coatings that contain CRMs [19, 20]. Attention should also be paid
to the increasing supply risks posed by the emergence of electric vehicles with
batteries containing CRMs, their health risks, and the ethical issues associated with
their handling and mining [21-23].

1.1 Objective and hypotheses

Advanced materials with higher strength and lighter weight can contribute to
reduced emissions and increased energy efficiency in the auto and aero industries.
However, these materials are difficult to machine, adding to the already high energy
consumption during machining as well as to tool wear rates and so tool material
consumption. Moreover, the production of advanced materials and cutting tool
materials is energy intensive, and the machining process generates waste in the form
of chips and products that do not meet quality requirements. It is thus important to
improve the sustainability of the machining process. Much work has already been
done to improve machining conditions and tooling solutions. The work includes
matters like the development of lubrication and cooling technologies, tooling
geometries, tool materials and their grades, coating technology, and optimization of
tool paths and cutting data. All of this work can be done without in-depth knowledge
of the underlying causes of tool material failure.

The next step in improving machining sustainability and tooling efficiency involves
more in-depth exploration of active tool wear mechanisms in order to select suitable



tool (and coating) materials for machining applications and to develop new, more
wear-resistant tool materials. The objective of this thesis is to expand knowledge of
active wear mechanisms in cutting tools, of how these are manifested as phenomena
observable at the interface between tool and workpiece material, and of the driving
forces that govern their intensity. This will contribute to more precise control of the
wear processes and to tool material development.

The hypothesis for this work is that reducing the wear and degradation of cutting
tools used in machining can be successfully achieved based on knowledge of wear
mechanisms and related phenomena. At the same time, experimental and
characterization techniques can be identified and selected such that wear
phenomena across the tool-chip/workpiece interfaces are captured adequately. This
information can serve as a prerequisite for an increased understanding and
knowledge on active tool wear mechanisms and their combination across multiple
length scales.

1.2 Research questions

Three research questions were formulated:

1. Which experimental and characterization techniques can be used to
adequately capture wear mechanisms and related phenomena across
tool-chip/workpiece interfaces?

2. How can knowledge about individual wear mechanisms and their
combination across multiple length scales be brought together to describe
tool wear?

3. How do the identified wear mechanisms and reaction products contribute to
the wear rate and tooling performance and what can be done to reduce the
wear rate?

1.3 Methodology

In the machining of a workpiece material where the metal or alloy is sheared off and
removed by a cutting tool, the active processes of degradation of the tool material
occur in the tool-chip/workpiece contact region. In turning and milling processes,
this contact region is shielded by the chip on the tool rake face and by the workpiece
material on the flank side. As the cutting proceeds, the tool morphology and
microgeometry gradually change due to tool wear. However, it is not yet possible
to follow these changes in-operando along with the cutting action. An ideal
experimental situation would involve simultaneous studies of atomic movements,



the formation and development of reaction products and diffusion paths at the nano
or atomic scale at the interface, and the evolution of morphology and mechanically
induced cracks or other damage at a micrometer scale. This is not yet possible, and
the actual wear mechanisms that occur during machining can be represented by a
black box (Fig. 1).

Currently, researchers have to combine different experimental methods that each in
their own way resemble the active wear mechanisms in machining. By combining
them it is possible to draw conclusions about the probability of observed wear
phenomena actually occurring in machining. The limitations, differences, and
formation of artifacts in the methods need to be understood to be able to make
realistic correlations with the actual wear mechanisms in machining. A proper
combination of experiments can become a powerful way to understand the active
processes in tool wear, and Fig. 1 shows some identified methods.

A common approach is to study as-worn tools with varying levels of wear.
Parameters like cutting data, tool and holder geometries, environments, and tool and
workpiece materials can be varied, which then alters temperature, pressure, and
sliding conditions. In this study, this type of experiment is called a controlled
variability experiment. A negative aspect of studying as-worn tools is that the
cutting depth or contact width is gradually reduced as the tool disengages, which
slightly alters the conditions that previously operated on the cutting tool. As the tool
cools after disengagement, some phases may change and may thus not resemble
those present during machining. Another less common option is process freezing
experiments that provide a way to examine the tool-chip/workpiece wear interface.
Such experiments can be done using the quick stop method, which gives a freeze-
frame of the cutting process [24-26].

Imitational experiments are another method of studying wear mechanisms. The
diffusion couple method is gradually increasing in popularity and may become the
new standard for examining diffusional and chemical wear mechanisms [27-34].
There are also other types of imitational experiments including tribo-tests such as
pin-on-disk tests [35-38], sliding or adhesion tests [39—43], and oxidation tests
[44-46]. These are easily quantifiable, reproducible, and can be done in a safe
environment. However, the extent to which they represent the actual wear processes
and mechanisms needs to be analyzed. Wear mechanisms can also be studied using
modeling and simulations of the wear processes at the interface [47-50].

However, even this broad scope of tests and analysis does not reveal all wear
phenomena and their progress, and there is scope for more approaches to studying
wear mechanisms (Fig. 1). In this work, a combination of methods is used to study
wear mechanisms. These include studies of as-worn tools and their cross-sections
in controlled variability experiments, process freezing experiments using the quick
stop method, imitational experiments using diffusion couples, and thermodynamic
modeling and diffusion simulations. Samples are studied using a range of



microscopy techniques that capture wear phenomena in different ways and at
different scales. These approaches complement each other, resulting in a wider
understanding of the wear mechanisms present.

Controlled variability Process freezing
experiments experiments

Imitational
experiments

Modelling and \
simulations ?

Fig. 1 Venn diagram of methods that contribute to the understanding of active wear mechanisms in
machining [IX].

The work is primarily deductive with initial literature studies that provided
information on the current state of tooling performance and its evolution and
identified, or suggested, wear mechanisms. However, the research reported in this
thesis did not set out to replicate previous studies to check their validity. Instead,
performance tests were done with industrially relevant environmental and cutting
data, bearing in mind the importance of industrial usability. The evaluation of
performance and the exploration of the mechanisms that are the underlying cause of
the observed tool wear morphology and tool performance involve deductive
reasoning. The approach of successively narrowing the scale in the samples
prepared and the microscopy investigations allows exploration and tracing of wear
mechanisms.

The exploration of wear mechanisms also falls within a qualitative framework. It is
challenging to quantify how much each identified wear mechanism contributes to
the overall wear of the tool, and this work does not intend to do so. The qualitative
way of identifying wear mechanisms is based on the overall information gathered
with the different methods in Fig. 1 together with the range of microscopy



techniques that combine to give a picture of the wear mechanisms present. However,
when evaluating the performance of tools in machining, quantitative measures were
used to find the tool life at a predefined wear criterion using the respective ISO
standards for tool wear monitoring.

1.4 Scope and limitations

The scope of this work includes the exploration of active wear mechanisms in
commercial cutting tools (uncoated and coated cemented carbide, PCD, and pcBN)
used in industrially relevant machining operations (turning and milling) of
difficult-to-cut and economically important materials (Ti alloys, CGI, and GCI).
The range of microscopy techniques used to characterize the wear mechanisms
includes light optical microscopy, scanning electron microscopy, X-ray
energy-dispersive spectroscopy, electron backscatter diffraction, ion channeling
contrast imaging, transmission electron microscopy, and X-ray diffraction.

Tooling performance was evaluated using ISO standards for tool life testing, and
the wear mechanisms were linked to the wear rate. This work is limited to wear
mechanisms observable using the above microscopy techniques and by the available
methods for observing the tool-chip/workpiece interface, including as-worn tools
and tools attached to the workpiece after quick stop tests, their cross-sections, and
diffusion couples. Other complementary methods like electron energy loss
spectroscopy (EELS), atom probe tomography (APT), and neutron or synchrotron
sources could also be used to characterize tool wear mechanisms, but these fall
outside the scope of this work.

Tool wear during machining is here limited to a laboratory environment. The cutting
operations are limited to continuous turning and down face and external circular
milling, mostly at finishing conditions in order to be economic in workpiece
material consumption. Cutting data and cooling conditions are limited to
recommendations by tool manufacturers. Variations in workpiece and tooling
material quality were not the primary focus of the work, although these can play a
role in the wear rate due to varying microstructural and material properties.

The study is limited to commercial tool and coating grades and geometries. Tool
life testing was limited to a maximum of two repeats due to the long test times and
the need to be economical in material use. Different cutting data parameters were
used when evaluating cost performance. For in-depth transmission electron
microscopy based investigations, a maximum of four lamellae a few pum in size and
<200 nm thickness were studied per investigated tool and workpiece material
system. Such small samples may not represent the full wear region and may not
capture all wear phenomena, but they still offer in-depth insight that yield valuable
information on some of the active wear mechanisms.



2 Machining

Machining is a value-adding material shaping process that is economically
important in industrialized countries [6]. It is a subtractive process that includes
turning, milling, drilling and other cutting operations [51]. In this research, I have
focused on longitudinal turning, down face milling, and external circular milling.
Metal cutting allows for great variability, as almost all metals or alloys can be
machined. Complicated shapes are achievable, and sizes can range from watch parts
to aircraft wing spars. High precision is possible. As cutting speeds can vary from
more than 1000 m/min to less than 0.01 m/min, the cutting time can range from
several hours to a fraction of a second [6, 51]. Metal cutting is directly or indirectly
related to other manufacturing processes such as the making of dies for sheet metal
forming [6, 51]. Annual investment in metal machining has been approximately
three times the investment in metal forming, despite improvements in replacement
materials and near-net shape processes [51]. International competition creates a
need for higher productivity, which requires advances in tooling for high speed
machining [6].

2.1 Longitudinal continuous turning

The longitudinal turning process is displayed in Fig. 2. The workpiece is clamped
on one side with a chuck that provides the rotational speed and torque to the
workpiece, while the other end can be supported by a tailstock (Fig. 2a). The
diameter of the workpiece and the rotational speed give the cutting speed v,
expressed in m/min, at which the material approaches the cutting tool surface, while
the evacuated chip has another, lower, speed, v, (Fig. 2b). The cutting tool mounted
in the tool holder moves radially towards the workpiece material to a specified
diameter. This radial ingress is the cutting depth a,, expressed in mm (Fig. 2c). The
tool holder moves along the axis of the workpiece at a feed rate f in mm/rev and
removes material in the form of chips (Fig. 2¢). The cutting depth and the feed in
combination with the major cutting edge angle « give the contact area of the cutting
tool, which is marked in blue in Fig. 2¢. The major cutting edge angle together with
the feed rate gives the theoretical chip thickness /,, expressed in mm (Fig. 2¢). The
nose radius 7 in mm and the feed rate generate the theoretical surface roughness in
um (Fig. 2c). The material removal rate is used to assess efficiency. It is calculated



by multiplying the depth of cut, feed, and cutting speed [6]. Chip removal induces
a force acting on the tool that can be divided into three orthogonal cutting force
components. These are in the cutting speed direction, the feed direction, and the
cutting depth direction. The forces are called the main cutting force F., the feed force
Fr, and the passive force F, respectively (Fig. 2c).

Rotational
direction

Fig. 2 (a) Machine setup for longitudinal turning in an SMT 500 Swedturn lathe. (b) Illustration of the
turning process in 2.5D and in (c) 2D showing the cutting parameters.



Fig. 3 shows the cross-sectioned turning process and a magnified view of the cutting
zone. The cross-sectioned cutting zone shows the cutting speed and chip speed, the
feed direction, and the theoretical chip thickness, as well as the edge radius 74 of the
cutting tool, the clearance angle o, and the rake angle y. The clearance angle
prevents the flank side of the tool from rubbing against the freshly cut surface. The
rake angle is adjusted for optimal cutting performance and chip evacuation. Tools
with a highly positive rake angle in combination with a small edge radius and nose
radius are mechanically weaker.
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Fig. 3 Illustrations of the cross-sectioned turning process and the cutting parameters [IX].



2.2 Down face milling

A milling process is generally more complex than a turning process as it is
intermittent due to the cyclic engagement and exit of the tool. The work reported in
this thesis employed down face milling, as shown in Fig. 4. Such operations are
common when machining items like cylinder blocks [6]. One or more cutting tools
are mounted in a milling cutter that rotates around its own axis, and so the material
is removed in an arc shape as the cutter moves along the clamped workpiece material
at a given feed rate f'in mm/min. This feed rate is divided by the number of cutting
tools mounted z (each cutting edge is called a tooth) and thus each milling cutter has
its own feed per tooth f; expressed in mm/tooth. The cutting width is given by a. in
mm, and its maximum is given by the diameter of the cutter. The cutting depth is
given by a, in mm. Together with the feed per tooth f. the cutting width and depth
give the volume removed per revolution of the tool edge. The rotational speed and
diameter of the milling cutter give the cutting speed v. in m/min, and the evacuated
chip has a chip speed v.;. The periodic engagement of the teeth in the workpiece
material give rise to thermal and mechanical cycling stresses [6].

Tool ﬂ
rotational

direction

Fig. 4 Illustration of the down face milling process and the cutting parameters.
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2.3 External circular milling

Another milling method employed in this research is external circular milling. Fig. 5
shows a cylindrical workpiece clamped on the table of the machining center. The
mill head rotates around its own axis and simultaneously moves around the
workpiece diameter. This method was employed to make efficient use of the
workpiece material supplied as cylindrical bars. Fig. 5 also illustrates the cutting
parameters of feed per tooth f, cutting width a., cutting depth a,, and how the
diameter is reduced per workpiece revolution. In this test, the milling cutter was
moved down along the workpiece axis to maintain the correct cutting depth in the
next pass. The diameter of the workpiece, the diameter of the milling cutter, the
selected cutting width a., and the feed per tooth f. determine the engagement angle
O. However, the efficient contact width on the rake face /mq of the tool will be
smaller than f; in the case applicable to this work, shown in Fig. 5.

External circular milling

r".r

f = f, with one

&ol‘installed
{

Fig. 5 The external circular milling setup in a Mori Seiki SV 500 CNC mill and an illustration of the
process with cutting data [III].

2.4 Quick stop in turning

The quick stop method can be employed to study material deformation in the cutting
zone and the contact between cutting tool, chip, and workpiece material during a
machining operation. The basic procedure of the quick stop method for a turning
operation is presented in Fig. 6. The tool is engaged in the workpiece during turning
until an impact rapidly disengages the tool holder. The supporting shear pin that the
tool holder is resting on breaks and the tool holder is rotated around its pivot point.
The impact must generate a movement of the tool holder to a speed greater than the
cutting speed [51]. This is done by accelerating an impactor by a gunpowder charge
in a gun. As a result, a frozen cutting process is obtained in the form of a, so called,
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chip root, preserving the mechanics of chip formation. Sometimes, it is just as
important to preserve the tool-chip/workpiece interface as well. This can be done
by artificially introducing a weakness in the cutting tool by cutting a slot with a
diamond disc in the rake of the tool outside the contact area so that the tool edge can
break during cutting. Due to adhesive forces on the tool, the broken off tool edge
can stick to the cutting zone in the workpiece material after impact. The contact
regions between cutting tool, chip, and workpiece material can then be studied in a
view like the right hand illustration in Fig. 3. While dynamic information is lost by
freezing the action, microscopic detail is gained [6, 51].

Cutting speed, v,
4«

Introdused pre-curt%

i

Induced crack

Tool tip
attached

Broken_‘f V>V,

shear pin

Fig. 6 Illustration of the quick stop process in turning [IX].
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2.5 Deformation and temperature

During a metal cutting operation, the material is either plastically deformed and
sheared off or removed through brittle fracture. Plastic shearing is common in the
machining of Ti alloys, while brittle fracture is more common in machining cast
irons. Either deformation process requires large amounts of energy [6], while the
rest of the mechanical work is related to the friction between the tool rake and chip
[52]. Three deformation zones are present: the primary (g;), secondary (&r), and
tertiary deformation zones (ey7) as illustrated in Fig. 7a—b. The primary shear zone
requires the majority of the work and the temperature becomes locally higher there
[52]. Additional plastic work is done in the secondary and tertiary deformation
zones [52]. The chip starts to form on the rake side of the stagnation zone (Fig. 7b)
which is where the workpiece material flow approaches zero velocity. Chip
segments like the ones shown in Fig. 7a cause an uneven loading cycle on the cutting
tool [6] and are common when machining Ti alloys.

The plastic deformation of workpiece material causes high cutting temperatures.
Some 70-85% of the work can dissipate as heat [52]. Increasing the cutting speed
increases the cutting temperature as more energy is consumed in shearing off chips
per unit of time [52]. The heat conducted into the tool depends on the thermal
conductivity of both the tool and the workpiece material [52]. Knowledge about tool
edge temperatures is valuable for predicting the formation of reaction products or
phase transformations when studying tool wear mechanisms. However,
measurement of tool edge temperatures can be challenging [53]. Common methods
include measurement of the temperature on the side of a tool with infrared
thermography or with thermocouples embedded within the tool body, as well as
using models and simulations [54, 55]. The first two methods can only measure the
temperature some distance from the cutting zone, and extrapolation is needed to
determine the actual tool edge temperature [56]. Titanium alloys have a low thermal
conductivity that combined with a short contact width, results in high tool edge
temperatures of up to 900—1100 °C [57-60] like those shown in Fig. 7c.
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Fig. 7 (a) [llustration and (b) example of deformation zones. (c) Tool temperature distribution [I].
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2.6 Conclusions

This section has introduced subtractive metal cutting processes and the cutting
parameters employed in this work. The methods include longitudinal turning, down
face milling, and external circular milling. This work thus includes both continuous
and intermittent cutting processes. A freeze-frame of the cutting process in turning
can be achieved by using the quick stop method, which requires altering the tool if
the tool-chip/workpiece contact is to be maintained. The processes of deformation
and chip formation were introduced, as well as the temperature generated in the
cutting tool and its effect on tool wear. Knowledge on the cutting process and
environment that the cutting tool has been subjected to is important when analyzing
the active tool wear mechanisms and relation to the tool cutting performance.
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3 Materials

During the last century, higher machining rates and productivity were enabled by
the introduction of high-speed steel and cemented carbide cutting tool materials that
replaced the previously standard technology of carbon steel. The subsequent
introduction of ceramics and ultra-hard tool materials (PCD and pcBN) has further
contributed to increased productivity. At the same time, a vast number of new
workpiece materials have been developed to meet the higher demands of stress,
temperature, and corrosion resistance that are now required in industry. The
improved material properties have made some of these alloys more difficult to
machine than their traditional counterparts, and so increased the need for improved
tool wear resistance [6, 61].

3.1 Tool materials

Cutting tools are used over a wide range of cutting conditions and it can be difficult
to find cutting tool material specifications that suit the whole range. Some cutting
tool materials may perform well in some conditions but worse in others, which is
one reason for developing different grades and varieties of tool materials. The
physical and metallurgical requirements of a cutting tool material include a high
yield strength at elevated temperatures, hardness, fracture toughness, wear and
fatigue resistance, thermal conductivity, thermal shock resistance, and low
reactivity with the workpiece material and atmosphere [61].

3.1.1 Cemented carbide

Cemented carbide is produced through powder metallurgy by sintering hard and
wear-resistant WC grains of micrometer size (0.2—10 um) with a softer and ductile
Co binder matrix (commonly 415 wt.% for metal cutting), which results in a unique
combination of hardness and toughness [6, 15]. Other hard phases such as TiC, TaC,
and NbC can be introduced to further strengthen the material; these grades are suited
for machining steel [6, 15, 51]. Because WC has a hexagonal crystal structure that
does not undergo structural transformations up to its melting point, which is 2750 °C
[6, 62], heat treatment of WC does not alter its properties. While the hardness
decreases with increased temperatures, it still exceeds that of steel [6, 62]. Small
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fractions of Cr added to the Co binder inhibits grain growth during sintering
[51, 62]. At temperatures below 417 °C, Co has a hexagonal crystal structure and
the face centered cubic structure above, and a face centered cubic above. The fcc
crystal structure is retained after sintering [15, 62].

A wide variety of microstructures and mechanical properties can be achieved by
adjusting the composition and grain size of the hard phase(s), the binder material
and its volume, and the production process parameters [15, 62]. Increased Co
content reduces the hardness and compressive strength but increases the ability to
resist fracture, while a finer WC grain size increases the hardness of the cemented
carbide [6, 15, 51]. A grade with 6 wt.% Co and 2 pym WC suits the majority of
applications [6, 62]. This study includes the cemented carbide microstructures
displayed in Fig. 8 with WC-Co grades with fine grain size and 6 wt.% Co (Fig. 8a)
or 12 wt.% Co (Fig. 8b), a coarse grain size with 15 wt.% Co (Fig. 8c), and a mixed
substrate grade with fine grain size and 85.3 vol.% WC, 2.0 vol.% (Ta,Nb,W)C, and
12.7 vol.% (7.8 wt.%) Co binder (Fig. 8d).

a) Fine grain 6% Co b) Fine graln 12% Co
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Fig. 8 SEM-BSE microstructure images of cemented carbide grades. (a) Fine grain size and 6 wt.%
Co binder [II, VII, X, XI]. (b) Fine grain size and 12 wt.% Co binder [III]. (c) Coarse grain size and
15 wt.% Co binder [VIII]. (d) Mixed substrate grade with fine grain size and 85.3 vol.% WC,
2.0 vol.% (Ta,Nb,W)C, and 12.7 vol.% (7.8 wt.%) Co binder [IV, V].

3.1.1.1 Coatings

Cemented carbide tools can be coated with a hard and wear-resistant coating to
extend the tool life [51]. In this way, the bulk cemented carbide is optimized to resist
failure and the surface is optimized to resist wear [51]. The coating should ideally
also reduce friction and not only supply improved wear resistance but also resistance
to oxidation. It should have thermal shock resistance, and the integrity of the coating
needs to be stable during the cutting operation [63]. About 80% of cemented
carbides for machining are coated [14, 51]. It is common to apply one or more layers
of coating, combining different coating materials with specific characteristics
[6, 63]. Coatings for cutting tools are commonly applied by chemical vapor
deposition (CVD) or physical vapor deposition (PVD) techniques [6].
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The CVD technique applies coatings of about 4—-12 um thickness [6, 51, 52].
Common materials are TiN, Ti(C,N), and AL,Os [6, 14]. AL,Os is usually applied on
Ti(C,N) base layers. a-Al,Oj3 in the 001 orientation or texturing has shown superior
cutting performance and wear resistance compared to other orientations [14, 64].
The CVD process involves heating the tools to about 800-1050 °C in a sealed
chamber with a flow of hydrogen gas [6, 51, 52]. Gases that contain the coating
elements are circulated in the chamber to form the ceramic coating with a fine grain
size and equiaxed grains [6, 51, 52]. The thermal expansion coefficient is generally
greater for the coated material than for the substrate, which introduces cracks and
tensile stresses in the coating upon cooling [6, 51].

In the PVD process, ionized metal atoms are attracted to the tool by high voltage on
the tool surface in the presence of low pressure gas containing nitrogen, carbon, or
oxygen [6, 51, 63]. This process can be done at 500 °C or lower [6, 51] which results
in lower residual stresses in the tool coating and less or no cracking compared to
CVD-applied coatings [6]. PVD-applied coatings are normally thinner than
CVD-applied coatings [65]. Ti;-xAlN (x = 0.4—0.7) is a common coating material
for cutting tools and has an fcc crystal structure. However, it can undergo spinodal
decomposition above 800 °C into fcc TiN and fcc AIN [51, 64]. Fig. 9 shows the
microstructure of the coatings utilized in this work including PVD-applied
Tio,45Alo,55N (Flg 921) and Tio_45Alo,55N-NbN (Flg 9b), and CVD-apphed
Ti(C,N)-ALO;s (Fig. 9c).

a) SEM-BSE, PVD
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Fig. 9 SEM microstructure images of coatings. (a) PVD-applied Tio.4sAlo.ssN on WC-6%Co using the
BSE-detector [IX]. (b) PVD-applied Tio.asAlo.ssN-NbN on WC-6%Co or WC-12%Co using the
BSE-detector [1II, IX]. (c) CVD-applied Ti(C,N)-Al2O03-TiN on WC-(Ta,Nb,W)C-7.8%Co using the
SE-detector [IV, V].
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3.1.2 Polycrystalline diamond (PCD)

Polycrystalline diamond (PCD) tools consist of synthetic 2-25 um-sized diamond
grains that are surrounded by a metallic binder, commonly Co [6, 20, 51, 66].
Synthetic diamond consolidation is done at high pressure and temperature (HP-HT)
[6, 20]. During densification, the Co melts and surrounds the diamond grains,
stimulating the formation of diamond-diamond bonds [20]. Due to the high cost of
PCD, cutting tools are rarely made of solid PCD. Instead an effective tip of PCD is
bonded to a cemented carbide substrate [6, 20, 67]. The price of PCD tools is about
ten to twenty times that of cemented carbide, which restricts its use to operations
where other tool materials are not as efficient [6, 20]. PCD tools generally have a
lower wear rate in abrasive environments due to their high hardness. This abrasion
resistance increases with diamond grain size. A smaller grain size improves the edge
quality and thus positively affects the surface roughness of the machined part
[6, 20, 67]. Diamond is metastable and converts to graphite at approximately 600 °C
in air [66].

PCD tools are commonly used in machining aluminum and aluminum-silicon
casting alloys, copper and its alloys, cemented carbide in pre- and post-sintered
state, as well as abrasive non-metallic materials like carbon fiber reinforced plastics
[6, 67, 68]. PCD is not suited to machining iron-based materials as diamond is
dissolved by iron at high temperatures [6, 51, 68]. The thermal conductivity of PCD
is about five times higher than that of WC and cBN, which leads to lower heat
accumulation at the tool-chip/workpiece interface during machining [20].
Commercial PCD with the microstructure presented in Fig. 10a displays a
multimodal grain size distribution with 12 wt.% Co binder. Fig. 10b shows another
type of fine grained PCD with 17 wt.% Co binder.

3.1.3 Polycrystalline cubic boron nitride (pcBN)

Cubic boron nitride (¢cBN) is the second hardest material after diamond [6]. It has a
face-centered cubic crystal structure with boron and nitrogen each filling one face-
centered set [6]. ¢cBN is not found in nature and is synthesized and consolidated at
HP-HT conditions. Densification is done with a metallic or ceramic binder to form
polycrystalline cBN (pcBN) [6, 51]. Like PCD, pcBN is expensive, and thus only
an effective tool tip is bonded to a cemented carbide substrate. However, solid pcBN
inserts are also available [6, 68]. The cost of pcBN tools is about five to ten times
that of cemented carbide [6]. Compared to diamond-based tools, cBN shows
improved stability at high temperatures such as 1000 °C in air or in contact with
iron and other metals. It reacts slowly with steel at such high temperatures [6]. PCBN
tools are therefore used in machining hardened steel, superalloys, and hard cast irons
at high speeds that make their use economic despite their high cost [6, 67, 68].
Fig. 10c shows a commercial pcBN tool material with fine grain size and 15 wt.%
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metallic binder consisting of several phases mainly containing Al, Ti, Cr, Ni, Mo,
Co, and W that was used in this work. Another pcBN coarse-grain grade with
10 wt.% binder of AIN and AIB, shown in Fig. 10d was also employed.

a) PCD multimodal b) PCD fine grain ¢) pcBN fine grain d) pcBN coarse grain
12% Co 17% Co 15% binder 10% binder
e By T e oy ¥ y

Fig. 10 SEM-BSE microstructure images of PCD and pcBN grades. (a) PCD with multimodal grain
size distribution and 12 wt.% Co binder [I, VIIL, XI]. (b) PCD with fine grain size and 17 wt.% Co
binder [I]. (c) pcBN with fine grain size and 15 wt.% metallic binder [I, VIII]. (d) pcBN with coarse
grain size and 10 wt.% AIN and AlB: binder [VI].

3.2 Workpiece materials and their machinability

The two groups of workpiece materials studied are titanium alloys and cast irons,
including compacted graphite iron and grey cast iron. Titanium alloys and
compacted graphite iron can be considered difficult to machine. Machinability can
be defined as “the property of a material which governs the ease or difficulty with
which a material can be machined using a cutting tool” [61]. This definition is very
broad, and can carry different meanings in different specialist contexts. There is no
one generally accepted parameter to measure machinability, and attempts to define
it focus on parameters like tool life, wear rate, energy consumption, or surface finish
[61].

3.2.1 Titanium alloys

Titanium alloys were introduced in the 1950s and are thus relatively new
engineering materials [9, 69, 70]. They have gained popularity due to their high
strength-to-weight ratio, high corrosion resistance in air, marine, and many
industrial environments, low thermal conductivity, and low thermal expansion
[9, 69, 70]. These properties make Ti alloys suitable for use in the aerospace,
automotive, chemical, and medical industries [9, 70, 71]. A negative aspect of
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titanium is its high chemical affinity to other materials at elevated temperatures.
This results in high tool wear rates when machining titanium. It also means that
titanium alloys require nonconventional refining, melting, and casting techniques,
which contribute to their high cost [9, 70, 72].

Titanium has a high melting point (1668 °C) and exists in the hcp a-phase up to
882 °C, above which it attains the bce B-phase [6, 69]. The B-transus temperature
can be adjusted by adding alloying elements that stabilize either phase. Al is an
important a-stabilizer and solid-solution strengthener that also reduces the density
of the alloy [69, 70]. B-stabilizers include f-isomorphous Mo, V, and Nb that have
complete solubility in the B-phase and limited solubility in a [69, 70]. There are also
B-eutectoid stabilizers like Cr and Fe [69, 70]. Titanium accepts interstitial solutes
like the a-stabilizers C, N, and O, and [-stabilizer H [69]. The hcp a-phase has
eight slip planes while the bce B-phase has twelve [70], which improves forgeability
and increases adhesiveness in B-alloys.

The wide range of Ti alloys are classified according to the phases in the
microstructure and include commercially pure (CP) a-alloys, near-o alloys, a+f3
alloys, near-f alloys, and B-alloys [69, 70]. Oxygen is the main alloying element in
CP-Ti in which the only phase present is a, while near-a alloys have a small fraction
of B-phase [70]. CP-Ti has lower strength than other Ti alloys but is preferred for
its corrosion resistance and creep resistance at elevated temperatures [70]. The o+f
alloys are probably the most widely used as they exhibit good formability but lower
creep resistance and weldability than the a-alloys. Among these, Ti6Al4V (Ti-64)
is the most versatile [69—71]. The B-alloys have high strength due to fine a-phased
precipitates in the -structure and offer a unique combination of fracture toughness,
high strength, deep hardenability, and simpler processing [69—71]. However, the
same properties give B-alloys a reduced machinability, and the large amounts of
[B-stabilizers makes them heavier than the o+f alloys. They are also prone to
embrittlement [70-72]. Near-f alloys like Ti-5AI-5V-5Mo-3Cr (Ti-5553) are
replacing conventional o+f alloy Ti-64 in some critical aeronautic applications [71].

The material properties that make titanium alloys popular in combination with the
high chemical affinity of Ti, make them difficult to machine. The high tool
temperature generated during machining due to the low thermal conductivity of Ti
alloys drives tool wear. About 80% of the generated heat is conducted to the tool
when machining Ti-64. Tool temperatures as high as 730-1100 °C have been
reported at cutting speeds ranging up to 200 m/min. Machining titanium alloys is
also associated with a smaller contact width on the rake face compared to cutting Fe
or Ni based alloys, which results in higher compressive stresses on the tool. The low
elastic modulus causes workpiece deflection, vibration, and chatter. The chips are
commonly segmented with shear localization in a narrow band, which results in
variations in chip thickness on the active rake contact area and a cyclic load
distribution. [6, 72]
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The traditional approach to coping with the poor machinability of titanium alloys
has been to use low cutting speeds and cutting fluids to reduce the cutting edge
temperature, and a high feed rate and depth of cut to increase the naturally narrow
contact zone. Cutting fluids, preferably involving water-soluble oil, rather than oil,
applied at high pressure, have been shown to increase tool life when machining
Ti alloys as they effectively penetrate the tool-chip interface and thus decrease the
cutting temperature [72]. A further option is to use a tool material that has high
thermal conductivity and so can dissipate much of the generated heat. Cemented
carbide grades containing TiC wear more rapidly than straight grades of WC-Co
because the Ti in mixed-crystal carbides diffuses faster into titanium alloy chips
than WC does. The recommended cutting tool materials for machining Ti alloys
include uncoated or coated cemented carbide, pcBN, and PCD [51]. [6, 72]

This work includes five Ti alloys ranging from a to near-p. Their microstructures
are shown in Fig. 11. The Ti alloys are the a-phase CP-Ti (Fig. 1la), near-a
Ti-6Al-2Sn-4Zr-2Mo (Ti-6242) (Fig. 11b), a+p Ti-6Al1-4V (Ti-64) (Fig. 11c¢), o+p
Ti-6Al-2Sn-4Zr-6Mo (Ti-6246) (Fig. 11d), and near-f alloy Ti-5A1-5V-5Mo-3Cr
(Ti-5553) (Fig. 11e). Their respective compositions are shown in Table 1 and their
heat treatment and mechanical properties are presented in Table 2.

b) Near-a Ti-6242 c) a+p Ti-64 d) a+p Ti-6246 e) Near-g Ti-5553

Fig. 11 SEM-BSE microstructure images of titanium alloys. (a) a-phase CP-Ti [IX]. (b) Near-a
Ti-6242 [II]. (c) o+p Ti-64 [1, 11, VII, VIII, X, XI]. (d) a+p Ti-6246 [III]. (e) Near-f alloy Ti-5553
[III, VII, IX].

Table 1 Chemical composition of Ti alloys in wt.%.

Al \Y Sn Zr Mo  Si Fe Cr Y [¢] C N H Res. Ti
o CP-Ti - - - - - 0.05 - - 0.13 001 <0.01 0.001 <0.40 Bal.
Near-a  Ti-6242  6.00 - 2.00 4.01 2.01  0.095 025 - - 0.15  0.08 0.05 0.01 <0.40 Bal.
atp Ti-64 6.03 405 - - - - 0.17 - <0.005 0.141 0.021 0.006 0.0013 <0.40 Bal.
atp Ti-6246  6.00 - 2.00 4.01 6.01 - 0.15 - - 0.15 004 0.04 0.01 <0.40 Bal.
Near-p  Ti-5553 528 4.78 - <0.005 4.58 <0.030 032 3.02 <0.001 0.16 0.021 0.007 - <0.30 Bal.

Table 2 Heat treatment and mechanical properties of the Ti alloys included in the work.

Heat treatment Ultimate tensile 0.2% yield Elongation Reduction of
strength [MPa] strength [MPa] [%] area [%]
o CP-Ti Sub-transus annealed 463-483 364-376 31-34 52-58
Near- a Ti-6242 Sub-transus solution treated and aged 1004 895 19 42
atp Ti-64 Mill-annealed 955 858 19 37
atp Ti-6246 Sub-transus solution treated and aged 1214 1118 13 37
Near-p Ti-5553 Sub-transus solution treated and aged 1271 1210 7.5 23
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3.2.2 Castiron

The four most used types of cast iron are grey cast iron (GCI), ductile or nodular
cast iron, malleable iron, and compacted graphite iron (CGI) [9]. Their machining
behavior varies because of their different compositions and microstructures [61].

3.2.2.1 Compacted graphite iron (CGI)

Compacted graphite iron (CGI) started to be produced as an engineering material in
the 1960s [10]. Compared to other cast irons, CGI has a high thermal conductivity,
high resistance to thermal shock, and lower oxidation at elevated temperatures [9].
CGI has at least 75% higher tensile strength, 45% higher stiffness, 30-50% better
wear resistance, and about double the fatigue strength of conventional grey cast iron
[73, 74]. CGI is used in applications like diesel engine blocks, exhaust manifolds,
gearbox housings, brake discs for high-speed trains, and flywheels [9, 10].

CGl is intermediate between grey cast iron and ductile iron as regards ductility and
thermal conductivity [9, 10, 75]. The tensile strength and yield strength of CGI are
similar to those in ductile iron, but higher than in grey cast iron [9]. Therefore, CGI
is used in applications where the mechanical properties of grey cast iron are
insufficient and those of ductile iron are redundant [10, 75]. These properties of CGI
provide opportunities to improve design compared to conventional grey cast iron,
like reduced wall thickness at operating loads and weight reductions. Increased
operating loads allow the possibility of increasing power with an existing
component design [73—75]. Additionally, the higher ductility offers reduced brittle
failure in production and service [73—75]. The possibilities of weight reduction and
power increases means that automotive manufacturers could benefit by changing
from conventional grey cast iron to CGI, with results in line with the higher demands
on specific engine performance by the European commercial vehicle sector and
stricter emission legislation [73].

The graphite in CGI has a vermicular shape with rounded edges and irregular bumpy
surfaces that provides strong adhesion between the graphite and the iron matrix
[9, 10]. Graphite flakes in grey cast iron have natural cleavage paths that reduce
fracture resistance, whereas the vermicular graphite in CGI inhibits crack initiation
and growth and thus gives higher strength and stiffness [9, 73, 74]. Less than 20%
of the graphite may exist as nodules that enhance strength, stiffness, and ductility
[9, 73, 75]. ISO16112:2016(E) divides CGI into five grades ranging from ferritic to
pearlitic and alloyed. Increased pearlite content raises tensile strength and hardness,
which negatively affects machinability, while ferritic matrixes have lower strength
and higher ductility [9, 74].

The chemistry of CGI is more complex than that of other cast iron types because the
composition of alloying additives must be controlled to produce a microstructure
with vermicular graphite and a limited degree of nodularity. The formation of
pearlitic or ferritic matrixes is induced by heat treatment, which prevents flake
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graphite formation [9]. Vermicular graphite is stable at low sulfur and oxygen levels.
Additions of Mg and Si consume oxygen by forming magnesium silicate MgO and
Si0; inclusions. Mg additionally forms MgS inclusions, which is different from
grey cast iron where S is bonded to Mn forming lubricative MnS [74]. Higher Mg
levels are attained by adding 0.1-0.2% Ti, which also results in the formation of
abrasive TiC or Ti(C,N) inclusions [10, 73—75]. Other inclusions in CGI are oxides,
nitrides, sulfides, or intermetallic inclusions with a size range of 0.1-10 um [74].
CGI is more difficult to machine than conventional grey cast iron because its higher
strength and stiffness require more power when cutting. The lack of lubricating MnS
and the presence of abrasive inclusions also results in higher tool wear rates than
grey cast iron [10, 75]. However, CGI has better machinability than ductile iron due
to its higher thermal conductivity and lower elastic modulus [75].

The pearlitic GJV-450 grade of CGI was used in the work reported in this thesis.
This is one of the more difficult-to-machine grades, and is commonly machined
industrially under down face milling conditions. Its microstructure with inclusions
is shown in Fig. 12a—c. Its chemical composition and mechanical properties are
presented in Table 3 and Table 4 respectively. This CGI grade is 90-95% pearlite,
5-10% ferrite, and 5-10% nodularity. Analysis with SEM-XEDS shows the
presence of MgO, SiO», (Ti, V, Nb, Cr) carbide or carbonitride inclusions, and local
enrichments of Sn, Mn, and P. The recommended tooling for machining CGI
includes CVD-coated cemented carbide of steel cutting grade (with small amounts
of TiC and TaC hard phases) as these have demonstrated low wear rates and tolerate
high cutting speeds [6].

3.2.2.2 Grey castiron (GCI)

Grey cast iron (GCI) is the most cast material [76] and is used in a variety of
applications including smaller cylinder blocks, cylinder heads, pistons, clutch
plates, brake drums, and transmission cases [6, 9]. Its popularity is based on its high
strength to cost ratio, castability, damping capacity, and high machinability [9, 69].
The high machinability is characterized by a low tool wear rate, high metal removal
rate, low cutting forces, and low power consumption [6].

In grey cast iron, the carbon exists as graphite flakes in a pearlite and ferrite matrix
[69]. Common elements in grey cast iron are the graphite forming Si and Ni, and
fluidity improver P [69]. When machining GCI, cracks easily propagate along the
flake graphite. However, the addition of carbide formers Cr and Mo can improve
the limited strength and ductility by reducing the flake size and refining the pearlite
[69]. MnS inclusions lubricate the tool surfaces and contribute to the high
machinability [69]. GCI is a short-chipping material which results in easy chip
evacuation and short contact length on the rake face [6].

Grey cast iron is also known for going through an aging process of up to 40 days
after casting. As aging progresses, nitrides precipitate and the tensile strength
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increases by up to 13%, the hardness increases by up to 10%, and the impact energy
increases by up to 9% [77, 78]. Machining freshly cast GCI in a non-aged state often
results in high tool wear rates and a poor surface finish [77, 79]. The alternative can
be to absorb the prolonged storage cost and wait until the material attains the high
machinability GCI is known for. The aging status can be checked by non-destructive
impact testing [80]. Other options are to decrease the aging time by including extra
Mn, N, and S in the alloying, or to accelerate the aging process by annealing the cast
part [81]. The machining performance of aged GCI can be controlled by varying the
cutting speed [82]. However, the tool wear rate is not improved by reducing the
cutting speed when using otherwise high-performing pcBN tooling [79].

In the research work reported here, grey cast iron grade GG25 was used in the
turning of industrial flywheels. It has a mostly pearlitic microstructure with MnS
inclusions, less than 2% of which contain a core Al,Os platelet, as shown in the
microstructure image in Fig. 12d—e. There is also minor presence of steadite (FesP)
and abrasive (Ti,V)C inclusions of 1-2 pm size. The chemical composition and the
mechanical properties are presented in Table 3 and Table 4 respectively.
Recommended tooling when machining GCI includes coated cemented carbide,
cermets, and pcBN [6, 51]. Although pcBN has a higher cost than cemented carbide,
it exhibits superior performance at higher cutting speeds which, when combined
with its high abrasion resistance and resistance to reacting with the ferrous material,
makes it an economical choice [6].

Table 3
Chemical composition of CGI GJV-450 and GCI GG25 in wt.%.

C Si Mg Cu Sn Mn S Cr Ti Al Mo Ni Fe
CGI-450 3.62 218 0.0065 0.86 0.08 0.161 0.008 0.03 0.0032 - - - Bal.
GCI GG25 3.52 1.97 - - - 0.58 0.11 0.19 0.03 0.05 0.06 0.05 Bal.

Table 4
Mechanical properties of CGI GJV-450 and GCI GG25.

Tensile strength [MPa] 0.2% yield strength [MPa] Elongation [%] Hardness
CGI-450 452 360 1.7 242 HB or 255 HV
GCI GG25 250 230 <1 215 HB or 222 HV
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Fig. 12 Microstructure and inclusions of cast irons. (a—b) SEM-SE microstructure images of 1% Nital
etched CGI and (c) XEDS maps of non-etched region with inclusions [IV, V]. (d) SEM-BSE image of
GCI microstructure and (¢) XEDS maps of MnS inclusion with Al2O; platelet [VI].
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3.3 Conclusions

This section has introduced the tool and workpiece materials employed in this work.
The tool materials include uncoated and coated cemented carbide in straight or steel
cutting grades with differing Co content depending on the machining application.
Coatings include CVD-applied Ti(C,N)-Al,O; and PVD-applied Tig4sAlo.ssN with
and without a NbN overlayer. Ultra-hard PCD and pcBN are also employed.
Workpiece materials include Ti alloys that range from o CP-Ti, near-o Ti-6242,
common o+ Ti-64, o+p Ti-6246, to the gradually more popular near- Ti-5553
with increasing B-phase fraction that reduces the machinability. Compacted graphite
iron of GJV-450 grade is used, as well as grey cast iron in non-aged and aged state.
Knowing the materials in their state prior to machining is crucial to understand the
changes undergone due to tool wear. When selecting sample preparation methods
and characterization techniques with suitable settings, it is helpful to know the
materials beforechand. The machining performance can in some parts also be
understood by knowing the material properties and microstructures.
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4 Basics of tool wear and
characterization techniques

“Where relative motion takes place between surfaces, wear can never be completely
eliminated, although in some circumstances it may be reduced to an insignificant

level” [52].

The cutting tool experiences extreme loads and temperatures during the machining
process as the workpiece material is fractured or plastically deformed and sheared
off and flows over the contact surfaces of the tool. The tool must be able to withstand
such extreme conditions created by the metal cutting action for a given time. The
wear resistance of a tool is not a unique property like hardness, for it depends on the
interaction between the tool and the workpiece material, their geometrical
relationship, the cutting conditions, and the environment [6, 52]. Tool wear limits
the effective time a tool can be used in machining and thus restricts tool life. It
cannot be avoided, but it may be reduced by adjusting the tool material and the
cutting conditions. However, knowing what adjustments will reduce the wear rate
requires an understanding of the active wear mechanisms and what controls them
[6, 51, 52]. The main contributing wear mechanism may also change over time as
the tool is gradually worn and the contact conditions change, which means that the
wear rate may not be constant [52].

4.1 Basic tool wear and wear mechanisms

Tool wear is a loss of tool material or its deformation that occur during a machining
operation [6, 51]. Material is removed either by massive fracturing on a macroscale,
by smaller fragments or grains on a micro- or nanoscale, or by atomic loss [6, 51].
The wear changes the geometrical shape of the tool which affects the machined
part’s geometry, tolerance, and surface finish [6]. After some time, the tool no
longer cuts efficiently or fails. The tool’s deterioration is indicated by a rising
cutting temperature, higher cutting forces, increased noise and vibrations,
dimensional errors, and a poorer surface finish [6]. Common tool wear by loss of
material takes the form of cratering and flank wear on the rake and flank sides
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respectively as illustrated in Fig. 13 on an as-worn tool (Fig. 13a) and its cross-
section (Fig. 13b). Another type of tool deterioration that changes the geometry of
the tool without the loss of tool material is plastic deformation as illustrated in
Fig. 13c [6, 51]. Plastic deformation occurs when the tool cannot withstand the high
loads and contact stresses induced by the cutting action. It usually occurs at high
temperatures when the hardness and strength of the tool are typically reduced
[6, 51]. Tool material loss due to tool wear can be caused by a variety of wear
mechanisms: mechanical, diffusional, or chemical. The wear mechanisms
applicable in this work are explained below. Identification of the wear mechanism
based on an as-worn tool morphology is often ambiguous and it is thus important to
determine the actual wear mechanisms causing the wear morphology in order to
understand the cause of the tool degradation.

\ Ve Ve

l Veh l Ven

Crater wear

Plastic
\ deformation

Flank wear

Fig. 13 (a) Crater and flank wear in an as-worn tool and (b) cross-sectioned view of the cutting action
and wear morphologies. (¢) Visualization of plastic deformation in a cross-sectioned tool.

Tool wear can be monitored during production and wear-induced errors can be
compensated for by adjusting the position of the tool. The time at which the tool
needs to be replaced depends on the specific operation. In a testing or R&D
environment, it is common practice to use the standards for tool life testing like
ISO 3685:1993 for single point turning tools or ISO 8688-1:1989 and
ISO 8688-2:1989 for milling operations. It is common to use either the flank wear
criterion VB, for instance VB = 300 pum, or crater depth criterion KT, which is
usually around 0.05-0.15 mm but depends on the feed rate. In some cases, the two
criteria are combined. Flank wear influences the generated surface roughness and
geometric accuracy, while cratering can result in tool failure [51]. Complete failure
is not used as a tool life criterion as it can cause production stops and can seriously
damage the machined part, tool holder, or machine [51].
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4.1.1 Mechanical wear and adhesion

Abrasive wear occurs when hard particles like inclusions or precipitates in the
workpiece material remove tool material as they slide over the tool surface
[6, 51, 52, 61]. Attrition occurs when mechanically weakened grains in the tool
material are removed by the chip flow, and is more common at lower cutting speeds
[6, 51]. Adhesion occurs when workpiece material attaches to the tool and the
bonding between the two becomes stronger than the local fracture strength of the
tool material, resulting in repeated breaking off of tool material [51, 61]. Chipping
or flaking occurs when tool fragments break off, usually because of mechanical
shock caused by large force fluctuations like those in milling [51]. Fracturing or
catastrophic failure can occur at different stages. Early-stage fractures may be due
to incorrect tool geometry, cutting conditions, or tool defects. Final stage fracture
may be due to thermal or mechanical stress fatigue [51, 61]. Another wear
mechanism related to coatings is delamination, which can occur due to insufficient
bonding between coating and substrate or due to mechanical loads being too high
[52].

4.1.2 Diffusion

Diffusion and chemical reactions between workpiece and tool material occurs at
elevated cutting temperatures in the range of 700-900 °C or higher and are thus
more likely at higher cutting speeds [6, 48]. Atoms diffuse in the opposite direction
of the concentration gradient, for example from the tool material into the workpiece
material or vice versa [48, 61]. Interstitial diffusion occurs when atoms move in
between an existing crystal lattice and occupy an interstitial position. This type of
diffusion takes place with atoms in the smaller size range, like carbon, boron,
nitrogen, and oxygen [69]. Substitutional diffusion or vacancy diffusion occurs
when atoms take the place of an already existing atom in a lattice, moving from one
site to another [69]. Its prevalence depends on the probability that the site is vacant
and that the atom has the activation energy for the transit. Movements like this are
more likely around defects and grain boundaries [69].

When atoms from the tool material diffuse into the workpiece material, they will
eventually be transported away by the chip or workpiece flow [6, 48]. When atoms
from the workpiece material diffuse into the tool material, the integrity and
properties of the tool are altered, which may cause an increase in the wear rate. The
diffusion wear rate depends not only on the temperature and flow rate of the
workpiece material, but also on the combination of the solubility and mobility of
the material constituents of the tool and workpiece [6], which is sometimes referred
to as their permeability [83]. Diffusion wear commonly results in craters and flank
wear [6]. The workpiece material flows more slowly around the edge line and the
stagnation zone where the temperature tends to be slightly lower and therefore the
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tool tends to be less worn [6]. Diffusional loss often undermines the integrity of the
cutting tool material, leaving it more exposed to mechanical wear by processes such
as adhesion, attrition, or abrasion [6].

4.1.3 Chemical reactions

Tools may wear due to reactions with the environment or with the workpiece
material, facilitated by high cutting temperatures [6, 51]. Oxidation of tool material
is one way in which the tool integrity may weaken. For cemented carbides, oxidation
is already occurring at 600 °C and becomes rapid at 900 °C [6]. Phase changes can
occur for PCD or pcBN tooling when diamond graphitizes and cBN undergoes a
hBN transformation. These transformations are temperature and pressure
dependent. Graphitization occurs above around 700 °C at 3 GPa [84] and cBN
transforms to hBN above 1300 °C at common cutting pressures [85]. Both graphite
and hBN are easily removed by the chip flow. Chemical reactions between the tool
and workpiece material can occur spontaneously at the interface or may be due to
an enrichment of elements at the interface due to diffusion. Reaction products may
be more easily removed by the chip flow due to their weak mechanical properties,
or may locally protect the underlying material from wear, in which case they form
what is called a tool protection layer [86].

4.2 Investigation of tool-chip/workpiece interaction

Tool wear and wear mechanisms can be investigated in tools used in machining or
in samples from imitational experiments. Due to the dynamic nature of the process,
it is difficult or even impossible to study tool wear in-operando during the actual
cutting operation. It is easier to study a tool that has been removed from the cutting
process. Tool wear occurs where the tool and workpiece interact and this region can
be studied using multiscale characterization techniques ranging from the macro-,
micro- and nanoscale to the atomic scale. The evolution of wear can be followed by
studying the tool at varying engagement times.

4.2.1 As-worn tools and their cross-sections

As-worn tools display the overall wear morphology, and large-scale wear
mechanisms like abrasive score marks, chipping or flaking, fracturing, fatigue, and
coating delamination are easily detected. Attrition and adhesive wear can be
detected on an as-worn tool but sometimes the workpiece material adheres to the
wear regions and covers the worn tool beneath. Such adhesion layers can be
removed by using etchants, but there is a risk of removing chemical reaction
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products at the same time. Fig. 14 displays two as-worn tools and their cross-
sections, where the first tool (Fig. 14a-b) is a coated carbide used in milling
CGI-450 that exhibits cratering, flank wear, and adhered CGI along the edge line.
The other tool is an uncoated cemented carbide used in turning Ti-64 (Fig. 14c—d)
that has almost the entire wear region covered by adhered workpiece material.
Plastic deformation, attrition, and adhesive wear are easier to detect and verify as
active wear mechanisms in cross-sections of the tool at selected locations across the
interface. Wear mechanisms like diffusion and chemical reactions are not detectable
by studying an as-worn tool.

ed carbide
.+ d) Cross-section

CGI-450 milling, Ti(C,N)-Al,O; cemented carbide  Ti-64 turning, uncoated ce

a) As-worn tool b) Cross-section )

Fig. 14 SEM-BSE images of as-worn tools and their cross-sections. (a—b) After milling CGI-450 with
Ti(C,N)-ALOs coated carbide [V]. (c—d) After turning Ti-64 with uncoated cemented carbide [II].

A cross-section reveals the shape of the wear region on the macroscale and the
microscale wear at the tool contact regions. If there is adhered workpiece material,
the interaction between workpiece material and tool material can be investigated
and reveal information on mechanical wear, diffusional wear, or chemical reactions.
Given the vast range of available tool geometries, depths of cut and feed rates, the
process of preparing a cross-section may need to be adapted to suit the situation.
The sample preparation methods for taking cross-sections in cases applicable in this
work are presented in Fig. 15 and include the cross-section method for a turning
insert with low depth of cut and a milling insert with high depth of cut.

It is important to avoid clamping on the worn regions of the tool. However, if this
cannot be avoided, as with a milling insert where both edges are used and need
inspection, rubber padding can be placed over the area while taking care not to
overtighten the clamp. When clamping the tool for grinding, it is important that it
remains clamped through steps II-1V so as to be able to correctly program the final
position after referencing in step II. The tool tip is cut off to make sure that the center
of gravity is so placed that the tool piece can balance on the ground area and not fall
over during hot mounting in a conductive resin. A third cut in step V may be needed
for a milling insert to reduce its thickness.
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Fig. 15 Two methodologies to prepare cross-sections of as-worn tools. The upper row shows a method
for a turning insert with a low depth of cut, and the bottom row shows a method for a milling insert
with a high depth of cut.

The tool-chip/workpiece material interaction can be studied using the quick-stop
method described in section 2.4. The level of wear can be controlled by using a
pre-worn tool and then performing the quick stop operation. By introducing a pre-
cut in the tool, by cutting it with a diamond disc, a crack can be produced during
machining. The cutting edge may remain in the cutting region due to the adhesive
force between tool and workpiece material after disengagement of the toolholder,
as explained in Fig. 6. This allows the whole tool-chip/workpiece interaction to be
studied, as displayed in Fig. 16a—b. The cross-section in Fig. 16c displays the

tool-chip/workpiece material contact.

b) Cut surface c) Cross-section

a) Rake side

Fig. 16 Quick stop experiment with tool edge that is attached to the cutting zone, seen from (a) the
rake side, (b) shifted 90° from the previous view facing the radial direction of the workpiece, and

(c) the cross-section in the same plane as in (b) [IX].
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Preparing and preserving a successful quick stop sample is a delicate process.
Fig. 17 shows a method for preparing a cross-section of a tool attached to the
workpiece. The first step involves extracting a piece of the machined metal or alloy
without damaging the tool and chip. This can be done by using wire electrical
discharge machining or by manual sawing. The former method gives a bulkier and
square sample that is easier to handle in the coming preparation steps. The ends of
the sample are cut off to make it fit during hot mounting. The sample is then glued
on an adjustable holder or a goniometer stage that allows adjustments around two
axes. The cross-section is revealed by cutting using a diamond disc when the tool is
cemented carbide and the workpiece is non-ferrous. Cutting is initially done at the
lowest feed rate (0.005 mm/min), going from the metal and into the chip and tool to
avoid the risk of tool removal. The sample is removed from the holder with acetone
that dissolves the glue, mounted in conductive resin and polished.

Titanium and cemented carbide have different hardness. To produce a flat sample,
harder polishing cloths are used with as few polishing steps as possible. The
following recipe in a Struers Tegramin-30 semi-automatic polisher and Struers
consumables has been successful:

1) rough grinding using either 220-500 grit MD-Piano at 15 N for about
30 seconds (stop every 10 seconds to rotate sample to avoid a tilted interface),

2) polishing using 9 pm diamond DiaPro Allegro Largo suspension on an
MD-Plan cloth at 10 N for 3 minutes,

3) 3 pm diamond DiaDuo-2 suspension on an MD-Dac cloth at 10 N for 5 minutes,
4) 1 um diamond DiaDuo-2 suspension on an MD-Nap cloth at 10 N for 5 minutes,
5) colloidal silica OP-U NonDry on an MD-Chem cloth at 5 N for 5-10 minutes.

Using co-counter rotation has worked well and gives slightly faster removal rates.
The rotational speed for polishing disc and sample holder were both 150 rpm. The
samples, holder, and support board were cleaned with water and dish soap between
polishing steps, while the final sample was rinsed in ethanol and stored.
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Fig. 17 A methodology to prepare a cross-section from a quick stop experiment.

33



4.2.2 Diffusion couple method

Diffusion and chemical wear can be artificially produced by using the diffusion
couple method. This is done by establishing a static contact between tool and
workpiece material and applying a temperature and pressure similar to a cutting
operation for a given time, followed by rapid cooling or quenching to preserve the
reaction products. The dynamic flow of workpiece material is lost with this method
and the diffusion couple is encapsulated and protected from the environment.
Fig. 18 shows a schematic of the diffusion couple cell [33]. If good contact is
established across the interface, the distribution and occurrence of reaction products
can be estimated. The reaction products or interaction volume are usually larger than
in an as-worn tool which makes it easier to detect and characterize reaction products
or diffusion.

This method can complement actual machining when the major wear mechanisms
are diffusional dissolution and chemical wear, as when machining titanium or other
difficult-to-cut materials at high-speed conditions. The diffusion couple method
offers economic benefits, enabling costly machining trials to be kept to a minimum
or even avoided, and allows investigation of larger materials systems. The method
can be used in testing the design of new tool materials and alloys that might, for
example, promote the formation of tool protection layers that extend tool life.
Alternatively, it can be used to identify what temperatures and thus cutting
conditions promote the formation of diffusion barriers or tool protection layers and
also to indicate negative interactions like diffusional loss. The reactions identified
can be used to validate thermodynamic and diffusion models and simulations
[27, 87, 88].

a) Schematic b) Actual

Fig. 18 The diffusion couple cell adapted from Olsson et al. [33] (a) with its schematic constituents
a: limestone container, b: metallic current lead disc, c: graphite lid, d: tubular graphite heater,
e: electrical insulation gasket, f: workpiece material (Ti-64) capsule, g: PCD, h: cemented carbide
substrate, i: pyrophyllite ring, j: axial graphite heater, and (b) a cross-sectioned diffusion couple after
removal of protective capsule material.
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4.2.3 Focused Ion Beam (FIB) lift-out

The tool-chip/workpiece interaction can be studied at a nano to atomic scale by
extracting a micrometer sized sample using the FIB lift-out technique. The sample
is usually less than 200 nm thick to enable electron transmission. Chemical reaction
products and diffusion wear can be more confidently characterized by studying this
size of sample. The location of the extracted sample can be somewhere on the
contact region of an as-worn tool. For instance, an interesting location can be the
center of the crater where the wear rate has been highest. The extracted sample can
also be along the tool/workpiece material interface in a cross-sectioned as-worn tool
or diffusion couple, in which interesting phenomena are clearly seen compared to
an as-worn tool with adhered workpiece material.

Fig. 19a displays an example of how FIB extractions were done across the interface
of a cross-sectioned as-worn cemented carbide tool. Fig. 19b displays a FIB
extraction at the center of the rake contact zone of a PCD tool. In both cases the tool
was used in turning Ti-64. In the latter case, the as-worn tool was etched to reveal
the wear morphology of the PCD tool without the visual block of adhered Ti alloy,
but a FIB sample was extracted prior to etching to spare a part of the tool-chip
interface. The FIB used in this work was an FEI Nova NanoLab 600 dual FIB-SEM.

a) Cross-sectioned CC tool b) As-worn PCD tool

Cemented carbide

Fig. 19 FIB-extractions from (a) across the interface of a cross-sectioned as worn cemented carbide
tool and (b) an as-worn PCD tool. Both were used in turning Ti-64 [I].

The lift-out process for site-specific TEM-samples is well described in [89] but is
simplified in Fig. 20 with examples from different samples. Initial deposition of a
protective metal like Pt (Fig. 20a) is followed by ion milling on either side making
trenches (Fig. 20b). This is followed by thinning the section to a smaller thickness
of the sample and then milling away material in a U-shape, in so-called undercutting
(Fig. 20c). The probe is inserted and fastened to the sample using Pt deposition, and
the lamella is cut loose (Fig. 20d). The lamella is then attached to e.g., a
Cu-half-grid using the Pt deposition. The probe is then cut off (Fig. 20e). The
lamella is polished to its final thickness of less than 200 nm (Fig. 20f).
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Ion milling with Ga® can lead to its implantation in the sample, causing
microstructural and topographical disruptions, but most artifacts created in FIB
prepared samples are due to redeposition and not to interaction of ions and sample.
However, recent research shows that large lattice distortions form when using FIB
even at low ion doses that were previously thought negligible [90]. The sample
extracted with FIB also represents a very small portion of the overall contact region.
It is difficult to say how well it correlates with the whole tool wear region. This
unknown must be balanced against the insights obtainable from the FIB sample and
the time and cost investment required to make several FIB lamellae from the same
tool.

a) Pt deposition b) Trench cut c¢) Undercut

d) Lift-out e) Attach to grid f) Thinning

Fig. 20 The FIB lift-out procedure with examples from different samples. (a) Deposition of protective
Pt. (b) Ion milling of a trench pattern on either side of the deposited Pt. (c) Ion milling undercut of the
lamella. (d) Lift-out by ion milling the remaining attachments after fastening of the probe with
deposited Pt. (e) Attachment of the lamella to the grid. (f) Thinning with ion beam to a suitable
thickness.
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4.3 Microscopy methods

The interface between tool and workpiece material where the wear mechanisms are
active can be studied using a variety of microscopy methods and analysis techniques
ranging in scale from mm, pum, nm, to atomic scale. Williams and Carter wrote
“know the forest before you start looking at the veins in the leaves on the trees”
[91] and this approach is suited to investigating wear mechanisms. The techniques
used in this work are light optical microscopy, SEM, XEDS, EBSD, ICCI, (S)TEM,
and XRD which combined offer both good sampling and resolution of the wear
regions. These methods are briefly introduced here. More in-depth information can
be found in the references.

4.3.1 Light optical microscopy (LOM)

Light optical microscopy is used to measure the evolution of flank wear during tool
life testing (Fig. 21a) and when preparing cross-sections (Fig. 21b). The microscope
used was an Olympus SZX7 optical stereo microscope. Especially in turning or
milling titanium alloys and cast iron, adhered metal covers the contact regions and
blocks the actual tool wear regions, affecting the measurement of the
tool-chip/workpiece contact. The actual tool wear can be measured by removing the
adhered metal by etching, but the downside is the potential removal of reaction
products and the alteration of the conditions the tool experienced if it was being
used in continuous machining.

3D-scanning of as-worn tools was done using an Alicona Infinite Focus 3D optical
microscope. Geometric changes like crater depth and tool volume loss can be
estimated by scanning and comparing a new and an as-worn tool (Fig. 21c—d).
Adhered workpiece material may cause a divergence from the geometrical change
of the tool, in which case removal of the adhered metal may be necessary.

a) Flank wear measurement  b) CS-preparation c) 3D-scan and profile

d) Volume difference

0 100 200 [umj

Fig. 21 Examples of LOM applications. (a) Flank wear measurements in tool life testing. (b) Measuring
how much tool material to grind away when preparing cross-sections of an as-worn tool.
(c) 3D-scanning and profile contouring of an as-worn tool. (d) Volume difference measurement of an
as-worn tool.
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4.3.2 Scanning electron microscopy (SEM)

As-worn tools and their cross-sections, quick stop samples and their cross-sections,
and diffusion couples were initially studied in a scanning electron microscope
(SEM) at 10-15 kV (Fig. 14, Fig. 16, Fig. 18). The electron beam spot is about
2-10 nm and scans the surface in a raster [69, 92]. As-worn tools are preferably
studied with a longer working distance (e.g., 15-30 mm) to focus over a longer
depth, while flat samples like cross-sections and diffusion couples are studied at a
smaller working distance (10—-15 mm) with a smaller spot size (< 5 nm) for higher
resolution when using the SEM Tescan Mira3 in this work. The same view was
studied using SE and BSE detectors simultaneously.

The SE detector gathers all low energy electrons (2—5 eV [92]) that are ejected from
the sample. These can be bent around corners, which means that the SE view can
show details of topography as displayed in Fig. 22a [69]. The BSE detector gathers
of high energy electrons (5—50 eV [92]) that returns from the sample (Fig. 22a) and
displays atom density with the Z-contrast mechanism. A darker Z-contrast displays
lighter elements and a brighter Z-contrast displays heavier elements relative to the
overall composition [69]. Both detectors contribute to understanding wear
morphology and composition, as can be seen in Fig. 22b—c, which show the same
area as seen by the two detectors.

a) SEM schematic b) SEM SE

Electron gun
& lenses

BSE detector

N Electron
\O‘p& beam
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£
c) SEM BSE
Auger electrons
Sample Secondary electrons
Backscattered
electrons
Characteristic
X-rays
Interaction Bremsstrahlung
volume (continuum) X-rays

Fig. 22 (a) Schematic of the SEM with SE-, BSE-, and XEDS detectors and the interaction volume in
the sample. SEM images of an as-worn tool imaged with (b) SE detector and (c) BSE detector.
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4.3.3 X-ray energy-dispersive spectroscopy (XEDS)

The elemental composition of a sample can be studied using X-ray energy-
dispersive spectroscopy (XEDS) at standard settings for SEM of 15 kV and 15 mm
working distance. This technique was used on as-worn tools, cross-sections,
diffusion couples, and TEM lamellae. As the sample is bombarded with high energy
electrons, it emits characteristic X-rays for the elements present in the excitation
volume (Fig. 22a). The main advantage of XEDS is that a detector like the Si-Li
detector [69, 91-93] can simultaneously collect the whole range of X-rays, rather
than just the X-rays for one element at a time [69, 93]. It is easier to detect
characteristic energies from elements above Z = 11 [69, 93]. Because of the
excitation volume, XEDS resolution can be relatively poor [69, 93].

Bremsstrahlung or continuum X-rays form when incident electrons are decelerated
as they interact with atomic nuclei. The energy of these X-rays can be as high as the
beam energy [91-94]. The excitation volume goes some pm into the sample
depending on the element density and the acceleration voltage [91-94], and may
excite material underneath. This feature needs to be taken into consideration in the
analysis. The generated XEDS spectrum in Fig. 23b from the linescan in Fig. 23a
first needs to be qualitatively analyzed and the elements present in the region of
interest need to be identified before doing a quantitative analysis like a map
(Fig. 23c), linescan (Fig. 23d—e), or a quantification [91].

a) CP-Ti, TIAIN-NbN (BSE) b) XEDS spectrum c) XEDS maps

Ti

Fig. 23 (a) SEM-BSE image and XEDS (b) spectrum, (c) maps, and (d—e) linescan [IX].
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4.3.4 Electron backscatter diffraction (EBSD)

Electron backscatter diffraction (EBSD) is an SEM-based technique in which the
sample is tilted at a steep angle (70° is common) to the incoming beam [95]. The
surface of the sample needs to be very flat for EBSD to give useful information on
crystallography [96]. The Bragg diffracted electrons that have interfered with the
sample impinge on a fluorescent screen and form a Kikuchi diffraction pattern
[95, 96]. The Kikuchi pattern pairs spatial positioning and intersecting angles that
are unique to the crystal structure and grain orientation, and so provide information
on the specific sample’s crystal structure and orientation, phases, grain boundaries,
crystal rotation, and dislocations [95, 96]. Modern EBSD programs use image
recognition algorithms to automate analysis of Kikuchi patterns [95, 96].

The spatial resolution of EBSD is poorer than that of conventional SEM imaging
and is governed by the excitation volume where the information depth is limited due
to the high interface tilt [95]. The excitation volume and spatial resolution increases
with lighter materials and higher beam voltage, which is typically 20 kV. Beam
spots around 0.02—0.5 pm in diameter can be attained [95]. Fig. 24c—e shows the
same region analyzed using different EBSD modes including band contrast or
pattern quality (Fig. 24c), phase map (Fig. 24d), and inverse pole figure (IPF)
(Fig. 24¢), which indicates the crystallographic poles aligned with a specific sample
direction [95]. In this work a Tescan Mira3 SEM with Oxford EBSD detector and
Zeiss Sigma VP SEM with Nordlys Max2 Oxford EBSD detectors were used for
EBSD investigations.

4.3.5 Ion channeling contrast imaging (ICCI)

Ion channeling occurs in crystalline materials when ions penetrate crystals with
different orientations and gives a varying contrast in secondary electron images
which allow identification of individual grains, their size and distribution [89]. Ion
channeling contrast imaging (ICCI) of a single crystal gives a darker contrast when
its alignment approaches a low index direction that decreases the number of emitted
secondary electrons [89]. The relative channeling contrast between grains in
different materials depends mainly on the interatomic planar distances and the
atomic density. For example in an hcp material, elements with higher atomic density
like Al or Au will have stronger channeling contrast while lower atomic density Si
will have less contrast [89]. lon channeling contrast images show the grain contrast
without needing to etch the sample [89]. Fig. 24b shows an image obtained using
ICCI. Individual grains of Tip4sAlossN coating are evident, compared to the very
dark Z-contrast in SEM-BSE image (Fig. 24a). In this work a FEI Nova NanoLab
600 dual FIB-SEM was used to obtain ICCI.
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Fig. 24 The edge line of a quick stop sample in turning Ti-64 with Tio4sAlo.ssN coated WC-6%Co
imaged with (a) SEM-BSE, (b) ICCI, and (c—e) EBSD [IX].

4.3.6 Transmission electron microscopy (TEM)

In the transmission electron microscope (TEM), electrons are transmitted through
an extremely thin sample (<200 nm) [69]. Today, it is possible to achieve 1 A image
resolution [69, 92-94]. The electrons are emitted from an electron gun and the beam
column consists of several magnetic lenses in an enclosed column in vacuum
[69, 93]. The TEM is composed of an illumination system, a condenser lens system,
an objective lens system, a magnification system, and a data recording system
[92-94]. Condenser lenses above the sample stage collimate the beam and projector
lenses below the sample stage magnify the image view up to more than 1 500 000
times [69]. There are more than 40 combinations of modes for forming an image, a
diffraction pattern (DP), or a spectrum that yield different types of information on
the sample [91].

The TEM provides both image and diffraction information from the same part of
the sample [69, 93]. The diffraction pattern is displayed when the back focal plane
is projected on the camera [69]. The DP from a selected part of the sample (selected
area electron diffraction, SAED) is obtained by inserting an aperture in an image
plane that blocks the beam emitted from the surrounding sample [69, 93]. Nanobeam
diffraction (NBD) is done by using a beam probe in the nanometer scale to obtain
DP from regions smaller than those possible with SAED [93]. Fig. 25d shows a
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diffraction pattern from a TiAIN coating obtained with SAED. A diffraction pattern
from an fcc, bee, or hep sample can be indexed by measuring the lattice spacing d
from the central spot to each diffracted spot and calculating their proportions and
angles relative to each other. This is compared to already indexed DP with known
orientations relative the beam. If the DP fits well with the already indexed one, the
cell lengths can be calculated using the interplanar spacing equations for cubic or
hexagonal structures.

In TEM mode, a small aperture inserted in the back focal plane blocks the diffracted
ray and makes the image become a contrast shown on a bright background. This is
bright-field (BF) imaging (Fig. 25a). Dark-field (DF) imaging on a dark background
(Fig. 25¢e) occurs when the diffracted ray goes through an aperture [69, 94]. In this
work, TEM-DF imaging was used to highlight the phases identified with diffraction
in different locations. Superimposing those images enabled an overview of the
phase distribution as in Fig. 25e.

Scanning transmission electron microscopy (STEM) is done by forming a fine probe
of the beam that scans the sample in a raster [91, 93, 94]. The detectors that pick up
electrons that are scattered at low angles are called low angle annular dark-field
(LAADF) detectors. Electrons scattered at higher angles are detected by the high
angle annular dark-field (HAADF) detector [91, 94]. A dark-field detector is
inserted to create STEM-HAADF images, which gives mass thickness contrast or
Z-contrast (Fig. 25b) [94]. STEM-LAADF gives another contrast that more
resembles grain contrast (Fig. 25c). By combining these modes, different
information on the same region of interest can be attained, as shown in Fig. 25a—c.
XEDS analysis of the lamella is possible in STEM mode. The TEM used in this
work was a JEOL 3000F Field Emission Electron Microscope operating at 300 kV.

a) TEM BF b) STEM-HAADF c) STE DF d) SAED DP
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020

fcc [001

Yellow: a-Ti
. Orange: cBN
; Red, green, blue
--,_: (Ti,V)B,

Fig. 25 Examples of TEM modes showing the same region of interest but imaged using (a) TEM BF,
(b) STEM-HAADF, and (c) STEM-LAADF [IX]. (d) The diffraction pattern obtained from the
Tio.4sAlo.ssN coating using SAED [IX]. (e) Five superimposed TEM-DF images that include several
reflections from the identified phases [I].
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4.3.7 X-ray diffraction (XRD)

In X-ray diffraction (XRD), a divergent beam of monochromatized radiation is
aimed at the surface of a sample that rotates around its own axis as the sample tilt
changes gradually [69]. The intensity of the diffracted beam is recorded for the
various angles (20), as is the distance between lattice planes d according to Bragg’s
law and the interplanar spacing relationship. This creates a spectrum like the one in
Fig. 26 [69]. The diffracted peak position can be matched to peaks from a standard
sample or by calculation [94]. The interplanar spacing is calculated using
2d sin @ = A. For cubic crystals the lattice parameter a can be calculated using

dpr = a/Vh? + k? 4 12 while non-cubic crystals require iterations to calculate
lattice parameters and angles [94]. Another method is to use the fingerprint method
where the spectrum peaks are compared against diffraction patterns from databases
with previously indexed peaks with interplanar spacings, hkl-index, and relative
intensity [94]. In this work the XRD method was used to study the reaction products
at the interface of a diffusion couple of cemented carbide and Ti-64 using an XRD
STOE Darmstadt diffractometer with Cu-Ka source.
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Fig. 26 XRD spectrum from the interface region of a diffusion couple with cemented carbide and
Ti-64 [VIII].
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4.4 Conclusions

This section introduced the changes in tool geometry due to tool material loss and
plastic deformation. Tool material loss is caused by tool wear mechanisms, and the
mechanical, adhesive, diffusional, and chemical wear mechanisms were introduced.
The types of samples in which the interaction between tool and workpiece material
can be studied were presented and included as-worn tools and quick stop samples
with the tool attached to the workpiece and their cross-sections. A method of
preparing cross-sections of as-worn cutting tools and samples obtained in quick stop
experiments was briefly introduced, as well as how such samples can be polished.

Imitational experiments like diffusion couples can also be used to investigate the
interaction between tool and workpiece material. Using FIB, thin lamellae can be
extracted from selected locations across the interface regions or the as-worn tool for
exploration at a higher magnification in a TEM. This method is especially useful
when it is difficult to make cross-sections, as is the case with ultra-hard tooling, or
when adhered material covers the wear morphology in worn tools. In these cases,
FIB extraction is useful to save the tool-chip/workpiece interaction before etching
that may reveal the morphology but may also remove reaction products. The types
of samples used in this work allow studies at a macro or mm scale down to a higher
resolution at the nano scale. The analysis of wear mechanisms takes the form of an
inverted cone, allowing studies of “the forest before the veins of the leaves of the
trees” [91].

The microscopy methods employed to explore the wear mechanisms and their
contribution to the wear morphology were introduced. LOM was used to measure
flank wear, when preparing cross-sections, and for measuring crater depth and
estimating tool material loss. SEM was used to study as-worn tools, quick stop
samples and their cross-sections and diffusion couples. SEM, XEDS, and EBSD
were additional methods that provided information on chemical composition and
phase presence. ICCI was done in FIB-SEM and provided information on the crystal
orientation of grains and potential plastic deformation in coatings. The combination
of modes to form an image, diffraction pattern, or spectrum in TEM allows for more
than 40 ways of getting information from a sample. The techniques used were done
at nm resolution. XRD is done at larger resolutions than SEM and was used to
identify reaction products in diffusion couples where the volumes were larger than
in as-worn tools.
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5 Tool wear mechanisms

In this chapter the tool wear mechanisms identified in the selected materials systems
and the state of the art in the research field are presented. Tooling used in turning
and milling Ti alloys includes commercial PCD, pcBN, uncoated and Tig4sAlossN
with and without NbN overlayer coated cemented carbide. Commercial
Ti(C,N)-Al,O3 coated carbide was used in milling CGI, and commercial pcBN in
turning GCI. The tool wear mechanisms were studied in controlled variability,
process freezing, and imitational experiments, and by modeling and simulations at
industrially similar cutting conditions. Ways to decrease the tool wear rate are
suggested based on the identified wear mechanisms.

5.1 PCD and Ti-64

Reported wear morphologies and mechanisms in PCD tooling when machining Ti
alloys include cratering, flank wear, notching, cracking, chipping, and catastrophic
tool failure. Diamond graphitization has also been observed in diffusion couples
[97] and in tools used in machining [98, 99]. Formation of TiC in the crater has been
suggested [49, 98] and experimentally verified in as-worn tools using advanced
microscopy techniques [100]. Attrition wear by adhered Ti alloy is a suggested wear
mechanism [101, 102], but there is no experimental evidence for it, and the
diamond-diamond bonding may be too strong to permit it. Cratering is common and
is often correlated with diffusional dissolution, but there is little evidence for this
mechanism in the cutting tool [103]. More details on wear mechanisms of PCD
tooling when machining Ti-64 are reported in Paper 1.

When turning Ti-64 at high-speed conditions, rake cratering with the shape of a
chamfer occurred due to the short rake contact width. Although massive adhesion
of Ti alloy covered the contact surfaces of the tool (Fig. 27a), there was no evidence
of adhesive wear as no grain pluck-out was observed on the worn tool surface after
etching (Fig. 27¢). Channel and ridge-like features formed at the end of tool-chip
contact zones on the rake (Fig. 27b) where diamond grains in the channels had a
smoother appearance than the Co binder, indicating that they were the target of
wear. The low pressure and high temperature in the regions of these features match
the conditions that cause graphitization [98]. Graphite would be easily removed by
the coolant jets that create smooth surfaces in the channels and could therefore not
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be detected. Etching or diamond burn-out in the presence of oxygen is also a likely
mechanism causing the channels, as etch rates can be close to those of graphitization
[104].

Formation of (Ti,V)C occurred in the presence of Co binder at the interface to the
adhering Ti-64 (Fig. 27d—e) and was likely facilitated by diffusional dissolution of
carbon. This may also be an active wear mechanism of diamond, as there was larger
material loss on diamond grains directly exposed to Ti-64 than on grains separated
by the (T1,V)C reaction product. This carbide acts as a diffusion barrier for carbon
and is thus a tool protection layer. The (Ti,V)C layer was not uniform and there
were several crystallites within the Co matrix, indicating that the (Ti,V)C
spontaneously crystallized on solidification of liquid Co. Co liquefies above
1020 °C [105], which is lower than the temperature detected in turning (Fig. 7c) and
explains why Co stretches over neighboring diamond grains. Decreasing the grain
size and increasing the binder content increases tool life as protective caps of
(Ti,V)C can merge and form a continuous tool protection layer. Another study
similarly showed that a submicron grain size with high Co content gave high
machining performance for Ti-5553 [100].

Intermetallic CozW;C formed in the binder pool on top of the Ti alloy as a result of
C diffusing in Co and dissolved W from the cemented carbide substrate. The same
phase was observed in [99]. Because it forms between Co and diamond grains, this
phase can potentially delay the graphitization of diamond, which is expected to
graphitize in the same locations [99]. This intermetallic phase could also reduce the
dissolution rate of C in Co and thus act as a tool protection layer.

a) SEM-SE as-worn tool b) SEM-SE channel c) SEM-SE etched

Chip flow:direction

Perforation

Fig. 27 Investigation of wear mechanisms in PCD tool used in turning Ti-64 [I]. (a) SEM-SE image
of the as-worn PCD tool with highlighted regions for investigations. (b) SEM-SE image of a channel
formed in the PCD material. (¢) SEM-SE image of the surface of the worn PCD tool after removal of
the Ti alloy with etchant. (d) STEM-HAADF image of a TEM lamella from the rake showing reaction
products. (e) XEDS maps highlighting reaction products.
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Diffusion couples showed that the (Ti,V)C reaction product forms above 1000 °C
and increases in volume with temperature. The (Ti,V)C is characterized in
Fig. 28a—d using STEM-XEDS and SAED to verify the reaction product.
Co between the grains of (Ti,V)C (Fig. 28b) indicate its outward diffusion through
the (Ti,V)C tool protection layer, indicating that diffusional loss of Co can weaken
the grain bonding of PCD in machining and lead to their potential pluck-out if the
grain does not have diamond-diamond bonding to another grain. An extreme
reaction between PCD and Ti-64 occurs in a diffusion couple subjected to 1300 °C
as displayed in Fig. 28e—g, where Co has liquefied and gone through the extra thick
TiC or (Ti,V)C layer and alloyed the original a-phased titanium (Fig. 28c) into the
B-phase (Fig. 28g). Aluminum is not an interactive element in the formation of
reaction products in either as-worn PCD tools or their diffusion couples. Formation
of TiC or (Ti,V)C is found in as-worn tools, diffusion couples, and simulations.
Liquefaction of Co drastically increases the carbon transport leading to a massive
(T, V)C layer. Further evidence and details are reported in Paper VIII.

PCD + Ti-64 Diffusion couple 1200 °C
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Fig. 28 Investigation of wear mechanisms in diffusion couple of PCD and Ti-64 at (a—d) 1200 °C and
(e—g) 1300 °C [VIII]. (a) STEM-HAADF image of interface region. (b) XEDS maps of the interface
region. (c) Diffraction pattern of o-Ti. (d) Diffraction pattern of TiC or (Ti,V)C reaction product.
(e) SEM-BSE image of interface region. (f) XEDS maps of interface region. (g) EBSD band contrast
and IPF of TiC reaction product and the mix of a- and B-phased Ti.
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5.2 PcBN and Ti-64

In machining Ti alloys with pcBN tools, reported wear morphologies and
mechanisms include cratering, flank wear, notching, cracking, chipping, and
catastrophic tool failure. Adhesive tests show strong bonding between Ti alloy and
cBN that creates a failure junction in the cBN which indicates that adhesive wear in
machining could occur [39]. Transformation from ¢cBN to hBN has been found in
notch regions of as-worn tools, where hBN is easily removed by the chip flow [98].
Reaction products of TiN, TiB, or TiB, have been suggested without experimental
validation, and cratering has been suggested to be due to adhesive wear [98].
Reaction products formed during friction stir welding Ti-64 are reported to be TiB,
and TiB and diffusional dissolution of B and N that stabilize the a-Ti [106].

In the research reported here, PCD outperformed the pcBN grade by 2—-5 times in
tool life as the wear rate of pcBN was higher. Catastrophic tool failure due to
cracking and fractures were observed in pcBN when turning Ti-64 at high speeds.
Before failure, the wear morphology was rake cratering in the form of a chamfer
due to the short tool-chip contact length. Despite strong adhesion of Ti-64 to pcBN
(Fig. 29a-b), adhesive wear was not an active mechanism as no grain pluck-out was
observed after etching (Fig. 29c). Compared to PCD, pcBN does not form channels
or ridges. This can be related to the significantly higher temperature level of the
cBN to hBN transformation. That occurs above 900 °C, while the graphitization of
diamond occurs at 600 °C at ambient pressures [107, 108]. The oxidation resistance
has a similar trend, which occurs at 680 °C for diamond while ¢cBN oxidizes at
1190 °C [109]. This excludes the possibility of oxidation wear of pcBN, while it is
probable for PCD.

The primary wear mechanism in pcBN when turning Ti-64 at high speeds was the
diffusional dissolution of B, N, and binder elements, as indicated in Fig. 29d—e.
Diffusional loss causes the major tool material loss that results in cratering and flank
wear. The diffusion also results in chemical reactions between tool and workpiece
material (Fig. 29e). Diffusional dissolution of B and N is observed in XEDS maps
that show their gradually declining concentration in the Ti alloy (Fig. 29¢). The
maps also show the absence of Al at the pcBN-Ti interface. This further confirms
its absence as a reactive element, as is also in the case when machining with PCD.
Combining advanced microscopy techniques further verified the formation of
nanometric (30—50 nm thick) (Ti,V)B: layer at the interface between ¢cBN and
Ti-64 (Fig. 29e—f), while the presence of Cr binder resulted in formation of a
(Ti,V,Cr)B; reaction product. Both can work as a diffusion barrier. This finding
shows that a Cr-based binder can better withstand diffusional attack and contribute
to the creation of tool protection layers in pcBN tooling. Because diboride reaction
products form in the contact of both cBN and binder sites, a continuous protective
layer can form over the tool surface, whereas the tool protection layer in PCD is
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limited to binder sites only. More details on the wear of pcBN tooling used in turning
Ti-64 are found in Paper L

a) SEM-SE as-worn tool b) SEM-BSE c) SEM-SE etched
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Fig. 29 Investigation of wear mechanisms in pcBN tool used in turning Ti-64 [I]. (a) SEM-SE image
of the as-worn pcBN tool with highlighted regions for investigations. (b) SEM-BSE image of exposed
pcBN material. (c¢) Surface of the worn pcBN tool after removal of the Ti alloy with etchant.
(d) STEM-HAADF image of interface region. (¢) XEDS maps of the interface region.
() Superimposed TEM-DF images of the interface region highlighting grains of o-Ti, cBN, and
(T1,V)Ba2 reaction product.

In diffusion couples (Fig. 30), reaction product formation is already observed at
1000 °C, compared to 1100 °C for PCD, which shows the higher dissolution rate
that explains the higher wear rate of pcBN. Increased temperatures increase the
diffusional loss of B and N where N stabilizes the a-phase of Ti (Fig. 30a—e).
Increased temperatures in diffusion couples also show the accumulation of binder
elements like Ni, Co, Cr, Mo, and W at the interface due to the loss of B and N and
the limited solubility of binder elements in Ti (Fig. 30b—d). The observed wavy
interface indicates that the accumulation of binder can locally reduce the diffusion
rate. Mo and W are not typical binder elements; the former originates from the Mo
sintering cell and the latter from the cemented carbide substrate [110]. These two
elements have higher concentrations than Ni, Co, and Cr at the interface, which
shows that they are the main diffusion barriers. Ni and Co binder elements have
diffused into the Ti alloy (Fig. 30c) which decreases the grain bonding. During
machining this could potentially lead to adhesive wear and grain pluck-out. Mo and
W have limited solubility in Ti[111, 112] and their addition to the binder mix could
result in the formation of a thicker and more stable layer on top of the cBN grains.
Such a layer could reduce the outward diffusion of B and N and thus reduce the
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wear rate, while simultaneously reducing outward diffusion of the binder elements
Co, N1, and Cr.

In diffusion couples, a layer of Ti(C,N) is formed above the binder layer due to
diffusion of N from cBN grains and C from the cemented carbide that travel through
the binder in pcBN. This phase is observed in a diffusion couple treated at 1300 °C
and is not observed in tools used in machining where such high temperatures are
unlikely. Formation of Cr,N reaction product at the binder layer is observed
(Fig. 30c,e) and this phase, like Ti(C,N), is a diffusion couple artifact. However,
(Ti,V)B; reaction product is characterized at the border of Ti-64 and cBN in the
diffusion couple, and this reaction product is also observed in as-worn tools used in
machining. Its absence in EBSD characterization can be explained by a fine grain
size. The order of cBN, binder layer, Ti(C,N), (Ti,V)B,, and a-Ti in the diffusion
couple at 1300 °C can be explained by the high permeability of B giving an
instantaneous formation of non-diffuse borides that limit the N diffusion, leading to
precipitation of Ti(C,N) and Cr>N. Diffusion simulations show formation of borides,
nitrides, and o-Ti, which agrees well with what was observed in diffusion couples,
although binder elements of Mo, Cr, Ni, and W could not be included in the
simulations. More detailed information on the diffusion couple experiments can be
found in Paper VIIL

pcBN + Ti-64 Diffusion couple 1300 °C

a) STEM-LAADF b) STEM-HAADF ¢) XEDS maps
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Fig. 30 Investigation of wear mechanisms in diffusion couple of pcBN and Ti-64 at 1300 °C [VIII].
(a) STEM-LAADF image of interface region. (b) STEM-HAADF image of interface region. (¢) XEDS
maps of the interface region. (d) EBSD band contrast and phase contrast of the interface region
showing the presence of a-Ti, binder elements, cBN, and Ti(C,N) reaction products. (e) Diffraction
patterns of a-Ti and (Ti,V)B2, Ti(C,N), and Cr2N reaction products.

50



5.3 Cemented carbide and Ti alloys

In machining Ti alloys using cemented carbide tooling, commonly reported wear
modes and mechanisms include cratering, flank wear, chipping, and plastic
deformation while less common modes are notch wear, flaking, and catastrophic
tool failure. These wear modes may be caused by mechanically induced, chemical,
or diffusional wear mechanisms. Some studies report mechanical wear mechanisms
like attrition that are linked to the higher shear stresses brought by hcp a-Ti due to
its lower number of slip systems than B-Ti, which is more ductile [104]. A mix of
attrition, abrasion, and adhesive wear are also reported [113]. However, there are no
hard abrasive inclusions in Ti alloys. Other studies suggest adhesive wear as a
dominant wear mechanism because failure junction tests show that fractures occur
in the cemented carbide due to strong adhesion to the Ti alloy [39, 114].

More studies report diffusion and chemical reactions as responsible for tool material
loss. Outward carbon diffusion from WC grains is a main contributor that if
accumulated to 35 at.% leads to formation of TiC or (Ti,V)C, as Ti is a strong
carbide former [32, 115-119]. Due to carbon loss, residual W remains at the
interface because of its low solubility in Ti [32, 118-122], as has been observed in
as-worn tools and diffusion couples [30-32, 115, 122—124]. Outward diffusion of
Co has also been suggested [31, 32, 115, 123] in which depleted regions can be
filled with Ti[31, 120]. It has been suggested that n-phase CosW3C or CosWsC form
as reaction products, but this phase is observed only in diffusion couples
[30, 114, 122, 125, 126]. Many of the studies in which these were observed used
mm to um sized resolution techniques like SEM-XEDS, or XRD that have no spatial
resolution, and can indicate the presence of reaction products. A few studies used
advanced microscopy techniques at nano to atomic scale resolution like TEM to
experimentally verify the presence of reaction products.

The research reported in this thesis shows that when turning at high speeds, Ti-64
adheres to and covers the worn surfaces of the cemented carbide tool. More details
on the wear mechanisms in cemented carbide tooling in turning Ti-64 are found in
Paper II. The cross-section in Fig. 31a—b reveals that the thickness of the covering
Ti alloy can vary from 30 um to less than 1 pm. At the end of tool life, surface WC
grains are fractured and have lost the grain bonding about 5 um into the tool, and
damaged WC grains are removed by the chip flow (Fig. 31a—b). Decarburization
due to outward C diffusion is noted as a brighter Z-contrast rim of W on surface WC
grains. STEM-XEDS reveals the stronger concentration of W, and SAED further
confirms its presence (Fig. 31c—f). The W layer is brittle and is gradually removed
by the chip flow. The W may locally stabilize the B-phase of Ti in which the
substitutionally diffusing elements like Co have higher mobility, leading to a higher
wear rate. However, the presence of (Ti,V)C reaction product at the interface due to
outward carbon diffusion locally reduces the diffusion rate and works as a tool
protection layer. As when turning Ti-64 with PCD and pcBN, the Al in Ti-64 does
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not contribute to the formation of reaction products and does not progress into the
cemented carbide, which means that Al is not a participating element in the wear.

Outward Co diffusion is visible as empty binder sites at the interface where Ti has
taken its place (Fig. 31c—f). The formation of intermetallic TiCo, works as a
diffusional block to further Co diffusion. The Co in near-surface regions has the fcc
structure high-temperature phase, showing the quenching effects of the coolant at
the end of machining. Loss of Co binder results in reduction or loss in grain bonding
that enables the removal of WC grains by the chip flow. Additionally, more Ti alloy
can surround the exposed WC grains and accelerate the diffusional wear of WC.
Formation of intermetallic CosW in near-surface regions is confirmed in turning
Ti-64 and Ti-5553 using similar WC-6%Co tooling as explained in detail in
Papers II and VII. This intermetallic phase works as a diffusional block for Co. Its
formation is preceded by C diffusion through Co into the Ti alloy. The released W
with lower mobility in Co accumulates together with the already dissolved W in the
binder from sintering and forms intermetallic Co;W. Formation of TiCo, can work
as a diffusion barrier to Co (Fig. 31g).

a) SEM-BSE cross-sectioned as-worn tool b) SEM-BSE crater c) STEM-HAADF

Fig. 31 Investigation of wear mechanisms in a WC-6%Co tool used in turning Ti-64 [II].
(a) SEM-BSE image of the cross-sectioned as-worn tool with highlighted regions. (b) SEM-BSE image
of worn cemented carbide interface to the adhered Ti alloy at the center of the crater.
(c) STEM-HAADF image of the interface. (d) Superimposed XEDS maps of interface region.
() STEM-HAADF image of the interface from the flank region. (f) XEDS maps of interface.
(g) Diffraction pattern of TiCo2 reaction product.

High temperature at the center of the crater in combination with a high chip flow
deplete the cemented carbide of C, W, and Co more intensely and result in massive
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material loss (Fig. 31a). The conditions near the stagnation point have a similarly
high temperature but lower or close to zero material flow. Thus, conditions in this
region resemble the conditions in a diffusion couple in which outward diffusing
elements can saturate and potentially form TiC or intermetallic phases.

A sub-beta transus (850 °C) heat-treated WC-6%Co tool with adhered CP-Ti chip
after removal with the quick stop method in Paper IX showed exaggerated reaction
products at the tool-chip interface (Fig. 32a). The absence of alloying elements in
the Ti enables a straightforward understanding of the diffusional and chemical wear
mechanisms of the cemented carbide. The combined results of machining using the
quick stop method and diffusion couple method captures the common wear
mechanisms (Fig. 32a). The interface region contains an enrichment of W segments
at the interface due to the diffusional loss of C from WC grains, where C travels into
the CP-Ti in such quantity that TiC forms (Fig. 32b—c). Outward Co diffusion into
original a-Ti has transformed it into the B-phase as Co is a -stabilizer.

a) SEM-BSE b) XEDS linescans
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Fig. 32 Investigation of wear mechanisms in WC-6%Co tool used in turning CP-Ti after a quick stop
test and heat treated at sub-beta transus temperature [IX]. (a) SEM-BSE image of the cross-sectioned
as-worn tool with highlighted phases and reaction products. (b) XEDS linescan of the interface region.
(c) EBSD band contrast, phase contrast, and IPF showing the WC grains, o-Ti, and W, B-Ti, and TiC
reaction products.

Diffusion couples in Paper VIII reveal the formation of TiC reaction product and
W fragments at 1000 °C (Fig. 33a). With increasing temperature, the TiC layer and
the amount of W increase due to diffusional loss of C whereas at 1300 °C the WC
become rounded due to the higher diffusional loss of C. At this high temperature,
partial melting of Co accelerates the C transport which facilitates massive C loss
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leading to grain rounding. Formation of TiC is confirmed by using STEM-XEDS
mapping, EBSD, and SAED (Fig. 33b—e). EBSD shows the polycrystalline TiC
layer in which outward diffusing elements like C and Co need to go around grain
boundaries indicating that the TiC layer effectively reduces their diffusion rate.

XRD analysis of the interface region after treatment at 1200 °C reveals the likely
formation of n-phase CozW3C and CosWeC (Fig. 26). This is a brittle phase that if
formed during machining might be removed by the chip flow or might act as a
diffusion barrier. Diffusion couples further confirms Al as a non-interactive element
(Fig. 33c). Diffusion simulations confirm the reaction products TiC, B-Ti, and
n-phases, while it is unclear whether the predicted intermetallic Co7W2(Co,W)4
formation can nucleate.

a) SEM-BSE WC-15%Co Ti-64 Diffusion couples
1000 °C 1100 °C 1200 °C 1300 °C

d) EBSD (1200 °C)
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Fig. 33 Investigation of wear mechanisms in diffusion couple of WC-15%Co and Ti-64 at
1000-1300 °C [VIII]. (a) SEM-BSE images of the interface region with increasing temperature with
highlighted TiC reaction product. (b) STEM-HAADF image of interface region. (¢) XEDS maps of
interface region. (d) EBSD band contrast, phase contrast, and IPF of interface with a-Ti, Co binder,
WC grains, and TiC reaction product. (e) Diffraction pattern of TiC reaction product.

Chemical wear with oxidation of cemented carbide is not observed in as-worn tools
used in turning Ti alloys, but it is an active mechanism in milling as further detailed
in Paper III. The cyclic engagement and exit of the tool in the workpiece material
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allow oxygen to access the hot and worn regions of the tool. This is not the case
when the tool is continuously in cut during turning, as oxygen ingress is limited.
Diffusional dissolution of WC grains and outward Co diffusion are active wear
mechanisms in milling Ti alloys ranging from near-a, a+p, to near-f. The diffusion
results in weaker WC grains in the surface regions, and lack of dampening Co binder
results in fracturing of WC grains and their removal with the chip flow. Voids in the
Co phase near the interface are due to either plastic deformation or Kirkendall
porosity. In milling these Ti alloys, extensive cracking that propagates between WC
grains in the Co binder results in flaking and chipping. The stochastic behavior of
crack occurrence results in varying tool life when repeating the same cutting
operation.

The oxidation is higher when milling in o+ Ti-6246 and present but to a lesser
extent when milling near-a Ti-6242. It was not observed when milling near-8
Ti-5553 at a 25% lower cutting speed, where the oxidation onset temperature was
likely not reached. The strength of these alloys is the highest for near-f Ti-5553,
followed by a+p Ti-6246, and then near-o Ti-6242. The highest wear rate was found
when milling o+ Ti-6246, followed by near-f Ti-5553. Near-o Ti-6242 had the
lowest wear rate due to the combination of the strength of the machined alloy and
the level of oxidation. The ingress of the oxidation reached several pm into the
WC-12%Co tool (Fig. 34a) and resulted in the formation of CoWQ; phase
(Fig. 34b—c) that precipitated as smaller grains than the original Co that allowed
crack propagation. The formation of CoWOs is likely at the expense of diffusional
dissolution or oxidation of WC shown as rounder WC grains near the CoWO, phase.
The Co binder regions are transformed from the original fcc to hcp due to
deformation caused by the cyclic loading.
"'}'\ T RY%S c) EBSD

Band contrast
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Fig. 34 Investigation of wear mechanisms in a WC-12%Co tool used in milling Ti-6246 [III].
(a) SEM-BSE image of cemented carbide with the adhered Ti alloy on the right side and highlighted

regions of investigation. (b) XEDS maps of oxidized binder region. (¢) EBSD band contrast, IPF, and
phase contrast with WC grains, original fcc Co, CoWOs4 reaction product, and deformed hep Co.
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5.4 TioasAlossN coatings with and without NbN
overlayer and Ti alloys

It is a challenge to find suitable coatings for cemented carbide in machining Ti alloys
due to the high chemical reactivity of Ti. Common TiN or Ti(C,N) coatings have
shown no appreciable advantage over uncoated cemented carbide in machining
Ti alloys and thus remains the traditional choice in Ti machining. A PVD-applied
TixAlixN coating with stoichiometry ratio x = 0.4-0.7 is commonly recommended
for machining Ti and Ni based alloys [13, 127] because it has a lower friction
coefficient than TiN, lower residual stress and cracks than CVD-applied coatings,
and high oxidation resistance and hot hardness [128—131].

Delamination, crack nucleation, and abrasion are reported in machining Ti alloys
and steels with TixAl«N [132-134]. Oxidation of TixAl;xN forms a diffusion
barrier of Al,O3 at temperatures above 800 °C [128—130]. An extra NbN overlayer
is beneficial because it has higher hardness than other binary nitrides [135] and is
thus becoming increasingly popular in milling Ti alloys and steels. Mechanical wear
like flaking, chipping, and delamination are reported [ 136—138], while the formation
of a protective oxide film based on Al, Cr, or Nb reduces frictional energy and the
wear rate [139, 140]. This oxide film is unlikely to form during turning operations
because of the limited ingress of oxygen to the wear zones.

Initial wear of Tip4sAlossN with and without NbN in turning a+p Ti-64 and near-§
Ti-5553 is based on diffusional dissolution and mechanical wear. Diffusional
dissolution is more intense in turning Ti-64 and mechanical wear takes over when
turning Ti-5553 due to the higher strength of this Ti alloy. However, Fig. 35a—b
shows that the Tiop4sAlossN on the tool edge in turning Ti-5553 is worn by the
outward Al and N diffusion. The same image shows a crack. Cracks are observed
more frequently in turning Ti-5553 than o+ Ti-64 due to the higher yield and
tensile strength and hardness of Ti-5553, which imposes higher stress on the tool
edge. The combination of a higher f-phase fraction in the Ti-5553 in contact with
the coated surface contributes to a higher diffusion rate of the Al and N, as their
mobility is higher in - than a-phased titanium.

The combination of higher strength, hardness, and mobility for B-Ti explains why
there are more coating fractures when turning Ti-5553 than when turning Ti-64.
Diffusional dissolution of the Tip.4sAlpssN coating weakens its integrity and can act
as a catalyst for fracturing along the tool-chip contact surfaces. Diffusion couples
with CP-Ti, and thus no interfering alloying elements, further reveal the outward
diffusion of Al and N. Diffusion of Al and N stabilize a-Ti at the interface
(Fig. 35c—e) in which substitutionally diffusing elements have lower mobility. The
loss of Al forms a TiN layer at the interface toward the CP-Ti.
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Tio.45AlossN in the crater and flank region wear rapidly and are removed within less
than one minute of engagement time for the cutting conditions in the study, but the
coating remains around the edge line for longer. The geometry of the edge line is
retained by the protection of the coating, and the crater and flank wear grow until
the point of collapse due to the geometrical change. However, once the coating on
the edge line is removed, cemented carbide wears rapidly, which can result in
massive tool material loss, as shown in Fig. 31a. Spinodal decomposition of
Tio4sAlossN is promoted at the active cutting pressures and temperatures which
results in a volume increase that induces cracks and reduces its hardness and wear
resistance [141]. This can contribute to the wear in flank and crater regions. It has
also been demonstrated that plastic deformation of the Tig4sAlo.ssN coating is not an
active wear mechanism (Fig. 24), but common droplet defects seen in Fig. 35a
become mechanical failure points. Further details on the wear of TigsAlossN with
and without NbN in turning are presented in Paper IX.

a) STEM-LAADF turning b) XEDS maps c) STEM-HAADF -LAADF  e) XEDS linescan
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Fig. 35 Investigation of wear mechanisms in Tio45Alo.ssN coated carbide in (a—b) turning Ti-5553 and
in (c—e) diffusion couple with CP-Ti at 1200 °C [IX]. (a) STEM-LAADF image of interface region.
(b) XEDS maps of interface region. (c) STEM-HAADF and -LAADF images of interface region.
(d) XEDS maps of interface region. (¢) XEDS linescan of interface region.

Ingress of oxygen to the contact regions is limited in continuous turning which limits
or prevents oxidization. However, milling with cyclic engagement and exit of the
tool from the workpiece allows oxidation of the contact regions. Formation of tribo-
oxides of the NbN overlayer is likely in milling, but in turning other wear
mechanisms are expected. The extra NbN layer delays the diffusion wear of
Tio4sAlossN by reducing the diffusion rate of substitutionally diffusing Al that
moves around NbN grain boundaries. However, Al diffusion is restricted but not
stopped, and its diffusion results in a 200 nm thin TiN layer below NbN.
Simultaneous outward diffusion of Nb stabilizes B-Ti, which makes it easier for Al
to move away from the interface once it has passed through the NbN layer. Once
Nb has diffused, so should N; it moves interstitially and travels a longer distance
from the interface. Outward diffusing Nb and Al sporadically form intermetallic
NbsAl above the NbN layer and locally block further diffusional dissolution of NbN
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and Tig4sAlossN. The intermetallic NbsAl has a high brittleness of Kic = 1.1 MPa'?
[142] and may thus be easily removed by the chip flow.

a) STEM-HAADF -LAADF b) XEDS maps c) STEM-HAADF
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Fig. 36 Investigation of wear mechanisms in Tio.4sAlo.ssN-NbN coated carbide in diffusion couple with
CP-Ti at 1200 °C [IX]. (a) STEM-HAADF and -LAADF images of interface region with highlighted
phases and an inset XEDS map of Co and Cr. (b) XEDS maps of interface region. (c) STEM-HAADF
image of near-interface region with highlighted areas of reaction products. (d) XEDS linescan of the
interface region.

Paper III investigates wear mechanisms of Tip4sAlossN-NbN when milling
Ti alloys ranging from near-o Ti-6242, o+f Ti-6246, and near-B Ti-5553 at
moderate cutting speeds. The paper reports rapid coating wear in the near-edge
region after only 5 seconds of total engagement with the workpiece material. The
main wear mechanism in the coating when milling these alloys is crack formation
within the bulk of the coating, or smaller microfractures that are removed by the
chip flow. There are no thermal cracks or delamination, but diffusional dissolution
of the coating is not excluded and may be present to a small extent. However, the
extensive mechanical wear points to the need for a more robust coating formulation.
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5.5 Ti(C,N)-Al>Os coated carbide and CGI

CVD-coated Ti(C,N)-Al,O; cemented carbide is recommended for increased
machining performance in CGI. However, MgO inclusions in steels react with the
Al O3 coating during turning forming MgAl>,O4 spinel that is easily removed by the
chip flow [143]. Other wear modes and mechanisms like abrasion, crack nucleation
and propagation, delamination, and detachment between coating layers are reported
in turning steels with Ti(C,N)-Al,O; [134]. In turning or milling CGI with the same
coatings, reported wear mechanisms are either adhesive or abrasive wear or a
combination of these [144—148], but thermal cracks and chipping have also been
reported [145, 149]. Adhesion of CGI to the coating is common and is more intense
when it occurs to the exposed cemented carbide once the coating is removed
[144-146, 150-152].

In milling CGI, a 20% longer tool life can be attained by using sustainable
machining conditions with minimum quantity lubrication (MQL) compared to dry
conditions. During milling, there is rapid wear of substrate cemented carbide once
the coating layers are removed as CGI tends to adhere to the exposed cemented
carbide (Fig. 37a). Because cemented carbide wears faster than the coating, erosion
of the cemented carbide can undermine the coating and cause its mechanical failure.
Oxidation of the exposed cemented carbide occurs sporadically in notch regions. At
a lower cutting speed of v. = 150 m/min, there is an equal mix of cratering and flank
wear, while at a medium cutting speed of v. = 250 m/min, flank wear dominates. At
a higher cutting speed of v. = 330 m/min, cratering tends to dominate due to the
higher cutting temperature and higher flow rate of abrasive inclusions. Mechanically
induced delamination of both Al,O3 and Ti(C,N) occurs sporadically (Fig. 37b), and
plastic deformation of the tool edge can occur and mechanically induce cracks on
the flank.

Ti(C,N) on the rake face is worn by diffusional dissolution and abrasion, while on
the flank it is worn by debonding, abrasion, and micro-fracturing. Fractures can be
seen in Fig. 37¢c, which are filled with oxidized CGI elements that can transform the
coating to TiO; rutile as reported in other studies [44, 153]. As the fractures contract
and expand during the cyclic cutting, they amplify mechanical and thermal stresses
that trigger delamination. Plastic deformation of Ti(C,N) is known to occur [154],
but its absence in present work is explained by the small grain size. Mg is present
on top of the Al,O; layer. TEM-based investigation points to the likely formation of
an Fe and Mn doped (Mg,Fe,Mn)AL,Os spinel that is easily removed by the chip
flow, creating scratch marks (Fig. 37d). Because of the larger number of slip planes
in spinel than Al,Os, the spinel is more easily superficially sheared and worn by
abrasive inclusions present in the CGI.

In regions of exposed cemented carbide without adhered CGI, deposition of MgO
and SiO; inclusions works as adhesion blockers that partly protect the cemented
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carbide from diffusion wear because contact with CGI is limited. Exposed cemented
carbide with adhered CGI is worn by the diffusional dissolution of WC grains,
making them rounder. In addition, outward diffusion of Co binder reduces grain
bonding and enables cracking in the surface cemented carbide that is removed by
adhesive wear (Fig. 37b). At stable adhesive conditions, outward C and Co diffusion
results in their reaction to Fe forming (Fex,Coi.x)3C, which is found to periodically
fracture and delaminate (Fig. 37¢).

Oxidation has a positive effect when adhered CGI oxidizes to form tool protection
layer Fe;SiO4 ceramic (Fig. 37e). It is similar to other oxide protective layers
forming in-situ like y-ALO; and (AlFe,Cr)s0s or (AlCrTi);O4 spinel
[47, 155-157]. This expands on the family of known oxide tool protection layers.
Local inward diffusion of Fe to binder sites accompanied by its oxidation results in
the formation of complex oxides FeWO4 and CoWO; that speed up the oxidative
stress on WC and Co. This results in the formation of cracks on the rake (Fig. 37f)
as the oxidized Co in CoO and CoWOjs has a larger volume than Co. This expansion
widens the cracks, creating a positive feedback loop for further O ingress. These
cracks weaken tool integrity and results in spontaneous tool failure. Details of wear
of Ti(C,N)-AlyOs coated carbide in milling CGI are found in Papers IV and V.
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Fig. 37 Investigation of wear mechanisms in Ti(C,N)-Al2Os3 coated carbide tools used in milling
CGI-450 [IV, V]. (a) SEM-BSE image of an as-worn tool, (b) cross-sectioned as-worn tools at 10%
and 100% engagement time, and (c) cracks within the coating. (d) STEM-HAADF and XEDS maps
of interface between AlO3 and adhered CGI with possible formation of (Mg,Fe,Mn)Al2O4 and
(e) (Fex,Co1x)3C and Fe2SiO4 reaction products. (f) SEM-BSE image and XEDS of oxidized binder.
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5.6 PcBN and GCI

The poor machining performance of non-aged GCI (less than 6 days since the GCI
material was cast) is caused by excessive flank wear, but it can be compensated for
by adjusting the cutting speed. An optimal cutting speed of v. = 1200 m/min was
identified (Fig. 38a). Tools used for machining at this speed had minimal tool wear
due to deposition of protective Al,O3 and MnS (Fig. 38b). This speed is higher than
the industrial standard and offers higher efficiency both in material removal rate and
reduced costs related to storage and logistics. The higher cutting speed has been
successfully implemented in industry for the last four years [158].

The low tool wear due to protective deposits in machining non-aged GCI is related
to process temperature. Lower cutting speeds up to the industrially common
ve =900 m/min generate lower tool temperatures, resulting in a lack of protective
deposits, but still sufficient for diffusional dissolution that causes tool degradation.
Cutting speeds higher than the optimum identified in the previous paragraph result
in deposition of weaker (Fe,Mn),SiO4 and (Fe,Mn)O with cBN oxidation that drives
tool wear. Tools used to machine non-aged GCI can partially be worn by
self-abrasion of loose cBN grains, but additional micro-grooves on individual cBN
grains on the worn flank region are either oriented with or contrary to the material
flow direction, which contradicts abrasion by (Ti,V)C inclusions. The
micro-grooves are likely a result of diffusional dissolution of cBN. Further evidence
of the protective oxides and their relation to performance is presented in Paper VI.

Infrared thermography measurements reveal that tool temperatures up to 170 °C
higher are reached when machining aged GCI due to its higher hardness and strength
in the aged state. The higher temperatures ensure stable protection by deposition of
mainly AlOs, SiO;, and MnS on tools used to machine aged GCI. The higher
friction and temperature occur because the friction coefficient between Al,O3; and
ferrous materials is p = 0.49 [159] while it is p = 0.31 for pcBN [160].
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Fig. 38 (a) Tool flank wear at varying cutting speeds in turning both non-aged (less than 6 days from
casting) and completely aged GCI with local optimum of ve = 1200 m/min in non-aged GCI. (b) SEM-
BSE and XEDS maps of etched pcBN tool used to turn non-aged GCI with A12O3 deposit [VI].
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5.7 Modeling and simulation of wear mechanisms

Thermodynamic modeling and diffusion simulations are cost-efficient ways of
understanding and predicting the diffusional and chemical wear that are common
when cutting difficult-to-machine materials like Ti alloys. This method can also be
used in the development of new tool material solutions. It can, for example, be used
to screen or broaden promising material systems without having to perform tool life
testing and subsequent experimental tool wear analysis on a full test matrix. It thus
makes for greater sustainability by minimizing workpiece material consumption and
the energy and costs related to machining, sample preparation, and microscopy. The
method can also be used to design tool materials or alloys that promote the formation
of diffusion barriers or tool protection layers that prolong efficient tool life.

Experimental tool wear analysis is important for understanding and verifying the
actual wear mechanisms that serve as input data and for setting boundary conditions
in modeling and simulations. In this initial work, experimental data were used as
input for thermodynamic modeling using ThermoCalc software and diffusion
simulations using DICTRA software to show that it is possible to create reliable
models that can be used in similar materials systems without the need for costly
machining trials and microscopy investigations, as presented in Papers III, VII,
and VIIL

Simulations of the PCD-Ti system described in Paper VIII showed the formation
of Al-based reaction products, which is unlikely as Al has been experimentally
shown to be a non-interactive element. However, the simulations were accurate as
regards the other reaction products. This result shows the need for knowledge of
material combinations so as to be able to critically analyze simulation results. The
simulation also showed a thicker reaction layer than the experimental observations.
The simulations shed light on the similar permeabilities of Co and C over short
distances. Co diffuses substitutionally at a lower mobility rate than C, but has higher
solubility in Ti than C. C diffuses interstitially at a higher mobility rate, but has
lower solubility in Ti than Co, which explains the formation of TiC at the interface
with stabilized B-Ti by Co that occurs further from the interface than TiC.

For the pcBN-Ti system in Paper VIII, the complexity of the binder necessitated
simplification of the boundary conditions and simulations were inconclusive due to
numerical difficulties. This result shows the limitations of the method, for the need
for simplification means that it cannot completely represent the original
composition. However, the initial wear mechanisms could be simulated and the
thickness of reaction products at the interface was accurate. About half of the
suggested reaction products were found experimentally, and permeability
simulations did explain the order of formed reaction products.

For the cemented carbide-Ti system in Paper VIII, the simulated reaction products
were similar to those found in diffusion couples, but not all are found in as-worn
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tools (e.g. MgC and M;,C). A different intermetallic phase was indicated by the
simulations, but it is unclear whether it can nucleate. Simulations in Paper VII show
the stability of CosW up to 1130 °C, and indicate that the saturation of W in Co
binder leads to its formation. Intermetallic CosW is found closer to the interface in
the flank region rather than the crater in experimental samples, and can be explained
by interstitial C diffusion through Co, which is enabled at lower temperatures than
substitutional diffusion of Co and W.

Thermodynamic calculations in Paper III showed initial oxidation of Cr followed
by the formation of CoCr,04, CoWO4, and CoO. The calculations also showed that
C0304 can form when complete oxidation of the Co binder occurs when milling Ti
alloys. The dissolved W in the binder is enough to form CoWO,. The rounder WC
grains near the oxide product (Fig. 34) could be explained by their oxidation or
earlier diffusional dissolution.

The analysis of the phases formed and the diffusion process at the
tool-chip/workpiece interface can be complex due to the large number of elements
present. Therefore, the STEM-XEDS images from the cemented carbide used in
turning Ti-64 were also evaluated using principal component analysis (PCA) to find
chemical correlations and help separate signals from the phases present. This is
described in more detail in Paper X. PCA can aid XEDS analysis by de-noising the
spectra and finding chemical correlations by using simulated spectra. The results
confirmed the presence of W at the interface and ruled out the intermediate W>C
phase, indicating the direct transformation to W after outward diffusion of C. PCA
can thus be used as an extra step in the analysis of XEDS imaging and complements
SAED when studying the presence of phases.

5.8 Tool performance

Wear mechanisms drive the rate of tool degradation and the loss of tool material,
and directly affect tool life and tooling performance. Three machining methods are
explored in the machining of the selected workpiece materials, namely continuous
turning (section 2.1), down face milling (section 2.2), and external circular milling
(section 2.3). The selected wear criterion was the flank wear VB, which was
measured incrementally until reaching or exceeding the predefined value. The wear
criterion varied between 200 pm to 300 um depending on the selected insert
geometry and the shape of the workpiece materials, as related to industrial practices
of attainable product quality. These criteria are within the recommended values in
the ISO standards introduced in section 4.1.

Basic continuous turning was initially used to explore the performance and wear
mechanisms of commercial PCD, pcBN, and cemented carbide in the common
o+p Ti-64. In a PCD tool with multimodal grain size, a (Ti,V)C cap formed in the
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presence of binder. By changing to another PCD grade with a smaller grain size
(1 pm) and higher binder content, the protective carbide could merge and form a
continuous protective layer that reduced the outward diffusion of C from diamond
to Ti-64. The effect of the formation of this layer and the reduction in diffusion wear
can be observed in Fig. 40a , which shows the longer tool life obtained. Commercial
PCD and pcBN turning Ti-64 demonstrate significant tool life at the cutting
conditions in Fig. 40b. The potential attractiveness of PCD is demonstrated by its
having a 2—5 times longer tool life than pcBN due to the higher diffusion rate in
pcBN.

Commercial uncoated cemented carbide is used when machining at lower cutting
speeds than with ultra-hard tooling, and Fig. 40c shows a less than 5 minute tool life
at cutting speeds above v. = 200 m/min. A longer tool life of above 20 minutes is
obtained by reducing the cutting speed and using a higher coolant pressure. This
additionally shows the effect of cooling on the wear rate as it effectively reduces the
rate of diffusional dissolution. The lower usable cutting speed with cemented
carbide compared to high-performing PCD can still be cost effective due to the
lower cost of cemented carbide. Fig. 39 shows an 8% longer cycle time and lower
material removal rate when using cemented carbide (Fig. 39a), but the higher price
of PCD also increases the cost of the part. PCD and cemented carbide become cost
neutral at a long tool life of 30 minutes (Fig. 39b).
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Fig. 39 Cost performance ratio estimations for uncoated cemented carbide and PCD in turning Ti-64
displayed as (a) cycle time and (b) the part cost as a function of tool life when removing 10 cm? of
work material [XI].
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In milling Ti alloys (Fig. 40d—f), both commercial uncoated cemented carbide and
PVD-coated Tip4sAlossN-NbN tools were evaluated. External circular milling was
employed to make the most use of the cylindrical bars. Rapid coating removal and
stochastic formation of crack networks within the cemented carbide explain the
variation in tool life. The highest wear rate was found when milling o+ Ti-6246
(Fig. 40e), followed by a moderate wear rate of near-f Ti-5553 (Fig. 40f).
The lowest wear rate of the three alloys was obtained for near-o, Ti-6242 (Fig. 40d)
owing to the high oxidation wear that enables deep crack formation, the high
diffusional dissolution, and the moderate strength of a+p Ti-6246. Higher strength
and diffusional dissolution drive the wear rate in near-f Ti-5553. The lower wear
rate in near-a Ti-6242 is explained by its lower strength and lower diffusional
dissolution and oxidation.

Common down face milling was employed in machining CGI-450, with the test bars
designed to resemble the geometries of engine blocks or cylinder heads.
Commercial CVD Ti(C,N)-AlLO; cemented carbide of steel-cutting grade
demonstrated the lowest wear rate during sustainable machining conditions with
environmentally friendly rapeseed oil supplied at MQL, which provided a 17-23%
longer tool life than dry conditions. When using oil mixed with graphite
nanoparticles, an 8% longer tool life was obtained compared to dry conditions
(Fig. 40). The same low wear rate was also obtained when using the lowest cutting
speed in the cutting data set. Some important wear mechanisms can be identified at
lower cutting speeds, and their intensity increases with temperature, which is highly
controlled by the cutting speed.

Face turning of GCI in a completely aged state and a non-aged state with pcBN
cutting tools was done at cutting speeds ranging from v. = 300 m/min to
ve = 1500 m/min (Fig. 38a). Tool flank wear was low when machining the aged
material due to the protective deposits while an optimal cutting speed of
ve = 1200 m/min was identified for the non-aged GCI due to the deposition of
protective oxides. This cutting speed is higher than the industrial standard and
provides opportunities for increased productivity and management of the lower
machinability in non-aged GCI.
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Continuous turning a+p Ti-64 with HPDC at 90 bar External circular milling in Ti alloys with flood coolant
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Fig. 40 Cutting performance. (a—c) Continuous turning in Ti-64 with HPDC using PCD, pcBN, and
cemented carbide tooling. (d—f) External circular milling in Ti alloys with flood coolant using uncoated
and PVD coated Tio.4sAlo.ssN-NbN cemented carbide. (g—h) Down face milling in CGI-450 at dry and
MQL oil conditions using CVD Ti(C,N)-Al203 coated cemented carbide [I-V].
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5.9 Conclusions

This section presents the identified wear mechanisms in the selected tooling at the
specific conditions used to machine the workpiece materials. Because it is
impossible to study the wear mechanisms as they progress at the
tool-chip/workpiece contact regions, different experimental methods were
employed to explore the process and qualitatively examine wear mechanisms. These
methods included working with as-worn tools and their cross-sections after
controlled variation in machining conditions, process freezing experiments with the
quick stop method where the cross-sections include the tool edge attached to the
workpiece material, imitational experiments with the diffusion couple method, heat
treatment of tool-chip interfaces, and finally modeling and simulations. The wear
rate or tool performance was evaluated quantitatively, and the rate or performance
was then explained with reference to qualitatively identified wear mechanisms.

PCD and pcBN cost more than conventional cemented carbide in Ti machining, and
should thus demonstrate higher material removal rates. At these rates, diffusional
dissolution is an active wear mechanism for both materials. Diffusional dissolution
of diamond grains can be reduced or stopped by selecting a grade with smaller grains
and higher Co binder content to create a more coherent layer of (Ti,V)C reaction
product that acts as the tool protection layer. For pcBN, higher performance can be
obtained by modifying the binder content by the addition of W and Mo, which have
been shown to work as diffusion barriers. Protective (Ti,V)B, or its Cr-doped
version at binder sites forms at cBN-Ti interfaces. This is the opposite of PCD,
where formation of (T1,V)C reaction product is limited to binder sites. However, the
higher dissolution rate in pcBN tooling makes PCD the more performing tool
material of the two. Given the lower performance but lower price of uncoated
cemented carbide, PCD needs to demonstrate a long tool life to be competitive.

The wear mechanisms in cemented carbide in machining Ti alloys can vary
depending on the machining application and the alloy being machined. The intensity
of diffusional dissolution increases with temperature and chip flow at higher cutting
speeds. However, diffusion of C is not necessarily negative, because it can form a
protective (Ti,V)C or TiC reaction product. Additional diffusion of Co and loss of
it as the binder facilitates removal of WC grains by the chip flow. Oxidation of Co
and WC is another wear mechanism identified in milling, causing formation of
CoWO; several pm into the cemented carbide, which promotes crack formation.
PVD-applied TipsAlossN-NbN was rapidly removed by mechanical damage.
However, in turning, similarly rapid mechanical damage was present in combination
with diffusional dissolution of the coating that remained local and protected the edge
line.

Modeling and simulations supported the findings on wear mechanisms for the
materials, although some artifacts occur. The intensity of the wear mechanisms is
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reflected in the performance, where diffusional and chemical reactions are driven
by temperature and speed of chip flow. These two factors are directly related to
cutting speed. Their effect can be altered by cooling but primarily by selecting
optimal cutting parameters.

Wear mechanisms in CVD-applied Ti(C,N)-Al,O; coating while milling CGI-450
include mechanical wear of the coating by debonding, cracking, abrasion, and
micro-fracturing, as well as diffusional dissolution. Potential formation of
(Mg,Fe,Mn)Al,O4 spinel on the Al,O; layer increases the removal rate. Exposed
cemented carbide is worn by diffusional dissolution resulting in the formation of
brittle (Fex,Co1.x)3C unless there are protective MgO and SiO; deposits. Additional
oxidation wear results in the formation of protective Fe,SiO4, while formation of
FeWOs (FeaWOs) and CoWOs causes cracking. Increased performance can be
achieved by using sustainable vegetable oil lubrication with MQL.

Wear of pcBN tooling in machining GCI reveals low wear rates in aged state GCI
due to deposits of protective oxides and sulfides, while large variations in tool wear
in machining non-aged GCI at varying cutting speeds are due to more complex wear
phenomena. At the optimal cutting speed, protective Al,O; and MnS deposits
prevent diffusional dissolution. Diffusional dissolution and instable formation of
such deposits occurs at lower speeds with lower process temperature. The formation
of (Fe,Mn),SiO4 at higher temperatures provides weaker protection for the tool
material and (Fe,Mn)O drives cBN oxidation. By managing the cutting speed, the
poorer machinability of non-aged GCI can be handled, contributing to higher
efficiency and potential cost savings as the optimal cutting speed is higher than the
industrial standard.
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6 Conclusions and outlook

This chapter summarizes the appended papers and the major conclusions that can
be drawn from the work, and presents the response to the research questions and
suggestions for future work. The main aim of the work was to explore wear
mechanisms in commercial tooling in the machining of difficult-to-cut Ti alloys and
CGl, including the variance in machinability of non-aged GCI, and to contribute to
the knowledge of wear rate and tooling performance.

6.1 Summary of publications

Paper 1 Performance and Wear Mechanisms of PCD and PcBN Cutting
Tools during Machining Titanium Alloy Ti6Al4V

Tooling performance and wear mechanisms were studied in high-speed turning of
Ti-64 using commercial PCD and pcBN. Wear evolution, cutting forces, and surface
roughness were recorded, as was the temperature of the PCD tool. PCD had superior
performance to pcBN, which failed by cracking and fracturing but provided
favorable surface roughness evolution. Rake cratering, a high edge temperature
(1100 °C), and a short contact length were shown to result in a new chamfer-shaped
edge geometry that negatively affected surface roughness and cutting forces. There
was no sign of adhesive wear, but channel formation was observed in PCD, caused
by the likely combination of diamond burn-out and graphitization. PCD is worn by
diffusional dissolution of C while its reaction with Ti and V at the interface forms
(Ti,V)C caps that function as a diffusion barrier. This phenomenon is facilitated by
the presence of Co. Longer tool life can be achieved by using a PCD grade with a
smaller grain size and larger Co content, which allows protective caps of (Ti,V)C to
merge into a continuous tool protection layer. Diffusional dissolution of B, N, and
binder elements are active in pcBN. A tool protection layer consisting of (Ti,V)B:
and (T1,V,Cr)B, forms at the cBN and binder interface to Ti-64, respectively.

Paper 11 Performance and Wear Mechanisms of Uncoated Cemented Carbide
Cutting Tools in Ti6Al4V Machining

Tooling performance and wear mechanisms were studied in high-speed turning of
Ti-64 using commercial cemented carbide. Changes in the cutting speed and coolant
pressure gave the expected tool life trends, and the flank wear evolutions were
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shown to be predictable. Cratering negatively affected the surface roughness, but
there was no plastic deformation. Strong adhesion of Ti alloy to the worn regions
facilitated the removal of dislodged WC grain clusters with the chip flow. The
contact of Ti alloy with the cemented carbide resulted in outward diffusion of C and
Co, with the loss of Co decreasing grain bonding. Studying several locations at the
crater and flank interface showed that the intensity of diffusion wear is largest at the
center of the crater. Outward C diffusion results in a residual W layer at the interface
that stabilizes the B-phase of Ti, while enough C saturation forms protective TiC.
Intermetallic TiCo, and CosW form at surface binder sites due to inward diffusion
of Ti and loss of C that travels through the Co binder. Both products work as
diffusion barriers that locally retard material loss.

Paper 111 On the Wear Mechanisms of Uncoated and Coated Carbide Tools in
Milling Titanium Alloys

Tooling performance and wear mechanisms were studied in external circular milling
of near-a Ti-6242, a+P Ti-6246, and near-f Ti-5553 using commercial uncoated or
PVD TigasAlossN-NbN cemented carbide. Rapid coating removal due to cracking
points to the need for a more robust coating formulation. Massive tool material loss
was due to extensive flaking and chipping, as well as crack networks within the
cemented carbide. Diffusional loss of C produces rounder WC grains. Outward
diffusing Co binder results in easier removal of surface WC grains by the chip flow,
and loss of dampening Co results in damage to the diffusionally weakened WC
grains. Voids in surface Co regions can be explained by Kirkendall porosity or by
plastic deformation of the binder. Oxidative wear results in the formation of CoWO4
several um into the tool, in which cracks easily propagate. The intensity of the
oxidation is highest in milling a+f Ti-6246, which explains why it has the highest
wear rate. Neighboring Co to oxide product has an hcp structure indicating its
deformation.

Paper IV Degradation of Multi-Layer CVD-Coated Cemented Carbide in
Finish Milling Compacted Graphite Iron

The wear mechanisms and basic performance of commercial multilayer CVD-
coated Ti(C,N)-Al,O; cemented carbide were evaluated in finish face milling of
CGI-450 with 90-95% pearlite content and 5-10% nodularity. The Al,O; reacts
with MgO inclusions potentially forming (Mg,Fe,Mn)Al,O4 spinel that is easily
removed by superficial shear and abrasion by hard inclusions. Ti(C,N) is worn by
abrasion, debonding, and microfractures, and on the rake it also experiences
diffusional dissolution. Deposition of MgO and SiO; inclusions on exposed
cemented carbide inhibits adhesion of CGI. Where adhesion occurs, it causes rapid
wear due to outward diffusion of C, W, and Co forming an iron-based carbide at the
interface. Decreased grain bonding causes periodic removal with adhesive wear.
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Paper V Wear Mechanisms in Ti(C,N)-Al,O3 Coated Carbide during
Sustainable Machining CGI

The wear mechanisms and basic performance of commercial multilayer
CVD-coated Ti(C,N)-Al,O; cemented carbide were explored and evaluated in finish
face milling CGI-450 at sustainable dry and MQL conditions. A 20% longer tool
life was achieved when using MQL rapeseed oil compared to dry conditions. The
formation of easily removed (Mg,Fe,Mn)Al,O4 spinel was an expected reaction
product but was not confirmed in the TEM lamella, likely due to its location. Plastic
deformation of the tool edge induces coating cracks where oxidized CGI accelerates
delamination. Advanced microscopy methods verified the protective mechanism of
oxide inclusions as well as the outward diffusion of C, W, and Co. New findings
include that the C and Co diffusion at stable conditions reacts with Fe, forming a
(Fex,Co1x)3C iron carbide diffusion barrier. Local inward diffusion of Fe
accompanied by its oxidation in Co regions speeds up oxidation of W and Co,
resulting in cracks on the rake side. The positive effects of oxidation in CGI result
in a Fe;Si04 oxide ceramic tool protection layer.

Paper VI Effect of Ageing on Machining Performance of Grey Cast Iron and
Its Compensation by Cutting Speed Management

The machining performance and wear mechanisms for pcBN tooling used to
machine GCI in the non-aged state (less than six days after casting) and in the aged
state were investigated. It was found that wear can be minimized by adjusting the
cutting speed, and an optimal speed was identified. This speed is higher than the
industrial standard and provides increased efficiency and potential cost savings.
Protective Al,O3 and MnS deposits are active when machining aged GCI, and the
same deposits are present at the optimal cutting speed, preventing diffusional
dissolution of pcBN, which is active at lower cutting speeds due to the lack of
protective deposits. At cutting speeds above the optimum, the formation of weaker
(Fe,Mn),SiO; replaces Al,O3 and oxidation accelerates degradation.

Paper VII 4 Combined Experimental and Modelling Approach to Understand
Chemical Wear in Titanium Turning

Two TEM lamellae from cemented carbide tools used in turning Ti-64 and Ti-5553
were studied. The formation of intermetallic CosW was identified in both samples
near the interface to the Ti alloy. Its formation is enabled by the outward diffusion
of C from WC grains through Co that release W. CosW works as a diffusion barrier
in local Co regions. Boundary conditions for simulations were established based on
experimental knowledge. The simulation suggests that intermetallic formation
occurs because the fcc Co becomes supersaturated with W, giving a mix of fcc with
low W content and Co3W, after which Co attains the hcp structure on cooling.
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Paper VIII  Predicting Wear Mechanisms of Ultra-Hard Tooling in Machining
Ti6Al4V by Diffusion Couples and Simulation

Imitational experiments with diffusion couples and diffusion simulations were used
to study and predict chemical and diffusion wear mechanisms. Known temperature,
pressure, and time in contact served as input data for the simulations. The results
were verified against known wear mechanisms in commercial PCD, pcBN, and
cemented carbide tooling used in machining conventional Ti-64. TiC or (Ti,V)C
formation in PCD and cemented carbide was shown. Liquefaction of Co facilitates
diamond graphitization and accelerates C transport and thus diffusional wear. Loss
of C in cemented carbide gives W clusters at the interface that inhibit formation of
protective TiC. Brittle CosW3C was shown to form, but has not yet been found in
used tools. In pcBN, Ti(C,N) and CroN were artifacts while the formation of
(Ti,V)B, was correctly predicted. Wear resistance in pcBN can be improved by
increasing Mo and W volume in the binder, as they work as diffusion barriers.

Paper IX On Wear of TiAIN Coated Tools with and Without NbN Overlayer in
Machining Titanium Alloys

Wear mechanisms in Tig4sAlossN coating with and without NbN overlayer and
substrate cemented carbide were explored with controlled variability experiments,
process freezing experiments with quick stop, and imitational experiments with the
diffusion couple method in the machining of a CP-Ti, o+f Ti-64, and near-f
Ti-5553. The coating wears mechanically by cracking and by diffusional dissolution
of Al and N. The NbN overlayer reduces the Al diffusion rate, but the NbN itself is
diffusionally worn where Nb stabilizes the interface B-Ti, which increases diffusion
rates of substitutionally diffusing elements. The formation of intermetallic NbsAl
works as a diffusion barrier for Tip4sAlossN, but could be easily removed in
machining due to its brittleness. The findings highlight that any new coating design
for Ti machining should combine high mechanical integrity and resistance to
diffusional dissolution. The wear rate of cemented carbide is faster than that of the
coating due to diffusional dissolution of C and Co. This may be reduced by
formation of a TiC reaction product. The presence of a coating on the edge line is
crucial for protecting the tool from edge failure.

Paper X Characterisation of Worn WC Tool using STEM-EDS Aided by
Principal Component Analysis

Principal component analysis (PCA) was used on STEM-XEDS images of the
interface between cemented carbide and Ti-64 after turning Ti-64. PCA aided XEDS
analysis by de-noising the spectra and found chemical correlations by using
simulated spectra. PCA confirmed SAED’s identification of the presence of a rim
of W on WC grains facing Ti-64 as a remnant of C diffusion. Intermediate W,C was
ruled out, which indicated direct transformation to W. The PCA method can be used
when XEDS is difficult to interpret, or as a complement or substitute for SAED to
identify phases present.
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Paper XI Assessment of Metal Cutting Tools using Cost Performance Ratio
and Tool Life Analyses

Conventional uncoated cemented carbide was compared to more cost-intensive
commercial PCD tooling, which can be efficient at high-speed conditions. Cost
performance and productivity were evaluated using a combination of Colding tool
life modeling, which is based on real tool life data for the two tool materials in
turning Ti-64, and a model for cost performance ratio that included part cost
calculations. The higher productivity of PCD provided an 8% faster cycle time than
cemented carbide, but the cemented carbide had a lower part cost and better cost
performance. It would require at least 30 minutes of tool life for PCD to become
cost neutral, and that long a running time is associated with risks like unexpected
tool failure. The study shows the importance of considering both tool cost and
machining performance.

6.2 Conclusions

This thesis reported on experimental and characterization techniques that enable
exploration of wear mechanisms in cutting tools used in machining. Because it is
not yet possible to study wear progression in-operando, the methods used to explore
tool wear mechanisms and related phenomena across the tool-chip/workpiece
interfaces were controlled variability experiments, process freezing experiments,
imitational experiments, and modeling and simulations (Fig. 1). The controlled
variability experiments investigated different machining methods, varying cutting
parameters, the use of coolant or lubricants, and changes in tool material grades and
workpiece materials. The intensity of diffusional dissolution and chemical wear
mechanisms, and thus the wear rate, increases with the higher temperatures induced
by increasing the cutting speed and feed, while cooling allows for higher cutting
data parameters. Sustainable MQL in CGI machining reduced the wear rate by
minimizing the tool-chip/workpiece contact. Process freezing included the quick
stop method that retains the tool-chip/workpiece contact and allows study of their
actual interface. Preparation techniques to enable studies of the interfaces in as-worn
tools from controlled variability experiments, from process freezing quick stop, and
from imitational experiments including diffusion couples were introduced. The
first research question is answered by selecting and combining the microscopy
techniques used to capture the wear mechanisms and related phenomena from a
macro to nano range. These techniques included SEM, XEDS, EBSD, ICCI, TEM,
and XRD.

The range of tooling included ultra-hard PCD and pcBN, uncoated cemented
carbide, and its coated versions including PVD-applied Tip4sAlossN and
Tio.45Alo.5sN-NbN and CVD-applied Ti(C,N)-Al>O;s. These were used to machine a
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range of Ti alloys from CP-Ti, near-a Ti-6242, o+f Ti-64, a+f Ti-6246 to near-f
Ti-5553, as well as CGI-450 and GCI, making for many combinations of materials
and wear mechanisms. The identified wear mechanisms included diffusional and
chemical wear that directly or indirectly cause tool material loss or the formation of
tool protection layers. Mechanical wear was predominant for PVD coatings and tool
bulk in Ti machining. The exploration of these wear mechanisms across multiple
length scales answers the second research question.

Diffusional loss of C from diamond and WC grains, as well as B and N from cBN
grains, are major contributors to the wear of PCD, pcBN, and cemented carbide.
Protective reaction products include (Ti,V)C or TiC when machining Ti alloys with
PCD and cemented carbide. The (Ti,V)C forms a more continuous layer as the Co
binder content increases, and when using a smaller grain size in PCD. Protective
(Ti,V)B; or (Ti,V,Cr)B, forms when machining Ti alloy with pcBN. This
knowledge has resulted in two patents [161, 162]. The formation of the protective
phase can be accelerated by artificially adding nucleation sites to the binder.
Protective Ti,Co and CosW form in near-surface binder regions of cemented carbide
when machining Ti alloys. They can reduce outward diffusion of Co, as Co loss
reduces grain binding, making surface WC grains prone to removal with the chip
flow.

Chemical wear by oxidation occurs in cemented carbide when milling Ti alloys and
CGI, leading to the formation of brittle CoWOa. The formation of FeWO4 (Fe;WOs)
is limited to CGI milling, and cracks propagate along the formed oxides. The
positive effects of oxidation in CGI milling include the formation of Fe,SiO4 and
(Fex,Co1x)3C diffusion barriers. In machining non-aged GCI, diffusional dissolution
of pcBN is active. At higher cutting speeds, additional oxidation and formation of
mechanically weak (Fe,Mn),SiO, contribute to its degradation. Formation of
protective Al,O3 prevents diffusional dissolution in aged GCI, but also occurs at an
optimal cutting speed in non-aged GCI. This speed is higher than the current
industrial standard and thus hints at improved machining efficiency and related cost
savings.

Tooling performance expectedly demonstrates shorter tool life at higher cutting
speeds and feeds for all tool and workpiece combinations. The observation can be
explained by the higher cutting temperatures that increase the diffusional and
chemical wear that are major wear mechanisms in the conditions used in this work.
This answers the third research question. Lower wear rates can be attained by
decreasing the cutting speed or feed and applying coolant at high pressures.
Lubrication has a similar effect in CGI machining because it decreases the contact
between tool and workpiece material. In machining Ti alloys the highest
performance is achieved with PCD followed by pcBN. This is due to the lower
diffusion rate of diamond compared to ¢cBN and the more extensive formation of
tool protection layers. Increasing Mo and W in the binder for pcBN could result in
a more continuous tool protection layer which could increase tool life. By carefully

74



selecting the PCD grade, the protective layers can merge and form a more coherent
layer that extends tool life.

The wear rate of cemented carbide in Ti machining is higher than that of PCD and
pcBN. The less expensive tool material justifies machining at lower speeds, which
can cause lower cycle times in production. However, the more expensive PCD needs
a longer tool life before it can become cost neutral to cemented carbide; therefore
both cost and tool life need to be considered in an industrial machining setup.
Oxidation wear that leads to cracking in cemented carbide could be avoided by
decreasing the cutting temperature and thus the onset of oxidation. Another measure
to increase the tool life of cemented carbide would be to engineer more robust and
wear-resistant coating formulations for both turning and milling operations, as the
coatings have been shown to fail mechanically and by diffusional dissolution.

6.3 Future work

The wear of cutting tools evolves as long as the tool is in contact with the workpiece
material. The tool-chip/workpiece interface is shielded by the chip and workpiece
material, and it is not yet possible to study the direct interaction as cutting proceeds.
The methods identified in Fig. 1 in their own way resemble the wear mechanisms
occurring during machining; however, there may be methods not identified in this
work that could allow in-operando studies of the wear process. Future work could
include studying wear mechanisms as they occur in real time using large-scale
facilities with synchrotron or neutron spallation sources.

The characterization methods presented in section 4.3 serve as a foundation for
exploring wear mechanisms. However, there are other available techniques like
electron energy loss spectroscopy (EELS) that could be efficient to study lighter
elements like C, B, O, and N with better resolution. Another useful characterization
method is atom probe tomography (APT), which can image a sample in 3D and
provide information on the distribution of elements at the atomic scale. This could
be used to study diffusion of elements and reaction products at the interface, which
would be helpful in understanding the initial diffusion and chemical reactions and
their evolution. These methods could be used in future research to explore other
combinations of tool and workpiece material systems.

I hope that the knowledge generated on active wear mechanisms and methods of
exploring them in this work can be used to engineer future generations of tooling
with improved wear resistance, including the formation of tool protection layers
during cutting that prolong tool life. While the work done here has focused on wear
mechanisms in the common machining methods of turning and milling, there are
also other machining methods used in industry. The work needs to be expanded to
address other methods like drilling or threading.
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This work qualitatively confirmed the presence of certain wear mechanisms.
However, it would be valuable to know quantitatively how much each wear
mechanism contributes to the overall wear for a given set of machining conditions
and a given tool-workpiece material combination. Such knowledge would allow
effort to be efficiently directed where it is most needed.

While conditions at the cutting tool edge during machining can be understood based
on methods using temperature and force measurements, there would be value in
knowing the exact temperature and pressure distribution over the tool contact
regions at the same time as the wear mechanisms are being explored. This would
enable a direct link between those conditions and the intensity and presence of wear
mechanisms.

The work reported on here could serve as a model and provide simulation input data
for verification and validation of future sustainable research and development work.
Such research could be used to find the settings at which certain phenomena occur,
enabling tweaking of industrial setups to avoid the onset of wear mechanisms
leading to rapid tool wear. Future sensor-based tooling in smart manufacturing
systems can help provide such knowledge, which combined with suitable
microscopy  techniques and experimental methods to explore the
tool-chip/workpiece interaction, can help manufacturing industry select the most
efficient cutting data and tool-workpiece material combination to supplement the
proposed cost performance ratio analyses.
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