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Popular science summary 

In an era where 3D printing and AI are at the forefront, turning, milling, and metal 

cutting might seem like niche research topics from the past. But metal cutting is all 

around you. If what you have lying on your desk was not machined, then the tools 

used to create it certainly were. Even 3D-printed or additively manufactured parts 

must be machined if a good surface quality is needed for an industrial application 

or to look shiny and nice. 

Being bad at machining is very expensive—not only wasting the limited resources 

available to us on this planet but also most likely putting you out of business. A 

tool used in an industrial setting to machine metal costs at least 10 euros but can 

exceed 100 euros. A tool lasts about 15 minutes and can be used one to four times. 

The tool is not even the most expensive part of the process, as the cost of the 

operator, machine, workpiece material, and workshop are also a big part of the 

cost. A tool breakage during machining is even more expensive, as it might require 

reworking or scrapping a part worth tens of thousands of euros.  

One may think that tools are worn only through mechanical wear, but these tools 

are extremely hard; for example, diamond is the hardest known material. This 

resistance to mechanical wear makes chemical degradation play an important role. 

Modeling this chemical wear can save industry resources and reduce lead times in 

research projects. It is also a scientifically interesting topic, as chemical 

degradation at high temperatures and high material flow rates is a complex process 

that appears in many other research fields.  

This thesis combines experiments, advanced microscopy, and chemical 

simulations to study how and why tools wear and how we can limit it. This allows 

us to combine the right tool material, workpiece, and process to limit tool wear. It 

also enables us to optimize the machining process so that a protective layer forms 

on the tool, further limiting wear. This discovery adds a new dimension to a 

research field that has been studied for over a century within a manufacturing 

practice spanning thousands of years. 
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Populärvetenskaplig sammanfattning 

Om sakerna på ditt skrivbord inte har tillverkats genom skärande bearbetning, så 

har definitivt verktyget som användes för att tillverka dem gjort det. Skärande 

bearbetning har en stor men ganska dold inverkan på ditt liv. Då den enda 

skärande bearbetning du kanske har upplevt är att göra en ljusstake i träslöjden i 

grundskolan. Svarvningen och fräsningen i denna avhandling rör ej ljusstakar i trä, 

utan i stället svarvning av betydligt starkare legeringar av järn, nickel och titan. 

Verktygen i denna avhandling är inte häller av legerat stål, utan av extremt 

slitstarka och hårda keramiska material.  

Ett verktyg i industrin håller cirka en kvart, och kan användas en till fyra gånger 

och kostar från 100 kr till flera tusen kr, och då ska man ha i åtanke att oftast är det 

inte verktyget som är det dyra, utan även maskinen, materialet man bearbetar, 

operatören och lokalen är en stor del av kostanden. Att behöva kassera eller 

ombearbeta om en nästan färdig produkt på grund av ett verktyg som har fallerat 

kan bli en ännu större kostnad speciellt vid tillverkning av turbindelar i legeringar 

av nickel och titan (hundratusentals kronor).  

Man kan tro att verktygsmaterialen slits enbart mekaniskt, men så är inte fallet, 

verktygsmaterialen är mycket resistenta mot denna typ av förslitning. Diamant är 

till exempel det hårdaste materialet människan känner till. Förslitning på grund av 

kemisk nedbrytning spelar därför en betydande roll. Att välja rätt material är då 

extremt viktigt, diamant slits till exempel ner efter ett par sekunder om man 

svarvar rostfritt stål. Att kunna modellera spar både dyra resurser ute in industrin 

och spar ledtid vid utveckling av nya verktygsmaterial. Det är också vetenskapligt 

intressant att studera diffusion, kemisk nedbrytning och oxidation vid höga 

temperaturer och vid höga materialflöden eftersom det är en komplex process som 

även dyker upp i andra forskningsområden. 

Denna avhandling kombinerar experiment, avancerad mikroskopi och kemiska 

simuleringar av svarvning för att förstå hur och varför skärverktyg slits, och hur vi 

kan få dem att slitas mindre. Forskningsresultaten hjälper oss att kombinera rätt 

verktygsmaterial med rätt arbetsmaterial mer effektivt. Vi kan vidare använda 

dessa simuleringar för att kombinera material och process så att skyddsskikt bildas 

på verktyget under svarvningen. Att kunna göra detta är en ny upptäckt, i detta 

hundraåriga forskningsfält av en tusenårig tillverkningsmetod!  
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Selected abbreviations and symbols 

Cutting parameters and phenomena  

 

ap – cutting depth/depth of cut [mm] 

f – feed [mm/rev] 

vc – cutting speed [m/min] 

VB – width of the flank wear land 

KT – depth of the crater wear 

NMI – non-metallic inclusion 

TPL – tool protection layer 

 

Thermodynamics and materials 

 

bcc – body-centered cubic 

pcBN – polycrystalline cubic boron nitride 

PCD – polycrystalline diamond 

fcc – face-centered cubic 

hcp – hexagonal close-packed 

PPx – normalized or effective partial pressure of species x [unitless] 

 

Microscopy and spectroscopy 

 

EBSD – electron backscatter diffraction 

FIB – focused ion beam 

HAADF – high-angle annular dark field 

LAADF – low-angle annular dark field 

SEM – scanning electron microscopy 

TEM – transmission electron microscopy 

SAED – selected area electron diffraction 

STEM – scanning transmission electron microscopy 

XEDS – X-ray energy dispersive spectroscopy 

XRD – X-ray diffraction 
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Introduction  

Vad fan får jag för pengarna? 

—Leif Östling [1] 

 

Interdisciplinary research can be complex and create some dilemmas, but it is the 

most rewarding. For example, should the introduction be about tool wear and 

metal cutting or the economic impact and history of machining [2–6], to motivate 

the money spent on this research? Should it be about thermodynamics, kinetics, 

and CALPHAD [7], and how metal cutting is a fascinating case of diffusion and 

reactions in a moving frame of reference? Maybe about microscopy [8–10], and 

how to study multi-element and multi-phase materials that have interacted? Or the 

geopolitical and environmental aspects of critical raw materials and efficient use 

of scarce resources [11]? Metal cutting has a profound impact on your life and is a 

fascinating topic, regardless of your interests or background. 

Background and objective 

There are numerous alloys, and new alloys are constantly entering the market. We 

need some way to machine them if a good surface quality and tolerances are 

required for an industrial application, whether the part is additively manufactured, 

cast, wrought, forged, or pressed.  

Coatings, tool materials, cutting parameters, and workpieces can be combined in 

an infinite number of ways. Determining how to machine a material typically 

follows the process–structure–property–performance (PSPP) relationship. We can 

experimentally test or model the effect that new processes for making tools and 

alloys have on performance by studying the relationship in steps: process → 

structure → property → performance [12]. If we know what performance we need, 

then we can design the process required to make that tool or alloy: performance → 

property → structure → process. This can be done both experimentally or using 

the Integrated Computational Materials Engineering (ICME) approach [13].  
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Linking process and performance has been done informally since the discovery of 

metal cutting during the bronze age (circa 3000 BC) [14], and there has been a lot 

of success in linking processing to the performance of both tools [15] and 

workpieces [16] since the innovation of cemented carbides (hardmetal) over a 

hundred years ago [4]. Metal cutting is challenging because studying the PSPP 

relationship between the tool and workpiece separately is insufficient. 

For example, cutting steel requires a material with high hardness. Diamond is the 

hardest known material, but cutting stainless steel at reasonable speeds with 

diamond tools results in catastrophic tool failure within seconds [17–19]. The 

diamond tool transforms into graphite and carbon dioxide or monoxide, while the 

steel and chip acquire a slightly higher carbon content due to the carbon diffusion 

from the tool. 

Alumina ceramic tools would then be a good choice according to the PSPP 

roadmap for the tool, as they are generally chemically inert. Further adding 

Ca-inclusions to the steel would protect the tool from chemical wear and improve 

machinability, according to the PSPP roadmap for the steel. But this is a very poor 

combination, as shown in a series of papers on the anomalous wear of ceramic 

tools and coatings when machining Ca- and Si-deoxidized steels [20–23]. We 

must therefore combine the PSPP roadmap of both the tool and the workpiece! 

Machining alloys at high metal removal rates with hard tool materials such as 

cemented carbide, ceramics, diamond, and cubic boron nitride leads to high 

temperatures and to tool wear through a combination of diffusion, oxidation, 

chemical degradation, and thermomechanical mechanisms [2–6]. We need to study 

and model what is happening to the tool-workpiece combination in-operando, 

rather than just studying the tool post-mortem, to be able to combine the PSPP 

roadmap of the tool with that of the workpiece.  

Studying metal cutting in-operando [24] and modeling [25] the cutting process is 

difficult, and studies focus mainly on the effect of stress and strain rather than 

chemical interactions [2,5,6]. Combining post-mortem analysis of worn tools 

using advanced microscopy and thermodynamic modeling has significantly 

contributed to the pursuit of linking processing to performance with regard to 

diffusion, oxidation, and chemical degradation [26–31].  

These methods have been used since the 1970s, and a lot has happened in the last 

25 years due to the improvement and increased availability of computational 

thermodynamics [26–31] and transmission electron microscopes [32–35]. The 

studies of chemical, diffusion, and oxidation wear continued through the 80s [36] 

and 90s [37,38]. This topic has also been covered in many recent theses [39–42], 

books [2,3,5,6], and countless articles. There is still much to learn about metal 

cutting, particularly concerning tool wear and protection related to chemical 

interactions, diffusion, and oxidation. 
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The first objective of this thesis is to add to the body of knowledge by combining 

experimental studies (in-operando and in-situ), microscopy, and spectroscopy 

(in-situ and post-mortem) with thermodynamic modeling and kinetic simulations. 

By combining these methods, we can understand not only the types of wear that 

have occurred on the tool during metal cutting, such as flank wear, crater wear, or 

loss of carbon, but also the underlying in-process cause of this wear related to 

chemical degradation, diffusion, and oxidation. 

The second objective is to better predict how to pair the tool and the workpiece to 

improve performance of the machining process. For example, the first objective is 

to better understand why there is anomalous wear of ceramic tools and coatings 

when machining Ca- and Si-deoxidized steel [20–23]. The second objective is then 

to better predict whether a selected tool and Ca-treated steel combination will 

perform better, given our understanding of the wear process. This need for 

prediction and pairing is not limited to inclusion engineering. It is also key when 

limiting wear through oxidation, diffusion, and chemical degradation of clean 

alloys. For example, Co may not readily diffuse into Fe alloys during metal 

cutting. But that is not the property of the Co binder, since it can diffuse into Ti 

alloys. It is the property of the Co and Fe-alloy pair during machining.  

The third objective is to utilize the understanding and predictive power to develop 

requirements and specifications for the materials, and to a limited extent in this 

thesis, the cutting parameters, shifting from a discovery mindset to a design 

mindset. For example, the first objective is to understand why and how a tool is 

worn by diffusion. The second objective would then be to predict whether a 

specific tool-workpiece pair will experience less wear due to diffusion and, 

consequently, perform better. This third objective is to model, simulate, predict, 

and set requirements for a more optimal tool-workpiece pair, or design a new 

material altogether, that experiences less wear due to diffusion. The objective is to 

move beyond simply discovering that a non-metallic inclusion improves 

machinability or that a new binder, coating, or ceramic performs better. Instead, 

try to increase performance by setting requirements on the properties of the 

tool-workpiece combination. The objective is to design alloys and tools that lead 

to improved machinability and to combine the PSPP roadmap [12] for both the 

tool and the workpiece. 

The fourth objective is related to tool protection layers (TPL) [43], which are 

in-process chemical interactions that lead to the formation of refractory phases, 

providing tool protection and enhancing tool performance. Interactions between 

the tool, workpiece, and environment can either lead to aggressive wear or, if 

controlled correctly, provide tool protection and improve tool performance. 

Consequently, the fourth objective is to leverage our knowledge, predictive power, 

and ability to select or design tool-workpiece pairs that result in these protective 

layers.  
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The overall aim is to expand our understanding of wear-related in-process 

interactions, enabling increased tool life and performance in machining processes. 

Achieving this aim shortens the research and development cycle of new tool 

materials and alloys, saving time, money, and resources. It will also save time, 

money, and resources in the factories due to improved machining performance. A 

shorter development cycle is also necessary to rapidly adapt our use of critical raw 

materials used in the tool and alloy industry when needed [11]. 

Hypothesis and research questions 

The hypothesis is that the in-process interaction determines wear in machining 

through diffusion, oxidation, and chemical mechanisms, alongside the 

conventional thermomechanical wear phenomena, and that we can purposefully 

combine process parameters, tool material, workpiece material, and the 

environment to control such in-process interaction, using knowledge gained from 

experiments, thermodynamics, and advanced microscopy. 

The following research questions are formulated and addressed to achieve the aim 

and objectives, as well as to test the hypothesis: 

RQ1. How can our understanding of in-process interaction leading to tool 

wear in machining be improved through a combination of focused 

experiments, microscopy, and thermodynamics? 

RQ2. Can tool wear and protection mechanisms related to chemical, 

diffusional, and oxidation phenomena be described and predicted based on 

thermodynamic modeling and kinetic simulation?  

RQ3. Can thermodynamics, experiments, and microscopy be utilized to more 

efficiently design, combine, and select workpiece materials, tool materials, 

and cutting parameters to achieve increased tool performance?  

RQ4. How can in-process chemical interactions leading to the formation of 

refractory phases be leveraged for tool protection and improved tool 

performance? 

Methodology, scope, and limitations 

This research employs inductive methods (searching for patterns in observations) 

to draw conclusions and deductive reasoning (collecting data to test a rejectable 

hypothesis) to test ideas.  
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The scope of this thesis is to limit wear by diffusion, oxidation, and chemical 

degradation in metal cutting by combining experiments, thermodynamic and 

kinetic modeling, microscopy, and spectroscopy.  

Some limitations are needed because this can be done in a myriad of ways. This 

thesis focuses on continuous and stable longitudinal turning using single-point 

tools in a laboratory environment. One article concerned external circular down 

milling with a single tooth; however, the author’s contribution was focused on 

modeling the oxidation of the tool. The tools, tooling systems, and cutting data are 

based on the recommendations of the tool and workpiece manufacturers, with 

some exploration of cutting speeds. The study is limited to commercial or 

near-commercially available tools and coatings. The workpieces are all 

commercial alloys except the developed Hadfield steel.  

There are various other interesting factors to study when machining, and these 

have been observed and noted to some extent but not researched—for example, 

tool geometries, vibrations, coating delamination and other mechanical failure 

modes, and much more. The tool life was measured to test the hypothesis; but 

there is no explicit tool life modeling. There are also some inherent limitations 

related to time, cost, availability, and the basic principles of the techniques, which 

are further discussed in separate chapters.  

  



20 

  



21 

Turning and Metal Cutting 

-I can’t find any literature on what we discussed; did you say there was any? 

-Don’t worry; there is plenty, and I’ll show you! 

[Comes back the next day with a pile of books and unpublished internal 

reports in Cyrillic, German, and Japanese] 

—A conversation between Volodymyr Bushlya and me.  

 

There is a wealth of accumulated knowledge and experience concerning 

machining, some of which is available online and some in archives; but this cannot 

even be compared to the amount of knowledge accumulated by researchers and 

operators around the globe. This thesis focuses on continuous and stable 

longitudinal turning using single-point tools, a subsection of machining or metal 

cutting. This chapter provides an overview the turning processes, the cutting 

parameters, and their effect on physical quantities. It aims to help the reader 

understand the impact of cutting parameters on chemical, thermodynamic, and 

kinetic phenomena in metal cutting under the influence of such physical quantities. 

This section is designed to keep an interest of the metal cutting expert, who is 

knowledgeable about cutting parameters and geometries, but perhaps less so about 

chemical activity. Additionally, it will hopefully appeal to materials scientists or 

microscopists who are less familiar with metal cutting but more knowledgeable 

about thermodynamics and oxidation, as well as serving as a review for those 

already researching this interdisciplinary topic.  
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Cutting parameters 

Continuous longitudinal turning is the main operation performed in the appended 

papers. It is one of the most stable and controllable machining operations, making 

it suitable for research purposes. The workpiece rotates while the tool moves 

longitudinally across it, resulting in a helical trajectory of the insert across the 

surface (Figure 1). 

 

 

Figure 1. Image of longitudinal turning. The bar rotates and the tool holder with the 

clamped insert moves along the length of the bar, creating a bar with a smaller and desired 

diameter. 

 

The cutting parameters can be translated from longitudinal turning to other 

machining operations, such as orthogonal turning, milling, and drilling, with due 

care. Milling can, for example, be seen as intermittent cutting from the reference 

frame of the insert. This will lead to the addition of other cutting parameters, 

changes in the forces acting on the tool, and further modifications [2,3,5,6]. 

However, the physics and chemistry of tool wear are somewhat transferable. 

The main cutting parameters are cutting speed (vc) defined in m/min; this is the 

relative velocity between the cutting tool and the workpiece. The feed rate (f) 

defined in mm/rev is the rate at which the tool moves in the axial distance per 

revolution. The depth of cut (ap) is how much of the bar’s radius is reduced per 

revolution, measured in mm. The product of these three parameters is termed as 

the material removal rate MRR (cm3/min). These, along with the other essential 

cutting parameters and forces, are shown in Figure 2 [2,3,5,6].  
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Figure 2. The main cutting parameters and forces, based on [2,5,6]. 

 

The forces commonly measured using a dynamometer are the cutting force (Fc), 

the feed force (Ff), and the passive force (Fp) shown in Figure 2. Fc is usually the 

largest in longitudinal turning, and Fp is generally the smallest of the three [2]. 

The magnitude of the resulting vector is the total force (Ft) on the insert (Eq.1). 

However, these forces are neither constant over time nor evenly distributed over 

the insert [2,3]. 

𝐹𝑡 = √|𝑭𝒄|2 + |𝑭𝒇|2 + |𝑭𝒑|2 (1) 

The rate of insert wear, the forces acting on the tool, and the heat generated are 

also dependent on the geometry of the insert and the angles at which it cuts the 

workpiece [2,3,5,6,44]. The optimization of the tool holder, insert, and 

chip-breaker size and shape are not addressed in this thesis, but they are 

nonetheless very important [2,3,5,6,44]. These angles are also not always 

explicitly stated in the appended papers, as they can be inferred from the ISO 

25.100 designation of the insert and tool holder combination, as well as the shape 

and size of the chip breaker. 

Coolants are also used for various purposes and can affect the cutting process in 

different ways depending on the type, machining process, composition, pressure, 

and flow rate during machining [5,45–47]. The coolant in this thesis is supplied 
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either as flood coolant or directed jets (Figure 11b). The coolant supplied is 

typically measured by the pump's pressure, ranging from a couple of bars to nearly 

100 bars. This might sound like a misleading parameter that would tell us very 

little about the amount of coolant supplied. Since the pressure of the coolant 

leaving the nozzle is nearly 1 atm. The convention in the field is to do so because 

the same result is achieved on different machines when using the same coolant 

nozzles. The pressure and nozzle size can also easily be used to estimate the flow 

rate. Coolants are generally avoided unless necessary since they have a cost 

associated with them, are not ideal for the working environment [2,5,6]. 

Compressed air can be an alternative in some cases, but it has its own drawbacks 

[2,5,6]. 

The effect of the cutting parameters on physical 

quantities 

The above cutting parameters are very convenient in machining, as we can set the 

feed, speed, and cutting depth on any modern computer numerically controlled 

(CNC) lathe. We can also set the desired cutting angles by selecting the 

appropriate tool holder and insert. We can also readily measure the forces acting 

on the tool using a dynamometer.  

The effect of the cutting parameters in Figure 2 and their influence on the 

parameters used in thermodynamic models, such as thermodynamic pressure, 

temperature, and chemical composition, is not always intuitive. We need a general 

understanding of the effect of cutting parameters on physical quantities to 

comprehend metal cutting and compare results across experiments and with 

previous literature.  

For example, can we compare the different tool materials in Paper IX? The vc, f, 

and ap are fixed in Paper IX, and the inserts all have the same general geometry 

(CNMG120408) and can be mounted in the same tool holder (PCLNL2525M12). 

But the cemented carbide tool has a chip breaker, and the different ceramics have 

different cutting edge conditions (Table 2, Paper IX). Are the results then 

comparable, even with different rβ and γ? To understand this, we need to 

comprehend the impact of cutting parameters on the cutting process and, to some 

extent, translate these parameters into physical quantities. 

Forces, contact pressure, and stress 

The forces acting on the tool, the generated contact pressures on the tool surface, 

and the stress experienced by the tool material are major research areas due to 
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their importance in the design of machine elements, tools, and the performance of 

the operation [2,3,5,6]. We can readily measure the forces acting on the tool using 

a dynamometer [2,3]. It is also possible but challenging to measure the contact 

pressure using, for example, a split-tool dynamometer arrangement [3,6]. 

Measuring the stress experienced by the tool material is also challenging but 

possible using photoelastic-sensitive tools [2,3,6]. Modeling the forces, pressures, 

and stresses in metal cutting is another significant area of research [25]. 

There is considerable knowledge about the general effect of changing the cutting 

parameters on the forces acting on the tool. Changing f and ap (Figure 2) has the 

most direct and strongest influence on the cutting forces, as it changes the contact 

area. A larger contact area generally leads to an increase in cutting forces, 

provided that cutting speed and material properties remain constant. There is 

almost a linear relationship between the contact area and Fc, Ff , and Fp [2,5]. 

The effect of changing other cutting parameters is not as clear and significant. An 

increase in the rake angle (γ) generally decreases Fc, Ff, and Fp because the tool 

appears sharper [2]. A negative rake angle (γ), generally increases Fc, Ff, and Fp 

[2] while providing more strength to the cutting edge. Similarly, a smaller edge 

radius rβ makes the tool appear sharper, decreasing Fc, Ff, and Fp [2]. Having a 

clearance angle (α) of zero or negative leads to rubbing against the workpiece and 

higher forces. A more negative inclination angle (λ) mainly affects the strength of 

the edge during intermittent cutting, but it also increases the passive force [2]. 

Increasing the cutting edge angle (κ) increases Ff and Fp [2]. 

It is more difficult to draw conclusions about the effect of changing vc on the 

forces [2,3,5,6]. It is very common that the forces decrease in certain speed ranges 

when the cutting speed increases, which is due to the thermal softening of the 

material cut, changes in the contact area, and chip flow [2,6]. The effect of cutting 

speed on cutting forces can only then be understood in relation to the material 

being cut and the material flow.  

The stress experienced by the insert material due to the forces per unit area acting 

on the insert can result in crack formation, chipping, flaking, deformation, and, 

ultimately, tool breakage. Studying this is essential for understanding whether the 

tool will deform or fracture [2,3,5,6]. High forces can still lead to low stresses, for 

example, by having a negative λ, γ, or a chamfer [2,5,6]. The normal stress 

experienced by the tool is due to a force acting perpendicular (or normal) to the 

rake. The maximum global principal (normal) stress occurs on the rake side; this is 

where the tool edge is likely to break off. The maximum global effective stress is 

on the flank side; this is where the tool is likely to deform. The relationship 

between forces and stresses also depends on material properties and temperature. 

Is the comparison between the tools in Paper IX then valid? The contact area is 

almost identical, the tools are the same size and shape, and f, ap, κ, and rε are the 

same. The (Ti,Al)N-coated cemented carbide tool has a chip breaker, and the 
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ceramic tools have slightly different edge preparation and chamfers. The main 

cutting forces remain largely unchanged, but the stress experienced by the insert 

material differs. The edge micro-geometry and chip breakers are optimized for the 

tool material and intended operation. Hence, the comparison between the tools 

would not be fair if one wanted to study the tool materials' resistance to chipping, 

cracking, or deformation. However, their resistance to chemical wear, oxidation, 

and diffusion can still be compared to some extent. Using commercially available 

and optimized geometries did not significantly impede this specific study. Instead, 

it made the research more industrially relevant and helped prevent premature tool 

cracking. 

 

 

Figure 3. Results from finite element method simulations in Paper VIII when machining 

A718 at vc = 250 m/min, f = 0.15 mm/rev, and ap = 0.25 mm, (a) temperature and (b) 

contact pressure within the tool chip interface. 

 

The contact pressure on the tool surface (sometimes called contact stress) can be 

measured using the split-tool dynamometer arrangement [3,6] or estimated using 

finite element method simulations [25], as shown in Paper VIII and in Figure 3. 

But how do we translate this to thermodynamic pressure? This can be quite 

confusing and is seldom discussed in machining literature.  

Firstly, why is it important? Inserts and coatings often contain C (tungsten carbide, 

diamond, and TiC), B (cubic boron nitride), O (SiAlON and Al2O3) and N (TiN 

and (Ti,Al)N). Understanding whether the tool or coating will become a liquid 

(B2O3), a gas (N2), or undergo a phase change or decomposition is essential. These 

transformations depend on both pressure and temperature [48], and one does not 

want the tool to become a liquid, gas, or graphite. 

Secondly, why is it confusing? Pressure in thermodynamics is a scalar quantity, 

and it is always positive, has no direction, and only a magnitude. It is defined as 
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the negative change in internal energy (U) with respect to a change in volume (V), 

when the entropy (S) and number of particles (Ni) are fixed (Eq. 2). 

Machining studies mainly focus on modeling stresses, contact pressures, and 

measuring forces because these determine whether the tool will fracture or deform, 

how much the energy the process will consume, what the contact conditions are, 

and how well the tool performs [2,3,5,6]. One can either model the stresses to find 

the hydrostatic stress, calculated as the absolute value of the average of the trace of 

the stress tensor, or the normal stress if the stress is isotropic (Eq.3) [49,50]. 

Alternatively, one can measure the forces and estimate the contact pressure 

[2,3,5,6].  

One can assume that if the insert is rigid (at least locally), then the normal pressure 

or contact pressure applied at a point on the insert would result in isotropic stress 

of equal magnitude, assuming strain and thermal pressure are negligible. We can 

then approximate thermodynamic pressure as being equal in magnitude to the 

contact pressure or normal stress (Eq. 4) [49,50]. So, we can disregard the fact that 

the measured contact pressure or calculated normal stress is not the same as the 

thermodynamic pressure because they are equal in magnitude [49]. Measuring and 

estimating contact pressure, or modeling the normal stress experienced by the tool, 

provides a very good approximation of thermodynamic pressure used in 

thermodynamic modeling of metal cutting. This allows us to assess whether a 

nitride or nitrogen gas will form on the tool surface, as shown in Papers VII and 

VIII. 

 

𝑃𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐𝑠 ≡ − (
 𝜕𝑈

𝜕𝑉
)

𝑆,𝑁𝑖

 (2) 

 𝑃𝑐𝑜𝑛𝑡𝑎𝑐𝑡 ~ |
1

3
𝑡𝑟(𝝈)| ~ |𝜎𝑁| (3) 

 𝑃𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐𝑠 ~ 𝑃𝑐𝑜𝑛𝑡𝑎𝑐𝑡 ~ |𝜎𝑁| (4) 

 

We can then discuss the range of thermodynamic pressures involved in metal 

cutting. Thermodynamic pressure is generally never below 1 atm (≈ 105 Pa), 

which corresponds to a non-machining state where the insert and workpiece are 

just on the floor or table. The highest pressure occurs at the cutting edge 

(maximum global principal stress and maximum contact pressure) and ranges from 

hundreds of MPa to several GPa, as seen in Figure 3 in Paper VIII and in [2,5,6]. 

The exact value at a specific point requires modeling and measurement. Still, the 

approximate thermodynamic pressure and boundary values can be estimated from 
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literature and experiments, depending on the cutting parameters and material. The 

effect can be studied to understand if the insert material is likely to perform well or 

become a liquid, gas, decompose, or experience reverse phase transformation 

(graphitization).  

Temperature 

We need an understanding of the energy and power involved in metal cutting to 

discuss the temperature distribution in the tool. Most of the mechanical energy is 

converted into thermal energy during metal cutting [2,5,6]. The power generated 

can be easily estimated as force times velocity; the approximate power is the 

product of vc and Fc. Higher cutting speeds and forces result in more energy per 

unit of time. But how does this relate to the tool's temperature? 

Temperature both influences and is influenced by the cutting process as well as the 

properties of the workpiece and insert. It can be rather challenging to predict the 

temperature in the cutting zone before doing any cutting experiment [2,3,5,6]. For 

example, the temperature in the cutting zone becomes hotter if the heat 

conductivity of the tool is lower since less heat is transported away from the 

cutting zone. But thermal conductivity decreases with temperature for many 

cutting tool materials, further reducing heat dissipation and leading to even higher 

temperatures [2]. Predicting the heat flux into and away from the insert is an open 

area of research, explored using both experimental and modeling techniques [51–

53]. Papers III and IX include temperature measurements, while Paper VIII 

includes temperature modeling primarily to estimate parameters for the 

thermodynamic calculations. 

Temperature distribution is also an essential factor. The maximum temperature 

does not occur at the edge of the cutting tool but at some distance away (Figure 3) 

[52,54]. The maximum temperature in the cutting zone can range from 200°C 

when machining leaded brass [55] to more than 1000°C when machining nickel-

based superalloys [52,54], as shown in Paper VIII. 
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Figure 4. a) Influence of cutting speed on maximum tool temperature (Paper IX), b) effect 

of using compressed air and coolant on the temperature 500 µm from the tool tip 

(Paper III). 

 

But we can still generalize some basic principles. Higher cutting speeds result in a 

hotter contact area within the speed ranges in the appended papers [2,3,5,6], as 

shown in Paper IX and Figure 4. Increasing the feed also leads to both higher 

temperatures and higher forces, while increasing the depth of cut has the least 

effect on temperature but a large effect on forces. Increasing ap and decreasing f at 

a constant cutting speed can lower temperatures while still maintaining the metal 

removal rate, though this increases the force acting on the tool [56,57]. 

Effective concentration and partial pressure  

Determining the activity (effective concentration) of species (atoms, ions, and 

molecules) in metal cutting is not a trivial task. This may seem strange, given that 

the chemical and phase compositions of the tool and workpiece materials are 

thoroughly studied and well understood. The workpiece material that comes into 

contact with the insert is freshly cut but undergoes severe stress, strain, heating, 

oxidation, diffusion, and reactions. While the tool material is experiencing stress, 

strain, heating, oxidation, diffusion, and reactions and is being continuously worn. 

Modeling the interaction between the insert material and workpiece materials is 

not as simple as modeling a perfect mixture of half insert material and half 

workpiece material or a static diffusion couple [29,58].  

Two extreme examples help illustrate this complexity, and the truth lie somewhere 

in between depending on the cutting process. At one extreme, there is a constant 

supply of fresh workpiece material passing over the tool surface if the cutting 

speed (vc) is high and there is no adhesion. There is almost then a limitless supply 

of fresh workpiece material (hence a fixed activity of the workpiece elements) 
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while the amount of tool material remains fixed or decreases as the tool is worn. 

For example, an infinite amount of Ni from the workpiece material could diffuse 

into or react with the binder of the tool, and this process would never stop. 

Similarly, N from a cBN insert could continuously diffuse into the alloy [35,59] as 

the insert encounters new material. The other extreme case is a and complete and 

very thick adhesion layer [60–62]. If there is never any material flow across the 

insert surface due to a build-up edge and the thickness of this edge is large, then 

there is limited supply of fresh workpiece material. The true way of modeling the 

interaction between the workpiece, chip, environment, and insert lies somewhere 

between these two extremes. The importance of this distinction will be 

demonstrated later in the modeling section and is highlighted in Paper VI and 

other studies [29,58]. The appropriate method for modeling tool-workpiece-

environment interactions then depends on the cutting speed and the flow of the 

workpiece material across the tool surface. The material flow is typically higher on 

the flank than on the rake, and a near-stagnation point may exist even without 

workpiece adhesion [2,3,5,6,44].  

Partial pressure is another important concept when studying insert or coating 

oxidation [30,31,63,64]. It represents the availability of one or a mixture of gas 

species and is analogous to thermodynamic activity, but for gas species. The 

cutting zone is more exposed to air during milling (Paper V), but air also affects 

the tool during turning [65,66]. 

One way to quantify this is by using the effective (or normalized) partial pressure 

of O2 (𝑃𝑃𝑂2
) [31]. It does not exceed 0.21 under ambient conditions, as air 

contains 21% O2. This number is independent of the contact pressure since it is 

normalized. 𝑃𝑃𝑂2
 will decrease if, for example, oxygen is consumed, cannot reach 

the contact zone, or if the oxygen concentration is artificially lowered by 

introducing Ar (Papers III and IX) or other gases [67–69].  

 

 

Figure 5. Tool rake of tools machined in a) an Ar atmosphere, b) in ambient air (dry), and 

c) using coolant. The lighter contrast areas in b) and c) are due to the formation of metal 

oxides in the contact zone of the rake, adapted from Paper IX. 
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Materials 

What is this material!? 

—My colleagues [70] 

 

The appended papers investigate a wide range of coatings, tool materials, and 

alloys. These range from machinability-improved general structural steels 

(19MnVS6) to difficult-to-cut Ti-alloys (Ti-5553), and from uncoated cemented 

carbides to polycrystalline diamond (PCD) tools. This diverse selection of 

materials enables the study of various tools, environments, and workpiece 

interactions. This chapter summarizes the tool, coating, and workpiece 

combinations investigated in the appended papers, highlighting the differences and 

similarities between these materials. Table 1 provides an overview of the materials 

studied.  

Table 1. Overview of workpiece and tool materials. A “+” indicates the presence of a 

coating material, “-” the binder, and “w” whisker reinforcement. Consequently, 

(Ti,Al)N+cBN-TiC is a (Ti,Al)N-coated pcBN tool with a TiC binder. 

Workpiece 

material 
Machined with tool material Paper 

17-4PH (Ti,Al)N+cBN-TiC, cBN-TiC I 

316L (Ti,Al)N+WC-Co II 

19MnVS6 Al2O3+WC-Co III, IV 

Ti-6242 (Ti,Al)N/NbN+WC-Co, WC-Co V 

Ti-6246 (Ti,Al)N/NbN + WC-Co, WC-Co V 

Ti-5553 (Ti,Al)N/NbN + WC-Co, WC-Co V 

Ti-64 WC-Co, PCD-Co, cBN-(Co,Mo,Ni,W,Cr,Ti,Al) VI 

Inconel 718 cBN-Ti(C,N) VII, VIII 

Hybrid steel 55 
cBN-TiC, (Ti,Al)+WC-Co, Si3N4, Al2O3-SiCw, SiAlON, 

Al2O3-TiC 
IX 

Hadfield Steels cBN-AlN/AlBx X 
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Tool materials and coatings 

The nomenclature used for cutting tool materials can be confusing at first. This is 

because the terms ceramic, cemented carbide, cermet, and hardmetal are defined 

differently by various authors, organizations, and over time as new materials are 

invented [4]. This thesis will explicitly state the phases present in the tool material 

when relevant. For example, cBN-TiC refers to polycrystalline cubic boron nitride 

(pcBN) with a TiC binder when the distinction from other pcBN grades are 

important.  

The material types present in the tools in this thesis can be divided into four 

groups based on their hard phase: cemented carbide tools, which are based on 

tungsten carbide (WC) and Co, pcBN tools, PCD tools, and ceramic tools, which 

have no cobalt binder or WC hard phase, such as silicon aluminum oxynitride 

(SiAlON). Two other important material groups in the metal cutting industry are 

high-speed steels and cermets, but they are not covered in this thesis. Cermets 

(ceramic metals) are comparable to WC-Co cemented carbides but have a 

different primary hard phase, typically titanium carbide or nitride (TiC/TiN), with 

a binder that containing both Ni and Co. High-speed steels are a group of alloyed 

and heat-treated steels which have a martensitic matrix containing carbide 

precipitates.  

The tools can also be coated to further enhance their performance. The coatings 

studied in this thesis are oxide and nitride coatings. These are mainly applied to 

cemented carbide tools (Papers II-V and IX), but also to pcBN tools in Paper I.  

Cemented carbides and coatings 

Cemented carbide consists of WC grains in a Co binder matrix. WC-Co has been 

around for nearly a century and remains the backbone of the metal cutting industry 

as the most widely used cutting tool material [15]. This is due to its combination 

of hardness (500–3000 HV), fracture toughness (KIC = 4–28 MPa·m1/2), and the 

ability to modify these properties [71]. Metal cutting tools are not limited to but 

usually have a hardness between 1000 and 2000 HV and a KIC between 5 and 20 

MPa·m1/2. Finer WC grains result in a harder material while more binder results in 

a tougher material [71]. WC grains have a hexagonal close-packed (hcp) structure, 

while Co has a metastable face-centered cubic (fcc) structure retained after 

sintering. Although the thermodynamic equilibrium phase of Co at room 

temperature is hcp, but this is more brittle and generally not preferred in cutting 

tools [2–6]. The WC grain size in metal cutting tools in the appended papers is in 

the range of 0.4 to 2 µm, with a Co content between 5 and 15 wt.%.  

Coatings are mainly used on cemented carbide tools to combine their toughness 

with the enhanced properties of solid carbides, nitrides, or oxides [72]. The 
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coatings in the appended papers were produced using cathodic arc evaporation, a 

physical vapor deposition (PVD) technique, and thermally activated chemical 

vapor deposition (CVD). PVD coatings provide greater flexibility in composition 

and layering but are limited to a thickness of around 5 µm [2,3,5,6]. CVD coatings 

are usually limited to TiN, Ti(C,N), and Al2O3, but can be as thick as 20 µm and 

with a controlled crystal structure and orientation [2–6], such as the (001)-textured 

α-Al2O3 coating in Papers II and III. In general, CVD coatings are preferred when 

high abrasion resistance is needed, due to their greater thickness. PVD coatings are 

used when sharp tool geometry and toughness are important, since the coatings are 

thinner and allow for multilayers that prevent crack propagation [2–6]. 

 

 

Figure 6. a) WC-Co, b) CVD Al2O3 coated WC-Co with Ti(C,N) bonding layer, c) PVD 

(Ti,Al)N coated WC-Co, adapted from Papers II and III. 

 

Diamond, cubic boron nitride, and mixed ceramics 

Diamond is the hardest material known, but it is very brittle. Diamond-based 

cutting tools are most commonly polycrystalline, consisting of diamond grains 

bonded together with a binder. Diamond is also metastable at room temperature 

since graphite is the stable form, but the rate of transformation is neglectable. The 

binder material in Paper VI is cobalt, as in cemented carbide. Diamond tools are 

mainly used for non-ferrous alloys [2–6]. 

Cubic boron nitride (cBN) is the second hardest material known. It does not exist 

naturally and is also metastable. It is made by high-temperature and high-pressure 

sintering [2–6]. The stable form of BN is hexagonal graphite-like (hBN), but it can 

also exist as a hexagonal wurtzite form (wBN). The rate of transformation to hBN 

at room temperature is negligible, much like the transformation of diamond to 

graphite [2–6]. All cBN inserts in the appended papers are polycrystalline, 

consisting of hard cBN particles and a binder or sintering agent. The properties of 

cBN-based tool material can be tuned by changing the grain size, binder content, 



34 

and binder type [2–6]. The cBN grades in the appended papers have a cBN content 

ranging from 45% to 95% by volume. A “binderless” grade is used for the 

experimental studies in Paper VIII. PcBN-based tools are primarily used for harder 

workpiece materials (greater than 45 HRC) and at higher cutting speeds [2–6]. For 

example, the selected cutting speed would be below 100 m/min in Paper I if 

cemented carbides were used [73], whereas cBN tools can be used at cutting 

speeds ranging from 200 to 600 m/min [74]. 

There is a significant difference between optimizing the properties of pcBN tools 

and cemented carbides [2–6]. The binder phase in pcBN tools is often comparable 

to the hardness of the WC phase in cemented carbides. PcBN grades consisting of 

45-65% cBN by volume have ceramic binders such as TiC (Papers I and IX) or a 

mixture of Ti(C,N) with smaller fractions of Al2O3 and SiC whiskers (Papers VII 

and VIII). This is mainly to reduce chemical wear, rather than to increase 

toughness as in the case of increasing the Co content in cemented carbide. PcBN 

grades with >70% cBN by volume can either have a metallic binder such as Co 

(Paper VI) [75] or an Al sintering agent resulting in a binder phase of AlN, AlBx, 

and Al2O3 (Paper X) [76]. This leads to higher fracture toughness for heavy or 

interrupted machining.  

 

 

Figure 7. a) PCD grade with a 12% Co, b) pcBN grade with a high cBN content and 15% 

metallic binder, c) SiC whisker reinforced Al2O3, adapted from Papers V and IX. 

 

All the above tools could be classified as ceramic tools since diamond, WC, and 

cBN are considered ceramics depending on how you define the term. Most people 

in the metal cutting field do not consider WC-Co, pcBN, and PCD as ceramic tool 

materials [4]. The term ceramic or mixed ceramic refers to tool materials 

containing only ceramics phases. Examples of such tools include aluminum oxide 

mixed with titanium carbide (Al2O3-TiC), silicon carbide whisker-reinforced 
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alumina (Al2O3-SiCw), silicon aluminum oxynitride (SiAlON), and silicon nitride 

(Si3N4), all used in Paper IX. 

Aluminum oxide (Al2O3) tools, sometimes referred to as alumina, are more wear 

resistant and chemically resistant to ferrous alloys compared to WC-Co tools but 

are much more brittle. This allows for stable machining at very high cutting speeds 

(above 600 m/min) in some cast irons [2–6]. The addition of TiC or SiCw (silicon 

carbide whiskers) makes the tools tougher and more resistant to thermal shock. 

SiAlON is similar to Si3N4 with some Si-N bonds being replaced by Al-N and 

Al-O bonds. Si3N4 is tougher but less hard than alumina, while SiAlON is harder 

than Si3N4 but not as tough [2–6].  

Workpiece materials 

Steels 

Steels are iron-based alloys with a low percentage of carbon, usually combined 

with other elements such as Mn, Si, Cr, V, Ti, and Ni. The carbon content in the 

steels included in this thesis ranges from 1.4 wt.% for Hadfield steel down to 0.02 

wt.% for 316L.  

Steel is an interesting engineering alloy because its chemical composition, heat 

treatment, and workability allow for great variability in material properties. This is 

primarily due to the numerous allotropes of iron, as well as the ability to form 

additional phases and modify their properties by adding alloying elements. The 

steel alloys in this thesis will, therefore, be grouped by their phase composition. 

The two most important allotropes of iron are ferrite (α-iron), which has a 

body-centered cubic (bcc) structure, and austenite (γ-iron), which has a face-

centered cubic (fcc) structure. Austenite is stable at higher temperatures than 

ferrite, but it can be retained at room temperature by having a low carbon content, 

by alloying, and by rapid cooling. 

This is the case of the austenitic stainless steel 316L in Paper II, which also 

contains small amounts (<<1% wt.) of non-metallic inclusions (NMIs), namely 

MnS and several complex oxides (Ca, Si, Al, Mg)xOy. These NMIs are added to 

ease chip formation and create protective deposits on the tool during cutting. This 

is one of the most common stainless steels, with a hardness of around 150–200 HV 

depending on heat treatment.  

A combination of ferrite and cementite (Fe3C/Orthorhombic) can then be formed 

during cooling or heat treatment. The structure of 19MnVS6 in Papers III and IV 

is a mix of ferrite and a lamellar structure of ferrite and cementite called pearlite. 
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19MnVS6 contains small amounts (<<1% wt.) of the non-metallic inclusions 

(Mn,Ca)S and (Mg,Ca,Al)xOy, for the same reason as 316L. 19MnVS6 is a general 

structural steel with a hardness of about 200–400 HV depending on heat treatment.  

17-4 PH in Paper I is a martensitic stainless steel with a hardness ranging from 250 

HV to 460 HV. Hybrid Steel 55® (or X20NiCrAlMoV6-5-2-1) in Paper IX is a 

medium alloy, low-carbon steel with a hardness ranging from 300 HV to 600 HV. 

The maximum aged hardness is much higher than that of 316L and 19MnVS6. 

This is in large part due to the α’-martensite phase, which has a body-centered 

tetragonal (bct) or highly strained bcc structure. Hybrid Steel 55 differs from 17-4 

PH in that it has Ni3Al precipitates, while 17-4 PH contains mainly NbN, as well 

as CrN, Cu-rich, and Mn, Ni, Si-rich precipitates, along with some Al and Ca 

oxides. 

 

 

Figure 8. a) Medium alloyed low-carbon steel, b) martensitic stainless steel, c) 
machinability improved soft Ca-treated steel, d) Hadfield or Mn-steel austenitic steel, 

adapted from Papers I, IV, IX, and X. 
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Hadfield steels, or manganese steels, contain 12–15 wt.% manganese. These are 

initially austenitic steels when heat treated but transform into ε-martensite, a 

hexagonal close-packed (hcp) structure, through mechanical work. This is called 

transformation-induced plasticity (TRIP), which can also lead to α’-martensite. It 

is called twinning induced plasticity (TWIP) if the mechanical work leads to 

twinning. The formation of mainly ε-martensite, but also α’-martensite and 

twinning, results in a change in hardness from around 200 HV to 400-500 HV 

during use. 

Nickel-based superalloys and Ti-alloys 

Nickel-based alloys, also known as nickel superalloys, are highly alloyed materials 

used in environments ranging from cryogenic (-250°C) to high temperatures 

(700°C and above), where high strength, resistance to thermal fatigue, and 

exceptional corrosion and oxidation resistance are required. The Ni-superalloy 

investigated in this thesis is Inconel 718® (sometimes called Alloy 718 or A718). 

Titanium alloys also retain their high strength, resistance to thermal fatigue, and 

high corrosion and oxidation resistance at high temperatures.  

The main difference between Ti-alloys and Ni-superalloys is that Ti-alloys have a 

better strength-to-weight ratio, while Ni-superalloys can operate at higher 

temperatures. This is why Ti-alloys are used in the jet engines compression section 

while Ni-superalloys are used in the engines’ combustion section [77,78]. 

Ti-alloys are also biocompatible and used in orthopedic implants and surgical 

instruments, whereas developing a nickel contact allergy is not uncommon.  

The matrix phase in nickel alloys is always a nickel-rich fcc phase called nickel-γ 

(or austenite). This austenite phase is analogous to the austenite phase in steels. 

There is usually a higher percentage of other elements in solid solution, than in 

steels. The strengthening of these alloys is mainly due to precipitates. The most 

important precipitates are the intermetallic phases Ni3(Al,Ti) called γ' (also an fcc 

phase) and the Ni3Nb called γ'' (a body-centered tetragonal (bct) phase). The delta 

phase δ, an orthorhombic Ni3Nb, and carbides such as NbC and TiC (fcc) are also 

common [77] (Figure 9). 

The combination of precipitates as well as their size and distribution is what 

primarily determines the material properties of Ni-superalloys. The exact ratios of 

γ, γ', γ'', δ, and carbides depend on the heat treatment of the material. Therefore, all 

A718 alloys do not have the same ratio of precipitates. But A718 generally has a 

high volume fraction of γ'' (Ni3Nb) and some γ', δ, and carbides. Aged A718 has a 

hardness of around 400–500 HV, which is similar to aged 17-4 PH and Hybrid 55, 

but A718 retains its toughness, hardness, and fatigue resistance at much higher 

temperatures than these steels, which makes Ni-superalloys unique.  
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Figure 9. a) The nickel alloy Inconel 718 or Alloy 718, b) near α Ti-6242, c) α+β Ti-64, d) 

α+β Ti-6246 e) near-β Ti-5553, adapted from Papers V, VI, and VIII. 

 

Ti is either in a hexagonal close-packed (hcp) phase called α-phase stable up to 

882°C, at which it is transformed into a bcc phase called β-phase, which is stable 

up to the melting point of 1668°C. The Ti-alloys are categorized by the amount of 

α and β phases, and the alloying elements are classified depending on which phase 

they stabilize. Common α-stabilizing elements are Al, O, N, and C, while Mo, V, 

Nb, Ta, and W are β-stabilizing, Sn and Zn can be regarded as neutral but can lead 

to grain refinement [79]. This effect can be seen in the four titanium alloys studied 

(Figure 9), which are: near α Ti-6Al-2Sn-4Zr-2Mo (Ti-6242), α+β Ti-6Al-4V 

(Ti-64), α+β Ti-6Al-2Sn-4Zr-6Mo (Ti-6246), and near-β alloy Ti-5Al-5V-5Mo-

3Cr (Ti-5553). More β-phase leads to a stronger material, while alloys with more 

α-phase make for a lighter, more corrosion-resistant, and ductile material. 
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Experimental Methods 

… For your specific parameters (vc = 600 m/min, ap = 1.5 mm, 

f = 0.2 mm/rev, no coolant), the tool life for the PCD tool when machining 

316L stainless steel will likely be in the range of 20 to 50 min. 

—ChatGPT, 2025-02-26 

…the approximate tool life would be around 16 minutes.  

—Copilot, 2025-02-26 

 

We should probably use artificial intelligence and large language models for their 

intended purpose, although they are useful in many applications. The ultimate 

performance test will always be to put theory into practice by actually machining 

the material. Measuring the temperature using thermal cameras and 

thermocouples, or machining in argon, can further evaluate whether it is possible 

to activate or deactivate wear mechanisms, such as oxidation. Diffusion couples 

and the ability to cast new alloys can deepen our understanding of the effects of 

different elements and tool-workpiece interactions. The importance and difficulty 

of measuring contact pressure and forces were discussed in earlier sections, but 

how is this actually done? This chapter provides a brief description of the methods 

used. 

Metal cutting 

Turning tests were performed using continuous longitudinal turning on computer 

numerically controlled (CNC) lathes with single-point inserts at constant or pre-set 

cutting data vc, f, and ap. Only Paper V studies milling, which was also performed 

on a CNC machine using external circular down milling with a single tooth, at 

constant cutting parameters. The experiments were conducted in a laboratory 

environment using industrial equipment. 

The tests were conducted in intervals based on a fixed cutting distance (or its 

engagement time equivalent). After each interval, the insert was removed, and 

wear was measured using visible light microscopy (VB, KT, KF, etc.). The test 

continued until either a predetermined distance was reached or tool life criterion 

reached. Cutting parameters were selected based on pre-tests to identify a suitable 
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process window based on previous literature, manufacturer recommendations, 

calculations, and experience. The final experiments were conducted within a stable 

and repeatable process window, limiting the time, cost, and result variability. 

Additionally, tools were saved at selected intervals for later investigations.  

Force measurements in the papers were conducted using a piezoelectric 

multicomponent dynamometer, measuring the three orthogonal force components 

Fc, Ff, and Fp acting on the tool. This was used in most cutting tests even if the 

results were not published, as cutting forces increase with tool wear. Thus, force 

data revealed insights into both the cutting process and tool condition. 

Thermal measurements were performed via thermography using a high-speed 

infrared (IR) camera in Papers III and IX as well as embedded thermocouples in 

Paper III to get an estimate of process temperature and its distribution (Figure 10). 

The thermography setup for side-view measurements was limited to orthogonal 

cutting. While speed and feed could be almost directly translated between 

orthogonal and longitudinal cutting, the cutting depth ap was instead translated 

into cutting width. The benefit of IR thermography is the comparable ease of use 

and relative accuracy. The downside is the difficulty of calibration and knowing 

the emissivity of the insert, coating, and workpiece material over a wide 

temperature range, creating uncertainty in absolute temperature.  

Embedded thermocouples have an accuracy better than 1°C, and provide a point 

measure several hundred µm away from the contact zone. These can be used for 

any cutting operation, but the tools need to be prepared, including inserting and 

securing thermocouple wires with thermal paste. Combining thermography and 

thermocouples and with heat flux models had shown to be promising [51]. 

 

 

Figure 10. a) Setup and image of IR measurement, b) insert with thermocouple wire and 

corresponding cross-section, adapted from Paper III.  
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Controlling the atmosphere is seldom done in industrial settings. But displacing 

oxygen with inert gas can reveal how O2 in the air affects the tool wear process by 

promoting oxidational wear and tool material loss or the formation of protective 

oxides [65]. To investigate this, a special chamber was built around the tool 

holder. In Paper IX, the cutting zone was flooded with 400 l/min of Ar through 

nozzles in this chamber and through the tool holder’s coolant channels. But the 

chamber caused problems with chips getting stuck during longer cutting distances 

in Paper III. A different setup was therefore used in that paper, where Ar was 

supplied through both the jet and flood coolant nozzles in the tool holder instead 

of using a chamber. This achieved the same result but without the need for a 

chamber (Figure 11). These controlled atmosphere experiments provided insight 

into both degradation and protection mechanisms.  

The cutting zone was also flooded with compressed air at the same pressure and 

flow rate as the Ar setup in Paper III, To study the effects of oxidation while 

maintaining the same temperatures, Which ensured that any observed differences 

were due to oxidation rather than cooling effects (Figure 4 and Paper III). 

 

 

Figure 11. a) Ar chamber covering part of the tool shank and the insert, b) flood coolant 

and jet coolant nozzle connected to compressed Ar supply, adapted from Paper III. 

Casting 

The Mn-steel in Paper X is the only alloy not industrially cast but still heat-treated 

at a commercial facility. All other alloys were both commercially produced and 

heat-treated. Mn-steel bars for turning (500 mm long, 150 mm in diameter) were 

cast at a “pilot foundry” using an open oxide-lined induction furnace and poured 

into molds. The melt was protected from oxygen by the slag. This enabled 
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different alloys to be cast from the same batch through successive alloying, 

measurement, and pouring. Mn-steel bars for diffusion couples (100 mm long, 20 

mm in diameter) were cast in a resistance tube furnace, pumped down to vacuum 

(106 mbar) and then flooded with Ar to avoid oxidation and loss of elements with 

lower boiling points. Heat treatments were done by reheating and oil quenching.  

Diffusion couples 

The reactions between the insert, workpiece, and air are difficult to study after 

turning. TPLs are on the order of 100 nm or sometimes less. Some reactions lead 

to tool and coating degradation, resulting in poor properties that are immediately 

abraded away, making them difficult to analyze. Studying diffusion into the chip is 

also challenging because the elements diffusing away from the tool will be spread 

over several kilometers of chips. The reaction products will not be abraded away 

in a diffusion couple, resulting in reaction layers on the order of microns. 

The diffusion couple method serves as a bridge between modeling and machining. 

Diffusion couples are static, whereas machining is dynamic; new workpiece 

material flows past the tool surface, resulting in a constant influx of new material 

and fixed workpiece element activities. A diffusion couple is thus closer to 

resembling a stagnant and thick adhesion layer or build-up edge. It then 

underestimates the supply (activity) of workpiece elements, a factor that must be 

considered. Nonetheless, properly accounted for, this method provides valuable 

insights and allows for hypothesis testing.  

 

 

Figure 12. a) The opened toroid type HPHT cell after the experiment with the diffusion 

capsule highlighted, b) the diffusion capsule and cross-sectioned sample showing how the 

tool material is inside a workpiece material capsule. 
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The main diffusion couple method used in the appended papers is a high-pressure 

(2.5-3 GPa) and high-temperature (900–1300°C) (HPHT) process. This involves 

encapsulating the tool material in a capsule made of the workpiece material, then 

heating the puck in a toroid-type HPHT cell for 10 minutes, followed by rapid 

quenching (<1 minute). The high pressure is used to capture the formation of 

nitrides, borides, oxides, and other products that are not captured in low-pressure 

diffusion couples. The differences between high pressure and low pressure are 

investigated in Paper VII. The addition of powders and the entrapment of air in the 

corners enable the investigation of the effects of oxygen and NMI on tool 

degradation (Paper IV). 
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Thermodynamics and Kinetics of 

Metal Cutting 

Perhaps it will be wise to approach the subject cautiously. 

—David L. Goodstein [80] 

One could argue that thermodynamic equilibrium is not reached during a metal 

cutting process or that it is not even in a steady state. You might even have noticed 

that most of the tool and workpiece phases are metastable at room temperature and 

under cutting conditions, such as diamond, cBN, (Ti,Al)N, austenite, and fcc Co. 

Cementite (Fe3C) should not even present in the equilibrium Fe-C phase diagrams. 

But the postulate of local thermodynamic equilibrium holds for a broad range of 

systems and conditions [81,82], and evidence suggests that the surface of the 

cutting tool during metal cutting behaves as such a system. Some understanding of 

thermodynamics, kinetics, and CALPHAD is necessary to assess which 

assumptions, simplifications, and shortcuts are acceptable and which might 

mislead us. 

CALPHAD 

Thermo-Calc and DICTRA [7] are the CALPHAD-based software that are used 

for the thermodynamic simulations and kinetic modeling in the appended papers. 

The benefit of CALPHAD-based software is its ability to reliably extrapolate and 

predict thermodynamic, kinetic, and other properties of multicomponent material 

systems based on experimental data from unary, binary, and ternary systems 

[7,83]. 

CALPHAD is a phenomenological method based on fitting model parameters to 

describe the Gibbs energy of phases. How the model data is created and collected 

using ab-initio calculations and experiments, as well as the assessment, 

optimization, and creation of databases using the PARROT model [7], are outside 

the scope of this thesis. Still, understanding the possibilities and limitations of this 

approach remains important for evaluating the validity of modeling efforts. 
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The Gibbs energy (G) of each phase (α,β,..) is described using the compound 

energy formalism as a function of temperature (T), pressure (P), and composition 

(Xi). The structure of every phase is then represented by a sublattice model 

(A,B)k(D,E,F..)l(..).., where A and B is the mix in the first sublattice etc. and k and l 

is the stoichiometric coefficients [84]. For example, a M7C3 carbide containing Cr, 

Fe, C could be written as (Cr,Fe)7(C)3. The Gibbs energy of the whole system is 

the sum of the Gibbs energy of the individual phases and the amount of each phase 

(N), as shown in Eq. 5 [83]. Equilibrium is reached when the Gibbs energy of the 

entire system is minimized in an isothermal isobaric system. 

𝐺(𝑃, 𝑇, 𝑁, 𝑋𝑖 … ) = 𝐺𝛼(𝑃, 𝑇, 𝑁𝛼 , 𝑥𝑖
𝛼…) + 𝐺𝛽(𝑃, 𝑇, 𝑁𝛽𝑥𝑖

𝛽
…)  (5) 

The accuracy of the model is then dependent on how well the Gibbs energy of the 

individual phases is described [7,83]. The CALPHAD-based expression for the 

molar Gibbs energy of a phase is typically given as Eq. 6 [83].  

𝐺𝑚 =  °𝐺𝑚 − 𝑇𝑆𝑚
𝑐𝑛𝑓

+ 𝐺𝑚
𝑚𝑎𝑔𝑛

+ 𝐺 
𝐸

𝑚 (6) 

The first term °𝐺m represents the surface of reference and is a weighted average of 

all the end members in the phase. The second term is ideal entropy of mixing, 

where the Sm
cnf is the configurational entropy per mol and T is the temperature in 

K. The third term 𝐺𝑚
𝑚𝑎𝑔𝑛

 is the magnetic contribution. The fourth term 𝐺 
𝐸

𝑚 is the 

excess Gibbs energy representing the deviation from an ideal mixture not captured 

by the first three terms.  

There is also, in general, no temperature and pressure dependence on the molar 

volume. But still, a dependence of molar volume on the Gibbs energy, making 

calculations accurate up to a 1-10 GPa, dependent on the difference in bulk 

modulus and thermal expansion between phases [85]. This might lead to 

underestimations of the stability of gases and liquids, as they are more 

compressible than solids. Consequently, melting and boiling points may appear 

artificially high at elevated pressures [85]. But this can be accounted for by the 

manual addition of parameters, which was done to some extent in Paper VII.  

A much more common and significant source of error when modeling a cutting 

process is misinterpretation. Interpreting and translating the metal cutting into 

thermodynamics, setting up correct calculations, and interpreting the results are 

the key challenges addressed in the appended papers.  



47 

Kinetics and DICTRA 

Diffusion simulations can further aid in understanding these interactions. This was 

attempted in Paper VI to understand and predict the interactions between PCD, 

pcBN, or WC-Co with Ti-64. DICTRA is based on solving Onsager's extension of 

Fick’s law, where diffusion is driven by differences in chemical activities 

calculated using Thermo-Calc [7,86,87]. It can simulate diffusion through a 

multiphase mixture using homogenization models. The chemical and phase 

composition can differ along only one axis, but the geometry can be planar, 

spherical, or cylindrical; it is thus a 1D model at its core [86,87].  

The multiphase diffusion problem in 1D is solved by turning it into an equilibrium 

single-phase problem using a homogenization (or simply averaging) method. This 

is done by calculating the flux (J) of each chemical component (often element) (k) 

in each phase according to Eq. 7, where Mk
𝛼 is the mobility, ck

𝛼 the concentration, 

𝜇k
𝛼 the chemical potential of component k in phase α, and z the position [86,87]. 

𝐽𝑘
𝛼 = −𝑀𝑘

𝛼𝑐𝑘
𝛼 𝜕𝜇𝑘

𝛼

𝜕𝑧
 (7) 

The product of Mk
𝛼ck

𝛼 is the permeability (Γk
𝛼) of component (k) in phase (α) 

[86,87]. This product was used in both Paper VI and X as a simple and effective 

way to estimate how fast and to what extent a component moves in each phase 

without having to run full diffusion simulations. A homogenization function is 

then needed to calculate the locally averaged flux (Γk
∗) of each component k 

through the multiphase mixture (*). The simplest approach is the rule of mixtures, 

also known as the upper Wiener bound (Eq. 8) [86,87], which was used in Paper 

VI. Here, 𝑓𝜙 is the local volume fraction of each phase.  

𝛤𝑘
∗ = ∑ 𝑓𝜙𝛤𝑘

𝜙
𝜙  (8) 

The flux of a component in the multiphase region is then given by Eq. 5, where Vs 

is the molar volume of all substitutional elements, assuming that interstitial 

components do not contribute to volume. The “l.eq.” indicates the assumption of 

local equilibrium. 

𝐽𝑘 =
−1

𝑉𝑆
− 𝛤𝑘

∗ 𝜕𝜇𝑘
𝑙.𝑒𝑞

𝜕𝑧
 (9) 

There are many other homogenization functions, and much more detailed 

descriptions of diffusion modeling are available in the references [7,86,87]. 
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Applying models  

Minimizing Gibbs energy can be done analytically with pen and paper for simple 

systems. Phase diagrams and Ellingham diagrams might already be available in 

such cases. Diffusion calculations, such as carburization of a single phase, can also 

be solved by hand. However, calculating the interactions between the workpiece, 

air, tool, and coating can result in a system containing about fourteen elements and 

nine phases, many of which are metastable. These multielement and multiphase 

systems, with numerous metastable phases, require computational power, which is 

precisely what we will utilize!  

The temperature, pressure, and effective concentration (activity) changes across 

the tool chip interface and over time. There is no global equilibrium state for the 

entire tool, but every point on the tool surface is in (a possibly constrained) local 

equilibrium [81,82,88]. Furthermore, thermodynamics can also be useful even if 

equilibrium is never reached, as it can tell us what can and cannot happen. 

Diffusion, oxidation, and chemical degradation cannot occur without a driving 

force, and they are more likely to occur when the temperature and driving forces 

are high. 

Putting everything into one big equation and modeling everything simultaneously 

would be overwhelming. A comprehensive model of workpiece oxidation would 

likely result in a PhD thesis on high-temperature oxidation rather than metal 

cutting. Knowing what to exclude from the model is then as important as knowing 

what to include in the model.  

Figure 13 from Paper IX attempts to break down the key aspects of metal cutting 

models. There are: i) oxidation of the workpiece material, ii) oxidation of the tool 

materials, iii) interaction between the tool and workpiece, and iv) combined 

interactions, such as those between the tool and workpiece oxides. The specific 

cutting parameters and materials will determine the modeling efforts that should 

be undertaken. 
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Figure 13. The different interactions modeled, i) the oxidation of the workpiece material, 

ii) the oxidation of the tool materials, iii) the interaction between the tool and workpiece, 

and iv) a combination of them, such as the interaction between the tool and workpiece 

oxides. 

 

Modeling the oxidation of i) the workpiece and ii) the tool involves investigating 

which oxides are in equilibrium and which have a high driving force to form 

depending on the temperature, pressure, and oxygen availability. This approach 

can help determine how tool oxidation progresses (Paper V), whether a passivation 

film might form (Paper IX), or at what temperature and pressure cBN oxidizes to 

from B2O3 and when this oxide melts (Paper X) [77,89]. Extensive literature is 

available on the oxidation of alloys and tool materials, including which oxides are 

stable or porous [66,89]. Plotting the effective partial pressure of O2 against 

equilibrium mole fractions and normalized driving forces can be used to evaluate 

which oxides might or might not form [31]. These results can then be compared to 

literature data or further modeled. This can be done separately for the alloy (Figure 

14a), the tool (Figure 14b), or a combination (Figure 14c). For example, in Paper 

IX, the oxidation of cBN-TiC does not change significantly in the presence of 

Hybrid 55, whereas interactions between the alloy, air and silicon-based tool 

materials result in the formation of Al2SiO5 and Fe2SiO4. 
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Figure 14. Adapted from Paper IX, a) possible oxidation of the workpiece at equilibrium 

and the driving force for the formation of different oxides, b) possible cBN oxidation at 

different temperatures and the driving for the formation of B2O3 solid and liquid, c) 

possible interactions between tool, workpiece, and oxygen. 

 

Modeling iii) the interaction between the workpiece and tool can focus on 

different interactions, such as the chemical interactions between the coating 

material and NMIs, as in Papers II, III, and IV (Figure 15a), or the solubility, 

mobility, and permeability of tool elements in the alloy, as in Paper XI (Figure 

15b). The tool-alloy interactions can also be studied at different temperatures and 

pressures (Papers XII and XIII, Figure 15c), or a combination, as in Papers X and 

IX.  
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Figure 15. a) A ternary phase diagram between the coating Al2O3 and some common steel 

oxides (Paper III), b) the permeability of tool elements in Ti-64 at different temperatures 

and distances (concentrations) (Paper VI), c) the equilibrium phase composition at 2 GPa 

and different temperatures when cBN-TiC and A718 interact (Paper VII). 

 

The benefit of these calculations is that they provide a quick way to explore 

potential outcomes, such as oxidation, diffusion, or reactions. They also help 

predict how the tool will degrade as it wears and when it will no longer interact 

with the workpiece and environment. 

These are all equilibrium calculations. For example, in thermodynamic 

calculations, diamond tools are always considered to transform into graphite at 

cutting temperatures. But it is well known that diamonds are very stable in vacuum 

up to about 1000°C and in oxygen up to about 900°C [90]. Thermodynamics alone 

cannot account for this; researchers must rely on literature and experience to 

recognize such discrepancies. Hence, there could be “false degradation”, but not 

false stability.  
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There are ways to work around this. In well-understood systems, some phases can 

be explicitly suppressed, such as graphite when modeling PCD and hBN when 

modeling cBN. Ranking can also be done by comparing their driving forces 

(Figure 14). The rate of solid state reactions is often limited by diffusion [88] and 

hence the permeability [87] can be used to rank and estimate how elements diffuse 

through different phases (Figure 15b). These combinations of estimates make it 

possible to predict and rank tool materials both with respect to limiting 

degradation and TPL formation (Paper II-IX), as well as predicting and ranking 

successful alloying for TPL formation (Paper X).  

Diffusion simulations are, of course, more precise than permeability estimates 

only, and are a useful tool when the permeabilities of different elements are 

similar (Paper VI). However, it is more complicated and not as fast for large-scale 

screening. Setting up the diffusion calculation is not trivial and depends on the 

cutting process [29,58]. A diffusion couple or diffusion simulation is more similar 

to the interaction between the tool and completely adhered workpiece material. 

But chip flow can be modeled by fixing the activity of the workpiece elements at 

the boundary, which might be a better way to model the constant flow of the chip 

or workpiece sliding across the tool’s flank and rake [58], because there is a 

constant influx of new workpiece material. Diffusion simulations must then be 

carefully interpreted to investigate and predict the correct formation sequence 

under well-defined boundary conditions. 
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Characterization 

Oh, I love dirty dark field! 

—Filip Lenrick 

VLM 

Visible light microscopy (VLM), sometimes referred to as light optical 

microscopy (LOM), is probably the microscope most people are familiar with (the 

normal tabletop microscope). I will use the term VLM, because a synchrotron 

using X-rays could also be considered a LOM since it involves light, optics, and 

microscopy. 

A visible light microscope uses visible light to illuminate a sample, with the image 

then received by your eye or a detector. The benefit of VLM is its relative 

affordability and ease of use. Several VLMs were used to measure and inspect 

flank wear, notching, cracks, etc. Sample preparation is also optional and easy 

when using VLM. 

VLM has a limited resolution and limited depth of focus, due to the limitations of 

lenses and the wavelength of visible light. Image stitching of multiple images is 

necessary to capture tool wear, as the entire tool cannot be in focus. 

This limited depth of focus can be an advantage when measuring crater wear or 

surface roughness. By combining focus variation with a stepping motor, the 

relative height difference between two regions that are not in focus simultaneously 

can be determined. This is the basic principle behind the optical profilometers used 

for measuring crater wear and making 3D maps of worn tools (Figure 19). 

Limited chemical information can be gained from VLM when it comes to metals, 

as most are grey and shiny. However, the use of etchants, polarizers, and 

recognizing the distinct colors of different carbides, oxides, nitrides, and ceramics 

can reveal chemical information. A polarizer was, for example, used in Paper III to 

estimate when the different layers of the Ti(C,N)-Al2O3 coating were worn 

through. 
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SEM and FIB 

Scanning electron microscopy (SEM) and focused ion beam scanning electron 

microscopy (FIB-SEM) are inherently different from VLM. SEM uses electrons 

while FIB-SEM uses ions, which are scanned across the sample [91]. Different 

detectors can be used to detect electrons, ions, or photons. This method of 

scanning electrons across the sample makes the resolution of SEM much higher 

and the depth of focus much greater than VLM. 

 

 

Figure 16. a) Topography contrast SE image of the periphery of the contact zone, b) 

Z-contrast BSE image, c) elemental XEDS-maps, adapted from Paper II.  

 

The secondary electron (SE) detector collects low-energy electrons that have 

inelastically scattered off the surface of the sample. This makes the SE image 

topography sensitive [91]. The backscatter electron (BSE) detector collects 

higher-energy electrons that have elastically scattered from the sample. Since 

heavier atoms scatter more, BSE images are Z-contrast sensitive, heavy elements 

will appear light, and light elements will appear dark [91], as seen in Figure 16. 

The X-ray energy dispersive spectrometer (XEDS), sometimes called EDS, EDX, 

EDXS, EDAX, or EDXMA, should not be confused with the slower but more 

precise wavelength-dispersive X-ray spectrometer (WDS or WDXS) [91]. These 

instruments measure characteristic X-rays emitted from the sample. The X-ray is 

generated when an outer shell electron loses energy to be able to fill a hole left by 

an inner shell electron that was knocked out. The problem with this technique is 

that H and He do not have any characteristic X-rays, and measuring atoms below 

Na (Z < 11) is only semi-quantitative. Additionally, multiple scattering events can 

occur, resulting from a signal outside the incident beam path. 

Electron backscatter diffraction (EBSD) and transmission Kikuchi diffraction 

(TKD/t-EBSD) use the same detector and are essentially the same technique. 
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However, EBSD measures electrons scattered off the surface while TKD/t-EBSD 

measures electrons scattered through the sample. Electron backscatter diffraction 

patterns, sometimes called Kikuchi patterns, are analyzed using these techniques. 

The incident beam is first scattered both elastically and inelastically. These 

initially scattered electrons then diffract, resulting in many diffraction spots that 

form Kikuchi lines and ultimately Kikuchi patterns [91], (Figure 18c). These can 

give information about the crystal orientation, structure, deformation, and more 

(Figure 17 b, c, and d). 

 

 

Figure 17. a) SEM of tool rake at different HV, HV = 5 kV results in a smaller excitation 

volume revealing the presence of a thin surface film, adapted from Paper IX, b) band 

contrast EBSD map of the highly deformed austenite grains after abrasion test, c) IPF-Z 

EBSD-map, d) phase contrast EBSD map, adapted from Paper X. 

 

The SEM/FIB requires a vacuum to image, but sample preparation is optional if 

the sample is conductive and basic imaging is needed. But more rigorous sample 

preparation can and should be done depending on the investigation’s goal, 

especially for high-quality EBSD mapping. 

Creating a spot size of sub 4 nm can routinely be done in an SEM, which makes 

for high-resolution SE images, as this signal originates only from the surface. But 

the excitation volume is much larger. Because X-rays and backscattered electrons 

can originate from 50 to 100 nm into the sample at an acceleration voltage or high 

tension (HV) of 5 kV (in Fe), the spatial resolution of the BSE image or XEDS 

maps is much lower than the initial 4 nm beam size [91]. The excitation volume 

gets even larger at higher HV, which is needed to reliability measure the 

characteristic X-rays of many elements, resulting in an excitation volume of 300 to 

800 nm (for HV = 30 kV in Fe). The characteristic X-rays measured by the XEDS 

detector might also have originated from multiple scattering events, causing the 
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XEDS signals to come from outside the original beam path [91]. This can 

sometimes create confusion since one might be looking at the coating of the tool 

or a thin film formed on the tool using the SE detector (Figure 17 a), but the BSE 

image shows the bulk, and the XEDS signal might mainly detect the bulk material 

as well. Similarly but opposite, the SE image might only show dirt on the surface 

of a worn tool that was poorly cleaned, while the BSE and XEDS is good.  

TEM  

Transmission electron microscopy (TEM) is a good complement to SEM. It also 

uses a beam of electrons, which can be parallel (in standard TEM mode) or 

focused into a scanning beam (much like SEM). This is called scanning 

transmission electron microscopy (STEM). There are a myriad of different STEM 

and TEM modes and different contrast mechanisms [9]. The sample must be 

transparent to electrons and typically range in thickness from 50 to 200 nm. Hence 

a large excitation volume is not a problem, and STEM-XEDS can be used, but 

multiple scattering events still cause XEDS signals to originate from outside the 

original beam path [9].  

Sample preparation is needed for samples thicker than this, which is the case in 

metal cutting. All TEM samples in this study were prepared using the FIB lift-out 

technique [10]. Most images in the appended papers are STEM images, as they are 

the most intuitive for the reader, though a lot of the investigation was done in 

TEM mode. Bright-field TEM (BF-TEM) uses the objective aperture to select the 

unscattered electron beam [9]. Anything scattering the beam will appear darker, 

such as crystalline areas, high mass areas, or defects, while the vacuum appears 

bright [9]. One can also look at the back focal plane to see the diffraction pattern 

of the sample. A selected-area aperture can be used to select an area of interest, a 

technique called selected area electron diffraction (SAED) [9]. This provides 

information about the crystal structure of the selected area. 

Dark-field TEM (DF-TEM) is the opposite of BF-TEM; the center of the beam is 

excluded, and only a selection of scattered electrons are observed. In this mode, 

the vacuum therefore appears dark, while crystalline areas, high-mass areas, or 

defects appear bright [9]. Areas with coinciding diffraction spots, meaning they 

have similar crystal orientation and structure, can be located by tilting a particular 

diffraction spot into the center of the aperture or just selecting it using 

displaced-aperture dark field (DADF) [9]. This technique, also known as “dirty 

dark field”, is demonstrated in a false color DADF-TEM image in Paper VII to 

locate precipitates. 
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Figure 18. a) Z-contrast HAADF image, b) diffraction contrast LAADF image, c) TKD 

pattern with indexed Kikuchi lines, d) SAED image of the same region. Adapted from 

Paper IV. 

 

BF-STEM and annular dark filed (ADF-STEM) are analogous to BF-TEM and 

DF-TEM, but use a scanning beam. There is also low-angle annual dark field 

(LAADF-STEM), which shows diffraction contrast or differences in specimen 

thickness, and high-angle annual dark field (HAADF-STEM), where the higher 

the angle the higher the Z-contrast [9]. Hence a HAADF-STEM image is 

analogous to a BSE-SEM image but offers a much higher resolution and more 

capabilities [9]. 

XEDS-STEM is therefore analogous to very high-resolution XEDS-SEM, since 

the beam is smaller and the sample thinner. However, multiple scattering still pose 

a problem, when measuring elements with Z < 11. For example, when using a 

copper TEM grid, a Cu signal will be present in all TEM-XEDS spectra. Electron 

energy loss spectroscopy (EELS) can accurately measure B, C, N, and O and does 

not suffer from false detection due to multiple scattering events, which makes it a 

good complement to XEDS and WDS. However, quantification is more difficult 

[9]. 

XEDS-TEM or XEDS-SAED works but provides the composition of everything 

that is illuminated, not only the area selected by the image plane or diffraction 

plane apertures. Hence, you cannot collect the XEDS signal only from the area 

visible in the diffraction pattern, selected using the objective aperture. You would 

instead need to make the beam smaller by using the condenser lenses and 

apertures. The nuances and possibilities when operating a TEM create many more 

possibilities but put higher demands on the operator [9].  
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Synchrotron, XRD, OES and other techniques 

The main spectroscopy and microscopy techniques used in the appended papers 

are VLM, SEM, and TEM because they are readily available and give spatially 

resolved information about physical structure and chemical composition. But other 

instruments were used too. 

A spark optical emission spectrometer (OES) was used to measure the 

composition of the different manganese steels in Paper X. The instrument works 

by vaporizing a small portion of the sample and then measuring the emission lines 

of the elements. The benefit of this method is that it quickly and accurately 

measures alloy compositions, including light elements such as carbon. 

Atom probe tomography (APT) was used in Paper VIII. The sample is smaller 

than a TEM sample, but the sample preparation is similar. APT is based on field 

evaporation of ions and detection, allowing for nm to atomic resolution of a 3D 

sample, with the added benefit of being able to detect light elements as effectively 

as heavy elements. 

X-ray diffraction (XRD) was also used in almost all papers to measure the phase 

composition of the received tools and workpieces, with XRD spectra shown in 

Papers VII, VIII, and IX. The XRD and SAED are related, but XRD uses X-rays 

while SAED uses electrons. The basic principle is constructive and destructive 

interference of scattered X-rays or electrons, which depends on the crystal lattice 

spacing. This gives information about the crystal structure, but offers no direct 

chemical information or spatial resolution. For example, all the Mn-steels in Paper 

IX have identical XRD patterns. 

Energy dispersive X-ray diffraction (EDXRD) is a more advanced XRD 

technique. The benefits of a synchrotron are many and depend on the synchrotron 

and end station. The benefit of the ERL PSICHÉ beamline at SOLEIL is that 

EDXRD can be done in-situ. The X-ray diffraction pattern can be measured under 

high pressure and during sample heating and quenching, which would otherwise 

be impossible. Hence, we could study phase formation and dissolution during 

heating and cooling at high pressures. 
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Classifying Tool Wear and Protection 

Good luck, have fun! 

—Rebecka Lindvall 

This thesis distinguishes between wear mechanisms and wear types. The wear 

mechanism explains why the insert wears, for example through abrasion, chemical 

degradation, or a combination. The wear type describes how we identify this wear, 

such as flank or rake wear.  

Wear types 

Different tool materials are prone to different wear types and mechanisms 

[2,3,5,6]. The two main types studied in the appended papers are the flank wear 

and crater wear, respectively quantified by the average width of the flank wear 

land (VBB) and crater wear (KT) parameters, as shown in Figure 19. Flank wear is 

the most desirable type of wear, if tool wear can ever be desirable. This is because 

it is predictable and progressive [2,3,5,6]. The tool can be used until it does not 

generate the desired quality of the surface, which is dependent on the flank wear 

[2,3,5,6]. The tool wear can be easily monitored and accurately predicted, making 

the machining process very efficient.  

The rate of crater wear can progress predictably to a certain point. But an increase 

in crater size leads to a weakening of the cutting edge and may result in failure of 

the cutting edge. The difference between a well-performing tool and catastrophic 

failure can be a matter of seconds. For example, no significant wear occurred on 

the rake or flank of the (Ti,Al)N-coated cemented carbide tool in Paper IX until 

180 seconds of machining, when a crater formed after the coating was worn away. 

The growth of the crater then led to the complete collapse of the cutting tool after 

210 seconds. Hence, the tool went from almost no VB during 180 sec of 

machining to 250 µm of VB in the next 30 seconds. Having these unpredictable 

tool failures forces you to stop earlier than necessary to avoid a collapsed edge 

destroying the surface of the workpiece. 
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Figure 19. a) VLM image of the average width of the flank wear land (VBB), b) optical 

profilometer measurement of the depth of the crater wear (KT).  

 

Another wear type present in the appended papers is coating delamination, which 

is when the coating detaches from the insert, leaving the substrate exposed. Notch 

wear is a type of localized flank wear occurring at the edge of the contact zone on 

the major or minor cutting edge. Cracks can also form in the coating or substrate. 

Other types of wear include plastic deformation, comb cracks, flaking, and more 

[2,3,5,6]. 

Wear mechanisms 

 

Diffusion, oxidation, and chemical degradation are the main focus of this thesis, 

rather than thermomechanical wear mechanisms, such as abrasion, adhesion and 

attrition. These are often related and occur simultaneously, but a distinction should 

be made between them.  

Chemical degradation is when the tool and the workpiece react, such as the Al2O3 

coating in Papers III and IV reacting with Ca, Mg, and O as well as other NMI, 

leading to its degradation into calcium aluminates (Figure 20a). Oxidation 

degradation is when oxygen from the air reacts with the tool materials, such as the 

formation of Co-W-O shown in Paper V (Figure 20b). Diffusion wear is when an 

element leaves or enters the tool. For example, in Paper VIII, both B and N from 

the cBN grains diffused into the alloy leading to B and N precipitates in the 

adhered workpiece material (Figure 20c).  

A combination of these three is also common. For example, Fe does not react with 

Al2O3, but oxidized iron can react with Al2O3 to form the FeAl2O4 spinel, as seen 

in Papers III and IV. Chemical reactions in metal cutting are often diffusion 

controlled, resulting in diffusion occurring first followed by a reaction. 
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Figure 20. a) STEM and XEDS images showing chemical degradation of Al2O3 in Paper 

IV, b) SEM and XEDS images showing oxidation of the binder in Paper V, c) STEM, 

XEDS, and SAED of diffusion of B and N followed by re-precipitation in the adhered 

workpiece material in Paper VIII. 

 

Abrasive wear in the appended papers is due to hard particles like inclusions 

(Al2O3) and precipitates (TiC, NbC) sliding across the tool surface, abrading or 

almost polishing and grinding away mostly the softer binder phase. The matrix 

phase in the steels (austenite, ferrite, and martensite), Ni-superalloy (nickel-γ), and 

Ti-alloys (α- and β-titanium) are not hard enough to significantly abrade the hard 

phases, such as WC, cBN, and diamond, hence their impact on abrasive wear is 

minimal.  

Abrasion can also occur after a softening of the tool material or coating. The Al2O3 

coating in Papers III and IV is very resistant to abrasion, but it transformed into a 

soft calcium aluminate that is more easily abraded. 

There is also abrasion due to the dislodging of tool material grains (WC, cBN, and 

diamond), which then slide across the tool surface, resulting in self-abrasion. But 

the underlying wear mechanism is not abrasion itself but the loss of binder that 

allows hard grains to be removed and subsequently contribute to tool wear 

[2,3,5,6]. 

Abrasive wear can exist on both the flank and the rake, but it is most prominent on 

the flank of the tool, where the relative speed of the workpiece material across the 

tool surface is the highest.  

Adhesive wear occurs when the material being cut adheres to the tool material or 

coating. This is most common when the relative speed of the workpiece across the 

tool surface is lower, such as at low cutting speeds or near the cutting edge. This 
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effect is seen in Paper I when machining 17-4 PH at vc = 200 m/min, where the 

material adheres to the cutting edge followed by a peel-off, which does not happen 

at higher cutting speeds vc = 300 – 600 m/min. It is also seen on the edge line of a 

(Ti,Al)N-coated tool when machining 316L in Paper II. Adhesive wear can also 

occur due to chemical bonding between the tool material and workpiece, driven by 

diffusion, chemical reactions, or both. 

In operando tool protection 

The use of non-metallic inclusions (NMIs) has long been the norm for improving 

the machinability of steels. Adding sulfur leads to the formation of sulfides such as 

(Ca, Mn)S while calcium treatments lead to the formation of calcium oxides, or 

combinations of Si, Al, and Ca oxides such as Al2Ca2SiO7 in the steel [92]. These 

additions of Ca, S, and other non-metals also lead to the dissolution and 

embedment of hard oxides in soft non-metallic inclusions. This decreases the 

abrasiveness of the metal, improves chip formation, and hence improves 

machinability. But it also forms a protective deposit, sometimes called tribofilm, 

build-up layer, belag, or transfer layer on the tool surface, limiting tool wear as 

seen in Paper II. This protective effect of NMIs is well known [92–94]. 

There are, however, limitations. The addition of NMIs cannot be done for all 

materials since it decreases corrosion resistance, weldability, impact toughness, 

and fatigue strength [95]. These NMIs do not protect the cutting edge of the tool 

when the contact pressure is high, or at the periphery of the contact zone where the 

coating oxidation takes place (Paper II). NMIs also have to be optimized for 

specific tool materials and coatings, since CaO can react with oxide ceramics and 

coatings [23], as seen in Papers III and IV. 

A more recent discovery is that of in-operando tool protection layers (TPLs) 

[43,62,65,96–101]. These TPLs are different from deposited inclusions or 

workpiece material. They consist of phases that form between the environment 

and tool and the workpiece, or chip materials during cutting. Examples include 

Al2O3 in Paper X, Al2(Fe,Cr)O4 in Paper IX, (Ti,Nb,Cr)N and Al-oxides in Paper 

XII and XIII, and (Ti,V)C, (Ti,V)B2 in diffusion couples in Paper VI and during 

machining [98]. The W layer in Paper VI may be considered a TPL, but it is rather 

a layer formed due to an absence of a reaction with W after Co and C have 

diffused out of the tool (Paper VI and [98]). 

TPLs form during machining due to interactions between the workpiece material, 

tool, and air. These work as barriers against chemical degradation, oxidation, and 

diffusion.  
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Figure 21. BSE-SEM image at low HV, HAADF-STEM, and SAED view of 

aluminum-rich oxide TPL forming on top of the pcBN tool in Paper IX. 

 

TPLs, however, do not ease chip formation or decrease abrasiveness, and their 

thickness is usually measured in hundreds of nanometers rather than micrometers 

(Figure 21). But alloying or selecting tool materials and cutting parameters that 

lead to TPL formation does not have detrimental effects on the alloy’s corrosion 

resistance, weldability, impact toughness, or fatigue strength. Furthermore, 

abrasive wear is often initiated and accelerated by diffusion, oxidation, and 

chemical degradation, as seen by the degradation of alumina coating in Papers III 

and IV. Hence, limiting these wear mechanisms can have larger effects than one 

might initially expect, as seen when removing oxygen [65] and consequently, TPL 

formation seen in Paper IX or the additions of Al in Paper X.  

The difficulty with TPLs is that the tool, workpiece, and cutting parameters must 

be paired for TPL formation, while NMI inclusions have broader applicability. 

Hence TPLs are a new way to improve machinability when the use of NMIs is not 

appropriate. 

Striking the right balance for TPL formation is crucial. A TPL will not form if the 

reactions are too slow, and the tool will wear fast if the reactions are too 

aggressive. The interaction between the tool, workpiece, air, or coolant must be 

properly balanced. 



64 

  



65 

Tool Degradation and Protection 

If you thought that science was certain – well, that is just an error on your part. 

—Richard P. Feynman [102] 

 

This section combines the previously explained methods and concepts to 

understand and limit tool wear as well as promote tool protection.  

Diffusion, oxidation, and chemical degradation 

Paper I examines how tool wear by adhesion, diffusion, oxidation, and chemical 

degradation changes with increasing cutting speed when machining 17-4 PH with 

coated and uncoated pcBN tools. The pcBN tool with a TiC binder experiences 

both flank and crater wear, with notch wear also detected but not limiting tool life. 

There is adhesion at low speeds (vc = 200 m/min), and the crater wear becomes 

more aggressive as the speed and process temperature increase (vc > 400 m/min, 

Figure 22b). A (Ti0.45Al0.55)N coating is applied to the PcBN tool, but it does not 

survive on the tool flank or rake, though it does protect the chamfer.  

There are definite signs of oxidation as the tool becomes covered by a mixed layer 

of metal and workpiece oxides (Figure 22a), which thickens as the speed 

increases. This limits the adhesion seen at vc = 200 m/min. TiO2 or B2O3 would be 

the expected oxidation products when there is tool oxidation, but neither is 

identified on the tool surface. This is most likely because they are abraded away 

by the moving chip, though it is possible that they never form. 

The cBN grains show preferential wear over the TiC binder (Figure 22a). The 

boron and nitrogen from cBN grains can diffuse and dissolve into the chip and 

potentially react with the workpiece to form borides and nitrides, in addition to 

oxidation. No nitrides or borides are identified. This could be because these never 

form due to the high solubility and mobility and hence high permeability of B, N, 

and C in stainless steel, or they may not be detected because they are abraded 

away. 
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Figure 22. a) HAADF-STEM image of worn cBN-TiC tool with a schematic image 

showing preferential wear of cBN and oxidation, b) schematic image showing how the 

speed shifts the crater wear, c) schematic image showing how the growing crater weakens 

the cutting edge  

 

Diffusion, oxidation, and chemical degradation is also present when machining 

with Si based tool materials in Paper IX. The thermodynamic modeling in Paper 

IX predicts that silicon-containing ceramic tools Si3N4, Al2O3-SiCw, and SiAlON 

should fail due to oxidation and chemical degradation as well as diffusional loss 

when machining Hybrid Steel 55 (Figure 23a). C, Si, and N also have a positive 

driving force and high solubility in the steel. There is also a positive driving force 

for SiO2 formation, and a positive driving force for the formation of softer mixed 

oxides with workpiece oxides such as Fe2SiO4 and Al2SiO5.  
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Figure 23. a) thermodynamic calculation showing potential degradation of Si-based tool 

materials, b) the corresponding chemical, oxidation, and diffusion wear of a Si-based tool 

material, adapted from Paper IX. 

 

An example of this can be seen on the surface of the Al2O3-SiCw, tool, where the 

whiskers are depleted from Si. Note the contrast change of the whiskers from i) to 

ii) and iii) in Figure 23b, and the formation of a glassy oxide layer Figure 23b iii). 

The silicon-containing ceramic tools then fail due to crater formation after very 

short engagement times. 

Discussion and conclusion 

The shift from adhesion to diffusion, oxidation, and chemical degradation is the 

expected shift in wear mechanisms with increasing speed [2,5,6]. But it is very 

difficult to determine the exact cutting parameters at which this shift occurs. 

Previous research on turning 17-4 PH and other martensitic stainless steels has 

mainly focused on the wear mechanisms of coated and uncoated cemented 

carbides. The recommended speed for turning 17-4 PH with cemented carbide is 

below vc = 100 m/min [73]. Few comparable studies on turning exist [74], but one 

showed that machining at high speeds (vc = 300–600 m/min) with pcBN can 

achieve a good surface finish. Hence, there was a knowledge gap in how to select 

and develop tool materials for the machining of this material at speeds above 100 

m/min, and how coatings could be used.  
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The study on machining 17-4PH with pcBN in Paper I shows that the tool and 

coating combination performs well. The coating used decreases the adhesion at 

low speeds and protects the chamfer at all speeds, potentially leading to less 

sporadic failure, since the tool edge will collapse without a chamfer. This collapse 

also happens if a tool without a chamfer is selected or if the chamfer is consumed 

by the crater (Figure 21b). It also shows that the tool material has the required 

fracture toughness and abrasion resistance. But future work could focus on 

increasing fracture toughness, possibly through whisker reinforcement, which 

might make it possible to machine even with a larger crater, limiting the sporadic 

edge failure. New materials have to resist oxidation, diffusion, and chemical 

degradation, making Al-based binders promising. Investigating cutting conditions 

and tool materials that can form Cr, Nb, and Ta TPLs is another possible research 

direction. 

The Hybrid Steel 55 in Paper IX is a recently developed alloy with unknown 

machinability, and a method to select the appropriate tool material is needed. 

Selecting tool material based on previous experience with similar materials might 

lead to suboptimal performance. This study demonstrates that the combination of 

modeling the oxidation of both the tool and workpiece, and their interactions in 

both unoxidized and oxidized steel, shows how one can understand and predict 

which tools are likely to perform well. Si-based tools should not be used for 

machining HY55 at speeds where the cutting conditions are such that diffusion, 

oxidation, and chemical degradation can occur at a high rate. Other tool materials 

such as cBN-TiC and Al2O3-TiC should be used instead, as shown in Paper IX and 

in the next sections. 

Transfer layers 

Papers II, III and IV investigated the interaction between non-metallic inclusions 

and coatings. The steel in Paper II is a 316L, an austenitic stainless steel which 

also contains MnS and various complex oxides (Ca, Si, Al, Mg)xOy as engineered 

NMIs. The steel in Papers III and IV is 19MnVS6, a general structural steel 

containing various sulfides (Mn,Ca)S and oxides (Ca, Si, Al, Mg)xOy. The 

differences between the machining experiments were the workpiece material, the 

coating, and the use of coolant. Since both materials were machined under similar 

conditions (ap = 1.5mm, f = 0.2 mm), the tool geometries and tool substrates were 

the same and tool holders provided the same cutting angles. 316L was machined 

only at vc =185 m/min using coolant, and 19MnVS6 was machined at different 

speeds between vc =100 to 600 m/min and dry. The cutting of these materials is at 

least somewhat comparable, but the interaction between the workpiece coating is 

the complete opposite. 
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Figure 24 illustrates how the NMIs protect the (Ti,Al)N coating in Paper II, while 

the NMIs consume the Al2O3 coating in Paper III. Papers II, III, and IV model 

these interactions to suggest how to better pair NMIs, workpiece material, cutting 

conditions, and coatings. 

 

 

Figure 24. a) The (Ti,Al)N is protected from oxidation and chemical degradation by 

workpiece oxides as well as diffusion by protective NMI, b) Al2O3 is resistant to oxidation, 

diffusion, and chemical degradation by steel, while reactions between the Al2O3 coating an 

NMI and oxidized steel result in a degradation of the Al2O3 into softer aluminates. Images 

adapted from Papers II and III. 

 

Paper II shows how (Ti,Al)N coatings can suffer from oxidation, diffusion, and 

chemical degradation when machining steels. The deposition of NMIs on the rake 

during machining hinders these degradation routes, in addition to providing other 

machining benefits.  

The Al2O3 in Paper III and IV is on the other hand a very stable phase. It does not 

measurably react with the steel after 10 minutes in a diffusion couple even at 

1300°C and 2.5 GPa. It is not thermodynamically impossible for a reaction to 

occur depending on the workpiece alloying, especially in machining where there is 

a constant supply of material, but the solubility of workpiece elements in Al2O3 is 

not comparable to what happens when iron oxides or Ca and Mg oxides are 

present. Oxides and sulfides of Ca, Mg, Si, and Fe can all react with and degrade 

the Al2O3 coating. This degradation is strongly driven by thermodynamics, as 

verified using SEM and TEM in both in diffusion couples and machining 

experiments in Papers III and IV. The worn rake of the Al2O3-coated tool (Figure 

24b) appears as an inverse image of the worn rake of (Ti,Al)N (Figure 24a). The 

Al2O3 coating remains almost intact at the edge line and the periphery of the 

contact zone, while NMIs attack the Al2O3 coating in the middle of the contact 

zone. 
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Discussion and conclusion 

Both alloys are very machinable with both coatings. There are, however, both 

limitations and possible improvements when pairing coatings with inclusion-

engineered steels using thermodynamic modeling.  

Thermodynamic models of (Ti,Al)N coatings are not straightforward since 

(Ti,Al)N has a metastable fcc structure, while TiN is fcc and AlN is hcp at 

equilibrium. The hcp phase needs to be suppressed in the calculation to force 

(Ti,Al)N to appear as an equilibrium phase in the calculations. Alternatively, the 

coating can be modeled as AlN (hcp) and TiN (fcc), though this overestimates the 

stability of the coating. Hence, if TiN and AlN are not stable, then (Ti,Al)N is 

definitely not stable, and this approach was used in Paper II.  

 

 

Figure 25. a) Results from thermodynamic calculation of the interaction between the 

(Ti,Al)N coating, 316L, oxygen, and NMI. b) HAADF-STEM images of the same 

interactions on the rake of the tool after machining. Adapted from Paper II.  

 

The thermodynamic equilibrium calculations and TEM analysis show that the 

coating does not react with NMIs such as Mg1Al2O4 and Al2Ca2SiO7, which were 

present in the rake (Figure 25). Both the thermodynamic calculations and TEM 

results show that the elements in the steel can react and chemically degrade the 

coating and coating elements can diffuse into the workpiece chip (Figure 25). The 

coating can oxidize according to calculations (Figure 25 and Paper II). The 

(Ti,Al)N experiences mechanical adhesion, delamination, chemical degradation, 
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and diffusion at the edge line, as well as chemical degradation and oxidation in the 

periphery of the contact zone (Figure 24a and Paper II). But it is protected from 

oxidation, diffusion, chemical and mechanical wear in the rake by the NMIs. 

Creating more favorable conditions for the tool edge and periphery of the contact 

zone is therefore important to avoid delamination and coating oxidation because 

the middle of the contact zone, which is usually prone to crater wear, is protected 

by the NMIs (Figure 24a and Figure 25).  

 

 

Figure 26. a) Thermodynamic calculations show that there is a positive driving force for 

the degradation of the Al2O3 coating by reactions with NMI such as Ca and Mg oxides, b) 

diffusion couple BSE-SEM image of the complete degradation of Al2O3 due to reactions 

with Ca, Fe, Si, and Mg oxides, c) TEM image of Al2O3 coating degradation due to 

reactions with NMI during turning, d) thermodynamic calculations show that Al-saturating 

of the NMI is possible in this steel, which will limit the coating degradation. Adapted from 

Paper III and IV. 

The case is the opposite for the Al2O3 coating. It is a stable equilibrium phase 

under these conditions and it does not react measurably with the alloy compared to 

(Ti,Al)N. NMIs, however, thermodynamic calculations, diffusion couple 

experiments, and TEM images of used tools show that NMI react with the coating 
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and degrade it into soft mixed oxides (Figure 26a-c). Hence, Al2O3 should be used 

when machining clean steels, or the NMI inclusions can be Al-saturated, such as 

Ca1Al12O19, Ca1Al2Si1O7, and Ca1Al2Si2O8 (Figure 26d and Paper IV). Aluminum 

saturation of NMIs is possible for this steel (Figure 26d), this would hinder the 

NMI from reacting with the coating, and this is also possible without the formation 

of Al2O3 in the steel, which would otherwise be very abrasive. The Al-saturated 

Ca1Al12O19 inclusion is also the high melting point NMI that are preferred at high 

cutting speeds [103]. 

Cobalt diffusion and W protection 

It is well known that Ti-alloys have high strength and toughness. They are also 

adhesive during machining and have low thermal conductivity. Ti-alloys also 

readily react with many elements, and many elements can diffuse and dissolve into 

Ti-alloys at high rates. This combination of properties and conditions results in 

high temperatures, high pressures, and high chemical loads on the tools when 

machining Ti-alloys [79]. There are no abrasive particles or inclusions in the 

T-alloys studied in Papers V and VI. The wear mechanisms during turning are 

mainly diffusion and chemical degradation, combined with tough mechanical 

loads that lead to tool failure. The tool is also intermittently exposed to coolant and 

oxygen during milling in Paper V, shifting the wear balance more towards 

oxidation and cracking due to thermal cycling and cyclic mechanical loading.  

Combining the results from thermodynamic calculations, diffusion simulations, 

diffusion couples, turning, and milling experiments of Ti-alloys with cemented 

carbide provides a detailed insight into the wear mechanisms. The diffusion 

couples, thermodynamic calculations, and diffusion simulations show how both C 

and Co diffuse into the Ti-alloy (Paper V and VI and Figure 27 and 28). What is 

interesting is that the permeability for C (an interstitial element) is not always 

more than Co (a substitutional element). This is because the solubility of Co in the 

β-phase of Ti is high compared to C, and their mobilities are comparable (Figure 

27b). C can diffuse both through the Co binder and from the WC grains into the 

Ti-alloy. This diffusional loss of Co and C can continue indefinitely if there is 

fresh workpiece material passing over the tool surface. However, adhesion and the 

formation of a diffusion barrier can slow this down. 
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Figure 27. a) Modeling diffusion of WC-Co in Ti-64, b) calculating the permeability of C 

and Co in Ti dependent on distance (concentration) and temperature, c) modeling the 

different possible tool oxides during milling of Ti-alloys, adapted from Papers V and VI. 

 

A TiC and (Ti,V)C barrier can form in diffusion couple experiments (Figure 28a), 

but the protective mechanism of these carbides is not as prominent when 

investigating worn tools in these papers and other machining studies [104,105]. 

This can be because the solubility limit of C in the Ti-alloy is not reached during 

machining or because TiC is removed away by the chip flow, if not attached 

strongly to the tool. The reason for more TiC formation in diffusion couples than 

during turning and milling is that there is a constant influx of new material when 

machining, while the diffusion couple is static. This is also discussed in Paper V 

concerning Ti-5553 and WC-Co, as well as for other tool materials. In 

consequence TiC can form in the presence of adhered workpiece materials, but it 

is less likely to form if the adhesion layer is not stable. 

The C and Co loss results in excess W (Figure 27a, Figure 28a, and Paper VI). 

This can result in metallic W forming, intermetallic Co-W phases, or η-phase 

carbides (M6C and M12C) (Figure 28a and Paper VI), which form first and which 

remains stable depends on the temperature and nucleation rates of the phases and 
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the permeabilities of Co and C at the specific temperatures and cutting conditions. 

The metallic W can function as a diffusion barrier limiting Co and C loss. The 

intermetallic Co-W phases or η-phase carbides form mainly on the grain 

boundaries of the WC grains and are probably very brittle, not providing stable 

protection 

 

 

Figure 28. a) BSE-SEM images of diffusion couples between WC-Co and Ti6Al4V at 

different temperatures, resulting in the formation of TiC, Co (hcp),W, Co3W3C, and 

Co6W6C, b) BSE-SEM, XEDS, and EBSD images of the oxidation of WC-Co during 

milling of Ti-624, which resulted in the formation CoWO4. Adapted from Paper V and VI.  

The cyclic loading of the tool and the thermal cycling during milling, together 

with tool oxidation, diffusion, and chemical degradation, lead to large cracks 

(Figure 28b). The formation of CoWO4, detected in the cracks, results from 

oxidation of the Co binder with dissolved W (Figure 27c and Figure 28b). The 

formation of this phase leads to a volume increase, aiding crack propagation. The 

WC grains also become rounded due to C diffusion, while Co is transformed into 

more brittle hcp. Furthermore, the loss of Co, either by diffusion or embrittlement, 

leads to voids between the WC grains, resulting in grain pullout by adhesion.  

Discussion and conclusion 

It is important to limit Co and C diffusion, as well as oxidation, during both 

turning and milling of different Ti-alloys, as shown in Papers V and VI. The 

metallic W can function as a diffusion barrier to some extent. But we need to 

understand the difference between the α-phase and β-phase of Ti and the relation 

between the permeability of Co and C in order to understand how to limit 

diffusion and oxidation. 
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The β-phase presents several challenges from a machining perspective. More β-

phase leads to a more ductile and adhesive material with higher tensile strength, 

resulting in harsher cutting conditions. Additionally, the mobility of the tool 

elements Co and C in the β-phase is also higher than in the α-phase, leading to 

more diffusional wear. The physical and chemical properties of the β-phase mean 

that the cutting speed and machining performance had to be lowered during 

milling for the near-β alloy Ti-5553 compared to the α + β alloy Ti-6246, which 

was also more difficult to machine than near-α alloy Ti-6242, when doing the 

milling experiments in Paper V. 

Oxidation was most prominent during milling of the α + β alloy Ti-6246. Milling 

Ti-5553 at a lower speed and milling the more machinable α alloy Ti-6242 likely 

resulted in lower process temperatures and less oxidation. The limited ingress of 

oxygen into the contact zone during turning of α + β Ti-64 limited the oxidation. 

Oxidation seems to be mainly a problem when milling under aggressive 

conditions, leading to high temperatures. 

The only oxide detected using SEM, XEDS, and EBSD was CoWO4. This phase 

remains stable everywhere except in the W-rich corner of the W-Co-O ternary 

phase diagram at 900°C (Figure 27c). Although this phase has neither the highest 

driving force nor is the first phase that forms at the lowest oxygen partial pressure. 

Other oxides may have formed but were either abraded away or remain 

undetected. All oxide formation leads to volume expansion, which aids crack 

propagation. Avoiding this oxidation would require either machining below the 

temperature at which oxidation is rapid or developing more oxidation-resistant 

binder systems. 

Limiting diffusion would either require developing binders with less solubility and 

mobility in Ti-alloys or promoting the W layer or carbide TPLs. Saturating the Co 

binder with W and C to form more W layers and TiC is difficult while still being 

able to sinter the tools without graphite or η-phase formation. Alternatively, 

switching the hard phase from WC to diamond could increase the chances of 

carbide TPLs, as shown in the next section. 

Tool protection layers 

Carbide and boride TPL 

Using cemented carbide while milling different Ti-alloys in Paper V and turning in 

Paper VI showed how the tools suffered from loss of C and Co due to diffusion 

and oxidation. The excess W created a slight diffusion barrier. The formation of 

TiC in diffusion couples showed promise as a diffusion barrier, but its formation 

was marginal in the actual cutting experiments [104,105]. Using diamond as a 

hard phase instead of WC significantly increases C activity. This results in more 
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TiC formation in both diffusion couples and simulations. The higher carbon 

activity in polycrystalline diamond (PCD) compared to cemented carbide should 

make the formation of TiC tool protection layers (TPL) more likely during 

machining. Paper VI includes diffusion couple, microscopy, thermodynamic and 

kinetics modeling, and machining tests comparing cemented carbide and PCD. 

These results show how Ti-rich carbides can act as TPLs when machining with 

PCD. In-depth microscopy of the TiC and (Ti,V)C layers during turning with a 

similar PCD grade can also be found in a different study [98]. 

Understanding how diffusion and reactions change between diffusion couples, 

turning, and milling, along with the effect of adhesion and chip flow, make it 

possible to translate diffusion couples and simulations into machining 

applications. Conclusions can therefore be drawn about the effect of changing the 

hard phase, binder, or machining alloys with different α + β ratios, or changing 

cutting conditions from thermodynamic calculations of chemical activities, 

solubilities, mobilities, and permeabilities, as well as diffusion simulations. 

 

 

Figure 29. Ti-64 diffusion simulation at 1200 °C after 10 min for a) WC-Co and b) PCD, 

showing how there is a much stronger tendency to form TiC with PCD, which is in 

agreement with both the diffusion couples and machining experiments Paper VI and [98]. 

 

It is well known that machining any nickel- or iron-based alloys with diamond is 

usually catastrophic, with some exceptions. But could it be possible to form a 

carbide TPL in Ni- or Fe-alloys and machine with PCD or at least carbide TPL 

when machining with cemented carbide? It might be possible if the alloys were 

carbon saturated or have low carbon mobility, such as ferrous alloys with high 
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amounts of cementite or graphite. But none of these were studied in this work. 

Instead, nitride, boride, and oxide TPLs are explored as possible solutions when 

machining Ti-alloys, Ni-alloys, and Fe-alloys in the appended papers. 

Boride, nitride, and oxide-based TPL 

Studying the interaction between Ti-alloys and pcBN is a bit different than 

WC-Co and PCD. Boron, much like C in WC-Co and PCD, has a low solubility in 

the β-phase. But both B and N in pcBN have higher permeability in the β-phase 

than Co. B has higher mobility in the β-phase than N, while N has a higher 

solubility. Therefore, the permeability of B versus N depends on the alloy’s 

saturation and temperature, as shown in Paper V. These variations in solubility, 

diffusivity, and consequently permeability make for some interesting results when 

comparing diffusion couples and machining. Nitrides form in diffusion couples, 

but they might not form during machining without major adhesion since the 

solubility limit is high. In contrast, borides form both in the diffusion couple and 

during machining since the solubility is low and mobility is high. This is verified 

by diffusion couples, simulations in Paper VI. Further in-depth microscopy of the 

Ti-rich borides during machining with a similar pcBN grade can be found in a 

different study [98]. 

Turning Hybrid Steel 55 with Si-based tool materials at certain cutting conditions 

results in temperatures that allow for oxidation, diffusion, and chemical 

interactions, leading to rapid tool degradation. (Ti,Al)N-coated cemented carbide, 

Al2O3-TiC ceramics, and pcBN with TiC binders perform rather well. 

TiC, BN and (Ti,Al)N, and WC-Co can all suffer from oxidation, diffusion, and 

chemical degradation at high temperatures. But the oxides that have the highest 

driving force to form are not glassy Si-based oxides, such as Fe2SiO4 and Al2SiO5, 

but refractory Al-based oxides, such as (Fe,Al,Ti)2O3 and (Fe,Al,Ti)3O4. 

Machining with the (Ti,Al)N-coated cemented carbide tool leads to almost no 

crater wear initially, as chemical and diffusional mechanisms are suppressed or 

slowed down by the TPLs. But pits formed on the rake and the tool edge as a 

result of coating loss due to adhesion wear, which lead to a tool failure as these 

pits grow, coalesce, and rapidly developed into crater wear (Figure 30).  
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Figure 30. The wear of (Ti,Al)N when machining Hybrid 55 is very limited until the pits 

coalesce leading to rapid failure. 

 

Machining with cBN-TiC performs the best, and Al2O3-TiC performs well (Paper 

IX). There should be a speed (temperature) and oxygen effect (Figure 31a) on the 

TPL formation as predicted from calculations (Paper IX). This is confirmed by 

temperature measurements and machining at different speeds and by machining in 

a chamber with Ar flow to suppress oxygen (Figure 31 b and c). No TPL forms at 

low speeds (vc = 50 m/min), due to the low temperatures. Lowering the oxygen 

availability also prevents TPL formation, which leads to adhesion and tool 

fracture. This is also shown in the performance tests (Figure 31d) 
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Figure 31. There is a minimum process temperature (cutting speed) required and there is a 

minimum oxygen activity needed for the formation of a TPL. Shown by a) thermodynamic 

calculations, and confirmed by b) cutting at different speeds, c) machining in different 

environments and d) performance tests, adapted from Paper IX. 

 

Alloy 718 (Inconel 718), contains many elements that can form borides, nitrides, 

and oxides, such as Cr, Mo, Nb, Ti, and Al. A718 then has the potential to form 

oxide, nitride, and boride TPLs with pcBN tools. The positive effect of oxygen 

when machining A718 with pcBN has been shown previously [65]. The solubility 

of B and N is low in A718, but the mobility of B is slightly higher than N. Boron 

reacts with oxygen to form B2O3, which melts around 450°C, BN is stochiometric, 

thus N forms N2 gas. These reactions occur at rather slow rates below 800°C [89], 

but constant abrasion can destroy the passivation B2O3 film seen in oxidation 

experiments [89]. However, the pressure in the cutting zone can reach several 

GPa, which would stabilize cBN, borides, and nitrides. This is seen in Paper VII, 
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where we compared vacuum annealing (10-1 Pa) of powders with high pressure 

annealing (2.5∙109 Pa) using in-situ EDXRD, high-pressure diffusion couples 

(2.5∙109 Pa), and thermodynamic calculations. The diffusion and interaction 

experiments in Paper VII show how cBN grains can diffuse into the Ni-alloy at a 

higher rate than the TiC binder, similar to the machining experiments of 17-4PH in 

Paper I. But nitrides of Ti and Nb and borides of Cr, Mo, and Nb as well as Al2O3 

form during these experiments. The turning experiments in Paper VIII with a 

similar tool material show that the Al2O3 and (Al,Cr,Ti)3O4 spinel, as well as 

(Ti,Nb,Cr)N, are the main contributors to the formation of TPL (Figure 32). 

Limited borides form because the mobility of B is high and because there is high 

chip flow and not as much adhesion as when machining Ti-alloys. 

 

 

Figure 32. HAADF-TEM, SAED, TEM-XEDS of TPLs, a) sandwich TPL of nitrides 

(Ti,Nb,Cr)N and oxides γ-Al2O3 / (Al,Cr,Ti)3O4, on pcBN tools during machining of Alloy 

718, b) an oxide Al2(Fe,Cr)O4 TPL on top of pcBN tool during machining of Hybrid 55 

Discussion and conclusion 

The solubility and mobility of tool elements such as C, B and N in the alloys must 

be low for a TPL to form, or there must be a lot of workpiece adhesion, so the 

solubility limit is reached. Oxide TPLs are preferable if they form due to 

workpiece oxidation rather than tool oxidation, as tool oxidation leads to wear. 

High melting point oxides are favored over soft glassy phases. Thermodynamic 

equilibrium calculations and calculating the normalized driving force has proven 

to be a good approximation for what will form in the cutting zone. The addition of 

pressure to modeling is important when assessing if an element will form a liquid 

or gas, as well as when comparing different phases with different molar volumes 

and compressibility. 
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Turning and milling are complicated processes, and we cannot model and measure 

the exact temperature, pressure, workpiece material flow, and wear rate. We can, 

nonetheless, optimize the tool binder, hard phase, and cutting conditions to 

promote TPL formation based on thermodynamic and kinetic modeling. We can 

also use electron microscopy and thermodynamics to translate results from 

diffusion couple studies to machining. Machining tests are needed, but the number 

of tests needed for finding optimal tool, workpiece, and cutting data combinations 

can be greatly reduced through the use of modeling. 

Machining Ti-alloys with PCD-Co instead of WC-Co leads to more TiC, which 

acts as a TPL due to increased carbon activity. Using Si-based ceramics to 

machine Hybrid 55 leads to glassy silica-alumina oxides and aggressive crater 

wear, while machining with (Ti,Al)N, Al2O3-TiC, and cBN-TiC produces Al2O3 

and Al2FeO4 TPLs. Si-containing tools should thus only be used to machine 

Hybrid 55 at low speeds, that do not lead to oxidation and diffusion, while 

(Ti,Al)N coated can only be used at high speeds as long as the coating is intact. In 

contrast, pcBN and Al2O3-TiC perform well under cutting conditions where 

oxidation, diffusion, and chemical degradation are active, both with and without 

coolant. A718 has the alloying to potentially form borides, nitrides, and oxides, 

but boride TPLs do not form due to the high chip flow and high mobility of B. The 

formation of nitrides is dependent on the high contact pressures, since N2 is more 

stable at low pressures. 

Both understanding and predicting the effects of changing the workpiece 

composition, tool material, and cutting conditions allows for much more extensive 

and faster screening of new workpiece-tool combinations and their optimal cutting 

conditions. 

Machinability improvement by TPL alloying 

Some research is available on the machining of high manganese austenitic steels, 

commonly called Hadfield steels [106], but very little has been done on machining 

using pcBN [107]. Machining with pcBN is common in industry to reach high 

material removal rates. The initial alloy contains Fe, Mn, C, Si, and Cr as well as 

some trace elements. It has very poor machinability and is used in safes and locks 

as an anti-saw and anti-drill material, but its main use is in heavy industrial 

applications and the rail industry. This is because it work hardens under impact, 

resulting in an increase in hardness from around 200 HV to around 450 HV, due to 

the transformation from austenite (fcc) to mainly ε-martensite (hcp) and some α’-

martensite (bcc). 

The tool material in the study is a high-cBN (90%) pcBN grade with an Al-based 

binder. The tool experiences a combination of crater and flank wear. The crater 
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wear weakens the cutting edge, which accelerates flank wear and occasionally 

leads to catastrophic tool failure where the whole cutting edge collapses.  

The aim of Paper X is to alloy the original manganese steel material so that a TPL 

can form to protect the tool from oxidation, diffusion, and chemical degradation. 

Alloying the original material with Al, Ti, V, Zr, Mo, Nb, and Ta, which are the 

eight most promising nitride, boride, and oxide-forming alloying elements, in steps 

of 0.1 at % from 0 to 3%, results in around 8.5∙1011 combinations. Being efficient 

and only testing with a fixed amount for every element would result in 255 semi-

random combinations. This is still a very large number of alloys to cast and do 

machining tests with. Many of these 255 alloys would be unoptimized and of 

limited value. Previous literature can help, but a lot of testing would still be 

needed.  

Computational power is then needed, but 8.5∙1011 is almost a tera-number of 

combinations, so brute force is possible but not wise. This is just for modeling the 

tool material against the alloy at one machining process condition. As a top up, 

changes in temperature, pressure, and oxygen availability will further need to be 

accounted for to evaluate the onset of diffusion, oxidation, chemical degradation, 

and TPL formation. 

We know that the Hadfield steel must be fully austenitic after quenching, 

containing a limited number of carbides, and should work harden during its use. 

Alloying cannot compromise the abrasive wear resistance and should not lead to 

excessive carbide formation. The alloying should also lead to a decrease in the 

permeability of B, N, and Al as well as to the formation of nitrides, borides, and 

oxides that are stable at cutting temperatures, pressures, and in a normal 

atmosphere.  

The first step was to determine the maximum amount of alloying that does not 

lead to carbide formation at the quenching temperature, which means calculating 

the maximum solubility of different alloy elements in the steel. This brings the 

number of combinations down from 8.5∙1011 to 184 million. The second step is to 

see what carbide-free combinations do not significantly change the work 

hardenability of the material, modeled by a change in stacking fault energy. This 

brings the number of combinations down from 184 million to 13 million.  
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Figure 33. Diffusion couple between a) reference alloy and cBN-Al2O3 tool, resulting in 

major diffusional loss of cBN and even reprecipitation of BN more than 50 µm into the 

steel, while b) Al-alloying leads to AlN and alumina oxide formation and limited 

diffusional loss of cBN. 

 

Modeling only the 255 maximum alloyed versions of these 13 million acceptable 

combinations against the tool material shows that only alloying with Al is very 

promising, as it lowers the solubility of all tool elements and forms oxides, 

borides, and nitrides. But it also shows that alloying with combinations of Al, Ti, 

Nb, and V shows some promise, while Zr, W, and Ta are too strong carbide 

formers and Mo forms a non-promising (Fe,Mo)2B. The maximum single-element 

alloys were also verified by diffusion couples (Figure 33).  
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Figure 34. The Al alloyed Alloy I results in the same mechanical properties and abrasion 

resistance as the reference but leads to a TPL formation and less tool wear, the carbide 

formation in Alloy II leads more flank wear at low speeds, but less crater wear at all 

speeds. 

 

This brings the total down from 13 million to 840 very promising combinations. 

The calculations verified by diffusion couples have narrowed the interesting 

alloying elements from eight to one very promising element (Al) and an additional 

three reasonably promising elements (Ti, Nb, V). A lot of casting and machining 

tests would still be needed if we want to evaluate all options in increments of 0.1 

at %, but this level of precision is not necessary given the insights gained from the 

calculations. The calculations showed the maximum amount of alloying that can 

be quenched, is abrasion-resistant, and is likely to form TPLs. The maximum 

amounts are extremes, as they require perfect quenching, may still lead to some 

carbide formation, and push the limits of how much one should change the 

stacking fault energy. 

We therefore decided to cast a reference, a moderately Al-alloyed (0.30 at. %) 

version and an Al, Ti, Nb, and V alloyed from the same melt, by consecutive 
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alloying. This modeled set of 840 interesting combinations could be compared to 

8.5∙1011 possible combinations at the start, and the set of two tested combinations 

could be compared to the 255 combinations “maximum alloy” combinations.  

The change in hardness, structure, and abrasion resistance was not significant 

between the reference and Al alloyed versions. An increase in Si was detected in 

the Al, Ti, Nb, and V alloyed material due to the slight collapse of the lining 

during casting. This led to the formation of abrasive carbide particles in the Al, Ti, 

Nb, and V alloyed material (Alloy II). This resulted in similar or slightly increased 

flank wear, but the crater wear decreased, and the wear was more predictable and 

stable, for this over alloyed case (Figure 34).  

However, both the reference and the Al-alloyed (Alloy I) was casted successfully. 

The tool life more than tripled between the reference and the Al-alloyed (Alloy I) 

version (Figure 34), due to the formation of alumina TPL during cutting (Figure 

35) as predicted in Paper X, also in agreement with the diffusion couples (Figure 

33). 

 

 

Figure 35. STEM-XEDS point measure, TEM-SAED, HAADF-STEM, and STEM-XEDS maps of 

alumina TPL formed on the tool during machining of Alloy I (Al-alloyed Mn-steel), due to alloying 

according to Paper X, resulting in improved machinability (Figure 34). Figure adapted from Paper X. 

Discussion and conclusion 

Paper X shows that it is not only possible to understand and predict wear 

mechanisms during cutting using thermodynamics, but also to predict which 

alloying, tool material, and pressure and temperature ranges will support the 

formation of a TPL. This allows for very efficient screening and a new method for 

improving machinability. 

This approach could potentially be used for pairing other alloys and tool materials. 

By understanding the limitations on how much an alloy and tool can be changed 

without degrading other properties such as hardness, corrosion resistance, or 

fracture toughness. The accuracy of this modeling will continue to improve when 

combined with other modeling methods and as measurement accuracy and our 

understanding of tool wear increases. 
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Conclusions  

Yesterday is history, Tomorrow is a mystery, but Today is a gift. That is why 

it’s called the Present. 

—Grand Master Oogway [108] 

Combining in-operando machining measurements (Papers III and IX) with in-situ 

imitational studies (Papers VII), post-mortem microscopy (Papers I-X), and 

thermodynamics (Papers II-X) allows for a deeper understanding of in-process 

interaction and tool wear occurring in machining. Thermodynamic modeling and 

kinetic simulations are crucial in steering the experiments and microscopy that 

should be performed. They can also serve as tools to explain observed 

experimental results and microscopy findings. 

The in-situ experiments in Paper VII, as well as the high-pressure and high-

temperature diffusion couple experiments in Papers IV, VI, VII, and X, would 

have been much easier to perform at ambient pressure. Ambient pressure does not 

result in, for example, the formation of nitrides, as nitrogen tends to form N2 gas at 

low pressure. High-pressure experiment must then be conducted to imitate the in-

process interaction during metal cutting which indeed has the contact pressure 

present for nitride formation Paper VIII. Measuring the in-operando temperature in 

Papers III and IX or machining in Ar in Papers III and IX is not a trivial task, but 

calculations show that temperature and oxygen availability are key to the onset of 

both wear and protection phenomena.  

Furthermore, combining advanced microscopy, experiments, and modeling 

provides new insights into in-process interactions. Because how can we determine 

what happened when the material we want to study has abraded away or diffused 

into the chip? SEM, TEM, and APT can show us the results from interactions at a 

nanoscale or even with atomic resolution but not in-process events. But combining 

these techniques with thermodynamics can fill in the gaps. The opposite is also 

true, we cannot possibly model everything, so we need to know what to focus our 

modeling efforts on, based on experiments and microscopy. For example, 

oxidation is important in milling Ti in Paper V, while the differences in 

permeability between Co and C are significant in turning Ti in Paper VI. 

The second research question focuses on prediction using the understanding 

gained from the first research question. Again, we cannot model the cutting 
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process without understanding it. There is no point in modeling oxidation if the 

tool lacks the necessary hardness and toughness to cut the workpiece. But the 

mechanical properties can locally degrade due to oxidation, diffusion, and 

chemical degradation. Predicting if the tool will suffer from oxidation is possible, 

as shown in Papers II-V and VIII-X. We can also predict which tool material is 

chemically more resistant to a particular workpiece material or NMI, and which 

element is likely to diffuse into a specific phase at a certain rate (Papers II-IV and 

VI-X). We can even predict what tool protective layers will likely form at what 

temperatures (Papers VI-X). These predictive thermodynamic models and kinetic 

simulations are not an exact science, but require knowing what to model based on 

experiments, microscopy, previous knowledge, or other types of modeling. 

Nonetheless, we can still use them to rank and to save time, money, and resources 

by testing only tool and workpiece combinations that are promising based on 

thermodynamics and kinetics. 

The first research question concerns incremental progress in the study of metal 

cutting. The second research question concerns the application of this knowledge 

to predict future outcomes. The third research question is really about moving 

from discovery to design using not only the PSPP relationships [12] and the ICME 

approach [13], but by combining the PSPP roadmap of the tool, workpiece, 

environment, and cutting parameters. Papers III and IV demonstrate how NMIs 

interact with the Al2O3 coating, which is generally considered inert, resulting in 

degradation into soft aluminates. This does not have to be the case if the 

non-metallic inclusions are Al-saturated, which is possible in this steel, as shown 

in Papers III and IV. Paper IX develops a method and demonstrates how to select 

tool materials to ensure the formation of a tool protection layer, which can only be 

done by understanding the tool-workpiece-environment interaction. Paper X 

further shows how to select a tool material and how to alloy a steel to form a TPL 

that triples the tool life without degrading the functional properties of the steel. 

Designing based on thermodynamics and verified by microscopy and experiment, 

rather than a conventional trial-and-error discovery, resulted in having to cast and 

machine two alloys to find a promising alloy, rather than testing 255 alloys and 

maybe finding a promising alloy. 

Improving machinability by forming tool protective layers is a relatively recent 

discovery [43,62,65,96–101]. While these TPLs were not coincidental by any 

means, they were not actively designed by setting boundary conditions for the 

requirements of the tool-workpiece-environment-cutting parameter combination. 

The answer to the fourth research question is connected to the three previous ones. 

Because we need to understand, predict, and/or design the right combination of 

tool-workpiece-environment-cutting parameters to achieve the desired in-process 

chemical interactions. Which lead to the formation of refractory phases and TPLs, 

thereby improving tool performance. This can, of course, be achieved without 

combining thermodynamics, focused experiments, and microscopy; however, it 
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will more often result in adhesion at low speeds and aggressive crater wear at high 

speeds rather than TPL formation, as observed in Paper I. In contrast, TPL 

formation was successfully used to improve performance in Papers VIII, IX, and 

X, and the work in Papers VI and VII explained the formation of TPL in [98] and 

Paper VIII respectively. 

Future work 

This thesis was an exploratory study that combined machining experiments, 

microscopy, and thermodynamic modeling. The aim was to understand, predict, 

and design combinations of tools, workpieces, environments, and, to some extent, 

cutting parameters that reduce wear caused by diffusion, chemical reactions, and 

oxidation. This was achieved either by limiting wear, promoting the formation of 

transfer layers of NMI, or creating TPLs, while exploring the possibilities of the 

techniques currently available to us. 

This work is a small but fascinating contribution to the field of metal cutting. 

Using the developed framework for more materials and studying its possibilities 

and limitations is of interest. The machining processes in the appended papers are 

primarily continuous and stable longitudinal turning with single-point tools in a 

laboratory environment. This is good for research, but exploring other materials, 

cutting conditions, and operations would be very interesting. Tool geometries were 

not fully explored, and the focus on cutting parameters was limited. There is 

considerable potential for adjusting other parameters beyond adjusting the cutting 

speed and toggling the coolant supply on and off. We can also further develop and 

use more advanced modeling techniques and microscopy, for example, accounting 

for grain boundary diffusion and using EELS to better measure light elements. 

But we can now, to some extent, already approximate and predict the requirements 

on tool, coating, and alloy combinations. An interesting next step would be to 

integrate these findings with other models of sintering, coating, casting, and 

machining which would provide deeper insights into how to develop tools and 

alloys that meet these combined requirements. Such as other thermodynamic 

models, finite element modeling, molecular dynamics, density functional theory, 

and more experiments to study the workpiece, tool, environment, and cutting 

conditions together and not separately. 
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A B S T R A C T

Polycrystalline cubic boron nitride (pcBN) is a very promising tool material for turning martensitic stainless 
steels at high cutting speeds (vc > 200 m/min). The competitive advantage of pcBN over cemented carbide in-
creases as the cutting speed is increased. Changing the speed might lead to a shift in the wear balance and hence 
the knowledge about tool wear below vc = 200 m/min might not be applicable at vc = 600 m/min. The coatings 
designed for the lower speed range might also not be performing in the same way at higher speeds. This paper 
investigates the wear mechanism of uncoated and (Ti,Al)N coated pcBN tools when turning 17–4 PH in a 
hardened condition at speeds vc = 200–600 m/min. Both scanning and transmission electron microscopy are 
used to study the worn tools. The in-depth analysis reveals that adhesive wear is only active at low speeds. 
Increasing the speed does however lead to more wear by diffusion and oxidation. The cBN is preferentially worn 
out, leaving the TiC binder at the tool-chip interface. Oxidation results in the accelerated wear of the pcBN but 
also in the formation of metal oxides within the adhered build up layer. The (Ti,Al)N coating does not signifi-
cantly extend the tool life within this speed range, but it suppresses the adhesive wear mechanism preventing 
premature tool failure.

1. Introduction

17–4 PH (SAE 630 / UNS S17400) is a martensitic stainless steel with 
good corrosion resistance and high hardness. It is mainly used in pro-
cessing industries, marine environments, and in engine or turbine 
components. Machining 17–4 PH in a hardened condition can be done 
using uncoated cemented carbide tools. But the optimal cutting speed 
for such process is below vc = 100 m/min [1], and the wear mechanisms 
are mainly mechanical (abrasion, adhesion, and fracture) [1–3]. There 
are limited studies of machining 17–4 PH in any condition with pcBN. 
The authors found one study using pcBN [4] which showed that it is 
possible to achieve a high surface finish at speed vc = 150–500 m/min 
during machining of hardened 17–4 PH, which avoids the need for 
grinding. The focus was on the surface quality and not the machining 
performance or wear mechanisms. There are a limited number of high- 
resolution microscopy studies, such as transmission electron microscopy 
(TEM), of worn pcBN tools used in machining any hardened martensitic 
stainless steels [5], and no studies of pcBN tools used at cutting speeds 
above vc = 200 m/min. It is not obvious that the wear mechanism are the 
same when cutting other materials with similar hardness but with 

different chemical compositions [6], similar composition but different 
hardness [7], or similar material but at a lower speed [5]. Not knowing 
the dominant wear mechanism and not understanding the wear pro-
gression makes it difficult to select the correct cutting conditions, tool 
material, tool geometry, and tool coating. Hence this investigation aims 
at providing an in-depth study of the wear mechanisms when turning the 
hardened martensitic stainless steel (17–4 PH) at high speeds using 
coated and uncoated pcBN tools.

2. Experimental details

Machining tests of longitudinal turning were performed on a DMG 
MORI NLX 2500 CNC machine. The same workpiece is used for all tests, 
it is a martensitic stainless steels 17–4 PH (SAE 630 / UNS S17400). The 
composition of the workpiece is shown in Table 1 and unetched 
microstructure in Fig. 1b. It was machined in a precipitation hardened 
condition, with a measured hardness of HRC 46. It contains mainly Nb 
nitrides but also Cr nitrides, there are also Cu rich and Mn, Ni, Si rich 
precipitates as well as of Al and Ca oxides (Fig. 1b).

Machining was performed with pcBN tools which consist of 50 % 
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cBN with an average grain size of 2 μm, and a ceramic binder whose 
main component is TiC. Lesser amounts of W and Al2O3 are present 
(Fig. 1a). The tools were used both uncoated and coated with a 
commercially available physical vapor deposited (PVD) (Ti0.45Al0.55)N 
coating. This coating is commonly used when machining similar stain-
less steels due to its hot hardness and oxidation resistance [8].

The inserts used have the CNGA120408S-01020-L1-B ISO geometry 
with two brazed pcBN tips to a carbide carrier. With a chamfer width 
and angle of 0.1 mm and 20◦ respectively. The toolholder with desig-
nation DCLNL2525X12-JETI was used in all tests. The toolholder has 
internal coolant channels allowing for the coolant to be supplied to the 
rake through two nozzles in a 3D-printed insert clamp and one nozzle 
directed at a flank below the insert. The coolant used is a 6 % oil-water 
emulsion (CIMSTAR 501FF) supplied only through the specified tool 
holder at 80 bars pressure. All tests are performed as longitudinal 
turning at a constant feed f = 0.1 mm/rev and depth of cut ap = 0.3 mm. 
Cutting speed between vc = 200 to 600 m/min were evaluated. This 
represents industrially relevant finishing conditions for this type of tool 
and workpiece material.

Three series of machining tests, further denoted as Test 1 to 3, are 
performed in this study at different cutting speeds to understand the 
effect of changing the cutting speed and the addition of a coating on tool 
wear mechanisms. Test 1 studies how the wear of pcBN tools changes 
with cutting speed for uncoated tools. This is done by studying the tool 
wear after a fixed cutting distance at different speeds, vc = 200, 300, 
400, 500, and 600 m/min. A distance of 2400 m is selected to be able to 
compare all speeds, as this is the maximum distance cut at vc = 600 m/ 
min. Test 2 investigates the evolution of the tool wear over time and 
quantifies the tool life at different cutting speeds for uncoated tools. The 
speeds investigated are vc = 200, 400, and 600 m/min. The tool life 
criterion is here defined as a flank wear width VBB = 200 μm, a crater 
wear depth KT = 90 μm. A larger flank wear (VBB) results in poor surface 
quality, and hence was avoided because one of the potential benefits of 
using pcBN is to avoid final grinding [4]. Larger crater wear (KT) as 
discovered experimentally in this study, results in an unpredictable 
catastrophic tool failure. These criteria are in accordance with ISO 3685 
- Tool life testing with single-point turning tool. Test 3 analyzes the ef-
fect of the addition of a (Ti0.45Al0.55)N coating on the wear mechanisms 
and machining performance of coated pcBN tools, using the same test 
strategic as in Test 1 and 2.

VBB is measured using an Olympus SZX7 stereo visible light micro-
scope (VLM). Crater wear (KT) is measured using focus-variation mea-
surements with an Alicona Infinite Focus 3D VLM which enables 
topographically sensitive measurements. VBB and KT are measured at 
the end of Test 1 and 3, but for Test 2 these wear criteria are measured 
continuously after every 600 m of cutting.

Further in depth analysis of selected tools is conducted on a scanning 
electron microscope (SEM) TESCAN Mira3. The SEM is equipped with a 
topography sensitive secondary electron (SE) detector, composition 
sensitive backscatter electron (BSE) detector, and X-ray energy disper-
sive spectrometer (XEDS) for measuring local chemical composition. 
This enables a spatially resolved study of the tool surfaces with respect to 
chemical composition and topography.

Lamellae for transmission electron microscopy (TEM) investigation 
is prepared by a lift-out procedure using a SEM equipped with a focused 
ion beam (FIB-SEM) FEI Nova NanoLab 600. TEM work is conducted on 
a JEOL 3000F. The TEM images presented in the paper are mainly 
STEM-HAADF images which are z-contrast sensitive. A XEDS detector in 
the STEM mode is used for measuring chemical composition. This en-
ables a highly spatially resolved investigations of the tool cross-sections 

with respect to structure and chemical composition.

3. Results

3.1. Results Test 1, different speeds same distance

Test 1 is aimed at investigating how the tool wear of uncoated tools 
changes with speed after machining a constant length or spiral distance. 
The speeds investigated are vc = 200, 300, 400, 500, and 600 m/min. 
The tool used at 600 m/min reached its tool life criteria after 2400 m in 
cut, this fixed distance is therefore used for comparison between all 
tools.

The main wear morphologies observed after the machining tests are 
flank wear (VBB) and crater wear (KT) (Fig. 2). The behavior of the 
crater on the rake is strongly dependent on the speed. At the lowest 
cutting speed of vc = 200 m/min, the crater is covering the entire tool- 
chip contact zone, including the chamfer. At the same time the width of 
the crater is the smallest. Furthermore, the crater width increases with 
speed seen in the 3D scans in Fig. 2. The crater is constrained to the tool- 
chip contact region outside the chamfer, and the chamfer remains intact, 
at higher cutting speeds, up to vc = 500 m/min. However, the chamfer is 
also worn out at vc = 600 m/min, as seen in both the VLM image (left) of 
the flank and the 3D scan (right) in Fig. 2. The crater depth KT and flank 
wear VBB do not significantly vary between speeds 200–400 m/min, 
which is more surprising. There is even a slight decrease in the KT and 
VBB at a cutting speed of vc = 300 m/min, as compared to 200 m/min. 
This suggests a shift in the dominating wear mechanism, since higher 
speeds generally results in more wear keeping other things fixed.

The cutting edge of the uncoated pcBN tool used at vc = 200 m/min is 
unevenly worn suggesting some form of adhesion wear, as compared to 
the tools used at 300–600 m/min, all resulting in an evenly worn cutting 
edge. The flank wear VBB increases almost linearly with speed within the 
range of 300–600 m/min. While the crater wear KT accelerates at vc =

500 m/min and rapidly increases at vc = 600 m/min, leading to the 
crater consuming the chamfer and reaching the flank, see Fig. 2.

3.2. Results Test 2, tool life at different speeds

Test 2 is subsequently aimed at investigating the evolution of tool 

Table 1 
Composition of 17–4 PH. All numbers in wt%.

Fe C Mn P S Si Cr Ni Cu Nb, Ta

bal. <0.07 <1.0 <0.04 <0.03 <1.0 15.0–17.5 3.0–5.0 3.0–5.0 0.15–0.45

Fig. 1. SEM-BSE image of a) tool material and b) workpiece material. The main 
constituents in the pcBN are cBN and TiC, with lesser amounts of Al2O3 and W. 
The workpiece contains some NbN and Al2O3 as well as intermetallic pre-
cipitates and calcium oxides.
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wear during the tool engagement time and exploring the tool life at 
different cutting speeds and if there is a shift in the dominant wear 
mechanism with changing the speed. Flank and crater wear is still the 
dominating wear mechanism. But in some cases, an insignificant 
notching on the major cutting edge could be observed – i.e. at the depth 
of cut line. Edge chipping was also observed in cases of excessive cra-
tering. Occasionally, catastrophic edge failure occurred if the machining 
was continued after the edge chipping was detected.

The tool life at vc = 600 m/min was already reached in Test 1. 
Because the uncoated pcBN tool suffered from aggressive crater wear. 
The crater consumed the chamfer and had reached the flank wear land. 
Turning at vc = 400 m/min resulted in progressive flank wear and was 
stopped after 8.5 km of machining due to the flank wear reaching the 
wear criterion of VBB = 200 μm. Crater wear at the end of tool life was 
KT = 76 μm, see Fig. 3. Machining at the lowest speed, 200 m/min, 
resulted in a severe edge chipping between 8.5 and 9 km of machining 
(Fig. 4). The size of the resulting chipping led to a VBBmax of 480 μm, 
while in the VBB was 138 μm in the regions of a uniform wear and KT =
53 μm. The cutting edge line of the pcBN tool used at 200 m/min is 
jagged and unevenly worn indicating adhesion and pluck out of the tool 
material during turning. Hence, understanding the wear mechanism 
behind the flank wear and crater wear are both of interest.

3.3. In-depth analysis of wear mechanisms for Test 1 and Test 2

The flank wear is significant on all tools at all speeds, but the 
mechanism is not necessarily only an abrasive wear mechanism. A 

limited number of distinct scratches are detectable on the flanks of the 
tools, the flanks appear to have smooth groves instead of distinct 
scratches (Fig. 5). The microstructure of the 17–4 PH workpiece material 
(Fig. 1b) contain only a limited number of hard particles such as NbN 
and Al2O3 which has a hardness comparable to the phases in the tool 
material (Fig. 1a). Therefore, the flank wear most likely originates due to 
a combination of several mechanisms. The smooth grooved appearance 
is most likely due to abrasion and diffusion wear by the martensitic 
matrix [9], or can be associated with preferential diffusional wear 
around cutting edge defects [10]. The few scratches can be due to the 
harder NbN and Al2O3 inclusions [9] as well self-abrasion by loose cBN 
particles which plough the flank resulting in some scratches [11].

Generally speaking, the gradual increase in wear between vc = 300 
and 600 m/min can be explained by more aggressive conditions leading 
to higher process temperature and to more wear, both crater and flank 
[12,13]. But further in-depth microscopic analysis of the worn tools is 
needed to understand why the speed vc = 200 m/min resulted in the 

Fig. 2. Tool wear after 2400 m at different speeds. The left column is VLM 
images of the flank, used to measure VBB. The right column is the corre-
sponding 3D scan used to measure KT; the color scale is normalized for every 
image. The crater width increases with speed, but not necessarily flank width 
and crater depth.

Fig. 3. Tool life at different speeds. Turning at 600 m/min resulted in 
aggressive cratering. 200 m/min and 400 m/min resulted in progressive flank 
and crater wear. There was a sudden edge failure between 8.5 and 9 km during 
machining at 200 m/min indicated by a star.

Fig. 4. Comparison between 200 and 400 m/min. Top images are VLM for the 
two speeds, bottom image is the corresponding 3D scan; the color scale is 
normalized for each image. The tool used at 400 m/min experience progressive 
flank wear and a growing crater. The tool used at 200 m/min was less worn at 
equal distance, but the cutting edge was unevenly worn, and the edge failed at a 
lower KT and VBB than the tools at other speeds. 600 m/min is shown in Fig. 2.
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unexpected edge failure at a much lower VBB and KT and why there is a 
slight decrease in the wear when the speed is increased from speed 200 
m/min to 300 min/m.

The crater wear on all tools has indications of wear by diffusion, 
oxidation or chemical reactions leading to the degradation of the tool 
material. SEM revealed that there is a significant difference in the wear 
pattern between the tool used at 200 m/min and the tools used at speeds 
above 300 m/min. There is substantial adhesion and pluck out of pcBN 
at vc = 200 m/min, especially in the region where the cutting edge 
chipped and failed (red region Fig. 6). The rake, and also the chamfer 
has areas of adhered metal and areas where the tool material has been 
plucked out both microscopically and similarly to flaking. There is also a 
region in the crater where there are limited signs of adhesion, but rather 
a mix of oxides which did not suffer from cratering to the same extent as 
the rest of the contact zone (yellow region Fig. 6). This adhesion and 
pcBN pluck out explain the uneven appearance of the cutting edge in 
Fig. 4.

The tools used to machine at speeds vc = 300–600 m/min have no 
signs of similar adhesion leading to severe cratering and pcBN pluck out, 
as in the red region Fig. 6 for vc = 200 m/min. Three distinct features are 
visible using SEM which are the same in the whole contact zone of the 
rake on the tools used at speeds 300–600 m/min. The cBN grains and TiC 
binder is visible in the rake wear scar, but there is also a thin build up 
layer or tribo film of the workpiece material with a significant oxygen 
content (Fig. 7). This is similar to the yellow region at 200 min/min seen 
in Fig. 6. The main difference between the wear scars for the different 
speeds is the extend and appearance of the adhered build up layer (BUL) 

and amount of oxidized wear features and the degree of their oxidation 
(Fig. 7). Additionally, it is seen that the cBN phase is less visible than the 
binder, this difference is most pronounced for the higher cutting speeds.

Fig. 8 shows an overview of the rake at 400 m/min after 1800 m, it is 
representative of the rake of the tools at the other speeds and cutting 
distances. The change in acceleration voltage (HV) from 30 kV to 8 kV 
shows how the build-up layer or the film of adhered material is thinnest 
close to the cutting edge, in particular on the chamfer (Fig. 8). Two TEM 
lamellas are extracted from a tool to further study of the wear scar 

Fig. 5. SEM images of the worn edge of a tool machined at 400 m/min after 
1800 m. a) Overview of the rake, b) topography sensitive SEM-SE image of the 
chamfer and flank, and c) z-contrast sensitive SEM-BSE image of the same area. 
The flank at other speeds has a similar appearance.

Fig. 6. Rake after 9 km of cutting at 200 m/min. SEM-BSE image with corresponding XEDS maps and point measurements of O in at. %. There is one area in the 
contact zone with lots of adhesion and peel-off with limited O signal, marked in orange, this is where the tool edge failed. The other area marked in yellow in the 
contact zone is covered with metal and some oxygen. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 7. BSE-SEM of the rake at different speeds. The features are identified 
using XEDS. Which are (1) steel with oxygen the bright areas, (2) binder the 
grey areas, and (3) cBN the black areas.

Fig. 8. BSE-SEM at 30 and 8 kV and XEDS maps of a tool machined at 400 m/ 
min after 1800 m. The tool is covered with a thin layer of oxygen and steel, 
which is different from tools machined at 200 m/min, but similar to tools 
machined at 300–600 m/min. A and B indicate the location of the extracted 
TEM lamellae.
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features. The regions are from an area with a thick build up layer, the 
exact location is indicated in Fig. 8.

Fig. 9 shows that the bright features in Fig. 7 and 8 are not monolithic 
oxide products of the steel but rather a mechanical mixture of original 
17–4 PH steel with an Fe, Cr, and Mn rich oxide O. The oxides are thin, 
less than 10 nm thick in Fig. 9 making them hard to identify by 
diffraction, but STEM-XEDS suggest that the oxide is the spinel phase 
(Fe,Cr,Mn)3O4. The difference in the microscopy z-contrast in the top 
part of the adhered layer is not a difference in thickness, but rather a 
difference in composition where brighter-contrast areas are steel, and 
the darker areas are oxides.

Fig. 10 give evidence to explain why there is much less cBN visible in 
the SEM images compared to binder (see Fig. 7), whereas the pcBN 
microstructure consists of an equal volumetric mixture of binder and 
cBN grains (see Fig. 1). It seems that the TiC and Al2O3 binder phases are 
more resistant to oxidation, diffusion, and chemical degradation while 
the cBN phase is preferentially removed and replaced by the steel at the 
tool-workpiece interface surface. Such preferential removal of cBN 
phase has been earlier reported in machining austenitic [7] and 
martensitic [14] workpiece materials where the diffusion dissolution 
rate of cBN exceeds the dissolution of the binder phases, hence resulting 
in the preferential wear. There is also CaO which might act as a diffusion 
barrier for a further attack on the cBN grains [7], but the amount of such 
phase in 17–4 PH is very limited compared to usual inclusion engineered 
steels. Consequently, CaO has only a sparse presence on the tool- 
workpiece interface (Fig. 10).

Fig. 11 confirms the formation of a metal oxide, most likely (Cr,Mn, 
Fe)3O4 spinel, as a result of the oxidation of the 17–4 PH steel. The spinel 
is richer in Cr and Mn compared to Fig. 9. It also further confirms the 
preferential attack on cBN over TiC and Al2O3. These features suggest 
that wear by oxidation and diffusion is acting simultaneously. However, 
no oxides of the tool material phases or oxidation products (i.e. B2O3 or 
TiO2) are identified, most likely because B2O3 and TiO2 are immediately 
abraded away due to their very low strength and hardness [14], but the 
presence of metal oxide spinel confirms the oxidation taking place in the 
cutting zone [6,15]. No reaction products such as nitride, borides, car-
bides are identified while preferential wear of cBN is clear, hence 
diffusion wear is dominant over chemical degradation and formation of 
reaction products [16].

3.4. Test 3 addition of coatings

The addition of a (Ti45Al55)N coating to the pcBN insert leads to 
improvement in the tool performance at the tested speeds after 2400 m 
(Fig. 12). The flank wear VBB is less at vc = 200 m/min than 300 m/min, 
which was not the case for the uncoated tools, see dashed lined bars 
graphs in Fig. 12 or Fig. 3. This suggests that the coating protects the tool 
from the adhesive wear seen on the uncoated tool at vc = 200 m/min.

This effect is of course only while the coating is intact. The coating is 
rapidly consumed in the crater and hence there is modest improvement 
in KT. However, the coating survives on the part of the chamfer not 

Fig. 9. STEM-HAADF image and STEM-XEDS line scan of region in lamella A 
from Fig. 8. The adhered material is not one layer but a mixture of steel and 
metal oxides.

Fig. 10. STEM-HAADF image and STEM-XEDS maps of a region in lamella B 
from Fig. 8. The cBN is replaced by the steel/oxide due to diffusion and 
oxidation. The TIC binder is more resistant to this type of wear.

Fig. 11. STEM-HAADF image and STEM-XEDS maps of a region in lamella B 
from Fig. 8. Both TIC and Al2O3 from the binder is more resistant to wear in the 
crater than the cBN grains.

A. Bjerke et al.                                                                                                                                                                                                                                  International Journal of Refractory Metals and Hard Materials 127 (2025) 106984 

5 



consumed by the crater, and this is true at all cutting speeds. Fig. 13
shows the intact coating on the chamfer at vc = 400 m/min compared to 
the uncoated tool. The chamfer region seems to coincide with the 
sticking zone where the tangential stress has a plateau as a result of an 
intense adhesion between the tool and workpiece material and internal 
material flow [12,13]. However, the adhesive wear mechanism regis-
tered for the uncoated pcBN tool at speed of vc = 200 m/min (Fig. 6) is 
not detectable on the coated tool at any speed. Consequently, there is 
less edge chipping detected on (Ti45,Al55)N coated pcBN at the speed vc 
= 200 m/min.

But there is not a significant improvement in performance of the tool 
life (Fig. 14), since the coating only survives on the chamfer. The 
chamfer will also eventually be consumed when the crater wear expands 
towards the edge line and wears out the remnants of the chamfer as seen 
in one location in Fig. 13. This is the reason for the edge fracture 
observed for the (Ti45,Al55)N coated pcBN tool at vc = 400 m/min 
(Fig. 13 and 14). Removal of the chamfer and the presence of the crater 
right at the cutting edge creates a positive rake angle as opposed to the γ 
= − 26◦ for the new tool. Consequently, the created positive rake angle 
produces a weaker tool geometry which fails under the mechanical load. 
But the exact time of the edge failure was not predictable. This applies to 
both coated and uncoated tools. But this is different from the adhesion 
seen when machining an uncoated tool at vc = 200 m/min which 
resulted in a failed edge (Fig. 6), comparing with Fig. 13 at vc = 400 m/ 
min which has a failed edge but show no signs of adhesion.

4. Discussion

Flank wear is present at all speeds and appears as polished grooves 
(Fig. 2, 4, and 5). Abrasion alone does not contribute to the development 
of flank wear VBB (Fig. 2,3, 4, 12, and 14). The hardness of the 17–4 PH 
after the heat treatment is rather modest (HRC 46) compared to cBN, TiC 
and Al2O3 (Fig. 1). However, the NbN and Al2O3 in the steel (Fig. 1b) 
have high enough hardness to possibly abrade the pcBN, or at least the 
binder phases of TiC and Al2O3. The worn insert flanks in this study are 
more similar in appearance to martensitic steels containing no pre-
cipitates then martensitic steels containing a high concentration of hard 
precipitates, a comparison is shown in [9]. Hence the flank wear is due 
to a combination of abrasion, adhesion, and diffusion wear by the 
martensitic matrix [9], diffusional wear around cutting edge defects 
[10], abrasion by hard precipitates [9], and self-abrasion by loose cBN 
particles [11].

There are definite signs of oxidation wear mechanisms on the rake 
confirmed by the formation of oxidation reaction products of the 
workpiece material adhered to the tool surfaces [4,6] (Fig. 9–11), which 
are not present in the original steel (Fig. 1b). B2O3 and TiO2 which are 
potential oxidation products of the pcBN phases may have formed, but 
cannot be conclusively detected with the advanced microscopy as they 
are of very low hardness and will be instantly abraded away [14,16].

There is also evidence of a diffusional attack on cBN (Fig. 9–11). 
Chemical degradation of the tool may potentially be present due to re-
actions between the tool and steel such as the formation of metal borides 
and nitrides which are not as wear resistant as the original tool material 
[6], however none of such products have been found on the tools surface 
and the tool-chip interface. This suggests that the diffusional rate is high, 
and such products never form as the concentration of nitrogen or boron 
is insufficient, or that these phases form but are instantly abraded away 
[14–16].

The cBN is preferentially worn over the TiC binder (Fig. 9–11) which 
explains why more TiC is visible on the surface than what could be ex-
pected (Fig. 7). This is not unexpected [6], but the extent and absence of 

Fig. 12. Tool wear after 2400 m at different speeds of coated tools. Solid bars 
are coated tools, and dashed bars are for uncoated tools for comparison, also 
in Fig. 3.

Fig. 13. BSE-SEM images of a coated and an uncoated tool at cutting speed 
400 m/min. The coating on the chamfer is intact, until the crater consumes 
the chamfer.

Fig. 14. Tool life at different speeds of coated tools. Solid lines represent 
coated tools, the same-colored dashed line represent the same speed but un-
coated tool (from Fig. 3). The star represents a broken edge.
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any formation of reaction between tool and steel would be hard to 
predict without experimental investigation and thermodynamic calcu-
lations [16]. Fig. 15 shows a simple schematic of the wear mechanism on 
the rake, summarizing the conclusions drawn from SEM images in Fig. 5 
and 7 as well as TEM images in Fig. 9–11.

Adhesion and tool material pluck out is only observed on uncoated 
tools at speed 200 m/min (Fig. 6). There is a shift of the wear balance 
when the speed increases (Fig. 2). The shift in wear is from the adhesive 
wear mechanism to more wear by diffusion and oxidation. These ob-
servations follow the conventional relationship [12,13] between the 
wear mechanisms and the cutting speed and process temperature. The 
onset of the intensive oxidation seems to create two effects, the build-up 
layer with mixed in oxides (Fig. 8–11) softened due to the temperature 
and is weakened by the extensive amount of spinel oxides. All such ef-
fects contributing to lowering the pcBN pluck out, but it also leads to 
more cratering due to rapid oxidation of the cBN and binder phases and 
their removal alongside with the diffusional dissolution [7]. The 
extreme cases being 600 m/min (Fig. 2). This shift away from adhesion 
at increasing speeds is well known [17], but the results of the current 
study reveal the exact range for the given tool-workpiece pair. Fig. 16
shows how the crater is located on the chamfer at low speeds creating a 
weaker cutting edge compared to higher speeds, shown in in detail in 
Fig. 2, 4–8.

The flank wear VBB and crater depth KT wear criteria do not fully 
enable an accurate prediction of the tool life due to edge fracture. VBB is 
a good indicator of the quality of the machined surface, the KT has been 
instrumental in assessing weakening of the edge geometry. However, the 
cutting edge did fail twice (out of 12 tests) before either of the wear 
criteria was met. This is because the growth of the crater and flank wear 
leads to the removal of the chamfer. The crater is then at the cutting edge 
which creates a positive rake angle producing a weaker tool geometry, 
which sporadically fails under the mechanical load. Tools without a 
chamfer were also assessed in a pre-study but failed rapidly, due to the 
weaker tool geometry even without significant crater wear.

Hence an additional wear criterion might be appropriate to avoid 
sporadic edge failure, such as crater front distance (KF) [7,18]. This is 
true particularly for the cases where the edge failures occurred due to 
the crater consuming the chamfer as seen in (Fig. 4 and 13). The 
importance of the intact chamfer can be expected from similar 
machining experiments [7], but it is difficult to predict the extent of this. 
Fig. 17 schematically shows how the crater consuming the chamfer led 
to a positive rake angle and weaker tool geometry also seen detail in 
Fig. 2, 4, 6, 13 and 14.

The (Ti,Al)N coating survived on the chamfer (Fig. 13 and 18). This 
changes the wear pattern especially at speed 200 m/min. But the coating 
did not survive on either the tool flank or in the crater and if the chamfer 
is consumed (Fig. 17). A larger test matrix is needed to investigate this 
resistance to adhesion and if this protection of the chamfer leads to 
significantly less sporadic edge failures. The results also suggest that the 

coating might affect the performance at more moderate speeds.

5. Conclusion

Turning 17–4 PH in a precipitation hardened condition (HRC 46) 
within a high-speed machining regime of vc = 200–600 m/min can be 
done successfully with pcBN tooling for a machining distance of 2.5 to 
10 km with less than 200 μm of flank wear (Fig. 2 and 3). This allows for 
faster cycle time and longer tool life compared to cemented carbide, 
with the possibility to avoid heat treatment post-machining and final 
grinding.

The wear mechanisms are not the same across the speed range. Flank 
wear is present at all speeds, but the nature of the smooth grooved 
appearance with a limited number of scratches is not only abrasive. It is 
most likely due to a combination of abrasion, adhesion, and diffusion. 
The few scratches can be due to the harder NbN and Al2O3 inclusions, as 
well self-abrasion by loose cBN particles which plough the flank 
resulting in scratches.

The tool material loss by adhesive wear and edge failure was 
observed only on the uncoated tool at the speed of vc = 200 m/min 
(Fig. 6 and 16). The cBN grains are worn faster than the TiC binder 

Fig. 15. Wear mechanism. A film consisting of a mixture of metal and metal 
oxide is formed on the tool, increasing in thickness with speed. There is also 
preferential attack on cBN grains over the TiC binder.

Fig. 16. Wear at different speeds. The crater is located on the chamfer at low 
speeds, leading to sporadic failure, it also suffers from more adhesive wear. The 
crater is located behind the chamfer at higher speed, and the tool suffer from 
more wear by diffusion and oxidation.

Fig. 17. The change in rake angle due to crater wear. Severe crater wear leads 
to the chamfer being consumed. Creating a positive and weak rake angle. 
Leading to sporadic failure. KF should be monitored in addition to VBB and KT.

Fig. 18. The effect of the addition of a coating. The coating does not survive on 
the flank or in the crater but protects the chamfer.
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(Fig. 9–11 and 15), due to a higher rate of oxidation and diffusion. These 
mechanisms contribute to the accelerated wear with the increase of the 
cutting speed which eventually results in the severe cratering at 600 m/ 
min within 4 min of machining (Fig. 2 and 3). The oxidation process 
primarily affects the adhered build up layer at speeds of vc = 300–500 
m/min the, resulting in formation of metal oxides, such as (Cr,Mn, 
Fe)3O4 spinel (Fig. 7–11).

The intactness of the chamfer is of importance, because the removal 
of the chamfer by adhesion at low speeds (vc = 200) or a growing crater 
at higher speeds (vc = 300–600 m/min), leads to a positive and weak 
rake angle leading to sporadic edge failure. In this way the chamfer and 
crater front distance KF should be measured and monitored alongside 
the VBB and KT (Fig. 17). The tool should be exchanged when the crater 
and flank wear consume the chamfer monitored by KF, to prevent a 
spontaneous edge failure.

The (Ti,Al)N coating plays a role in suppressing the adhesive wear 
mechanism at vc = 200 m/min but it also remains intact on a part of the 
chamfer not consumed by the crater or flank wear at all speeds (Fig. 13 
and 18).
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A B S T R A C T   

Non-metallic inclusions offer one of the most effective routes for improving the machinability of steels. However, the wear-reducing mechanisms activated by such 
inclusions are not fully understood. The interactions are notoriously difficult to predict due to the wide variety of steel grades, cutting conditions, and tool materials 
employed in industry. The interaction between PVD (Ti,Al)N coated cemented carbide tools, non-metallic inclusions, atmospheric oxygen, and the stainless steel 
316L in a turning operation is therefore investigated here as a case study. The study includes turning experiments, nanometer resolution microscopy, and ther-
modynamic calculations. The paper explains how not only too high a contact pressures hinder the formation of protective deposits at the tool edge, but also how too 
low a contact pressure leads to excessive wear. A range of conditions specified in this paper must therefore be met for the two observed protective non-metallic 
inclusions Mg1Al2O4 and Al2Ca2Si1O7 to be preferentially deposited on a tool. Hence the coating wear is experimentally investigated, explained, and a thermody-
namic calculation method for predicting the protective or degenerative potential of a deposit on the coating is presented.   

1. Introduction 

(Ti,Al)N coated carbide tools are often used in the metal cutting in-
dustry when turning stainless steels [1,2]. Physical vapor deposited 
(PVD) (Ti,Al)N coatings are known to have superior hot hardness and 
improved oxidation resistance to other common Ti-based coatings, such 
as TiN, TiC, and Ti(C,N) [3,4]. 

Non-metallic inclusions (NMI) are an inherent part of the steel- 
making process. Controlling their distribution, composition and 
morphology is a common method for improving machinability and 
castability. However, the inclusions often have a negative impact on the 
corrosion and mechanical properties of the material [5]. Inclusion en-
gineering can improve machinability by decreasing abrasive tool wear, 
easing chip formation, improving the tribological contact, and forming 
chemically protective deposits on the tool [6–8]. Inclusion engineering 
for improved machinability was initially developed for uncoated 
cemented carbide and high-speed steel tools [9–11]. 

Inclusion engineering has also been used to improve machinability 
when turning with coated tools. Nordgen and Melander [12] studied 
multilayered TiC-Al2O3-TiN coated tools during turning of Ca-treated 
quenched and tempered steel. They concluded that MnS inclusions 
contribute to machinability at low cutting speeds, and calcium sulfides 
and calcium aluminates at higher speeds. Ruppi et al. [13] compared 

chemical vapor deposition (CVD) coatings of TiC, Ti(C,N), TiN, and 
Al2O3 types when turning Ca-treated quenched and tempered Al-killed 
steels. They noted that the protective and degenerative action of the 
deposits depends on the hardness and chemical composition of the NMI 
in relation to the hardness and chemical stability of the coating. Larsson 
and Ruppi [14] also used transmission electron microscopy (TEM) to 
investigate the relationship between steel inclusions and deposits on 
tools. They observed that cubic (Ca,Mn)S and hexagonal Ca1Al12O19 
were the most significant inclusions contributing to the adhered layer at 
higher speeds. The distribution and thickness of adhered materials on Ti 
(C,N)-Al2O3-TiN coated tools when machining Ca-treated 316L has also 
been studied using laser ablation time-of-flight mass spectrometry 
(LA-TOMS) [15,16]. These studies showed that the inclusions were 
thickest where the temperature was around 800 ◦C in the second half of 
the tool–chip contact area, and not at the maximum temperature in the 
first half of the chip contact area. The combined results from these 
studies show that inclusion deposits can function both as mechanical 
and diffusion protection layers when machining inclusion engineered 
steels using Al- and Ti-based nitride coatings [13,14,17–20]. However, 
the distribution, type, and thickness of the layers depend on the tool, 
steel, and cutting conditions [15,16]. 

Certain tool and coating materials are not compatible with certain 
types of inclusions. Studies by Narutaki and Murakoshi [21] and Brandt 
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and Mikus [22] compared cemented carbide and Al2O3 ceramic tools 
with an addition of TiC when turning steels with and without inclusion 
engineering. The results highlighted the importance of pairing the cor-
rect tool material with the correct inclusion type. Silicon- and calcium 
oxide inclusions increase the degradation of the aluminum oxide tool 
material [21,22]. This was also observed on the rake of the tool in recent 
studies when machining inclusion engineered steels with alumina 
coated tools [23,24]. The CVD Al2O3 coating reacted with the steel, air, 
and inclusions during turning, and formed a less wear resistant aggre-
gate of complex oxides, leading to rapid tool wear [23]. The explanation 
offered and shown by experiments and calculation [25] was that there is 
a positive thermodynamic driving force for the CVD Al2O3 coating to 
react with the steel, air and inclusions. This reaction degrades the Al2O3 
coating into softer mixed oxides. One type of deposit can act as a 
diffusion barrier for one tool material while degrading another tool 
material, because the elements in one coatings might be able to diffuse 
well in the deposit, while the elements in another coating might not be 
able to diffuse in that deposit at all (differences in mobilities) and some 
coatings cannot react with the deposits while other coatings readily 
react (differences in reactivity) [25–28]. However, this has not been 
thoroughly investigated for the industrially common (Ti,Al)N coated 
tools, using the combination of thermodynamics and experiments. 

The effectiveness and performance of a specific inclusion type will 
thus change from case to case, depending on the interplay between the 
cutting conditions, tool material, and workpiece material. For example, 
a Ca-treatment can improve the machinability of a stainless steel using a 
TiN coated tool [13], but can lead to increased rake wear of alumina 
coated tools during machining of a low alloy steel [24]. 

High resolution microscopy studies of turning steels with (Ti,Al)N 
based coatings have observed adhered steel and inclusions on top of the 
coating [19,29–31]. These studies have mostly focused on the perfor-
mance of the coating, and not on the interplay between the deposits and 
adhered material with the coating. Thus while inclusions and steel have 
been shown adhered to (Ti,Al)N based coatings, how the (Ti,Al)N 
coating interacts with inclusions and steel deposits has not been suffi-
ciently investigated. Without this knowledge it is difficult to model and 
predict the mechanism of tool wear in order to properly pair the correct 
inclusion engineering steels with (Ti,Al)N tools. An incorrect choice 
risks the inclusion consuming the coating, rather than protecting it. The 
difficulty increases further when dealing with doped, multilayered, and 
nanolayered (Ti,Al)N coatings. 

Therefore this work specifically studies how the coating interacts 
with adhered steel and inclusions for a (Ti,Al)N coated tool. The study 
investigates differences across the tool rake face and how they change as 
the wear progresses. The investigation will include why and how certain 
materials adhere to the rake and degrade or protect the coating. This is 
achieved by employing scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) combined with thermody-
namic calculations. This combination of electron microscopy and ther-
modynamics show how the interaction between the coating and the 
adhered material can be predicted. 

2. Methods 

Prodec® 316L, an austenitic machinability-improved stainless steel 
with controlled distribution and morphology of NMIs, was used for the 
machining tests. The chemical composition of the 316L steel is provided 
in Table 1. The NMIs in this steel are MnS and various complex oxides of 
(Ca, Si, Al, Mg)xOy. This enables the study of how a variety of inclusions 
interact with the coating during turning. 

A cemented carbide tool with a PVD cathodic arc (Ti45Al55)N coating 
deposited by the method outlined in Ref. [30] was used. The tool has the 
ISO CNMG120408-MF1 geometry, and was used with the tool holder 
PCLNL2525M12. Longitudinal turning was done on a CNC lathe SMT 
500 (70 kW) with flood coolant consisting of a 6% oil-water emulsion 
supplied at 8 bars pressure. Cutting conditions were selected to provide 
sufficient tool life to investigate the onset of wear, medium coating 
degradation, and severe coating degradation and to reflect actual pro-
duction usage. This was done using iterative testing initially based on 
tool and steel manufacturers recommendations. Thus, a feed of f = 0.2 
mm/rev, a depth of cut ap = 1.5 mm, and a cutting speed of vc = 185 
m/min were selected, which provides a coating life of at least 15 min. 
The tool life is longer, meaning that the tool can be used further after the 
coating is worn through, but this is not the focus of this study. Three 
separate machining tests with engagement times of T = 2, 6.3, and 15 
min were performed to represent different states of coating wear. A new 
tool was used each time. 

The coating wear was examined using a SEM (TESCAN Mira3) 
equipped with secondary electron (SE), backscatter electron (BSE) and 
X-ray energy dispersive spectroscopy (XEDS) detectors. SEM images are 
acquired using 10 keV and 30 keV is used to make more quantitative 
XEDS measurements. Lamellas for TEM investigation were prepared by a 
lift-out procedure using a focused ion beam (FIB, FEI Nova NanoLab 
600). A TEM (JEOL 3000F) equipped with XEDS was used to investigate 
the lift-out lamellas. Scanning transmission electron microscopy (STEM) 
micrographs were obtained using both low-angle (LAADF) and high- 
angle annular dark field detectors (HAADF). Selected area electron 
diffraction (SAED) was also undertaken to achieve high resolution and 
in-depth understanding of the tool and deposit interaction. 

The thermodynamic calculations were performed using the CAL-
PHAD method, which enables the calculation of phase equilibria of 
multicomponent systems. Thermo-Calc® was used for these calculations 
[32] using the TCFE12 and TCOX11 databases. This enabled the study of 
the chemical stability and the driving force for degradation of the 
coating in contact with the steel, inclusions, and oxygen. 

3. Results 

Flank wear remained marginal compared to rake wear throughout 
the turning test, and the main coating damage was sustained on the tool 
rake surface. The edge region of the tool rake suffers from mechanical 
failure, leading to partial delamination of the coating. The cemented 
carbide substrate on the edge is exposed, and then covered by inclusions 
and adhered steel. The initial adhesion and delamination is likely due to 
the edge experiencing the highest normal stress and hence contact 
pressure [33,34]. This leads to mechanical spalling of the coating and 
adhesion to the substrate [35]. This edge delamination is similar to the 
results of Wiklund et al. when turning 316L using TiN tools [35]. They 
showed that adhered Fe acts as preferential sites for more adhesion, 
which leads to more coating delamination. The edge of the tool with 
exposed cemented carbide substrate becomes covered with adhered 
metal. The edge of the tool then acts like an uncoated tool, as has been 
studied elsewhere [7,26,36]. 

The analysis of the progression of coating wear in this study is 
therefore mainly focused on three areas on the rake. The wear pro-
gression is the same within each area, but differs between the areas. 
Hence studying each area separately and investigating it progressively, 
makes the analysis more coherent. The areas are: P – the periphery of the 
contact area, Max – the area of maximum chip thickness, and Min – the 
area of minimum chip thickness. These are shown in Fig. 1. Separating 
the tool into the. 

The thermodynamic calculations are focused on how the chemical, 
oxidation, and diffusion wear differ and progress in these areas. The 
highlights from the analysis of the progression of wear are described in 
sections 3.1 Onset of coating wear, 3.2 Medium coating degradation and 
3.3 Severe coating degradation. For additional data, refer to the 

Table 1 
Chemical composition of 316L, wt. %.  

C Cr Ni Mo Fe 

0.02 17 10 2 Balance  
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supplementary material. 

3.1. Onset of coating wear 

Fig. 2a shows a composition-sensitive backscatter electron (BSE) 
image of the rake after the onset of wear, which occurs after 2 min in cut. 
BSE relies on Z-contrast and thus illustrates compositional variations. 

The adhered material in the periphery (P) of the contact area (Fig. 2b 
and Fig. 3) exhibits varying composition and thickness, as shown by the 
brightness difference in the BSE image (Fig. 2b). Grooves in the adhered 
material and large tooth-like deposits are clearly seen in the topography- 
sensitive secondary electron (SE) image in Fig. 3. The (Ti,Al)N coating is 
intact in this area, as shown by the strong XEDS signal from Ti, Al, and N 
(the lower part of Fig. 3). The (Ti,Al)N coating is not detectable through 
the large tooth-like deposits of Cr, Mn and O in the upper part of Fig. 3. 
This deposit located on the periphery of the tool–chip contact experi-
ences the lowest contact pressure and high oxygen availability [33]. 
These thick deposits are comparable to the deposited and oxidized 

workpiece material seen both in turning [37,38] and in pin-on-disk tests 
[39]. There is preferential oxidation of Cr and Mn over Fe and Ni in the 
tooth-like deposits. Formation of MnCr2O4 spinel in a similar region of 
the tool–chip contact was reported when machining 316L with PcBN 
tools [40]. The ratio of Cr and Mn to O in the tooth-like deposits 
measured using XEDS agrees with such a Cr oxide spinel. The inclusions 
in the steel do not contain Cr and Mn is only present in the inclusions, 
hence the deposit must form as a result of workpiece and inclusion 
deposition, oxidation, and build-up. 

The coating has also been severely worn in the region left of the teeth 
(Fig. 3a), as shown by the W-signal (substrate) in Fig. 3f and the low 
signal from Ti, Al, and N (coating) (Fig. 3b–d). The EDX maps can be 
misleading since they show concentration differences. However, point 
analysis shows that the substrate is detectable (W-signal), but not 
exposed enough to get a strong Co signal. It is also covered with a Cr and 
Fe oxide. Point analysis of the periphery of the cutting zone outside the 
tooth-like area shows that the deposits consist of a mixed oxide rich in 
Fe, Cr, and Mn that is thinner than the tooth-like deposits. Ca and S were 
not present in significant amounts. 

The second area (Max) with maximum chip thickness (Fig. 2a, 
Fig. 2c and Fig. 4) has closely spaced streaks in the chip flow direction 
that have an appearance typical of abrasive wear marks. However, these 
abrasion marks are in the deposits located atop the original coating, not 
in the coating itself. Two types of deposits are present in this region. The 
central region has higher concentrations of Fe, Ni, Cr, Mn, Mg, and O, 
while the region closer to the periphery has higher concentrations of Ca, 
Mg, Cr, and O. The brightness difference in the Ti-, Al-, and N-signals is 
due to the thickness of the adhered material rather than the coating 
thickness. Adhered steel is seen in the bottom left of Fig. 4a, which 
shows the edge of the larger area of exposed cemented carbide covered 
with adhered steel in Fig. 2. Sulfide deposits are not significant in this 
region. 

The cutting temperature and shear stress are highest in this region of 
maximum chip thickness [33,34], which is often the location of the 
highest rake wear when machining non-machinability-improved 316L 
with (Ti,Al)N coated tools in similar conditions [20,30]. However, in our 
case, this is the area of thickest deposits and least rake wear. 

Fig. 5a shows a SEM SE image of the third area (Min) with the 
minimum chip thickness (Fig. 2d). It is similar to region Max, however it 
is located on the opposite side of the rake face, where the contact 
pressure and temperature are lower. There are deposits of high Fe, Ni, 

Fig. 1. Overview of rake of the tool showing the three areas selected for 
investigating the progression of wear. P – the periphery of the contact area, 
Max – the area of maximum chip thickness, Min – the area of minimum 
chip thickness,. 

Fig. 2. (a) SEM BSE overview of rake face of the tool after 2 min in cut; (b–d) additional larger magnification images of the three areas selected for further analysis.  
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Cr, Mn, Mg, and O concentration (the central region of Fig. 5) and areas 
of high Ca, Mg, Cr, and O concentration (upper region of Fig. 5a). 

It should also be noted that there are dark spots in the XEDS maps 
from the coating elements Ti and N (Fig. 5b and c). There was, however, 
signal from the coating element Al (Fig. 5d) where there is a lack of Ti 
and N, indicating that the Al-signal originated both from the coating and 
from the workpiece. Therefore, the upper region of area Min most likely 
contained Ca, Mg, Cr, O and Al. Streaks and deposits in the chip flow 

direction in the deposits were also visible in this area (Fig. 5a). Sulfide 
deposits are not significant in this region. 

3.2. Medium coating degradation 

Fig. 6 is an overview SEM BSE image of the tool after 6.3 min 
machining, which leads to medium coating degradation. SEM BSE im-
ages of the regions P, Max, and Min are shown in Fig. 6b–d. The selected 

Fig. 3. (a) SEM SE and (b–j) XEDS analysis of the tooth-like deposits in the periphery, region P in Fig. 3, after 2 min of machining, displaying deposits of metal oxides 
on top of the coating at the end of the contact zone. 

Fig. 4. (a) SEM SE and (b–k) XEDS analysis of deposit in area Max from Fig. 2 after 2 min of machining. This shows an area of Fe, Cr, Mn, Mg, Ni, and O rich deposit 
in the center and a Ca, Mg, Cr, and O rich deposit outside the center region. 

Fig. 5. (a) SEM SE and (b-k) XEDS images of deposits in area Min from Fig. 2 after 2 min of machining. Areas of Fe, Cr, Mn, Mg, and O rich deposits and streaks of Ca, 
Mg, Al, Cr, and O rich deposits are present. 
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areas P, Max, and Min correspond to similar locations to those inves-
tigated for the tool studied at the onset of coating wear after 2 min 
(Fig. 2). 

The tooth-like deposits on the periphery of the contact zone P 
(Fig. 6b and Fig. 7) contain Al and Si oxides, in addition to the Cr and Mn 
oxides seen after 2 min. The bright area of the tooth-like deposits in 
Fig. 6b is adhered steel with the same composition as the original ma-
terial, hence Fe, Ni, Cr, and Mo (Mo not shown in the map). Significant 
amounts of Mg oxides are found in the lower part of this region as seen in 
Fig. 7j, which was also the case after 2 min. More substantial deposits of 
oxides are observed at the periphery of the contact area than after 2 min. 
A very weak signal from W (not shown in the map) was detected. The Ti, 
Al, and N signals were weaker, indicating a thinner (Ti,Al)N coating. 

Sulfur is not significant in region P. The deposits in this area have 
higher Cr content than the adhered material in the center of the rake. 
The build-up of oxidized material in this region is compositionally more 
similar to the adhered and oxidized material seen during high temper-
ature tribology tests of (Ti,Al)N and 316L [39] than the inclusions pre-
sent in the steel. 

The deposits in the Max region (Fig. 6c) are similar but much thicker, 
and the abrasion tracks in the deposited layer are more pronounced than 
for a tool after 2 min in cut (Fig. 4a). Sulfide deposits are not significant 

in this region. In region Min (Fig. 6d), as in region Max, the deposit after 
6.3 min is thicker compared to the case after 2 min of machining 
(Fig. 5a). Abrasion tracks in the adhered layer are also clearer. Three 
types of deposits are identified: adhered workpiece material, MnS de-
posit, and Mg, Cr, Si, Ca, and O deposits. Additional BSE, SE and XEDS 
SEM images can be found in the supplementary material. 

3.3. Severe coating degradation s 

Fig. 8 is an overview SEM SE and BSE image of the tool after severe 
coating degradation that occurred after 15 min machining. A cross- 
section was made to investigate the periphery region (P). TEM la-
mellas were extracted to investigate the Max and Min regions. These 
areas correspond to the regions P, Max, and Min of Fig. 2 (2 min) and 
Fig. 6 (6.3 min). The coating is severely worn, and the delaminated re-
gion has grown from the edge along the rake in two directions. The WC- 
Co substrate of the tool is exposed in these locations (the brightest areas 
in BSE) and is covered by adhered material (gray in BSE) seen in Fig. 8b. 
Pits have formed in the periphery of the contact zone (P) and are filled 
with adhered steel, (indicated in Fig. 8b). The coating is intact in the 
regions of maximum (Max) and minimum (Min) chip thickness, and is 
still covered by deposits. The two TEM lamellas were extracted using a 

Fig. 6. (a) SEM BSE overview of the rake after 6.3 min in cut; (b–d) zoomed-in images of the areas selected for further analysis. The locations P (Fig. 6b), Max 
(Fig. 6c), Min (Fig. 6d) after 6.3 min are the same as the locations investigated after 2 min machining. 

Fig. 7. (a) SEM SE and (b–k) XEDS analysis of deposit in the Max area from Fig. 6 after 6.3 min of machining. This displays deposits of metal and oxides on top of the 
coating. The weak W and Mo signals are not included. 
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FIB lift-out technique from the marked areas. Lamella Max corresponds 
to region Max and lamella Min to region Min investigated at initial and 
medium tool wear. The flank wear is still limited. 

The coating is perforated in region P. At the initial (2 min) and 
medium (6.3 min) tool wear stages, this region was covered by adhered 
steel and Mn and Cr oxide with tooth-like morphology (Fig. 3 and 
Fig. 7). The cross-section (Fig. 9h) shows how the adhered oxides and 
coating becomes thinner and thinner, ending with a pit where there is no 
coating. The pit is filled with adhered steel. 

The deposit is thick in lamella Max, where the contact pressure and 
temperature are high [33]. There is steel adhered on top of the deposit. 
The two regions marked in Fig. 10 were investigated further. 

Fig. 11a shows a composition-sensitive high-angle annular dark field 
(HAADF-STEM) image of Region 1 of lamella Max. The lamella is uni-
form in thickness, and the contrast in HAADF is therefore directly 
correlated to a variation in local average atomic mass. Fig. 11b is a 
crystal structure sensitive low-angle annular dark field (STEM-LAADF) 
image. SEM images of this region at shorter machining durations (Fig. 4 
and Fig. 6c) showed that it contained a deposit containing Al, Fe, Cr, Mg, 
Si, Ca, Mn, S, and O. The STEM images (Fig. 11) show that this is not a 
homogeneous layer containing one oxide, but a distributed multilayer 
arrangement of different oxides and steel. The STEM-LAADF image 
shows the presence of a band structure consisting of coarse and fine 
grains. The borders between bands are marked by the yellow lines in 
Fig. 11b. The STEM-HAADF and accompanying XEDS maps show that 
three types of deposits are present in this region: i) A metal-rich deposit 
of similar composition to the workpiece material, seen as bright spots in 
Fig. 11a ii) An oxide phase that has a fine-grained structure with a 
composition approximately corresponding to (Mg,Fe,Mn)1Al2O4. The 
highest content is Mg followed by Fe and Mn. iii) A coarse-grained oxide 
phase corresponded approximately to Al2Ca2Si1O7. 

Formation of both Al-rich oxide deposits was likely the reason for an 
increased XEDS Al-signal in the same areas where the other coating el-
ements (Ti and N) were absent in the SEM-XEDS maps. The smallest light 
gray spots in the HAADF image were identified as MnS, which can also 
be distinguished in region Max at medium coating degradation. 

Fig. 12a shows the selected area electron diffraction (SAED) pattern 
from the fine-grain area. The XEDS measured composition and the 

diffraction pattern are in reasonable agreement with the spinel phase 
(Mg,Fe,Mn)1Al2O4. Fig. 12b displays the diffraction pattern from the 
coarse-grain area, and is in reasonable agreement with Al2Ca2Si1O7 
gehlenite. A diffraction pattern was also taken from the adhered metal 
(Fig. 12c) and from the (Ti,Al)N coating (Fig. 12d), both in good 
agreement with metallic austenite phase and the cubic (Ti,Al)N coating, 
respectively. 

Fig. 13 show a STEM-HAADF image and XEDS maps of Region 2 of 
lamella Max (Fig. 10), which was located closer to the coating. The 
phases identified as (Mg,Fe,Mn)1Al2O4 and Al2Ca2Si1O7 layers are pre-
sent across the entire lamella and hence are also observed in this region. 
Limited amounts of Fe and S could also be seen in this region. However, 
(Ti,Cr)N has formed directly on the coating–oxide interface, which is 
indicative of a reaction between the coating and the deposit or the steel. 
The formation of (Ti,Cr)(C,N) from Ti(C,N) has been shown in wetting 
experiments with steel on TiC-WC-Co tools [41]. The new product (Ti, 
Cr)N likely originates due to a reaction with Cr from the steel and the 
coating. 

The location of lamella Min is shown in Fig. 8. This lamella, made 
after 15 min of machining, corresponds to region Min for the tools used 
for 2 min (Fig. 4) and 6.3 min (Fig. 6d) of machining. 

Fig. 8. A topography-sensitive SEM SE and a composition-sensitive BSE image of the severely worn coating after 15 min of machining.  

Fig. 9. (a) SEM BSE of the periphery (P) after 15 min of machining, (b–g) XEDS analysis, (h) cross-section of the region from the location marked by the dashed 
yellow line. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 10. STEM-HAADF image (left) and schematic illustration (right) of lamella 
Max. The lamella was extracted from region Max on the rake after 15 min of 
machining, as shown in Fig. 8. Regions 1 and 2 are investigated further. 
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Fig. 15 shows a STEM-LAADF and XEDS of Region 3 in lamella Min. 
The coating and deposit was much thinner in this region. A multilayered 
oxide deposit structure was observed. The top layer is the adhered 
workpiece material (Fe, Cr, Ni, Mo), the second layer is the previously 
identified oxides, and the third layer is a workpiece metal oxide (Fe, Cr, 
Ni, and O) on the coating–deposit interface. Region 3 lamella Min is thus 
similar to lamella Max, but with a metal oxide layer separating the 
inclusion-based oxides from the coating. The Ti and N have diffused or 
reacted with the adhered material, since there are no detectable 
amounts of Ti or N in the steel, but there are Ti and N signals originating 
from the adhered material. Al is not as clear since the NMI contain Al. 

The STEM-LAADF and XEDS images in Fig. 16 are from Region 4 of 
lamella Min (Fig. 14). There was no Fe, Cr, and Ni in direct contact with 
the coating as in Region 3, or metal globules as in Region 1, but two 
similar oxides one containing Al, Mg, Fe, and Mn and one containing Al, 
Ca and Si. 

3.4. Thermodynamics of steel–coating interactions 

The microscopy data of Section 3.3 identified two oxides (Mg,Fe, 
Mn)1Al2O4 and Al2Ca2Si1O7 on the surface where the coating remained 
intact during the cutting tests (Region Min and Max in Fig. 1). Data from 
region Max (Fig. 13) indicate that chromium from the steel can react 
with the coating to form (Ti,Cr)N. Data from the periphery (Region P in 
Fig. 1) indicate a correlation between a reaction of oxygen and Fe, Cr, 
and Ni oxides with the coating and the complete degradation of the 
coating and formation of pits (Fig. 9). Thermodynamic modeling is 
therefore focused on the possibility of calculating and potentially pre-
dicting what adhered material lead to either degradation or protection 
of the coating. 

Table 2 shows what is thermodynamically favorable when the 
coating encounters adhered workpiece material, NMIs, or oxygen. The 
results are from equilibrium calculations between 1 mol of coating el-
ements and 1 mol of the deposit, steel, or oxygen. One mole of Ar was 

Fig. 11. (a) STEM-HAADF and (b) STEM-LAADF images of Region 1 of lamella Max of the tool used for 15 min with (c–l) the corresponding XEDS maps.  

Fig. 12. SAED patterns from Region 1 of lamella Max (Fig. 8 and Fig. 9). The combination of STEM-XEDS and diffraction indicates that (a) the Al, Mg, Fe, Mn, and O 
phase was a (Mg,Fe,Mn)1Al2O4 spinel phase, (b) the Al, Ca, Si, and O phase was Al2Ca2Si1O7 gehlenite, (c) the metal deposit (Fe,Ni,Cr, and Mo) was austenite, and (d) 
the (Ti,Al)N coating is cubic. 

Fig. 13. (a) STEM-HAADF image and (b–k) XEDS maps of Region 2 of lamella Max. Similar mixed oxides are present in Region 2 as in the Region 1 (Fig. 11). 
However, (Ti,Cr)N has formed on the interface between the coating (Ti,Al)N and the deposit. 
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added to apply pressure. The calculation is performed by minimizing the 
Gibbs free energy of a system using Thermo-Calc software and the 
TCOX11 and TCFE12 databases [32]. Built correctly, this can be an 
efficient method to investigate whether the (Ti,Al)N coating is resistant 
to chemical, oxidation, or diffusion wear by a specific material. This 
method also calculates which phases the coating is likely to degrade into 
if it is not stable. In-depth explanations of this method can be found 
elsewhere [23,25,27,42–45]. 

Typical temperatures in the cutting zone for this type of machining 
operation range from 700 ◦C to 1100 ◦C [16,46] and contact pressures 
from 105 Pa to 109 Pa [34]. While the calculations were performed 
within the range of these parameters, only selected results for 800 ◦C at 
105 Pa are shown for comparison, but the trend remains stable across 
pressures and temperatures. (Ti,Al)N is a metastable coating, hence the 
coating will be modeled by its equilibrium phases of hexagonal AlN and 
cubic TiN, which are thermodynamically more stable. The (Mg,Fe, 

Fig. 14. STEM-HAADF image (left) and schematic illustration (right) of lamella Min located on the rake after 15 min of machining (Fig. 8). Region 3 and 4 are 
investigated further. 

Fig. 15. a) STEM-HAADF image and accompanying (b–k) XEDS maps of Region 3 of lamella Min. The adhered layer was thinner and there was a metal oxide layer 
between the coating and the inclusion oxide layer, which is different compared to lamella Max. 

Fig. 16. (a) STEM-LAADF image and (b–k) XEDS maps of Region 4 lamella Min.  
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Mn)1Al2O4 spinel contains much more Mg than Fe and Mn, and for 
simplicity it was modeled as Mg1Al2O4. The stainless steel was modeled 
by its major elements (Fe0.73Cr0.18Ni0.10). All phases available in the 
database are included. TCFE12 was used for metals and nitrides, and 
TCOX11 for oxides. 

The results in Table 2 show that there is a positive thermodynamic 
driving force for the (Ti,Al)N coating to degrade when it comes into 
contact with air, steel, or oxidized steel deposits. The coating is, how-
ever, protected from diffusion, chemical, and oxidational attack when 
the mixed oxides adhere to the coating. 

Fig. 17a is a plot of the equilibrium phase composition at 900 ◦C and 
105 Pa, as the ratio of Cr2O3 to (Ti,Al)N increases. This is a simplified 
model of what happens to the (Ti,Al)N when more and more oxidized 
chromium is deposited on the coating, similar to what is seen in the 
cutting experiment in the periphery of the contact zone (P). The inter-
action of oxidized Cr from the steel with the (Ti,Al)N coating leads to the 
degradation of the coating into (TixCr1-x)N and (Cr, Al)2O3. These 
products are not necessarily epitaxial, may not adhere to the coating, 
and are hence much less resistant to abrasion. This eventually leads to 
mechanical removal of the reaction products and thus exposure of the 
substrate (Fig. 9). 

Fig. 17b is a plot of the normalized driving force for new phases to 
form when 1 mol of (Ti,Al)N and 1 mol of 316L (Fe0.73Cr0.18Ni0.09) are 
exposed to an increasing amount of O2, expressed as the effective partial 
pressure of O2. This ratio 1 mol–1 mol is a simplified model of what 
happens to the coating when the steel is adhered and oxygen is available. 
The ratio of steel, inclusions, and the coating (or more precisely the 
activity of the elements in the steel, inclusions, and the coating ele-
ments) depend on various factors. These include how the material ad-
heres, the chip flow, and how the elements diffuse, dissolve, and react 
with the coating, inclusions, steel, and oxygen. Changing the activity of 
the individual elements was performed within this investigation; how-
ever, this simplified 1 to 1 mol ratio captures the main degradation 

mechanism. A low effective partial pressure of O2 represents the case of 
limited oxygen, such as in the middle of the contact zone (e.g., regions 
Max and Min). A high effective partial pressure of O2 represents the case 
when there is more ambient oxygen, such as at the periphery (P) of the 
contact zone. There is no driving force for the formation of new phases 
when the coating meets the steel, where there is limited oxygen. How-
ever outward diffusion of Ti, Al, and N is probable, and Cr can be dis-
solved in the (Ti,Al)N phase (Table 2). Furthermore, the driving force for 
the degradation of the coating into (Cr,Al)2O3, (Fe,Ni,Cr,Al)3O4 and 
TiO2 is large and increases further when the availability of oxygen in-
creases (Fig. 17b). 

4. Discussion 

The reason for the order in which the coating fails, as shown in 
Fig. 18, is not intuitively obvious. The edge line region fails first (white 
arrows), then the pits of the periphery (orange area), and lastly the 
center of the rake (red area). 

The coating delaminated around the tool edge after less than 2 min of 
machining, as indicated by the white arrows in Fig. 18a. This area then 
grew into two large pits after 15 min (Fig. 18c). The initiation of the 
coating delamination is most likely due to adhesion. Abrasive wear of 
the intact coating was not seen as a major factor in this test since almost 
no flank wear was present, and flank wear is a good indicator of wear 
driven by abrasion [34,47,48]. The initial adhesion and delamination is 
likely due to the edge experiencing the highest normal stress and hence 
contact pressure [33,34]. This leads to mechanical adhesion [35], as 
well as possible diffusion welding, as shown in Table 2, since Al, Ti, and 
N are able to diffuse into the steel, and Cr from the steel can diffuse into 
the coating. This edge delamination is similar to the results by Wiklund 
et al. when turning 316L using TiN tools [35]. They showed that adhered 
Fe acts as a preferential site for more adhesion, which leads to more 
coating delamination. 

The temperature and shear stress are highest [33,34] in the center 
(red area in Fig. 18) [33,34]. This is often the location of the highest rake 
wear when machining 316L with (Ti,Al)N coated tools in similar con-
ditions [20,30]. However, in our case, the center (red area) is the region 
of least crater wear and has the thickest deposits (Fig. 10 and Fig. 14), 
except for the two growing areas of delamination, driven by the initial 
edge delamination. The periphery of the contact area (orange region in 
Fig. 18) experiences the lowest temperature and the least normal and 
tangential stress [33,34], but has the most access to oxygen. The center 
is expected to wear faster than the periphery if there are no protective 
inclusions [20,30]. But the periphery (orange area) experiences more 
coating degradation and the formation of large pits and exposed 
cemented carbide (Fig. 9), compared to the center (red area). However, 
the coating failure at the periphery is not driven by mechanical wear 
mechanisms but by oxidation and reactions with the adhered and 

Table 2 
Calculations of the stability of the coating and showing what phase may form 
when the (Ti,Al)N coating encounters the steel, oxygen, or an NMI at 800 ◦C and 
105 Pa.   

O2 316L 316L + O2 Spinel: 
Mg1Al2O4 

Gehlenite: 
Al2Ca2Si1O7 

TiN TixOy (Tix,Cr1-x)N 
+ Ti, N 
diffuse into 
steel 

(TixCr1-x)N 
+TixO2y 

+ Ti, N 
diffuse into 
steel 

Stable 
coating 

Stable coating 

AlN Al2O3 Al, N diffuse 
into steel 

Al2O3 

+ Al, N 
diffuse into 
steel 

Stable 
coating 

Stable coating  

Fig. 17. (a) Modeling of the equilibrium phase composition of the interaction between (Ti, Al)N and Cr2O3 shows how the coating degrades as more Cr oxide is 
deposited, as seen in region P. (b) The normalized driving force for new phases to form between 1 mol of steel and 1 mol of coating depends on the availability of 
oxygen. The modeling shows how the combination of steel and oxygen drives the degradation of the coating seen in region P. 
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oxidized steel (Fig. 3, Fig. 7, and Fig. 9). The chemically degraded 
coating is then mechanically worn away. These types of oxide deposits 
are similar to those seen in tribology tests [39] and are also seen in Refs. 
[30,49]. The types of deposits in this area are not protecting the coating 
but degrading it. The availability of oxygen and the adhered and 
oxidized Fe, Mn, Ni, and Cr drives the coating degradation. It is seen by 
the formation of large pits in region P in Fig. 3, Fig. 7, and Fig. 9, and is 
explained by the positive thermodynamic driving force for coating 
degradation by oxygen, steel, and oxidized steel (Table 2 and Fig. 17). 

This is the opposite of the deposits of the mixed oxide inclusions 
found in the center (regions Min and Max in Fig. 10–Fig. 16). The 
coating is the least worn in areas where (Mg,Fe,Mn)1Al2O4 and 
Al2Ca2Si1O7 adhered to the coating. The coating was slightly thinner in 
regions where workpiece oxides adhered between the coating and in-
clusion oxides. 

The reason for this is that certain oxides (two identified as (Mg,Fe, 
Mn)1Al2O4 and Al2Ca2Si1O7) do not interact with the coating. Hence 
there is limited thermodynamic driving force for Ti, Al, or N to react or 
diffuse into these mixed oxides (Table 2). Hence, inclusions that do not 
interact with the coating act as protective deposits not only against 
mechanical wear but also against chemical, diffusion, and oxidation 
wear [5,23,25]. The abrasive tracks seen in the center are the tracks in 
the adhered layer, not in the coating seen in the TEM images. 

The tool rake surface can thus be divided into three regions: the 

“edge” region that is similar to machining a inclusion free steel since no 
NMI adhered, the “center” region with limited wear due to protective 
NMI action, and the “periphery” region with formation of pits due to 
oxidation, diffusion, and reactions with the adhered steel (Fig. 19). 

The success of the pairing of the coating and inclusion engineering 
thus depends on a few factors. The chip flow has to be high so that the 
NMI encounter the tool, and the NMI have to survive to be able to adhere 
[14]. A very limited number of MnS inclusions survive in this study, this 
is due to the aggressive cutting condition, because of the lower melting 
point and lower hardness MnS at these cutting temperatures [50]. Which 
NMI will adhere and whether the steel will adhere likely depend on their 
high temperature softening [14]. Hence, if steel adheres first, then the 
NMIs cannot protect the coating from degradation (Table 2 and Fig. 13) 
and the situation becomes similar to the case of machining inclusion free 
steels [2,5]. Limited chip flow and too high a pressure also lead to 
limited NMI being deposited, which is the case at the edge of the tool 
[14,35] which becomes a “no NMI deposit” region. 

The most overlooked factor that this paper focuses on is the impor-
tance of pairing the tool material and the NMI. The reverse process can 
occur when the coating is thermodynamically stable with respect to the 
steel but not stable with respect to the type of NMI inclusion adhered 
[23,25]. Such cases lead to the inclusions consuming the coating. 
Matching NMI and coatings can be predicted and estimated by ther-
modynamic modeling (Table 2 and Fig. 17). 

Fig. 18. SEM image showing the wear process: (a) onset of coating wear, (b) medium coating degradation, and (c) severe coating degradation. White arrows indicate 
delaminated coating, red areas indicate protective deposits and orange areas indicate non-protective deposits leading to pits of exposed cemented carbide. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 19. Simplified schematic of how the regions differ. The edge region suffers from mechanical adhesion, delamination, and diffusion, resulting in coating 
delamination. The center region is chemically and mechanically protected from wear. The periphery region suffers from diffusion, oxidation, and chemical wear. 
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5. Conclusion 

This study has undertaken an in-depth investigation of the interac-
tion between the (Ti,Al)N coating and NMI in the machinability- 
improved stainless steel 316L (Prodec®) during longitudinal turning. 
Deposits were identified using SEM, TEM, and XEDS analysis of bulk 
samples, TEM lamellas, and cross-sectioned tools. The phenomena 
identified by microscopy of worn tools were also modeled with ther-
modynamics. This analysis aims to understand what drives the protec-
tion and degradation of the coating. 

It was found that deposition and adhesion during turning of (Mg,Fe, 
Mn)1Al2O4 (spinel) and Al2Ca2Si1O7 (gehlenite) introduces a positive 
protective action in limiting tool wear by retarding the oxidation and 
chemical wear of the (Ti,Al)N coating, in addition to providing protec-
tion against abrasive wear. These protective deposits are preferentially 
formed in the middle of the tool–chip contact zone. Oxides of the steel 
itself form at the periphery of the contact zone, due to the absence of 
NMI protective oxides. The interaction of the (Ti,Al)N coating with these 
metal oxides and atmospheric oxygen in these locations results in 
accelerated wear and coating perforation. At the tool edge, the pressure 
is too high and chip flow too low, leading to adhesion of steel and 
coating delamination.  

• Too high a contact pressure and too low a chip flow lead to adhesion 
of steel and coating delamination. This occurred at the edge where 
there are no NMI deposits (Fig. 19).  

• Lower normal stresses, high chip flow, and limited oxygen are 
optimal conditions for stable adhesion and deposition of protective 
NMI. These occurred in the center region of the contact (Fig. 19). A 
prerequisite is that the NMI survive these conditions. The NMI should 
also not thermodynamically interact with the coating, which can be 
predicted by thermodynamics.  

• When the availability of oxygen is high, the temperature is high 
enough for oxidation, and the conditions are such that steel adhere 
(Fig. 19). This leads to oxidation, diffusion, and reactions degrading 
the (Ti,Al)N coating. This is seen in the periphery regions at the end 
of the chip–tool contact. 

Knowledge of the cutting conditions and the use of thermodynamics 
can be used to both explain and predict both intuitive and non-intuitive 
wear and protection mechanisms. Such as edge delamination of the 
coating or why the coating is being worn more rapidly in the periphery 
of the contact zone than the center when it is normally the opposite since 
the center is the location of crater wear. 
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e Ovako Group, Olof Hjorts väg 2, 813 35 Hofors, Sweden 
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A B S T R A C T   

The ability to control the shape, distribution and composition of non-metallic inclusions has had an important 
impact on many aspects of steel making. One such impact is on the machinability. Ca-treatments have shown to 
be able to reduce the abrasiveness of oxide inclusions, improve chip-breaking and lead to formation of deposits 
that reduce tool wear. However, machining Ca-treated steels with Al2O3 coated cemented carbide tools has not 
been as advantageous as expected. This study investigates the mechanisms behind the anomalous wear of Al2O3 
coatings when turning soft Ca-treated steels. 

Longitudinal turning tests at a range of speeds (vc = 100–600 m/min) show rapid localized degradation of the 
Al2O3 coating limited to the sliding zone. Detailed analysis of the degradation mechanisms was performed using 
scanning and transmission electron microscopy. The results demonstrate a presence of chemical interactions 
between the alumina coating and non-metallic inclusions. The interaction resulted in the formation of mainly 
calcium aluminates and partly alumina-magnesia spinel. In-operando infrared thermography measurements 
indicate cutting temperatures of 850–1000 ◦C. Thermodynamic calculations give that CaO and MgO readily 
reacts with Al2O3, while the reaction with CaS requires presence of additional oxygen at these cutting conditions. 
Additional turning experiments investigate the influence of oxygen by controlling the cutting environment by 
adding oxygen (compressed air) or removing oxygen (supply argon). These additional tests show that the 
presence of additional oxygen has a limited impact on the possible Ca–Al2O3 interaction. This demonstrat a 
potential for further machinability improvements by controlling the chemical interaction between Ca and Mg 
based non-metallic inclusions and alumina coatings.   

1. Introduction 

Calcium treatments and non-metallic inclusion (NMI) was not orig-
inally intended as a means of improving the machinability of steel. 
However, the use of Ca, S, Si and Al NMIs to improve machinability has 
been researched and used industrially since the 1960’s [1,2]. It is still in 
use and researched as one effective way to enhance the machinability of 
steels [3]. On the cutting tool side, the development of 
texture-controlled α-Al2O3–Ti(C,N) multilayered coatings have led to 
increased performance. Especially the development of the (001) 
textured α-Al2O3 that is suggested to be more resistant to plastic 

deformation and shear stress at elevated temperatures [4]. 
Previous research on wear of alumina coated cemented carbide tools 

and Ca-treated steels claim that abrasive wear and plastic deformation of 
the coating are the most common wear types [4–12]. It is also reported 
that machinability improvement by Ca-treatment of steels results in the 
dissolution and embedment of hard oxides. This decreases the abra-
siveness, improves chip formation and forms protective deposits 
[13–15]. Hence, Ca-treatments lead to an increase in the tool life [3, 
13–16]. However, it can lead to an increase in rake wear compared to 
non Ca-treated steel [17], and the positive effects of NMIs are not always 
as prominent when machining with alumina coated tools [18]. An 
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extreme example of alumina degradation by Ca-inclusions is seen when 
not only the coating but the whole tool is alumina based, such as 
alumina ceramic tools [19,20]. 

Flank wear is typically a sign of predominant abrasive wear, whereas 
rake wear is a sign of predominant chemical, diffusional or oxidational 
wear [21,22]. Wear models based on deformation, dislocations and 
abrasion of the coating can therefore only explain part of the increased 
rake wear, when there is a decrease in flank wear. Earlier research 
suggests dissolution or a chemical reaction leading to coating degrada-
tion [23,24], similar to the effect seen when using alumina ceramic tools 
[19,20]. However, such suggestions have not found support due to the 
commonly assumed chemical inertness of alumina [5,7,10,17]. Hence, 
the anomalous wear of alumina coatings when machining calcium 
treated steels is therefore further investigated, especially with regards to 
the claimed inertness of alumina coatings. 

2. Methods 

An appropriate steel has to be selected to study the onset of the wear 
of alumina coated tools when turning machinability improved soft Ca- 
treated steels. A calcium treated 19MnVS6 E470 steel was used as 
workpiece material. This grade is a characteristic Ca machinability 
improved general structural steel with non-metallic inclusions. The 
typical NMIs for this grade are different variations of sulfides and oxi-
sulfides commonly (Mn,Ca)S and (Mg,Ca,Al)xOy, shown in Fig. 1. No 
pure oxides were found in the steel. The chemical composition of the 
steel is shown in Table 1. A Ca content of about 53 ppm and O content of 
about 11 ppm is reported. This combination makes the 19MnVS6 
workpiece material a good choice for the study. Only the outermost 15 
mm of the bar is used for the machining tests, in order to limit the effect 
of an uneven solidification and related distribution of NMI. 

All cutting tools in this study consist of a bi-layered CVD coating with 
an inner Ti(C,N) layer followed by outermost layer of (001) textured 
α-Al2O3 deposited on a cemented carbide substrate, shown in Fig. 2. 

2.1. Onset of the coating wear 

The first machining test was performed to investigate the onset of the 
tool wear, which was performed by continuous turning in an SMT Sajo 
500 Swedturn CNC-lathe. The onset of the wear of the coating was 
examined by carrying out a set of turning experiments in intervals of 
100 m/min for cutting speeds between vc = 100–600 m/min. While 
having the other cutting parameters fixed: cutting length l = 130 m, 

depth of cut ap = 1.5 mm and feed rate f = 0.2 mm/rev. The insert ge-
ometry was CNMG120408-MF1 that provide a nose radius of 0.8 mm 
and an edge radius of 25 μm, and was combined with 
PCLNL3225P12JETL tool holder. 

The tool wear characteristics were investigated using an Olympus 
SZX7 stereo visible light microscope (VLM), an Alicona Infinite Focus 3D 
VLM microscope equipped with a polarizer. A Tescan Mira3 scanning 
electron microscope (SEM), equipped with secondary electron (SE), 
backscatter electron (BSE) and an X-ray energy-dispersive spectroscopy 
(XEDS) detectors. This enabled the comparison of the onset of the 
degradation process of the alumina coating at different cutting speeds. 

2.2. Wear mechanism of coating 

The next test was aimed toward investigating the progressive wear of 
the coating by use of the previous cutting conditions but only at cutting 
speed vc = 300 m/min. The wear evolution of the coating was measured 
using the 3D VLM. The use of the polarizer and the creation of 3D images 

Fig. 1. A combination of SEM and XEDS maps showing an example of the NMI inclusions. The inclusion are a mixture of oxides and sulfides of (Mn,Ca)S and (Mg,Ca, 
Al)xOy, the SiO2 is remnants from the polishing media. 

Table 1 
Elemental composition of 19MnVS6 E470 workpiece material in wt.%.   

C Si Mn P S Cr V Fe 

Min. 0.16 0.25 1.30 – 0.015 – 0.07 Balance 
Max. 0.22 0.50 1.55 0.025 0.035 0.50 0.11  

Fig. 2. BSE-SEM image of the tool and the coating.  
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enabled the measurement of the progression of coating removal, and the 
method was verified by SEM-XEDS measurements. Analysis of wear 
mechanism were conducted with SEM using SE, BSE, and XEDS de-
tectors. Specific areas of interest were studied on lamellas extracted 
vertically from the worn tool rake. These lamellas were extracted using 
FEI Nova NanoLab 600 focused ion beam (FIB) SEM and were examined 
using transmission electron microscope (TEM) JEOL 3000F additionally 
equipped with a XEDS detector. 

2.3. Temperature measurements 

The following test was carried out to determine the temperature in 
the cutting zone. Orthogonal turning was performed on BOEHRINGER 
VDF DUS560 TI CNC-lathe with a high-speed Flir x6580sc IR-Camera 
fitted for measurement of tool temperature distribution. The thermal 
camera had a temperature discretization range of 300–1130 ◦C (Fig. 3a) 
and attained images with a frequency of 350 FPS (Hz). The same coated 
cemented carbide tool material was used but in TNMA160408 geometry 
allowing for orthogonal cutting. The test was conducted at speed vc =

200 and 300 m/min, feed f = 0.2 mm/min and cutting depth ap = 1.5 
mm. This gave an estimation of the temperature reached in the cutting 
zone and in the chips. 

2.4. Thermodynamic calculations 

The results from temperature measurement were used for thermo-
dynamic equilibrium calculations. The calculations were done to give an 
understanding of the effect of NMI on the thermodynamic stability of the 
alumina-coating and the driving force for its degradation. These calcu-
lations were carried out using Thermo-Calc [25] and the TCFE10 
steels/Fe-Alloys and TCOX10 metal oxide solutions database. It is a 
CALPHAD based software which models each phase by a Gibbs energy 
function. The calculation of the interaction between the tool, NMI and 
environment is dependent on determining the thermodynamic boundary 
conditions of pressure (P), temperature (T) and elemental composition 
(Xi) in the cutting zone. The temperature boundary conditions (T) is 
determined by the experimental result from the thermal camera mea-
surement. The pressure in the cutting zone can reach 1 GPa [21] and the 
local elemental (Xi) and phase composition used in the modelling is 
determined by the TEM and SEM investigations. The availability of 
oxygen in the cutting zone is less than the effective oxygen partial 
pressure of 0.21 (sea-level approximate). Hence, a set of calculations 
were carried out using these boundary conditions to study the effect of 
the stated parameters on the coating degradation process. This creates 
an understanding of which parameters effect the tool wear process and 
how. 

2.5. Controlled atmosphere machining 

The effect of NMI on the degradation of the alumina coating has 
shown to not only be dependent on the interaction between the tool and 

workpiece. It can also be dependent on the cutting environment [26,27]. 
Therefore, supplementary longitudinal cutting tests were conducted in 
controlled atmospheres. The removal of oxygen was ensured by the 
supply of argon at a rate of approximately 400 l/m from the tool holder 
PCLNL3225P12JETL and three additional nozzles (Fig. 3b). Compressed 
air was supplied using the same configuration and flow rate. The test 
was carried out using the same tool, steel and cutting conditions at 
cutting speed 300 m/min. The thermal camera could not be used to 
measure the temperature for this set-up. Therefore, each tool was 
equipped with a thermocouple placed 800 μm from the tool surface 
(Fig. 3c) instead. Installation of the thermocouples was enabled by blind 
hole sinking electrical discharge machining (EDM) into the tool from its 
back side. This was implemented to monitor the effect the extra supply 
of gas had on the tool temperature. 

3. Result and discussion 

The result section is categorized by the performed experiments Onset 
of the coating wear - Wear mechanism of coating – Temperature measure-
ments - Thermodynamic calculations - Controlled atmosphere machining. 
The discussion is combined with the result section, to tie the experi-
ments together and point out the implication of one experiment on the 
next. The results are then tied together by the section Proposed degra-
dation mechanisms of the coating. 

3.1. Onset of the coating wear 

Two distinct wear zones developed on the rake side: a sticking and a 
sliding zone. These zones are present on all the tools in the tested cutting 
speed range vc = 100–600 m/min. A sticking zone developed on the rake 
bordering the flank and a sliding zone developed at the end of the tool- 
chip interface (Fig. 4a). This is in agreement with similar studies [5,6, 
17]. The Al2O3 coating was intact in the sticking zone and was degraded 
in the sliding zone. 

The size of the sticking zone and the overall contact length decreased 
with increasing speed, while the sliding zone increased with cutting 
speed (Fig. 4b and c). Hence, the sliding zone becomes larger and ap-
proaches the cutting edge with increasing cutting speed. The decreased 
contact length is believed to be related to a change in chip formation, as 
previous research has shown that the chips tend to be increasingly 
segmented when the cutting speed is increased [21]. The tool wear 
become more localized when the contact length decreases as the tem-
perature and the pressure increase [21]. 

The BSE-SEM image of the sliding zone in Fig. 4a indicates that the 
workpiece material has adhered to the coating. Therefore, the sliding 
zones are further investigated in Fig. 5. The rake was studied using 
SE− SEM that render the topography, and XEDS line scans revealed the 
elemental distribution. The analysis shows presence of abrasive tracks, 
which are in agreement with previous studies [2–10], and adhered 
material are present above the Al2O3 coating [4]. The XEDS line scans 
show two main types of deposits, one consisting of Ca and S and one 

Fig. 3. a) Orthogonal cutting during thermal camera measurements, the bar consists of discs of width equal to the depth of cut. b) The tool holder equipped with 
nozzles used during machining in argon. c) Insert with an embedded thermocouple and the cross section showing the thermocouple placement. 
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consisting of Ca, Mg and Fe. The Ca, Mg, and Fe is also present to in the 
abrasive tracks. Al and O can also be present in the deposits, but the 
XEDS signal could also originate from the coating due to a large exci-
tation volume. The observed Ti signal is most likely from the interme-
diate Ti(C,N) coating layer. Further TEM investigation is needed to 
distinguish the layering, its microstructure and composition. An inter-
pretation of the combined SE− SEM and XEDS is drawn at the top of 
Fig. 5. 

This structure can be related to at least two alternative mechanisms. 
(i) NMI can adhere and not react with the coating to remain as a tri-
bolayer, which mean that NMI elements together with Al and O origi-
nate from the steel. Such tribolayer would reduce the wear rate in the 
sliding zone. (ii) Another possibility is that the NMIs react with the 
alumina coating to form a layer consisting of reaction products as a 
mechanical and/or chemical mixture of NMI and coating elements. This 
interaction and deposit would then be less protective or even degrading. 
Further machining and microscopy are necessary to investigate the 

actual composition and sequence of this layer formation and mecha-
nisms of its removal. 

3.2. Wear mechanism of coating 

Extended tests using the cutting speed vc = 300 m/min were carried 
out to determine the development of the wear mechanism of the coating. 
The tools were subjected to turning in intervals of approximately 40 s 
prior to VLM microscopy. Tools used to cut for 40, 70, 100, and 490 s 
were kept for in-depth SEM and TEM microscopy. 

Elements as Ca, Mg, Fe and additionally Mn were present in the 
sliding zone, in the same manner as the initial test displayed in Fig. 5. 
Furthermore, Ca and S adhered to the Ti(C,N) coating layer that were 
exposed once the Al2O3 coating was removed; this is colored in green in 
the XEDS map in Fig. 6a. The Ca and S and the exposed Ti(C,N) creates a 
clear contrast to the Al2O3 coating both using the SE− SEM and the 
polarizer in VLM. The Al2O3 coating appears black in the SE− SEM 

Fig. 4. a) BSE-SEM images of the rake (vc = 100 m/min). b) Sticking and sliding zone length versus cutting speed after 130 m of engagement. c) Percentage sliding 
zone in relation to total contact length. 

Fig. 5. SE− SEM images and XEDS line scans of the sliding zone of the rake of the tool. Two types of deposits are present: a) CaS and b) Ca, Mg, Fe and potentially Al 
and O. These deposits are separated by abrasive tracks. The Ti peak in a) is most likely originating from the Ti(C,N) layer. 
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(Fig. 6b) and pink in the VLM with the polarizer (Fig. 6c). The SEM 
analysis has a tendency to overestimate the area of the worn coating if a 
high accelerating voltage is used due to a deeper excitation volume, 
which is noted when comparing Fig. 6b and c. The wear development of 
the alumina coating could be efficiently monitored by measuring the 
area of exposed Ti(C,N) coating (Ax) to the total cutting area (Atot) using 
the VLM with a polarizer (Fig. 6c). The measure Ax/Atot is used to 
monitor the approximate coating wear given in Fig. 6d. The machining 
was stopped after 490 s. The Al2O3 coating was then worn through for 
approximately 40% of tool-chip interface area, which meant that there 
was a limited amount of alumina coating left in the crater at this point. 
There are no signs of flank wear after 490 s of machining, as seen in 
Fig. 6b. 

Additional investigations were conducted on the sliding zone where 
there was still alumina coating present after 490 s in cut. A lamella 
perpendicular to the direction of the chip flow was extracted using FIB- 
SEM. Platinum was used to protect the lamella during the FIB milling, 
thereby also detected later by STEM-XEDS. Fig. 7 shows two scanning 
transmission electron microscopy (STEM) images and STEM-XEDS maps 
of the cross-sections where the boxes indicate the XEDS regions. The 
XEDS analysis indicates that Ca and Mg has reacted with Al and O. Since 
a Ca, Mg, Al and O rich area is detected between the remains of the 
alumina coating and the FIB-platinum. Fig. 7a shows a continuous layer 
of Ca with trace amounts of sulfur above the alumina coating, followed 
by a Mg rich layer with trace amounts of Mn. An Fe rich circular area is 
seen in the middle of the map. The double layer of Ca–Al–O and 
Mg–Al–O is present on most of the Al2O3 coating. 

Fig. 7b shows another, often observed layering, where Mg is directly 
interacting with the Al2O3 coating without a Ca layer involvement. 
These interface areas are probably consisting of (Mg, Al)XOy magnesium 

aluminate and (Ca, Al)xOy a calcium aluminate or a mixture (Mg, Ca, 
Al)xOy magnesium calcium aluminate. Such products are present in the 
steel (Fig. 1) but may have been formed in the interface during the 
turning process. However, detailed XEDS line scans and point mea-
surements give that these layers are richer in aluminum than the NMI in 
the steel. This suggests that these layers are reaction products due to 
chemical interactions of NMI with the Al2O3 coating. This is in agree-
ment with published research were Al, Mg, and O pockets formed [24], 
build up inclusion layers of (CaO)(Al2O3)6 [10] and machining with 
alumina ceramics [19,20]. Very low dislocation densities were observed 
in the upper region of the Al2O3 coating adjacent to the interaction 
interface, which is in agreement with the result that (001) textured 
α-Al2O3 is more resistant to shear stress [4], and that this was not the 
initiator of the degradation. 

The aluminum and oxygen enrichment of the interaction layer, in 
comparison to the composition of the NMI is indicative of the degra-
dation of Al2O3 coating by a chemical, oxidational, or diffusional 
interaction with the Ca and Mg rich NMI. This would also contribute to 
the understanding of why the rake wear is sometimes larger for calcium 
treated steels compared to non-calcium treated steels [17]. 

The exposed Ti(C,N) layer experiences the same conditions as the top 
Al2O3 layer, when the Al2O3 is worn through. However, CaS does not 
adhere to the Al2O3 coating. Instead, it adheres to the Ti(C,N) sub-layer, 
when exposed. In addition, the above magnesium calcium aluminates 
form on the Al2O3 layer and not on the Ti(C,N) layer. This clear differ-
ence in the chemistry of the layers points towards how the wear is 
related to the chemical interaction between the coating and NMI. 

The removal of the Al2O3 coating is more intensive in the sliding 
zone compared to the sticking zone. The number of NMI interacting with 
the sliding zone is also larger than in the sticking zone. The availability 

Fig. 6. a) XEDS map of tool rake showing Ca and S adhered to the exposed Ti(C,N) and Fe, Mn and Mg adhered to the alumina coating. b-c) SEM and VLM with 
polarizer showing the area with Al2O3 coating worn through after 490 s of machining. d) Plot of the cutting area with the Al2O3 layer worn through time. 

Fig. 7. STEM images and XEDS maps of cross-sectioned lamellas from the sliding zone of the rake after 490 s of machining. Mainly Ca and Mg is interacting with the 
Al and O shown by the Mg and Ca rich layers and the two shades of Al and O. 
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of oxygen and the higher temperature in the sliding zone are also 
contributing factors for an increased chemical interaction. Hence, the 
abrasive tracks in Fig. 6 could be due to the alumina coating trans-
formation into a magnesium calcium aluminate that eventually forms a 
tribolayer mixed with iron shown in Fig. 7. Such interaction layers could 
then be more easily abraded, resulting in the surface structure in Fig. 6. 
Such assumed process of interaction should be dependent on tempera-
ture, chemical activity and oxygen availability. Therefore, further 
investigation of the temperature, thermodynamics, and oxygen avail-
ability is essential. 

3.3. Temperature measurements 

The side-view temperature distribution registered with IR-camera 
reports that the surface region of the tool was approximately 860 ◦C 
at a cutting speed vc = 200 m/min and 910 ◦C at vc = 300 m/min. The 
temperature gradient from the cutting edge and inwards into the tool is 
shown in Fig. 8. Such side-view data are known to underestimate the 
mid-plane temperature by 10–15% [28], thus, the actual temperature in 
the cutting zone is within 850–1000 ◦C depending on the speed. The 
chip has also reached the same temperature as the coating in the cutting 
zone. 

The temperature and pressure reached in the cutting zone is then 
high enough for reaction between the coating and the NMI to occur [29]. 
These temperature data also read that the chip is at comparable tem-
perature to the tool. Therefore, further research of thermodynamic 
stability and the possibility for chemical, oxidational and diffusional 
wear within these boundary conditions is of interest. 

3.4. Thermodynamic calculations 

Both Mg and Ca have the ability to deoxidize alumina, and are indeed 
found in the interaction region with the coating in Figs. 5–7. CaO, CaS, 
MgO, (CaO)x(Al2O3)y, MgAl2O4 and (CaO)x(Al2O3)y(MgO)Z are common 
NMI [16], and are also present in this steel (Fig. 1). The amount of NMI 
participating in the interaction depends on the chip flow and the fre-
quency of NMI in the steel. Hence, the boundary condition for chemical 
activities is rather broad. The temperature and pressure boundary con-
ditions are previously defined as 850–1000 ◦C and 105–109 Pa. 

A simplified phase diagram of the MgO–CaO–Al2O3 system at 900 ◦C 
and at 105 Pa is shown in Fig. 9a, calculated using the TCOX10 database. 
The oxygen activity was arbitrarily set to one relative oxygen gas at 
ambient pressure and temperature. The alumina phase is modeled as 
corundum (α-alumina) which is the same as the phase in the coating. 
The five calcium aluminates (CaO)3(Al2O3), (CaO)12(Al2O3)7, 
(CaO)1(Al2O3)1, (CaO)1(Al2O3)2 and (CaO)1(Al2O3)6 which are solid 
solutions of calcium oxide and aluminum oxide are grouped into the 

number “5” (CaO)x(Al2O3)y for clarity. The three phases (CaO)3(A-
l2O3)2(MgO)1, (CaO)2(Al2O3)14(MgO)2 and (CaO)1(Al2O3)8(MgO)2 
which are solid solutions of CaO, MgO and Al2O3 are grouped into “6” 
(CaO)x(Al2O3)y(MgO)z. The other phases are separate, “1” alumina, “2” 
calcium oxide, “3” magnesium oxide and “4” magnesium aluminum 
oxide. 

The Al2O3 coating is only thermodynamically stable in the left corner 
(shaded blue region) of the phase diagram (Fig. 9a). Any other compo-
sition in the phase diagram can lead to the degradation of the coating 
into spinel (MgO)(Al2O3), calcium aluminate (CaO)x(Al2O3)y or calcium 
aluminum magnesium oxide (CaO)x(Al2O3)y(MgO)z with varying 
compositions. 

Further, the dimensionless driving force (driving force in J/mol 
divided by RT) for the first precipitation of the phase is calculated and 
given in Fig. 9b, for one illustrative point of the phase diagram in Fig. 9a. 
In this case, the calculation is done for 1 mol of material as a first 
approximation. This shows that the driving force for the degradation of 
the coating is favorable for calcium magnesium aluminates in the whole 
temperature range. The driving force normalized by the gas constant 
and temperature is decreasing, but the reaction rate might increase since 
the temperature also effects the rate. Hence, the presence of any mag-
nesium oxide, calcium oxide, calcium aluminate and calcium aluminum 
magnesium oxide will make the alumina coating thermodynamically 
unstable, until the reaction layer is saturated with Al and O. Phase di-
agrams similar to Fig. 9 can be calculated for other possible NMI such as 
SiO2 leading to the formation of (Al2O3)3(SiO2)2. Rendering the same 
result, which is that they will also degrade the coating if the NMI is not 
already saturated with aluminum and oxygen. However, the machining 
tests in Sections 3.1 And 3.2 indicated that Mg and Ca are the most 
important participants in this case. Ca and Mg are also the strongest 
oxide formers. 

Calculations show that CaS does not react with Al2O3 at the given 
cutting conditions without additional oxygen. However, such excess of 
oxygen is indeed available in the sliding zone of the tool-chip interface 
because of the dissolved oxygen in the steel and the presence of oxygen 
in the atmosphere, at approximately an O2 effective partial pressure of 
0.21. Thermodynamic calculations are therefore carried out within the 
defined cutting conditions with the addition of oxygen. 

Fig. 10 show the calculations at one-to-one ratio of CaS to Al2O3, at 
900 ◦C and 105 Pa with an increasing partial pressure of oxygen. Fig. 10a 
demonstrates how calcium aluminates in this case (CaO)1(Al2O3)6 
become thermodynamically stable at an O2 effective partial pressure of 
10− 17 and (CaO)1(Al2O3)2 at 10− 14. CaSO4 also becomes stable at an O2 
effective partial pressure of 10− 12. Al2O3 is thermodynamically stable 
again at an O2 effective partial pressure of 10− 9 and above (Fig. 10a). 
Fig. 10b gives the dimensionless driving force for the precipitation of the 
phases. This shows that the driving force is the highest for the formation 

Fig. 8. Single frame example from the continuous temperature measurement of the cutting zone during orthogonal cutting.  
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of CaO, and that the driving force for other calcium aluminates are high. 
The formation of CaO will also lead to the formation of 

(CaO)3(Al2O3)1 and other calcium aluminates in accordance with the 
phase diagram in Fig. 9. Thus, CaS can degrade the Al2O3 coating when 
excess oxygen is available. Increasing the oxygen availability also in-
creases the driving force for degradation. The stable phase and the onset 
of the degradation depend on the temperature, pressure, and activity. 
However, the degradation path of the Al2O3 is similar in nature within 
the boundary conditions and ends when reaching the (CaO)1(Al2O3)6 
stoichiometry. This might also give an additional explanation to the 
mechanism behind the findings in Ref. [10] of inclusion deposits of no 
other calcium aluminates except (CaO)1(Al2O3)6. 

Figs. 9 and 10 show that there are two pathways of degradation that 
would explain the wear of the alumina coating. One path is the degra-
dation due to the formation of a solid solution of MgO, CaO and Al2O3 
due to the reaction between the oxide NMI and the coating. The other 
path to degradation is the interaction between CaS with alumina and the 
ambient oxygen available in the cutting zone. 

The products are determined by thermodynamics and the rate is 
determined by kinetics. Hence, cutting conditions leading to higher 
temperatures, pressures, and more interactions with NMIs from the chip 
leads to faster degradation. Such wear would be difficult to limit if it is 
dependent on the oxygen availability, but it can be limited if it is purely 
inclusion dependent. Thus, machining tests are needed to differentiate 
oxygen dependent wear mechanism and only alloy dependent. 

Calculations at high pressures were also performed, however only 
including the molar volume and not bulk modulus. These show an in-
crease in the driving force of the degradation at the high pressures 
reached in the cutting zone (109 Pa). Further investigations of the 
compressibility of the phases are needed to evaluate the exact result. 

3.5. Controlled atmosphere machining 

The reaction involving CaS that potentially leads to Al2O3 degrada-
tion is determined by the availability of oxygen. If the available oxygen 
is suppressed, this path for interaction will be deactivated. If the 
degradation of the coating is driven by ambient oxygen, then there is a 
limited possibility to improve the machinability by the addition of sul-
fates. If the degradation is not driven by the ambient oxygen, then the 
further control the oxides and oxygen content in the steel to improve the 
steel machinability. 

The controlled atmosphere machining entailed two tests: a temper-
ature assessment and a tool wear assessment. Comparing dry machining 
in air (dry - unforced air supply) with turning in an argon enriched 
environment might lead to the wrong conclusions. This is because 
flooding the cutting zone with 400 l/min of argon will likely introduce 
an extra cooling effect which influence the temperature in the cutting 
zone. By turning under the supply of compressed air, in contrast to the 
argon supply case, might also potentially lead to inaccurate conclusions, 
because air and argon have different thermal conductivities. 

To distinguish between such potential sources of inaccuracy, the 
temperature was measured in dry, argon enriched, and compressed air 
environments using an embedded thermocouple inside the insert 
(Fig. 3c) at vc = 300 m/min. The result of the 50 s of turning is given in 
Fig. 11. Cutting at dry conditions resulted in a temperature of approxi-
mately 540 ◦C, compressed air in 510 ◦C, and argon in 507 ◦C. This is not 
as accurate as the IR-Camera measurements since the thermocouple is 
placed 800 μm from the tool-chip interface. However, it indicates the 
averaged differences. It can be concluded that a supply of compressed air 
and argon at 400 l/min results in nearly identical process temperatures. 

The tool wear test was conducted for 500 s of engagement that is the 
approximate time at which the 40% of the tool-chip interface was devoid 
of alumina coating under dry conditions, as determined earlier (Fig. 6d). 

Fig. 9. a) The CaO–Al2O3–MgO system at 900 ◦C and 105 Pa, shows that the coating is a stable phase at low fractions of CaO and MgO (blue region). b) The driving 
force for the formation of the first amount of reaction products for one illustrative composition, showing a positive driving force for the degradation of the alumina 
coating. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 10. a) The equilibrium phase composition with increasing oxygen availability, b) the driving force of the formation on different interaction products due to a 
reaction between CaS, Al2O3 and an increasing oxygen availability. CaS can degrade the alumina coating in the presence of oxygen at the machining conditions. 

A. Bjerke et al.                                                                                                                                                                                                                                  



Wear 477 (2021) 203785

8

The tool wear after this engagement time is practically identical between 
compressed air and argon, as shown in Fig. 12. There is a slight differ-
ence between the dry and the other two cases (compressed air and 
argon). This difference in ambient and compressed air or argon can be 
assigned to the high flow of gas in the cutting zone that lowers the 
temperature and improves chip breaking. No signs of flank wear are 
present. 

The SEM-XEDS results of the rake face reveals that the tool surface 
composition is almost identical for the three cutting conditions. Ca and S 
is adhered to the exposed Ti(C,N) and Fe, Mg, Mn, and Ca are covering 
the Al2O3 (Fig. 13). This suggests that the degradation of the Al2O is not 
driven by the oxygen available in the air, but rather through the reaction 
between the coating and oxide NMI already present in the workpiece 
material. 

3.6. Proposed degradation mechanisms of the coating 

The signs of abrasive wear on the alumina coatings have been 
apparent in the sliding zone in many papers [4–12], studying the wear of 
alumina coatings during turning machinability improved soft Ca-treated 
steels. The developments in (001) textured α-Al2O3–TiCN coatings and 
calcium treated steels has led to an increase in the tool life [4,16]. The 
anomalous wear of the α-Al2O3–Ti(C,N) coating when machining 

Ca-treated steel cannot be attributed to abrasive wear and shear stress 
alone. Fig. 14 shows a simplified schematic of the results presented in 
Section 3.1–3.4. 

The alumina coating on the flank with no deposits shows limited 
signs of wear (Fig. 14, step 1). Furthermore, there are no signs of 
abrasive wear on the flank after 500 s of machining (Fig. 6). This in-
dicates that the alumina coating is rather wear resistant before any 
thermal and chemical degradation has taken place. This is because the 
steel is a soft calcium treated steel with suppressed formation of pure 
oxide inclusions with only sulfides and oxy-sulfides present (Fig. 1). The 
chip and tool are also at a similar elevated temperature (Fig. 8) which 
make the inclusions softer than the coating (Fig. 7). 

NMI are then deposited and adhered to the alumina coating (Fig. 14, 
step 2). This occurs mainly in the sliding zone. The composition of theses 
deposits is a combination of the NMIs, such as (Mn,Ca)S and (Mg, Ca, 
Al)xOy and the workpiece material which is mostly Fe, as is shown in 
Figs. 5, 6 and 13. 

The adhered NMI material reacts with the coating and starts to form 
a combination of one or several of the solid solution (CaO)1(Al2O3)6, 
(MgO)(Al2O3), (CaO)1(Al2O3)8(MgO)2 and (CaO)2(Al2O3)14(MgO)2, 
(Fig. 14, step 3). This is due to the fact that the alumina in the coating is 
no longer chemically inert, and thus not an equilibrium phase (Fig. 9). 
There is therefore a positive driving force for it to degrade (Fig. 9b). The 
temperature and pressure is high enough for a solid-state reaction to 
take place (Fig. 7). The mixed oxide layer derived from the reaction is 
drawn in green in Fig. 14, modeled in Section 3.4 and also seen as second 
shades of Al and O with an overlap with Mg and Ca in Fig. 7. 

These reaction products are softer than the original coating and 
similar in hardness to the NMI. This allows them to be mechanically 
worn (Fig. 14, step 4). The abrasive tracks appear mostly to be in the 
adhered layer and reaction products, which has been the focus of earlier 
works [4–12]. The “ridges” of inclusions and the “valleys” of exposed 
alumina left between are caused by abrasive particles that remove the 
reaction layer and the deposited NMI. This is shown by the combination 
of topography sensitive SE− SEM and XEDS lines cans in Fig. 5. This is a 
form of abrasive wear, as seen in previous studies [4–12]. However, the 
origin is the initial chemical degradation of the coating. The results of 
this current study also explain why Ca-treated steels lead to a decrease in 
flank wear and increased crater wear for alumina coated and alumina 
ceramic tools compared to non-calcium treated steel, as shown in earlier 
works [17,19,20]. The process is repeated as more material is deposited, 
reacted and abraded (Fig. 14, step 3–5) until the alumina coating is worn 
through. The Ti(C,N) coating is then exposed which leads to the adhe-
sion of CaS (Figs. 6 and 13). 

The interaction system needs to be evaluated at higher pressures, as 
the driving force would likely increase with an increased pressure, if not 
offset by a large difference in compressibility. Hence, the high pressure 

Fig. 11. Temperature measurement by embedded thermocouples 800 μm 
below the cutting surface. The effect on temperature by flooding the cutting 
zone with argon and oxygen result in a similar cooling effect. 

Fig. 12. BSE-SEM images that compare the tools after 500 s of cutting in dry, compressed air, and argon environments.  
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in the cutting zone likely leads to faster degradation than standard ex-
periments carried out in vacuum or at atmospheric pressure [29]. Not 
taking high pressures, high temperatures and the dynamics of the pro-
cess under consideration might explain previous overestimates of the 
inertness of the alumina coating. 

4. Conclusions 

The anomalous wear of alumina coatings when machining steel that 
contains NMI can be explained by the initial chemical degradation of the 
alumina (Al2O3). Under there machining conditions, it reacts to form 
calcium aluminate (CaO)x(Al2O3)y, spinel MgAl2O4 and calcium mag-
nesium aluminate (MgO)x(CaO)y(Al2O3)z by the process outlined in 
Fig. 14. This shows a sequence of steps leading to a tool surface with 
signs of abrasive wear. However, the origin is an initial chemical 

degradation due to the fact that alumina is no longer chemically inert at 
the prevailing conditions. This is shown by the microstructural in-
vestigations and support by the temperature measurements and ther-
modynamic calculations. Hence, the inertness of alumina coatings in 
previous studies are overestimated, even more so at higher pressures (1 
GPa). The fresh supply of NMI from the steel, as well as the high tem-
perature and pressure in the sliding zone, leads to positive driving forces 
for the degradation of alumina in the presence of calcium and magne-
sium mixed oxides and oxi-sulfides. 

The degradation of the alumina coating will continue until the 
deposited NMI are saturated with Al and O, though this layer will be 
continuously abraded and encounter more NMI. CaS can theoretically 
lead to the chemical degradation of alumina, but only when an excess of 
oxygen is available. However, it is shown that oxygen from the ambient 
air is does not drive such degradation of the coating. This concludes that 
the degradation is driven by the oxide and NMI available in the steel, 
and by the ambient oxygen. To understand this interaction even further, 
detailed investigations of the kinetics of the degradation of alumina in 
the presence of NMI at high pressures and temperatures are needed. In 
addition, such an extended study is needed to realize the full benefits of 
Ca-treatments and NMI without the degradation of the alumina coating. 
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A B S T R A C T   

The aluminum oxide-coating on cemented carbide tools used for metal cutting have been regarded as inert 
during cutting of steels. Because diffusional dissolution is not possible. Chemical degradation of aluminum oxide 
coatings is often overlooked, especially in the presence of ambient oxygen and non-metallic inclusions. High- 
pressure diffusion couples, advanced microscopy, and thermodynamics are used to investigate and predict the 
chemical degradation of aluminum oxide-coated tools. During interactions with steel and different combinations 
of inclusions with and without ambient oxygen. The results show that alumina is resistant to chemical degra-
dation by steel in the absence of oxygen. However, this is not the case when oxygen and non-metallic inclusions 
are present. These experiments and microscopy together with the thermodynamic calculations allow for the 
creation of a method and guidelines for chemical wear modeling and steel inclusion engineering when machining 
with aluminum oxide-coated tools.   

1. Introduction 

The addition of calcium and other compounds during steelmaking to 
control the composition, morphology and distribution of inclusions in 
Al-killed steels has been practiced and studied for more than 40 years 
[1]. Calcium treatment, for example, is used to transform solid alumina 
(Al2O3) into liquid calcium aluminates (CaO)x(Al2O3)y that improve 
casting [2]. Adding calcium to the steel melt has also been shown to 
improve machinability [3]. The inclusions favor chip formation and may 
be adhered to the cutting tool in the form of a protective layer, which 
increases the tool life [4,6]. These adhered material can function as a 
tribofilm, improving tribological contact, reducing mechanical wear, 
and acting as a barrier to chemical, diffusional, and oxidational wear of 
the tool material [5,6]. This approach has been successful when 
machining steels with tool materials such as high-speed steel [4], un-
coated cemented carbides [7], polycrystalline cubic boron nitride 
(PCBN) [8], and cemented carbide with TiC, TiN and Ti(C,N) coatings 
[9]. However, in comparative studies of calcium- and non‑calcium- 

treated steels [10–12], calcium treatment has been found to increase 
rake wear, and in some cases decreases the tool life of alumina-coated 
and alumina-based ceramic tools in machining. 

Alumina has limited solubility in the steel phases (austenite, 
martensite, ferrite and cementite), which limits diffusional wear and 
should make mechanical wear the main wear mechanism during metal- 
cutting operations [13]. Studies of the wear of alumina-coated tools with 
steels containing non-metallic inclusions have revealed the presence of 
Al-containing mixed oxides atop the Al2O3 coatings after machining. 
These mixed oxides are assumed to be adhered inclusions from the 
original steel [10,14], but they have also been interpreted as potential 
reaction products [11,15,16]. In several studies, the worn tools have 
been etched with HCl [17,18] to remove adhered steel, a process that 
unfortunately also removes some of the evidence of interactions with 
calcium oxides. The focus of Al2O3 coating studies has therefore been on 
improving the mechanical properties of alumina coatings by enhanced 
bonding, phase control and texture, microstructural refinement, multi- 
layering, and texturing of alumina to improve cutting performance 
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[19]. These modifications improve the coating’s resistance to mechan-
ical wear such as plastic deformation and abrasion. One recent devel-
opment is (0001) textured α-Al2O3 which has improved resistance to 
abrasive wear. This has been shown to be due to the basal slip plane 
being in the plane of the coating, making uniform plastic deformation 
and twinning more surface localized [17,19]. In addition, older studies 
of other Al2O3 coatings such as kappa [21] and not textured α-Al2O3 
might not even be relevant today [19]. 

Still, experiments involving liquid metal and Al2O3-ZrO2 show that 
the Al2O3 can react with steel in the presence of oxygen [20]. A recent 
study of the onset of the wear of a (0001) α-Al2O3 coating when 
machining a calcium-treated steel [16] shows how oxygen, steel, and 
non-metallic inclusions react with the alumina coating during turning of 
a calcium-treated 19MnVS6 E470 steel [16]. Similar wear mechanisms 
were observed in an earlier study on the machining of inclusion engi-
neered steels with a TiC-A2O3-TiN coating [21]. This type of finding is 
not limited to Al2O3 coatings and is common to machining inclusion 
engineered steels with Al2O3-based ceramic tool materials 
[11,12,22–25]. 

The development of more mechanical-wear resistant alumina coat-
ings and inclusion engineered steels free of hard inclusions has led to an 
increase in the importance of chemical, oxidational wear as a precursor 
to mechanical wear [16]. The full potential of turning inclusion engi-
neered steel with alumina-coated tools and ceramics will not be reached 
without further understanding and limiting of the interaction between 
alumina, non-metallic inclusions (NMI), steel, and air. 

The interaction between alumina and other inclusions has been 
extensively studied for SiC-Al2O3 ceramics [26–28], with the liquid 
metal for Al2O3-ZrO2 [20] or under casting conditions [2,29,30]. To our 
knowledge no studies have investigated the interaction between 
alumina coatings, rather than ceramics, when the steel and inclusion 
phases are in the solid state, both in the presence and absence of oxygen. 
There are few experiments valid for conditions relevant to metal cutting, 
such as temperatures below 1300 ◦C and pressures above 2 GPa 
[16,31,32]. Hence, a set of diffusion couple experiments at 2.5 GPa, 
1200 ◦C and 1300 ◦C, as well as thermodynamic calculations are per-
formed in this study. The interacting materials include CVD α-Al2O3- 
coated tools, a range of non-metallic inclusion precursors, and the steel 
itself. These conditions simulate the interaction environment during the 
metal-cutting process and aid understanding of the degradation of CVD 
α-Al2O3 coatings during turning of inclusion engineered steels [16,33]. 
The generated findings and knowledge can further aid in pairing and 
developing optimized tools and inclusion engineered steels. In addition, 
the experimental and modeling solutions developed are not limited to 
alumina coatings, but also create a basis for understanding the inter-
action between cutting tools and NMI in general. 

2. Methods 

2.1. Material & diffusion couple 

Previously reported results by Bjerke et.al [16] on the interaction 
between steel, inclusions and the Al2O3 coating in machining were used 
when selecting material combinations for the current diffusion couple 
experiments. The selected steel is a calcium-treated commercial steel 
19MnVS6 (E470) shown in Fig. 1a. The tool material used in the diffu-
sion couple experiments is a cemented carbide (WC-Co)-coated insert 
with a multi-layer CVD coating. The coating consists of a bottom Ti(C,N) 
layer, a middle Ti(C,N,O) bonding layer, and an outer (001) textured 
α-Al2O3 layer (Fig. 1b). Additionally, non-metallic inclusion precursors 
were introduced in the diffusion couple experiments as a set of designed 
powder mixtures of Al2O3, CaO, Fe2O3, Fe3O4, MgO, MnO and SiO2 
prepared by planetary ball milling. 

The diffusion couples consisted of three parts: the coated tool ma-
terial, an inclusion mixture, and a metallic capsule, shown as a sche-
matic cross-section in Fig. 2. The capsule is manufactured from 

19MnVS6 steel, and the central cavity is used to encapsulate the round 
coated cemented carbide insert with the Al2O3 coating facing the in-
clusions and the steel. The steel capsule was either in as-machined or 
pre-oxidized state. The inclusion precursor combinations were placed 
between the steel and the coating. The diffusion couple experiment was 
performed in a toroid-type high-pressure and high-temperature cell 
HPAT-30 [34]. The design, assembly, and heating and cooling of the 
diffusion couples is identical to that described in [34]. The pressure and 
the holding time were kept constant at 2.5 GPa and 10 min, respectively. 
Experiments were conducted at temperatures of 1200 ◦C and 1300 ◦C. 
After the heat treatment, the high-pressure cell was instantly oil cooled. 
The diffusion couple reaches room temperature within a minute, after 
which the pressure is released. The diffusion couple never came in 
contact with any air or liquid during the experiment. Table 1 shows the 
combinations of tool, workpiece, and inclusion mixtures investigated in 
our study. 

This method has been shown to accurately capture the chemical and 
diffusional interactions between the tool and metallic materials 
[33–35]. The chosen conditions aimed to capture the chemical, oxida-
tion, and diffusional degradation of the coating under conditions similar 
to those during actual machining of the selected tool and workpiece 
combination. The interaction temperature was intentionally set slightly 
higher than the actual temperatures in the cutting zone (≈ 1000 ◦C) [16] 
in order to compensate for the short interaction time. 

2.2. Microscopy 

The interaction region of cross-sectioned and polished samples was 
studied using a Tescan Mira3 scanning electron microscope (SEM), 
equipped with secondary electron (SE), backscatter electron (BSE), X- 
ray energy-dispersive spectroscopy (XEDS), and electron backscatter 
diffraction (EBSD) detectors. Lamellas were extracted and thinned using 
a FEI Nova NanoLab 600 focused ion beam FIB-SEM. These lamellas 
were investigated using a transmission electron microscope (TEM) JEOL 
3000F additionally equipped with a XEDS detector. Transmission 
Kikuchi Diffraction (TKD) studies were also conducted on the lamellas 
using the Tescan Mira3 EBSD detector. This combination of microscopy 
allowed for investigation of the microstructure, chemistry, and crystal 
structure of the interaction zone on the millimeter to nanometer scale. 

2.3. Thermodynamics 

The thermodynamic calculations were conducted using the CAL-
PHAD approach with Thermo-Calc software [36] and the TCFE11 
database. The steel was modeled as pure Fe (FCC), since any steel 

Fig. 1. SEM images of a) the steel 19MnVS6 (non-etched) arrows pointing to 
non-metallic inclusions introduced during manufacturing; b) the microstructure 
of coated tool cemented carbide tool material used in diffusion couples. The 
tool-workpiece combination is identical to the materials [16]. 
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adhered in the cutting zone will be heated and transformed and this is 
the case in the diffusion couple. The inclusion mixture as tridymite 
(SiO2), halite (CaO, MnO and MgO), corundum (Al2O3), spinel (Fe3O4) 
and hematite (Fe2O3). The (0001) textured α-Al2O3 coating is modeled 
as corundum. The availability of oxygen in the interaction zone is 
expressed using the oxygen activity where the reference state is pure 
oxygen gas. The reference state of oxygen was set as pure oxygen gas at 
ambient temperature and one bar pressure. The oxygen activity thus 
corresponds to the partial pressure of O2 – the latter is, of course, 1 in a 
pure O2 environment, approximately 0.21 in the ambient atmosphere, 
and 0 in an oxygen-free environment. The reactions between the in-
clusions, steel, oxygen and coating can both be modeled as non- 
stoichiometric phases and the whole temperature range from 25 ◦C to 
1300 ◦C is investigated to look for possibly metastable phases. 

3. Results 

3.1. Al2O3 coating vs. steel 

The reference sample (Table 1 - #1) is a high-temperature and high- 
pressure diffusion couple between the coating and the steel in the 
absence of air. This condition simulates the interface between the 
coating and the steel that occurs in the sticking zone of the tool–chip 
interface where the contact is intimate [31,32]. It has been shown that 
the chemical wear of the coating is also lowest in this zone compared to 
the mixed and sliding zone when machining these types of steels with 
Al2O3 coatings [10,16]. 

The reference (#1) diffusion couple between the steel and the 
alumina coating did not bond together during neither the experiment at 
1200 ◦C nor 1300 ◦C while being pressed together for 10 min at a 
pressure of 2.5GPa. The coating also remained its original thickness of 
approximately 4.5 μm. A gap has formed between the coating and the 
steel, this gap was partially filled up with mounting material during 
sample preparation. The gap is indicated in the SEM-BSE image (Fig. 3). 
This gap formed during the cooling and decompression of the diffusion 
couple and is related to thermal shrinkage and compressibility during 
the experiment, of the respective materials. The edges of the Al2O3 
coating and the edge of the steel has been slightly rounded during 
sample preparation due to the difference in hardness between the Al2O3 
coating, the gap partially filled with mounting material and steel. This 
apparent lack of interaction compared to experiment 2–5 (Table 1) is 
expected because Fe cannot reduce aluminum oxide [37] and has 
limited solubility in Al2O3 [13]. This agrees with experiments at ambient 
pressures and higher temperatures [20]. 

However, air was entrapped in some locations of this sample, which 
led to a more than 5 μm thick reaction zone forming. Fig. 4 shows a SEM 
image and XEDS maps of the same diffusion couple (#1) in a location 

Fig. 2. Schematic and actual cross-sectional view of the diffusion couple assembly.  

Table 1 
Experimental materials.  

# Coating Steel 
capsule 

Powder precursors Pressure 
[GPa] 

Temperature 
[◦C] 

1 Al2O3 
As 
machined none 2.5 1200, 1300 

2 Al2O3 
Pre- 
oxidized none 2.5 1200, 1300 

3 Al2O3 
As 
machined 

MgO 2.5 1300 

4 Al2O3 
As 
machined 

SiO2, CaO, MgO, 
Al2O3 

2.5 1200, 1300 

5 Al2O3 
As 
machined 

SiO2, CaO, MgO, 
Al2O3, MnO, 
Fe3O4, Fe2O3 

2.5 1200, 1300  

Fig. 3. SEM-BSE image of diffusion couple between steel and coating at 1200 ◦C and 1300 ◦C without the presence of inclusions of air, the gap formed during 
decompression. 
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where air has been trapped. Air can be trapped in the corners of the 
capsule-insert assembly (Fig. 2), during the manufacturing of the high- 
pressure and high-temperature experiment. The machined steel 
capsule has a corner radius of approximately 200 μm, while the coated 
insert has an edge radius of approximately 25 μm. This difference in 
radii creates a pocket for air entrapment. The interaction between the 
tool material and the steel in the presence of air can therefore be studied 
in these corner regions. This situation represents the interface of the 
coating and the steel in the presence of oxygen during machining, which 
occurs in the sliding zone of the tool–chip interface [31,32]. This sliding 
region is known to exhibit relatively larger wear rates of Al2O3 coatings 
compared to the sticking zone [10,16]. 

Fig. 4 shows that the Al2O3 coating has reacted with oxygen and iron, 
leading to degradation of the Al2O3 coating. An iron aluminum oxide has 
formed on the interface between the coating and the steel, as shown by 
the overlapping XEDS maps and the Z-contrast contrast difference in the 
SEM-BSE image (Fig. 4). The gap in this case forms not between the 
coating and the oxides but between the iron aluminum oxides and the 
steel. This indicates strong adhesion between the reaction products and 
the coating. This is different from the areas where excess oxygen cannot 
access the interface (Fig. 3). Where there is no degradation and oxide 
formation. 

The reaction layer consists of two phases, an aluminum iron oxide 
with different Al and Fe contents. XEDS and EBSD identified the reaction 
product as (Fe, Al)3O4 spinel. A pure iron oxide has also formed that is 
identified as FeO. The thickness of the Al2O3 coating layer has been 
reduced from the original 4.5 μm to 3.5–4 μm at 1200 ◦C and to 2.5–3 

μm at 1300 ◦C. This finding is in agreement with a study where mixed 
ZrO2-Al2O3 ceramic tools were immersed in molten metal containing 
surface oxides at 1326 ◦C for 2 min [20]. In the case of the molten metal, 
the reaction zone was 15 μm, but the same iron alumina spinel was still 
observed. 

3.2. Al2O3 coating vs. pre-oxidized steel 

The pre-oxidized steel sample was generated by first corroding it in 
water and then heat-treating it in a furnace at 600 ◦C for 30 min. The 
diffusion couple with such pre-oxidized steel (Table 1 - #2) represents 
machining cases when the coating encounters adhered and oxidized 
steel, or cases of simultaneous exposure of steel to the air. These situa-
tions can occur when machining steels with oxide scales, during inter-
mittent cutting when adhered steel oxidizes, or, most commonly, in the 
sliding zone of the tool–chip interface where atmospheric oxygen can 
reach the interface [32]. 

A SEM-BSE image of the interface between the pre-oxidized scale and 
the coating after 10 min at 1200 ◦C and 2.5 GPa is shown in Fig. 5. The 
result is similar to the case of the reference sample #1 with trapped air 
(Fig. 4). In the current case, the alumina coating strongly reacts with the 
iron oxides to form a (Al,Fe)3O4 spinel phase. A mixture of FexOy and 
steel is adhered to the (Al,Fe)3O4 spinel and Al2O3 coating. The absence 
of a gap between the reaction products and the coating indicates strong 
adhesion between the reaction products and the coating, which con-
trasts with the reference sample #1 (Fig. 3). The Al2O3 coating layer has 
reduced in thickness from the original 4.5 μm to 2.5–3 μm at 1200 ◦C 

Fig. 4. SEM-BSE image and XEDS maps for the diffusion couple between steel and coating with entrapped oxygen at 1200 ◦C. (Fe,Al)3O4 spinel and FeO halite have 
formed, and the Al2O3 coating has been partially consumed. 

Fig. 5. SEM-BSE image and XEDS maps of the reaction interface between the pre-oxidized steel and the coating at 1200 ◦C.  
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and 2.2–2.7 μm at 1300 ◦C. 
A TEM lamella was extracted from the interface and was examined to 

further identify the reaction products (Fig. 6). The imaging mode used 
was high-angle annular dark field (HAADF-STEM) which is composition 
sensitive, and low-angle annular dark field (LAADF-STEM) which is 
more sensitive to crystallographic differences. This STEM imaging is 
further combined with TKD and selected area electron diffraction 
(SAED). The phases identified by XEDS compositional analysis are 
confirmed by the SAED diffraction and TKD. The ratio of Fe to Al in the 
(Al,Fe)3O4 phase varies across the interface but is always spinel of F-d3m 
space group structure. The FeO is in the Wüstite phase belonging to the 
space group Fm-3 m. The alumina coating is the corundum R-3c phase. 
All these reaction products are identical to those in the case of entrapped 
oxygen (sample #1) and in earlier studies [20]. In this TEM lamella and 
in multiple instances across the interface, we observed particles of pure 
iron without the alloying elements of the 19MnVS6 steel. 

The Al-Fe-O system is well understood both experimentally and 
thermodynamically [39]. We can therefore model what happens when 
steel together with oxygen interacts with the Al2O3 coating as seen in 
Figs. 4, 5 and 6. The thermodynamic calculations were carried out for 5 
mol of Fe (steel) and 5 mol of Al2O3 (coating) and 1 mol of Ar gas. The 
presence of oxygen was modeled by continuously increasing the oxygen 
content of the system (Fig. 7). The calculations reveal the absence of 
coating interaction and degradation when oxygen is not available in the 
system, when the effective partial pressure of O2 (PO2) is below 10− 17 

and the gas phase consists of mostly argon. This computational result is 
consistent with our experiments (Fig. 3) and [13,20]. Hence, there is no 
chemical wear in the sticking zone during machining if there are no 
inclusions and no excess oxygen available [9,17]. 

However, the Al2O3 coating starts to react with the steel when excess 
oxygen is available and will form (Al,Fe)3O4, as shown by the increasing 
amount of (Al,Fe)3O4 (phase 4, Fig. 7), the decrease in the amount of Fe 
(phase 3, Fig. 7), and the absence of Al2O3 phase between PO2 10− 17 and 
10− 6 in Fig. 7. FeO is also stable in a part of this region. These results find 
experimental confirmation in the cases shown in Figs. 4, 5 and 6 where 
the coating is consumed and replaced by Fe, FeO, and the spinel phase 
(Al,Fe)3O4. Alumina and iron are likely to be consumed under excessive 
amounts of oxygen, which then makes Fe- and Al-rich (Fe,Al)2O3 the 
stable phases. This has been experimentally observed in other studies 
[39], but not in our oxygen-limited cases. Hence, the Al2O3 coating is 
resistive to dissolution and oxidation wear [13,40], but not to chemical 

wear. 

3.3. Al2O3 coating vs. MgO inclusions 

MgO is not commonly used as an NMI for machinability improve-
ment, but it is often found in steels as mixed oxides due to its presence in 
the steelmaking process. It is often found adhered to tool surfaces during 
machining [16,41]. A diffusion couple with only MgO precursor was 
therefore prepared to investigate the effect of the presence of Mg oxides 
(Table 1 - #3). MgO aggressively reacted with the Al2O3 coating, 
resulting in complete dissolution of the Al2O3 layer of the coating in 
almost all places. Remnants of the coating (well below 1 μm thick) were 
found in some locations. However in those locations the alumina layer 
had reacted with MgO to form an Al2MgO4 spinel as shown in Fig. 8 
Region 1. The more common observation across the coating and MgO 
interface is the formation of a mixture of different Ti, Mg oxides with 
only small amounts of Al detectable. Fig. 8 Region 2 is a LAADF-STEM 
image of an area where a gap formed between the Ti(C,N) coating and 
the consumed coating and MgO powder. The new TixMgyOz phase has 
the same columnar structure as the Ti(C,N) layer and most likely grew 
epitaxially when consuming the Ti(C,O,N) bonding layer. The TixMgyOz 

Fig. 6. STEM images, XEDS mapping, TKD, and SAED of the interaction zone and phases found on the interface between the coating and the pre-oxidized steel after 
10 min at 1200 ◦C and 2.5 GPa. The iron oxide has reacted and degraded the Al2O3 coating into (Al,Fe)3O4. 

Fig. 7. Diagram of the equilibrium phase composition with varying availability 
of oxygen at the experimental conditions. The Al2O3 coating is not thermody-
namically stable in the presence of Fe and O. 
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layer is 1.5–2 μm in thickness. Hence MgO inclusions can chemically 
interact with both the Al2O3, as earlier observed in actual machining 
tests [16,41] and with the Ti(C,O,N) bonding layer as shown in Fig. 8. 
This finding agrees well with oxidation experiments on ceramics [28]. 
Furthermore, this behaviour has been observed in machining with ce-
ramics in which the Al2O3 binder was chemically attacked [42]. 

3.4. Al2O3 coating vs. (SiO2, CaO, MgO, Al2O3) inclusions 

The diffusion couple sample (Table 1 - #4) contained equal moles of 
precursors of the common NMI SiO2, CaO, MgO, and Al2O3, found both 
in steels [6] and on the rake of Al2O3-coated tools [14,16,41]. Therefore, 
this is the most representative case of interaction of the coating with 
inclusions. Fig. 9 contains a SEM-BSE image and XEDS maps of the 
interface after 10 min at 1300 ◦C and 2.5 GPa. The Al2O3 layer is almost 
completely consumed by the chemical interaction. Only fragments of 
Al2O3 layer are found in some locations at both 1200 and 1300 ◦C, with a 
maximum thickness of 1.7 μm. The Ti(C,N) bottom layer is still intact, 
but the thin Ti(C,N,O) bonding layer has grown in some locations. 

The reaction between the coating and the inclusions resulted in two 
distinct products. One product is (Ca,Si,Al)xOy and the other is a (Fe, 
Mg)1Al2O4 spinel, both in direct agreement with the machining test in 

[16]. There are also several regions of pure Fe and minor regions of Ca, 
Si oxides. The reaction oxides are strongly adhered to the original 
coating, and on decompression of the diffusion couple a gap was formed 
between the reaction products and the steel. 

A TEM lamella was extracted at right angles to the interface between 
the tool and the reaction products for the sample at 1200 ◦C in an area 
where the mixed oxides are found. Fig. 10 shows the combined results 
from TKD, HAADF-STEM, and XEDS-STEM. The Fe, Mg, Al oxide is 
clearly identified as (Fe, Mg)1Al2O4 spinel by both XEDS and TKD, as 
further confirmed by SAED. The dominant Ca, Si, Al oxide phase is found 
to be Ca2Al2Si1O7 melilite. Other solid solutions of SiO2, CaO, and Al2O3 
are also present in minor quantities, as identified by XEDS-STEM, but 
could not be confidently confirmed by SAED and TKD. High- 
temperature oxidation studies of SiC whisker-reinforced alumina show 
the presence of crystalline and both glassy and amorphous phases of Si- 
Mg-Al oxides [28]. However, in our case, all regions give clear diffrac-
tion reflexes, and hence the phases in these experiments are neither 
glassy nor amorphous. 

Temperature influences the rate of reactions, as well as the process 
thermodynamics. If the normalized driving force for the degradation of 
Al2O3 into (Fe, Mg)1Al2O4 and Ca2Al2Si1O7 is positive at a given tem-
perature, then the degradation of the coating is thermodynamically 

Fig. 8. Region1 shows an SEM-BSE and XEDS-SEM maps of the interface between the coating and MgO powder. Remnants of the Al2O3 coating have degraded into 
Al2MgO4 spinel or been completely consumed. Region 2 is a LAADF-STEM image of the interface devoid of Al2O3 coating remnants. The TixMgyOz formed originates 
from the interaction of MgO with the Ti(C,O,N) bonding layer and inherits the same columnar structure as the Ti(C,N). 

Fig. 9. SEM-BSE image and XEDS maps of the reaction interface between the non-metallic inclusion precursors and the coating at 1300 ◦C and 2.5 GPa after 10 min. 
The Al2O3 is almost entirely consumed and two new mixed oxides have formed: (Ca,Si,Al)xOy and (Fe,Mg)1Al2O4. 
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possible and favorable. If it is zero or negative, then the degradation is 
not possible, as in the case of Fe and Al2O3 without additional oxygen 
(Figs. 3 and 7). Our calculations show that the driving force for the 
transformation of the coating into the experimentally identified phases 
is always positive over a wide range of cutting temperatures. This is 
shown in Fig. 11a, where the normalized driving force for the formation 
of Ca2Al2Si1O7 and (Fe, Mg)1Al2O4 from the interaction between the 
Al2O3 coating and the inclusion precursors is plotted from 200 to 
1300 ◦C. This shows that there is thermodynamic potential for coating 
wear by interacting with inclusions even at lower temperatures than in 
the diffusion couples, although likely at a slower rate. Hence the 
degradation of the Al2O3 into softer mixed oxides occurs both above the 
melting and glass transition temperatures [11,21] and as a solid-state 
reaction as seen in Fig. 8–11, as well as during actual machining [16]. 

It is interesting that the reaction phases found in diffusion couple 
experiments (Figs. 9 and 10) are identical to the phases observed in 

machining low-alloyed steel (19MnVS6) and stainless steel 316L 
[16,42]. Fig. 11b shows the results of calculations regarding how these 
two types of products are thermodynamically favorable over other 
mixed oxides when Si, Ca, Mg oxides interact with the Al2O3 coating in 
the presence of oxygen and increasing amounts of iron. The computa-
tional data agree well with the diffusion couple data in Figs. 9 and 10, 
where a Si and Al-rich oxide and one Fe, Mg and Al-rich oxide were 
observed. Other mixed oxides, such as a Ca, Si and Al-rich oxide with 
small amounts of Fe, Mg and Al, may also be present depending on the 
exact ratio between the NMI, steel, oxygen, and coating. However, the 
reaction trend of the two types of oxides remains. 

3.5. Al2O3 coating vs. (SiO2, CaO, MgO, Al2O3, Fe3O4, Fe2O3, MnO) 
inclusions 

The diffusion couple sample (Table 1 - #5) contained an equal 

Fig. 10. HAADF-STEM image, XEDS mapping, and TKD patterns of phases in the lamella extracted from the interface between the coating and the inclusion pre-
cursor mixture after 10 min at 1200 ◦C and 2.5 GPa. The Al2O3 coating is almost entirely consumed. The two types of oxides formed are (Fe, Mg)1Al2O4 spinel and 
solid solutions of SiO2, CaO and Al2O3 such as Ca2Al2Si1O7. 

Fig. 11. a) The normalized driving force for the formation of Ca2Al2Si1O7 and (Fe,Mg)1Al2O4 from equal moles of SiO2, CaO, MgO, Al2O3, and FeO. This shows how 
the Al2O3 coating degradation is thermodynamically favorable. b) The thermodynamic equilibrium phase composition with increasing amount of Fe, showing that a 
Ca, Si and Al-rich oxide and Fe, Mg and Al-rich oxide are equilibrium phases at conditions of excess O2 and Fe. 
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number of moles of the oxides of SiO2, CaO, MgO, Al2O3, Fe3O4, Fe2O3, 
and MnO. This is the most representative condition where the Al2O3 
coating interacts with inclusions, the steel itself, and atmospheric oxy-
gen. All Fe3O4, Fe2O3, and MnO may originate during oxidation of steel 
at the tool–chip interface. Additionally, MnO may also be present 
together with any of the other inclusions [11,14]. The experiment re-
veals that the results are somewhat similar to the sample without MnO. 
In the current case, Mn contributes to the spinel with Al, Fe, Mg, and O 
(Fig. 12). For this combination of inclusions, the Al2O3 coating is 
completely consumed at both 1200 and 1300 ◦C. The Ti(C,N,O) bonding 
layer has also started to further oxidize, leading to the formation of TiO2. 
Still, in the interaction region, the same two main types of oxides are 
formed: (Al,Si,Ca)xOy, and (Fe,Mg,Mn)1Al2O4. It is interesting that these 
reaction products are also found on worn tools from machining with 
Al2O3 coatings and ceramics. Several Mg, Si, Mn, Ca, Fe oxides on Al2O3 
coatings have been shown in [14,41], and on alumina ceramics tools 
[11,23]. This indicates that what is generally perceived as an adhered 
inclusion on the tool (i.e., “belag” or built-up layer) might actually be 
the selective reaction products of the inclusions with the Al2O3 coating. 

4. Discussion 

Earlier publications [9,14,17,41,43] suggest that surface localized 
plastic deformation and abrasion have been the prevailing wear mech-
anisms of Al2O3-coated tools during turning of both inclusion and not 
inclusion engineered steels. A (0001) α-Al2O3 textured coating has 
therefore shown to be a superior coating orientation due to its resistance 
to these types of wear [17,41,44]. It is suggested that from a mechanistic 
perspective, oxide inclusions (e.g., CaxAlyOz) are expected to cause 
lower wear rates on the rake compared to flank wear on uncoated and 
most coated tools [43]. It has been demonstrated that soft oxides deform 
and likely lose their abrasiveness as they pass through the primary and 
secondary shear zones [14]. Additionally, the relative speed of in-
clusions against the tool is lower on the rake. The flank is exposed to the 
cutting speed vc, while the rake is exposed to the chip speed, which is 
lower by the chip compression ratio λh. Yet it was shown [10] that 
calcium treated steels cause more rake wear, while clean steels cause 
more flank wear on Al2O3 coated tools during turning. The formation of 
a melt suggested in early works [21] was not found in these studies. 

Inclusion engineering may thus exhibit contrary effects on tool per-
formance when machining with Al2O3 coated tools. Calcium treatment 
facilitates a decrease in abrasive wear by transforming hard alumina 
inclusions into soft aluminates [6]. This has been shown to protect un-
coated cemented carbides from wear by diffusional dissolution [5], and 
so increasing tool performance. It is shown in this paper and other works 
[13] that Al2O3-coated tools are intrinsically resistant to wear by 
diffusional dissolution into steel phases. But it is shown here that 

inclusion engineering transforms the alumina coating into softer mixed 
oxides by chemical reactions, and in machining studies [16], this de-
creases tool performance. This competition between abrasive wear and 
chemical wear depends on the inclusion composition and is a well know 
effect when machining with Al2O3-TiC ceramic tools [11,12], but is 
often overlooked when using coated Al2O3 tools. Hence this paper does 
not contradict the importance of plastic deformation and abrasion in 
machining with Al2O3-coated tools, especially with a limited presence of 
non-metallic inclusions [43]. However, this paper show and explain why 
this picture is drastically changed when non-metallic inclusions are 
used. Since Fe, Mg, Ca, Si and Mn mixed oxides chemically react and 
degrade the Al2O3 coating, which is both shown here and in machining 
experiments of the same tool and workpiece material [16]. 

How does these diffusion in a static cell and thermodynamic calcu-
lations at equilibrium give insight in the much more complicated and 
dynamic process of metal cutting and turning? The temperature during 
metal cutting of an identical tool and inclusion engineered steel is 
measured by thermography to 800–900 ◦C [16]. Thermography cannot 
measure the temperature inside the cutting zone where the interaction is 
taking place. The temperature is expected to be higher in this zone since 
Al2O3 is an insulator, Soler et al. [45] even suggest a temperature dif-
ference of 30 % or more between measured thermography and the 
cutting zone. Thermodynamic calculations preformed show that the 
reactions in this experiment at 700 ◦C and 1300 ◦C are the same, but the 
rate is different, hence it is representative thermodynamically, but 
enhanced kinetically. Studies using the same methods have also shown 
how the method is applicable for understanding diffusion and chemical 
wear during metal cutting of other materials [46–48]. This imitational 
experiment resulted in the equivalent reaction products forming when 
cutting and the process is comparable to what is seen in [10,16,43]. The 
type of inclusion, steel and oxidized steel adhering in the cutting zone 
depends on the inclusion engineering, cutting conditions and tool ge-
ometry. The combination of experimental results from cutting and 
diffusion couples combined with thermodynamic modeling can add to 
the understanding tool/coating selection, wear modeling [49] and in-
clusion engineering in this paper. Section 4.1 and 4.2 are two such ex-
amples developed from the results of this study. 

4.1. Implications for wear and performance of Al2O3-coated tools 

Having understood the nature of chemical degradation of Al2O3 
coatings, allows us to link thermodynamics, diffusion couple experi-
ments, and machining to predict the interactions and degradation when 
different inclusions and workpiece materials meet the coating. 

For example, the equilibrium phase for the reaction between Al2O3 
and MgO is the spinel phase Mg1Al2O4, and the normalized driving force 
for Al2O3 is − 0.55 at 700 ◦C. Since the driving force is strongly negative, 

Fig. 12. SEM-BSE image and XEDS mapping of the Al2O3 coating and the oxidation of Ti(C,N,O) bonding layer in the presence of inclusion precursors after 10 min at 
1300 ◦C and 2.5 GPa. 
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Al2O3 is not a stable phase. This means that the Al2O3 coating is likely to 
degrade when MgO inclusions are introduced to the tool–chip interface 
during machining and then form Mg1Al2O4 (seen experimentally in 
Fig. 8). Evidently, the higher the fraction of inclusions in the steel and 
the more negative the driving force, the more rapid the tool degradation. 
This calculation can be done for any combination of inclusions or 
workpiece material. Fig. 13a rates the inclusions in order of potential to 
degrade the coating. Fig. 13a shows this for several selected examples of 
Ca, Si, and Mg oxides interfacing with an Al2O3 coating. Similar calcu-
lations can readily be done for more complicated mixed oxide or sulfide 
inclusions such as CaO–SiO2–MnS-Al2O3. 

An interesting simple case is CaO, which can form an entire series of 
calcium aluminates when interacting with Al2O3 as shown in Fig. 13b. 
The reaction product and the driving force depend on the ratio between 
Al2O3-CaO and temperature (see Fig. 13a). These parameters depend on 
cutting conditions and inclusion engineering. Interaction with CaO and 
degradation of the coating can progress until Ca1Al12O19 is formed, 
which is in equilibrium with Al2O3 (Fig. 13 a and b). This will stop 
further degradation by chemical reactions. It thus can be argued that 
Ca1Al12O19 is a type of inclusion that would not degrade the Al2O3 
coating. 

4.2. Implications for steelmaking 

Removing all inclusions and only machining ultra-clean steels would 
be one route to avoid the observed type of chemical coating degradation. 
However, this would lead to many other adverse effects, such as wors-
ened chip breaking. Inclusions are an important part of the steelmaking 
process. Non-metallic inclusions can ease chip formation, decrease 
abrasive tool wear, improve the tribological contact, and decrease 
diffusional dissolution of other tool and coating materials [6]. 

Chemical degradation of Al2O3-coated tools can be limited by satu-
rating the steel, and hence the inclusions, with aluminum. The level of 
aluminum should be such that the NMI in the steel and the adhered 
material on the tool during machining are Al-saturated endmembers 
that will not react with and degrade the Al2O3 coating. Based on our 
results. Examples of Al-saturated inclusions are (Fe, Mg)1Al2O4 (Fig. 10) 
in the Fe-Mg-Al-O system and Ca1Al12O19 (Figs. 10 and 13) in the Ca-Al- 
O system. Combinations and more complicated systems can also form 
depending on the combinations of the inclusions. The benefits of in-
clusion engineering can then be maintained without experiencing 
chemical degradation of the coating. 

Fig. 14 is an example of such a hypothetical steel with Ca, Si and Al 
oxide inclusions. If the Al content is pushed to the end of the green zone, 
then there are no inclusions that can degrade the alumina coating, as 
only Ca2Al2Si1O7 and Ca1Al2Si2O8 are present, which cannot degrade 
the coating. If the Al content extends beyond the green zone, then hard 

Al2O3 inclusions could form in the steel, thus making it very abrasive. As 
shown before, Ca1Al12O19 is the CaO-Al2O3 endmember (Fig. 13b) and is 
a saturated non-metallic inclusion. It is also the calcium aluminate in-
clusion found on worn tools after machining a steel containing several 
different calcium aluminates, and has proved to be a beneficial inclusion 
[43]. 

5. Conclusions 

This study investigated chemical degradation mechanisms of Al2O3- 
coated tools that are relevant in the context of machining all steels that 
are not completely clean and of course inclusion engineered steels with a 
variety of non-metallic inclusions. The machining conditions were 
simulated using a high-temperature (1200 and 1300 ◦C) and high- 
pressure (2.5 GPa) diffusion couple method where nine diffusion cou-
ples were produced and investigated using advanced microscopy (SEM, 
XEDS, TEM and TKD) and thermodynamic calculations. The results have 
been compared to both literature and experimental studies for the same 
and other comparable tool–workpiece combinations. 

As expected, the Al2O3 coating is resistant to wear by diffusional 
dissolution when in contact with steel. However, Al2O3 degrades into 
softer spinel type (Al,Fe)3O4 mixed oxides when interacting with steel in 
the presence of O2. The presence of Ca, Si, Mn, Mg, and Fe oxides in 
contact with the coating results in the formation of two distinct reaction 
products, Ca2Al2Si1O7 and (Fe, Mg, Mn)1Al2O4. It appears that MgO is 
among the most aggressive inclusions, as the formation of Mg1Al2O4 
spinel or complete coating dissolution was observed. All these products 
formed in a solid-state reaction at temperatures well below melting and 
glass transformation. These findings show that chemical degradation of 
Al2O3-based tooling has been an underestimated wear mechanism and 
explain the earlier contradictory results as regards to flank and rake 
wear when machining inclusion engineered steels. The results also show 
how this degradation mechanism can be predicted and quantitatively 
ranked using thermodynamic calculations, which can both aid wear 
modeling and steel inclusion engineering. 
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[29] R.V. Väinölä, L.E.K. Holappa, P.H.J. Karvonen, Modern steelmaking technology for 
special steels, J. Mater. Process. Technol. 53 (1995) 453–465, https://doi.org/ 
10.1016/0924-0136(95)02002-4. 

[30] L.E.K. Holappa, A.S. Helle, Inclusion control in high-performance steels, J. Mater. 
Process. Tech 53 (1995) 177–186, https://doi.org/10.1016/0924-0136(95)01974- 
J. 

[31] J.-E. Ståhl, Metal Cutting: Theories in Practice, SECO TOOLS, Fagersta, Sweden, 
2012. 

[32] E.M. Trent, P.K. Wright, Metal cutting, fourth ed., Butterworth-Heinemann, 2000. 
[33] V. Bushlya, A. Bjerke, V.Z. Turkevich, F. Lenrick, I.A. Petrusha, K. 

A. Cherednichenko, J.-E. Ståhl, On chemical and diffusional interactions between 
PCBN and superalloy inconel 718: imitational experiments, J. Eur. Ceram. Soc. 39 
(2019) 2658–2665, https://doi.org/10.1016/j.jeurceramsoc.2019.03.002. 

[34] M. Olsson, F. Lenrick, R. M’Saoubi, H. Larsson, A. Markström, , et al.I. Petrusha I, 
Study of wear mechanisms of cemented carbide tools during machining of single- 
phase niobium, 450–451, Wear (2020) 203244, https://doi.org/10.1016/j. 
wear.2020.203244. 

[35] V. Bushlya, F. Lenrick, A. Bjerke, H. Aboulfadl, M. Thuvander, J.-E. Ståhl, et al., 
Tool wear mechanisms of PcBN in machining inconel 718: analysis across multiple 
length scale, 70 CIRP Annals (2021), https://doi.org/10.1016/j.cirp.2021.04.008. 
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A B S T R A C T

Titanium alloys are known for being difficult to machine. Within the groups of Ti alloys, the machinability is
reduced when going from the α-alloys, to α + β, and finally to near-β or β-alloys. Uncoated cemented carbide is
traditionally used for machining these alloys and finding a suitable coating to improve the performance is a
challenge due to the high strength of Ti alloys and the high chemical reactivity of Ti with tool and coating
materials at the temperatures achieved during cutting. The PVD applied TixAl1-xN (x = 0.4–0.7) is generally
recommended for machining Ti alloys and a top layer of NbN has shown promising performance in milling
applications. This study systematically explores the wear mechanisms of either uncoated WC-12%Co or its
Ti0.45Al0.55N-NbN coated version in the milling of Ti alloys ranging from near-α (Ti-6Al-2Sn-4Zr-2Mo), α + β (Ti-
6Al-2Sn-4Zr-6Mo), and near-β (Ti-5Al-5Mo-5 V-3Cr) alloys. The wear evolution is explored by studying as-worn
tools and their cross-section using SEM-XEDS and EBSD after having reached 10%, 30%, 50%, and 100% of the
full tool life at a flank wear criterion VB = 200 μm. The coating is removed within seconds of engagement and
fails by cracking within the bulk and PVD droplet defects can initiate such cracks. Diffusional dissolution of the
coating may be active on a minor scale, but the rapid mechanical failure shows the need for a more robust
coating formulation. Exposed cemented carbide is worn at varying intensities when machining the Ti alloys. The
highest wear rate is achieved in milling α + β Ti-6246, followed by a moderate wear rate in near-β Ti-5553, and
with a slower wear rate in milling near-α Ti-6242 which is explained varying intensities in oxidation wear,
diffusional dissolution, and mechanical cracking. Diffusional loss of C gives rounder WC grains and remaining W
at the interface is removed by the chip flow. Diffusional loss of Co gives reduced grain bonding and loss of the
dampening effect that leads to fractures in WC grains. Specifically in milling α + β Ti-6246 and in minor scale in
near-α Ti-6242, there is formation of CoWO4 ceramic present several μm into the tool and its formation is
facilitated by the oxidation of binder with resolved W. Fractures within the CoWO4 explains the high wear rate.
Cracks also propagate in binder regions initiated from weakened interface regions due to diffusional loss of C and
Co.

1. Introduction

Ti alloys are popular engineering materials due to their high strength
to weight ratio, high corrosion resistance, low thermal conductivity, and
low thermal expansion [1]. The same properties also makes these alloys
difficult to machine, in combination with a high chemical affinity of Ti
which causes reactions with tools during machining and results in high
wear rates [2]. There are many Ti alloys with different mechanical
properties and phase distributions, and these range from commercially

pure Ti with only α-phase, to a mix of α- and β-phase, and to metastable
β-phased Ti alloys [3]. In general, α-phased or near-α phased Ti are
easier to machine than α + β, near-β or β-alloys, as the latter have a
higher strength and hardness [3]. A higher bcc β-phase fraction may also
contribute to more extensive diffusional or chemical wear as it is more
ductile and adhesive than the hcp α-phase and promote a higher
mobility of substitutionally diffusing elements [1].

Ti alloys are used in aerospace, automotive, chemical, and medical
industries [4]. Previous machining studies in milling Ti alloys have
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reported a higher performance of uncoated tools than coated ones [5–7].
Finding a suitable coating for machining Ti alloys is a challenge, and the
coatings that tool manufacturers recommend using is a physical vapor
deposited (PVD) TixAl1-xN with stoichiometry ratio x = 0.4–0.7 [8,9].
These coatings are reported to wear by delamination, abrasion, oxida-
tion, and/or cracking in machining Ti alloys and steel [10–13]. An extra
coating layer with NbN has shown promising performance in milling Ti
alloys due to its higher hardness than other binary nitrides [14] and its
formation of tribo-oxides that can reduce the wear rate [15,16]. Coat-
ings tend to delaminate quickly when milling Ti alloys and expose
cemented carbide to wear. Reported wear modes in cemented carbide in
milling Ti alloys include brittle fractures like chipping, fractures, and
flaking, with sporadic occurrence of plastic deformation and comb
cracks, while adhesion and diffusional dissolution are suggested wear
mechanisms without experimental validation [7,11,17–21]. Oxidation
of cemented carbide can be promoted by the intermittent conditions in
milling and controlled oxidation experiments show the formation of
WO3, CoWO4, and Co3O4 after treatment at 600 ◦C [22,23]. In sliding
tests, formation of WO3 and Co3O4 were observed [24], while CoWO4
and WO3 were detected after laser-induced oxidation assisted micro
milling [25]. These oxides are brittle and can promote failure of cutting
tools suffering from oxidation.

There is a lack of in-depth investigations of the causes of the cracking
phenomena and evidence of diffusional dissolution and oxidation wear
of cemented carbide tooling when milling Ti alloys. This study explores
the diffusional dissolution and oxidation wear mechanisms in addition
to mechanical wear in external circular milling in Ti alloys with varying
α and β phase fractions, including near-α Ti-6Al-2Sn-4Zr-2Mo (Ti-6242),
α + β Ti-6Al-2Sn-4Zr-6Mo (Ti-6246), and near-β Ti-5Al-5 V-5Mo-3Cr
(Ti-5553) using uncoated or Ti0.45Al0.55N-NbN coated tools.

2. Experimental work

The tools were either uncoated WC-12%Co or PVD applied
Ti0.45Al0.55N-NbN on the same WC-12%Co substrate, and their micro-
structures are shown in Fig. 1a. The milling tools were of

XOEX120408R-M07 geometry with a 30 μm edge radius that were
mounted in an R220.69–0040-12-5AN holder (40 mm diameter) sup-
plied by Seco Tools AB. This combination provided a 14◦ rake angle, 9◦

inclination angle, and 90◦ major cutting edge angle. Three Ti alloys were
machined: near-α Ti-6Al-2Sn-4Zr-2Mo (Ti-6242), α + β Ti-6Al-2Sn-4Zr-
6Mo (Ti-6246), and near-β Ti-5Al-5 V-5Mo-3Cr (Ti-5553). Their
respective microstructure is shown in Fig. 1b–d respectively and their
mechanical properties are presented in Table 1. The chemical compo-
sition is presented in Table 2. The Ti alloys were sub-transus solution
treated and aged.

External circular down milling with a single tooth installed was done
in a Mori Seiki SV 500 CNC mill which has a spindle speed rated up to
10,000 rpm. The cutting data was a constant depth of cut ap = 2 mm,
width of cut ae = 2 mm, feed rate fz = 0.10 mm/tooth, 13◦ engagement
angle ϴ, and the cutting speed was vc = 80 m/min for near-α Ti-6242
and α + β Ti-6246, and vc = 60 m/min for near-β alloy Ti-5553 due to
its higher strength (Table 1). An 8% oil-water emulsion coolant was
delivered externally to avoid chip ignition. Fig. 2 shows the setup with
the workpiece fixtured by the chuck on the table of the machining
center. The external circular down milling method was used because the
three different Ti alloy workpieces were supplied as bars and this
method allows workpiece material effective tool wear testing. The
descriptive sketch in Fig. 2 partly explains the external circular down
milling process and the cutting data. With a cutting width of ae = 2 mm
and an engagement angle of ϴ = 13◦, the maximum chip thickness h1max
will be smaller than the feed rate of fz = 0.10 mm. The theoretical
maximum chip thickness is calculated using eq. 1 [26]:

h1max = r −
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

f2z + r2 − 2 • fz •
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2 • ae • r − a2e
√√

(1)

Where r is the radius of the cutter (20 mm), fz = 0.10 mm, and ae = 2
mm, resulting in a theoretical maximum chip thickness of 44 μm.
However, the actual contact width may be larger due to the chip flow
over the rake surface. After finishing one full circle of the workpiece and
reducing the diameter from Douter to Dinner, the tool head was moved 2
mm further down along the axis of the workpiece to attain the correct
cutting depth at the next revolution.

Tool life tests were done by incremental measurements of the flank
wear until reaching of the flank wear criterion of VB = 200 μm and
repeated two times to average the stochastic behavior of the milling
process. Knowing the average time in cut to reach the tool life criterion,
three tool edges were machined at 10%, 30%, and 50% of that time in
cut to study the wear evolution. One cutting tool was mounted at each
tested condition. Some additional coated tools were machined in the
three alloys for only 5 and 30 s to investigate early stage coating
degradation. As-worn and cross-sectioned tools were studied in scanning
electron microscope (SEM) Tescan Mira3 using secondary electron (SE)
and backscatter electron (BSE) detectors that render surface topography
and Z-contrast respectively. X-ray energy-dispersive spectroscopy
(XEDS) and electron backscatter diffraction (EBSD) were used to study
reaction products at the tool-chip-workpiece interface using 15 mm
working distance and 8–10 kV and 20 kV respectively. Phase diagrams
are created using the CALPHAD methods in the Thermo-Calc software

Fig. 1. SEM-BSE images of microstructures. (a) WC-12%Co and Ti0.45Al0.55N-
NbN. (b) Near-α Ti-6242. (c) α + β Ti-6246. (d) Near-β Ti-5553.

Table 1
Mechanical properties of the Ti alloys.

Ultimate
tensile
strength
[MPa]

0.2% yield
strength
[MPa]

Elongation
[%]

Reduction in
area [%]

Near-
α

Ti-
6242

1004 895 19 42

α + β Ti-
6246

1214 1118 13 37

Near-
β

Ti-
5553

1270 1210 7.5 23
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using the SSOL8 and SSUB6 databases [27].

3. Results and discussion

3.1. Performance and wear behavior

Tool performance in the form of flank wear evolution data is pre-
sented in Fig. 3 for the three Ti alloys and the uncoated and
Ti0.45Al0.55N-NbN coated cemented carbide. Tool performance was
evaluated twice for both types of tooling. The presented engagement
times are the accumulated time in contact with the workpiece material
and does not include the time the tool revolves in air. The total
machining time includes the time that the tool revolves in air and the
time in contact with the workpiece material. The total machining time is
much longer than the accumulated time in contact considering the 13◦

engagement angle and is presented above each wear curve.
The wear evolutions are identical in case of milling with uncoated

tools in Ti-6242 (Fig. 3a) and for coated tools in milling Ti-6246
(Fig. 3b). There is a spread of 1–2 min corresponding to an about 50%
increase in tool life in cases when using coated tools in milling Ti-6242,
uncoated tools in milling Ti-6246, and for both uncoated and coated
tools in milling Ti-5553. A longer tool life is attained in milling near-α
alloy Ti-6242 (Fig. 3a) at the same cutting speed as to α + β-alloy Ti-
6246 (Fig. 3b). This was expected as Ti-6242 has a lower strength
(Table 1) than Ti-6246.

The coated tool provides 40–80% longer tool life than the uncoated
at the tested conditions when milling near-α Ti-6242 (Fig. 3a). Further
in-depth analysis in Section 3.2 reveals the reason for the observed
differences in machining performance. In milling α + β Ti-6246
(Fig. 3b), no appreciable improvement is obtained when using a
coated tool. This can be explained by the higher hardness and strength
and by the higher β-phase fraction that causes such intense and fast wear
of the tools. In milling near-β Ti-5553 (Fig. 3c) that has a higher β-phase
fraction than α + β Ti-6246 (Fig. 1c–d) and also higher yield and tensile
strength (Table 1), the tool life attained are closer to that of near-α Ti-
6242 than the expected α + β Ti-6246. This can be explained by the
25% lower cutting speed. It is unclear if the coating provides longer tool
life depending on which test is studied when milling this alloy.

Figs. 4–9 shows the as-worn tools in the left column and its cross-
section in the right column. The outlined dotted line on the as-worn
tool represents the approximate location of the cross-section. The loca-
tion of the cross-section is similar but not identical for all cases and is
thus not marked for all tools. Each row represents the state of wear based
on engagement time or tool life, where 100% is at the end of tool life.
The partly worn tools and their cross-sections removed after 10%, 30%,
and 50% of the full tool life are also presented.

Milling near-α alloy Ti-6242 with an uncoated cemented carbide tool
in Fig. 4 shows a low degree of wear and minor removal of tool material
up to half of the engagement time (Fig. 4a–c). This is also represented in
the flank wear evolution data (Fig. 3a). After 50% engagement time, the
wear rate increased and at the end of tool life chipping has occurred on
the rake face, there is damage to the edge line and the flank has also loss
of material (Fig. 4d–e). The cross-sections reveal a network of cracks in
both tools, which are difficult to see at this magnification and they are
therefore highlighted with arrows. In-depth exploration of the wear
mechanisms is presented in Section 3.2. The new edge line at the end of
tool life is uneven. There is a thin (<5 μm) adhered layer of Ti-6242 on
the rake until 50% engagement time (Fig. 4a–c) but non at the wear
region at the end of tool life (Fig. 4d–e).

The wear evolution when milling the same near-α alloy Ti-6242 but
with Ti0.45Al0.55N-NbN coated cemented carbide is displayed in Fig. 5.
Cross-sections reveal a rapid removal of the coating already after 10%
engagement time which exposed the cemented carbide in the wear re-
gion. As for the uncoated tool (Fig. 4a–c), the wear to 50% engagement
time is minor (Fig. 5a–c) and follows the wear evolution (Fig. 3a).
However, the tool wear is not as severe at the end of tool life (Fig. 5d–e)
as in the case with uncoated tools (Fig. 4d–e), and about half of the edge
in the cutting depth direction is retained while the other half close to the
nose radius is worn, and cross-sections reveal an uneven topography.
There is one small crack observed here and mechanical cracking has
likely caused the uneven topography. There is some adhered Ti alloy on
the wear region that can facilitate diffusional wear.

Fig. 6 displays the as-worn uncoated cemented carbide tools and
their cross-sections after milling at varying engagement times in α + β
alloy Ti-6246. More wear is attained when milling this alloy compared

Table 2
Elemental composition of the Ti alloys in wt%.

Al V Sn Zr Mo Si Fe Cr Y O C N H Res. Ti

Near-α Ti-6242 6.00 – 2.00 4.01 2.01 0.095 0.25 – – 0.15 0.08 0.05 0.01 <0.40 Bal.
α + β Ti-6246 6.00 – 2.00 4.01 6.01 0.095 0.25 – – 0.15 0.04 0.04 0.01 <0.40 Bal.
Near-β Ti-5553 5.28 4.78 – <0.005 4.58 <0.030 0.32 3.02 <0.001 0.16 0.021 0.007 – <0.30 Bal.

Fig. 2. Setup of workpiece in the mill and description of external circular
down milling.
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to the previous near-α Ti-6242 and is in line with the wear evolution
data (Fig. 3b). Cracks are noted in the edge line region already after 10%
engagement time which represents about 12 s of contact (Fig. 6a). There
is distinct edge line damage already at 30% engagement time and the
wear regions increase in size with engagement time. The cross-sections
reveal the development of a chamfer-like shape of the cutting edge as
tool wear progresses. Some cracks are visible at 10–50% engagement
times (Fig. 6a–c) and more cracks are present at the end of tool life
(Fig. 6d). These are responsible for the chipping observed on the as-worn

tools and can be the cause of removal of smaller parts of cemented
carbide. The α + β Ti-6246 alloy adheres to the wear surfaces to a larger
extent than the earlier near-α Ti-6242 alloy. The contact of Ti alloy to
cemented carbide can accelerate diffusional wear process and the
increased adhesion level of Ti-6246 can contribute to the faster wear
rate of Ti-6246 compared to Ti-6242.

The wear evolution when milling the same α + β Ti-6246 but with
Ti0.45Al0.55N-NbN coated cemented carbide is displayed in Fig. 7. The
coating is removed already before 10% engagement time (Fig. 7a). The

Fig. 3. Flank wear evolutions in milling the Ti alloys with uncoated or Ti0.45Al0.55N-NbN coated cemented carbide. (a) Near-α Ti-6242 at vc = 80 m/min. (b) α + β Ti-
6246 at vc = 80 m/min. (c) Near-β Ti-5553 at vc = 60 m/min.
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wear evolution and wear morphology are similar to the uncoated tools
(Fig. 6). The crack network at the end of tool life (Fig. 7d) display how
flaking, chipping, and fragments of cemented carbide are removed from
the tool.

Fig. 8 displays the as-worn uncoated cemented carbide tools and
their cross-sections after milling near-β Ti-5553. This alloy has a higher
strength as to the previous alloys and was therefore milled at a 25%
lower cutting speed of vc = 60 m/min instead of vc = 80 m/min. The as-
worn tools show a low degree of wear at 10–50% engagement time
(Fig. 8a–c), but the cross-sections reveal that the edge line has suffered
minor loss of material on the rake side. The wear shown in the cross-
sections at different engagement times are in line with the wear rate
shown in the flank wear evolution (Fig. 3c). Early stage plastic defor-
mation is also present when milling this alloy. At the end of tool life
(Fig. 8d–e), the wear regions have grown due to chipping, flaking, and
mechanical wear caused by the crack network seen in the cross-section.

The as-worn tools and their cross-sections used when milling near-β
Ti-5553 with Ti0.45Al0.55N-NbN coated cemented carbide are shown in
Fig. 9. Some coating remains on the edge line after 10% engagement
time (Fig. 9a) as opposed to whenmilling the other two alloys. However,
the exposed cemented carbide begins to wear in minor scale even at such
short engagement time. Once the coating is removed after 10%
engagement time, the topography of the worn cemented carbide is
similar to the uncoated tools used in milling the same alloy (Fig. 9b–c).
At the end of tool life, chipping, flaking, and mechanical fractures are
present. The as-worn tool after trial 1 (Fig. 9e) has a similar wear to the
uncoated ones (Fig. 8d–e) but the as-worn tool after trial 2 has minor
wear. This difference in wear degree is likely due to the stochasticity of
the cracking phenomena in the milling process.

The tool life variations when using coated tools in milling of near-α

Ti-6242, with uncoated tools in α + β Ti-6246, and with uncoated and
coated tools in near-β Ti-5553 at the given flank wear criterion can be
explained by studying Fig. 4–Fig. 9. At the end of tool life, chipping and
flaking are prominent and there are often more or less developed crack
networks within the tools. Rapid coating removal expose cemented
carbide and cracking within the cemented carbide is not prevented by
the coating on the yet unworn regions. The wear evolution data in Fig. 3
should not be interpreted as that the coating in case of milling Ti-6242
and Ti-5553 prolongs the tool life solely by its protective function.
Instead, the wear evolution data merely indicates the stochastic cracking
phenomena and likelihood to appear on the flank side where the wear
criterion is measured explaining the variations in tool life. At the end of
tool life, catastrophic tool failure is prominent as expected considering
the total machining time range of 67–217 min.

The wear evolution for both uncoated and coated tools reveal an
almost unaffected tool just over 50% engagement time when milling
near-α Ti-6242, and similarly minor wear of exposed cemented carbide
when milling near-β Ti-5553, while tool material loss starts earlier in
case of milling α + β Ti-6246. After 50% to the end of tool life, chipping
and crack propagation are present in all cases of milling in Ti-6242, Ti-
6246, and Ti-5553. Crack networks within the cemented carbide even-
tually cause tool material loss and are contributing to an uneven
topography seen in the cross-sectioned tools. The wear evolutions in
Fig. 5, Fig. 7, and Fig. 9 has shown the absence of coating in the contact
region even after 10% engagement time, with an exception of some
present on the edge line when milling near-β Ti-5553 (Fig. 9a). Similar
flaking and chipping were observed in [28] after milling Ti-64, however
comb cracks were also observed which are not present in tools used in
this work. The narrow rake contact width can explain such absence

Fig. 4. Wear evolutions of uncoated cemented carbide tools in milling near-α
Ti-6242 at vc = 80 m/min. SEM-BSE images of as-worn tools (left column) and
their cross-sections (right column) after (a) 10%, (b) 30%, (c) 50%, and (d–e)
100% engagement time.

Fig. 5. Wear evolutions of Ti0.45Al0.55N-NbN coated cemented carbide tools in
milling near-α Ti-6242 at vc = 80 m/min. SEM-BSE images of as-worn tools (left
column) and their cross-sections (right column) after (a) 10%, (b) 30%, (c)
50%, and (d–e) 100% engagement time.
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which decreases the volume of tool material that is repeatedly heated
and cooled and makes comb cracks difficult to form. The narrow contact
width is 44 μm according to Eq. 1, however it is expected to be larger
considering the chip sliding. When studying the early wear of the tools
after 10% engagement time, the contact width is approximately 50–70
μm. Considering the initial edge radius of 30 μm, the rake contact is
quite narrow and gives a high load on the tool edge which is compen-
sated for by the high cutting depth of 2 mm, resulting in a long but
narrow contact area. This explains the absence of a crater because the
contact width is too short and instead the edge wear results in the shape
of a chamfer. Such negative geometry creates stresses that favor flaking
and chipping.

3.2. In-depth analysis of wear mechanisms

As the coating was removed already before 10% engagement time,
initial coating degradation was investigated at shorter engagement
times of 5 s and 30 s (Fig. 10). However, even after such a short time as 5
s, most of the coating is removed from the edge line in all cases. The NbN
is removed in the contact zone in milling Ti-6242 (Fig. 10a) and Ti-5553
(Fig. 10c). The Ti0.45Al0.55N is worn but still present in the contact zones
after milling Ti-6242 but is removed in the crater and flank region in Ti-
5553 and some remains around the edge line. In milling Ti-6246, both
coating layers remains around the edge line but are removed in the
crater and flank regions (Fig. 10b). The inset image displays a crack
within the bulk of the Ti0.45Al0.55N which goes out through the NbN
(Fig. 10b) and thus points to the mechanical degradation of the coating
by cracking. After 30 s of engagement time, the coating is completely
removed within the contact regions and has exposed the cemented
carbide which is already worn after milling in Ti-6246 (Fig. 10e) and
minor material loss in milling Ti-5553 (Fig. 10f). Early sign of plastic

deformation of the cemented carbide edge line is present after milling
Ti-5553 after 5 s of engagement time (Fig. 10c) and previously observed
after 10% engagement time in milling the same Ti-5553 (Fig. 8a), and
after milling Ti-6242 for 30 s (Fig. 10d). Plastic deformation is not
observed in milling Ti-6246.

More coating wear phenomena are explored in tools machined for
longer times as shown in Fig. 11. Common PVD droplet defects are
present sporadically in the coating and can be locations of crack initi-
ation and propagation (Fig. 11a). In milling near-α Ti-6242, adhered Ti
alloy at the coating surface (Fig. 11a–c) can contribute to its diffusional
dissolution but the uneven topography of the Ti0.45Al0.55N indicate
mechanical wear by cracking. A crack within the adhered Ti alloy on the
flank side (Fig. 11c) is likely formed due to the thermal cycling during
the milling operation. This crack is not damaging the coating but could
be if the adhesive force is strong.

In milling α + β Ti-6246, other wear mechanisms of the coating are
displayed. Within the adhered Ti alloy on the rake side, parts of μm-sized
dislodged NbN and Ti0.45Al0.55N are embedded (Fig. 11d). This clearly
displays the mechanical wear by likely local cracking or adhesive wear
of both coating layers. On the flank side, a crack is present within the
Ti0.45Al0.55N and NbN (Fig. 11e) and shows the mechanical wear by
cracking of both coating layers. Such small volume removal could
explain the smooth interface of Ti0.45Al0.55N toward Ti alloy in Fig. 11f
or it can be explained by the diffusional dissolution of the coating. In
milling near-β Ti-5553, the cross-section reveals no significant work
material adhesion to the coating. The Ti0.45Al0.55N is unevenly worn on
the rake and edge line (Fig. 11g–h) due to cracking. There is a crack
within the Ti0.45Al0.55N on the flank side (Fig. 11j), but on another tool,

Fig. 6. Wear evolutions of uncoated cemented carbide tools in milling α + β Ti-
6246 at vc = 80 m/min. SEM-BSE images of as-worn tools (left column) and
their cross-sections (right column) after (a) 10%, (b) 30%, (c) 50%, and (d–e)
100% engagement time. Fig. 7. Wear evolutions of Ti0.45Al0.55N-NbN coated cemented carbide tools in

milling α + β Ti-6246 at vc = 80 m/min. SEM-BSE images of as-worn tools (left
column) and their cross-sections (right column) after (a) 10%, (b) 30%, (c)
50%, and (d–e) 100% engagement time.
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the Ti0.45Al0.55N on the flank is smoothly worn (Fig. 11i) indicating
diffusional dissolution.

Based on the cross-sections in Fig. 10 and Fig. 11, the coating is worn
bymechanical wear with crack propagation and presence of PVD droplet
defects work as local start points for such cracks, while debonding is not
an issue. Broken off fragments of both coating layers are removed with
the superficial shear of the Ti alloys. Cracking within the coating layers
due to thermal cycling is excluded because such cracks would be
perpendicular to the cemented carbide surface in a cross-section [29],
which are not observed. Instead, cracks are parallel to the cemented
carbide surface.

Fig. 11k shows the rake of a cross-sectioned tool in milling α + β Ti-
6246. Some coating remains on the left side of the dashed line, but it has
been removed to the right side. The figure shows the fast degradation of
the cemented carbide once it becomes exposed to the α + β Ti-6246 as
also seen in Fig. 7b. The similar was also observed when milling near-β
Ti-5553 (Fig. 8 and Fig. 9) but not in milling near-α Ti-6242 (Fig. 4 and
Fig. 5). This can be explained both by the higher mechanical properties
of α + β Ti-6246 and near-β Ti-5553 compared to near-α Ti-6242, but
also that they have a higher β-phase fraction which is more ductile and
adhesive that promotes contact between Ti alloy and cemented carbide
during the cutting operation. This contact is essential for diffusional
dissolution that weakens the surface integrity and makes it more prone
to damage by the cyclic impact during milling.

Fig. 12 shows the cemented carbide and Ti alloy contact regions and
focus on the wear of cemented carbide. The morphologies shown in the
figure have been observed in machining the three alloys. Fig. 12a,
d shows smoothly worn WC grains on the rake and flank regions and the

microstructure is identical within the bulk and up to the interface. The
smooth interface and gradual wear of theWC and absence of mechanical
damage is likely due to the outward diffusion of C fromWC. The loss of C
results in a layer of remaining W, as observed in Fig. 12b, because W has
a limited solubility in Ti [30], which is a known phenomenon reported
on in previous works [31–37]. Such W layer can be removed by the
superficial shear of the Ti alloy as it moves over the contact regions
during cutting and can explain why aW-layer is not observed in Fig. 12a,
d.

Fig. 8. Wear evolutions of uncoated cemented carbide tools in milling near-β
Ti-5553 at vc = 60 m/min. SEM-BSE images of as-worn tools (left column) and
their cross-sections (right column) after (a) 10%, (b) 30%, (c) 50%, and (d–e)
100% engagement time.

Fig. 9. Wear evolutions of Ti0.45Al0.55N-NbN coated cemented carbide tools in
milling near-β Ti-5553 at vc = 60 m/min. SEM-BSE images of as-worn tools (left
column) and their cross-sections (right column) after (a) 10%, (b) 30%, (c)
50%, and (d–e) 100% engagement time.

Fig. 10. Initial coating wear. SEM-BSE images of cross-sectioned tools after
(a–c) 5 s or (d–f) 30 s of engagement time in milling near-α Ti-6242 (a,d), α + β
Ti-6246 (b,e), and near-β Ti-5553 (c,f).
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Outward diffusion of C into Ti is also known to form TiC which work
as a diffusion block for further C loss and is reported in previous work
[34–40]. TiC formation is likely occurring which is observed by the dark
Z-contrast rim in the Ti alloy bordering the cemented carbide, like in
Fig. 12a–d. If its presence would be confirmed, the TiC may also block
the outward diffusion of Co, which explains the homogeneous micro-
structure all the way to the interface in Fig. 12a,d. Studying Fig. 12c,e,
there are smaller and damaged grains, which are densely packed at the
interface. The denser packing is due to lack of Co binder in the near
interface region. Without the dampening effect of Co, the cyclic loading
of the milling process imposed on the WC grains is the most probable
cause of their damage. A combination of Co and C outward diffusion has
likely caused the structure in Fig. 12f where even smaller WC fragments
are clustered at the interface. Titanium alloy has propagated under
them, and they are subsequently removed by the chip flow.

The empty Co regions near the interface in Fig. 12c is observed also
in Fig. 12g–h. This phenomenon is observed when milling all Ti alloys
but most prominent in Ti-6246, on a minor scale in Ti-6242, and less
frequent in Ti-5553. They are present to a depth of about 4 μm from the
interface and are not observed within the bulk of the cemented carbide
tools and should thus not be formed during sintering. At least two
mechanisms could cause these voids, where the first is plastic defor-
mation and the second is Kirkendall porosity. Plastic deformation of the
ductile Co in WC-Co is suggested to start by void formation in the Co
binder and new voids are formed further into the binder which even-
tually merge into larger ones that finally form a crack that goes within
the Co binder [41,42]. If there is substantial difference in diffusion rate
between two bordering elements, vacancies accumulate and eventually
form voids, which is called Kirkendall porosity [43]. In another study
investigating the mechanisms in as-worn tools and in diffusion couples,
such voids were observed, and their location nearWC grains is explained
by a lower nucleation energy there [44].

The outward diffusion of C from WC grains makes their grains
rounder as opposed to the original faceted sides which can weaken their
strength and make them more easily damaged by the cyclic loading
during milling. Loss of Co due to diffusion also makes the WC grains less
attached to the bulk which enables their detachment and removal with
the chip flow, and Co loss reduces the impact resistance further
contributing to the damage of weaker WC grains. Fig. 13 shows these
phenomena. There are detached and rounded WC grains that have been
removed by the chip flow as seen by their presence within the adhered Ti
alloy (Fig. 13a,c,e). Even clusters of WC grains with Co binder are
removed with the chip flow (Fig. 13b,d). Smaller and damaged WC
grains that are densely packed at the interface due to Co diffusion is
observed in Fig. 13d. Fig. 13e shows empty Co regions near the interface
seen by the dark Z-contrast, which can be caused either by plastic
deformation of the Co binder or by Kirkendall porosity. These wear
specific phenomena related to the diffusional dissolution of cemented

Fig. 11. Coating wear mechanisms. SEM-BSE images of cross-sectioned tools
after milling (a–c) near-α Ti-6242, (d–f) α + β Ti-6246, and (g–j) near-β Ti-5553.

Fig. 12. SEM-BSE images of worn cemented carbide.
Fig. 13. SEM-BSE images of detached WC grains or clusters that are moved
from the interface by the chip flow after milling α + β Ti-6246.
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carbide is observed in major scale when milling α + β Ti-6246, and in
minor scale when milling near-α Ti-6242 and near-β Ti-5553.

Another wear topography that was common for cemented carbide in
the milling of the three Ti alloys were the Co interface regions to the Ti
alloy along the contact regions on the rake, edge line, and flank as dis-
played in Fig. 14a–b. In the previous Fig. 12, only WC faced the Ti alloy,
but in Fig. 14, regions of Co binder directly face the Ti alloy as well. This
morphology is present where volumes of cemented carbide were
recently broken off. The cemented carbide has thus had little time in
contact with the Ti alloy which can explain the Co presence. Outward
diffusion of Co is a known mechanism which can stabilize the β-phase of
Ti locally at the interface [34,37,38,45]. The XEDS linescan of the
interface region of Co and Ti are shown in Fig. 14c–d and the exact
location on the sample is displayed in Fig. 14a. The dashed line at 0.3 μm
distance from the start point marks the border between the Co and Ti
alloy. The Co concentration increases from the start point to the inter-
face and has a declining concentration within the Ti alloy pointing to its
outward diffusion. When such diffusion proceeds, the surface Co be-
comes removed and results in only WC facing the Ti alloy as seen in
Fig. 12.

Additionally, W and C has a declining concentration from the start
point to the interface which could be due to the closeness to a WC grain
at the start point, or it could indicate the diffusion of C and W from the
WC through the Co binder. There is no ingress of Ti to the Co, which
could be the case when they are in contact for a longer time forming
intermetallic Ti2Co [34] that act as a diffusion block. The Ti alloy can be
oxidized based on the presence of O, and the similar concentration in the
Co points to its potential oxidation as well.

Fig. 15a shows an SEM-SE image of the edge line of a cross-sectioned
tool used in the milling of α + β Ti-6246 after 10% engagement time,
which corresponds to about 12 s. The near interface region has empty Co
binder sites seen by darker contrast areas with brighter edges on sur-
rounding WC grains. The Co loss has proceeded about 10 μm into the
tool. A region with both empty and original Co binder sites is high-
lighted with a square in Fig. 15a and the XEDS maps of this region are
shown in Fig. 15b–d. This clearly shows the Co presence in the original
binder sites and the absence in the empty sites. The Ti alloy has not
replaced Co in those sites which remain empty. This Co deficient edge
could either be a defect occurring during edge grinding, a sign of rapid
diffusional loss during machining, or formed by oxidation. It could be

argued that grinding defects would be present along the whole edge line,
and when studying other locations outside the cutting zone on the same
tool, no Co loss was observed. The other alternative of Co loss by
diffusion seems intuitively unlikely due to the short engagement time
and a commonly lower cutting temperature in milling than in turning,
but the O presence in the voids could point to binder oxidation in
combination with diffusional dissolution. Although the mechanism
behind the Co loss is unknown, the dampening effect of the Co binder is
lost in the edge region. The cyclic loading hits the WC grains repeatedly
and the breakaway of individual grains or their clusters are expected if
the cutting continues, and this location can be an initial point for crack
formation.

Images of cracks within the cemented carbide after milling in the
three Ti alloys are shown in Fig. 16. These are propagating between WC
grains within the Co binder as marked with the arrows. The

Fig. 14. SEM-BSE images of cemented carbide which has Co regions facing the
Ti alloy and XEDS linescan over such interface.

Fig. 15. (a) SEM-SE image of the edge line of a cross-sectioned tool used in
milling α + β Ti-6246 after 10% engagement time showing empty Co binder
regions and (b–d) XEDS maps of such region.

Fig. 16. SEM-SE images of crack networks in cemented carbide after milling
near-α Ti-6242 and near-β Ti-5553.
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microstructure is the same up to the interface and applies to Fig. 16a,b,
d which is in all three Ti alloys and this indicates the plastic deformation
of the ductile Co binder phase [41,42] to be the likelymechanism behind
the cracks. In Fig. 16c, the microstructure is different near the interface
and shows rounder WC grains where C diffusion is promoted because
WC are in contact with the Ti alloy. The WC grains become faceted
during sintering and attains a prism shape based on a truncated triangle
[46] however WC grains with a more round shape can occur at longer
sintering times with higher binder content [47]. Rounder WC grains
occur sporadically within the cemented carbide but not in the concen-
tration seen at the interface in Fig. 16c pointing to the likelihood of
diffusional dissolution.

Another type of crack is occurring in major scale after 50–100%
engagement time is displayed in Fig. 17. Cracks of this type are observed
frequently in the cases of milling α + β Ti-6246 and in near-α Ti-6242 but
less often, but they are not observed in tools used to cut near-β Ti-5553.
Fig. 17a shows a crack that propagates through the cemented carbide,
and at its base in the interface region, the WC grains have a round shape
and there is a lack of Co binder between and become a natural start site
for a crack. Such round WC grains with little attachment to the bulk are
easily removed with the chip flow, and can allow Ti to propagate in the
crack as seen in Fig. 17b. Thermal cycling will open up such crack and
result in massive tool material loss and the Ti ingress weaken the tool by
diffusional wear further into the tool.

Diffusional loss of C and Co have been observed in the cutting tools,
and Fig. 17c shows another example of C loss with smaller WC grains
that are also mechanically damaged. Fig. 17c hints on an additional
wear mechanism. Along the crack, the binder material has a brighter Z-
contrast than within the bulk. This phenomenon is observed in several
locations especially when milling α + β Ti-6246 but also in near-α Ti-
6242 but less often, like in Fig. 17d where the brighter Z-contrast
binder region is fragmented. A brighter Z-contrast indicates the presence
of larger mass elements, and the fragments indicate the nucleation and
growth of a new phase. Such fragments of brighter Z-contrast in binder
regions are often accompanied by cracks between the fragments or near
the WC grain interfaces, as exemplified in Fig. 17e–f. XEDS spectrums
indicate that the brighter Z-contrast regions are oxidized, and that there
is presence of Co and W where the presence of W can explain the
brighter Z-contrast. Additionally, fragments about 1 μm from the
interface also contains Cr which originates from the binder.

Fig. 18 shows an SEM-BSE image with XEDS and EBSD maps of a
cross-sectioned as-worn tool after milling α + β Ti-6246. Fig. 18a shows
an at least 16 μm long ingress of oxidized binder, with brighter Z-
contrast than Co binder in the bulk, along which cracks propagate. This
phase is formed during the milling operation and presence of larger
grains near the interface compared to smaller fragments further into the

tool indicate that the smaller fragments are recently formed showing the
growth path of the new phase. XEDS maps captures an area with both Z-
contrasts of the binder in Fig. 18b. The bright Z-contrast phase is rich in
O and has presence of Co and W, while the darker Z-contrast or original
binder sites contains mostly Co. The combination of Co, W, and O could
be either CoWO, Co3W3O, or CoWO4. The presence of Co3W3O and
CoWO is considered unlikely because of their difficulties to form [48].

The oxide was investigated using EBSD and the results are shown in
Fig. 18c which contain band contrast, inverse pole figure (IPF), and
phase contrast. The band contrast further confirms the small fragments
of the oxide that are recognized as the CoWO4. The darker Z-contrast
binder that is rich in Co is recognized as mainly hcp Co but there is also
presence of fcc Co. Along the 16 μm long CoWO4 ceramic, neighboring
WC have a rounder shape (Fig. 18a). There is someW dissolved in the Co
binder after sintering [49] but it may not be sufficient in quantity to
form CoWO4, and it is speculated that this ceramic phase could form on
the cost of neighboring W in WC grains which can explain their round
shape.

After sintering, Co has the fcc crystal structure [49], and the EBSD
results show mostly hcp (Fig. 18c). This can be explained by the work
hardening of the Co phase that results in a transformation from fcc to
hcp [50]. In the original binder, there is Cr added as a grain growth
inhibitor during sintering [49] and Cr can stabilize the hcp phase of Co.
However, XEDS spectrums from these Co sites contain no Cr peaks and
this explanation is thus not probable. However, a lack of Cr in these

Fig. 17. SEM images attained with (a–b) SE and (c–f) BSE detector of cross-
sectioned tools used in milling α + β Ti-6246 at longer engagement times or
end of tool life.

Fig. 18. (a) SEM-BSE image of the near interface region of a cross-sectioned
tool used in milling α + β Ti-6246 after 50% engagement time and (b) XEDS
maps and (c) EBSD capturing the two contrast regions of the binder.
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binder regions is rather unexpected. Studying the Ellingham diagram
[51], less energy is required to form CrO than WO or CoO and it should
thus likely form initially. A hypothesis is that CrO forms first near the
interface regions, as indicated in Fig. 17f, and that Cr diffuse to the
interface region, or that CrO form small precipitates next to the subse-
quent formation of CoWO4. The oxides near the interface in Fig. 17d–f
and in Fig. 18 are fragmented, and Barbatti et al. [22] observed that such
oxides contain defects like porosity, voids, and cracks after performing
controlled oxidation experiments on cemented carbide. After treatment
at 600 ◦C, they observed WO3, CoWO4, and some Co3O4. Oxidation of
WC grains leading to the formation of WO3 can also explain the rounder
shape of the WC grains near the CoWO4 in Fig. 18. They also observed

that the oxides are compact, porous, and brittle with low adhesion to the
substrate, where the gases formed during oxidation expand the voids
and cracks, and that there are stresses occurring within the oxides upon
their formation. With oxide formation within the cemented carbide tool,
cracking and fractures are furthermore formed by the cyclic loading
conditions.

Diffusion and oxidation modeling of milling is inherently difficult
due to the fact that the process is highly dynamic. The tool is in inter-
mittent contact with coolant, air, and fresh workpiece material which
leads to a temperature fluctuation in the tool edge. This work shows the
diffusional dissolution of WC grains and Co binder, the oxidation of
binder, and the mechanical cracking that results in tool material loss.

Fig. 19. (a) Ternary phase diagram for Co-W-O and (b) diagram of thermodynamic modeling when the oxygen pressure to the binder is increased and the pha-
ses formed.
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The comparative effect of the diffusional and oxidative wear mecha-
nisms can be approximated by using thermodynamic modeling and
diffusion simulations [37]. Diffusion of Co and C into to bcc β-Ti has also
been studied in turning experiments [52]. The permeability, which is the
combination of mobility and solubility, and hence the ability of Co and C
to diffuse into β-Ti is comparable, while W has limited solubility in Ti
[30]. The diffusivity of Co and C is several orders of magnitude smaller
in hcp α-Ti compared to bcc β-Ti [53] and the diffusion rate in the α + β
Ti-6246 and near-β Ti-5553 is thus likely higher than in near-α Ti-6242
which partly explains their higher wear rate.

The XEDS of Co facing Ti alloy in Fig. 14 and rounding of WC grains
shown in Fig. 12, Fig. 13, Fig. 17, and Fig. 18 are the result of diffusional
dissolution. However, the approximately 10 μm Co depleted region of
the edge in Fig. 15 should not be possible after 12 s of engagement time
in the Ti alloy, and about 7 min of total machining time. Such diffusion
lengths are achieved in diffusion couple experiments after 10 min of
static contact at an expectedly higher temperature of >900 ◦C [37,52].
While the dynamic nature of a machining process has the continuous
supply of fresh Ti alloy for the C and Co to diffuse into gives space for a
deeper diffusion loss. Based on the O presence in the voids in Fig. 15, it is
possible that an oxide has formed which is brittle and that falls out
during polishing. This could explain the 10 μm deep zone containing
voids where diffusional dissolution of Co is accompanied by its
oxidation.

The binder can oxidize to form CoO and Co3O4 [22] which are more
brittle than the Co binder. Oxidation of WC grains leads to the formation
of CO and CO2, but more importantly to WOx which leads to a volume
expansion and crack formation [54]. A combination of Co and W oxides
can also form, such as the CoWO4 [55] identified in this work. There is
always W dissolved in the binder phase and hence the oxidation of the
binder results in a mix of Co andW oxides. The ternary phase diagram of
Co-W-O in Fig. 19a shows that the CoWO4 phase is stable except in the
W-rich corner. The formation of CoO, Co2O3, and WOx are also possible,
but these were not included in the EBSD analysis. These phases including
the CoWO4 lead to a volume increase and cracking in addition to
embrittlement, which adds to the crack growth observed. The cracks
may also be growing due to thermal fatigue and the thermal expansion
of gas and coolant trapped in the cracks during machining.

By assuming that the binder oxidizes faster than W diffuse into the
binder after outward C diffusion, the oxidation process can be modelled
by increasing the partial pressure of oxygen to the Co binder. The Co
binder contains Cr and dissolved W and C, where C forms CO and CO2
upon oxidation. Oxidation modeling in Fig. 19b is done at 900 ◦C and 1
atm which resembles the conditions just after the tool exited the
workpiece material. 1 mol of Ar is added to the calculation to be able to
calculate the partial pressure of O2. Fig. 19b shows that the Cr in the
binder oxidize initially, followed by the formation of CoCr2O4, CoWO4,
and CoO, where Co3O4 might also form if there is complete oxidation.
Fig. 19b shows that no oxidation of the WC grains is needed to form
CoWO4, because the amount of dissolved W in the binder during sin-
tering is enough for its formation. The rounded WC grains near the
CoWO4 in Fig. 18 could therefore be explained by the oxidation of the
WC or its earlier diffusional dissolution.

With increasing β-fraction, the strength of the Ti alloy is increased as
shown in Table 1, and so the strength increases from relatively lower
near-α Ti-6242, to relative medium α + β Ti-6246, and finally to relative
high strength near-β Ti-5553 in this group of Ti alloys. When changing
from near-α to near-β, the cutting force must increase and if using the
same cutting conditions, the cutting temperature is expected to increase
[56]. The decrease in cutting speed to vc = 60 m/min for near-β Ti-5553
compared to vc = 80 m/min for α + β Ti-6246 and near-α Ti-6242
probably results in a lower temperature than in α + β Ti-6246.
Because α + β Ti-6246 and near-α Ti-6242 are machined at the same
cutting speed, the temperature is expected to be higher in case of α + β
Ti-6246. The oxidation forming CoWO4 is also prominent when
machining in α + β Ti-6246 and is also noted when milling near-α Ti-

6242 but to a minor extent. That means that the cutting temperature
is over 570 ◦C above which the WC-Co system oxidizes [22]. The
oxidation and diffusional wear mechanisms further facilitate the me-
chanical wear of the stronger α + β Ti-6246 compared to near-α Ti-6242.
Oxide products are not noted when milling near-β Ti-5553 and it can be
the case that the onset temperature for oxidation may not have been
reached due to the use of a lower cutting speed. However, the temper-
ature has been high enough for diffusional dissolution to take place
when milling all alloys, as such indications have been observed when
machining the three Ti alloys. The lack of oxidation and the lower cut-
ting speed explain why the higher strength near-β Ti-5553 has a lower
wear rate compared to the relatively medium strength α + β Ti-6246.

Rapidly exposed cemented carbide in milling either of the Ti alloys at
the selected cutting conditions has resulted in similar wear mechanisms
but in different intensities. It is suggested that the high wear rate when
milling α + β Ti-6246 is due to the combination of extensive oxidation
and diffusional dissolution with, in this group of alloys, medium
strength material. The second highest wear rate is attained when milling
near-β Ti-5553 because of its high strength and diffusional dissolution,
while the lowest wear rate when milling near-α Ti-6242 is due to a
combination of diffusional dissolution and minor oxidation wear.

4. Conclusions

This study explores the wear mechanisms of uncoated and
Ti0.45Al0.55N-NbN coated WC-12%Co tools in external circular milling
three different Ti alloys including near-α Ti-6242, α + β Ti-6246, and
near-β Ti-5553. The major conclusions are:

• The coating in the contact regions is removed already after 5–30 s.
The main wear mechanism is crack formation within the bulk of the
coating. PVD droplet defects can initiate such cracks, and superficial
shear of the Ti alloys removes broken off fragments. Delamination or
thermal cracks are not present, while diffusional dissolution of the
coating may be active but on a minor scale. The mechanical wear of
the coating is extensive and shows the need for a more robust coating
formulation.

• Extensive flaking and chipping and formation of crack networks
within the cemented carbide are causing tool material loss. Crack
networks propagate within the Co binder and in between WC grains.
The variations in tool life are explained by the stochasticity of the
cracking phenomena.

• Diffusional dissolution of WC grains is observed by rounder WC
grains in near surface regions and residual W layers that are removed
with the superficial shear by the chip flow. Diffusional loss of Co
leads to the removal of surface WC grains or clusters of surface
material with the chip flow. Lack of dampening Co and force fluc-
tuations results in damaged or fractured WC grains in the near
interface region and can result in crack propagation. Voids in Co
phase in the near surface regions could be explained by its plastic
deformation or by Kirkendall porosity.

• Oxidation of Co binder results in the formation of ceramic CoWO4
initially in near surface regions which grows several μm into the tool.
The nucleation of the ceramic results in fine and brittle grains which
allows crack propagation. WC attains a rounder shape near the
CoWO4 pointing to its diffusional dissolution or oxidation. Neigh-
boring Co binder has the hcp structure which can indicate its
deformation that causes a transformation from fcc.

• The highest wear rate is achieved when machining α + β Ti-6246 at
vc = 80 m/min, followed by medium wear rate in near-β Ti-5553 at
lower cutting speed of vc = 60 m/min, and the lowest wear rate is
attained when milling near-α Ti-6242 at vc = 80 m/min. The high
wear rate when milling α + β Ti-6246 is explained by the combina-
tion of oxidation, diffusional dissolution, and mechanical wear. The
moderate wear rate in milling near-β Ti-5553 is explained by absence
of oxidation wear but high mechanical wear and diffusional
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dissolution, while the lowwear rate in near-α Ti-6242 is explained by
diffusional dissolution and minor oxidation wear.
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A B S T R A C T   

Conventional cemented carbide is recommended for machining Ti6Al4V. However, polycrystalline diamond 
(PCD) and polycrystalline cubic boron nitride (pcBN) also show promise. Demands for higher productivity 
accelerate diffusional dissolution and chemically driven wear mechanisms in these tool materials. This study 
investigates active wear mechanisms by studying the interactions between Ti6Al4V and PCD, pcBN, and 
cemented carbide tools in diffusion couples at temperatures from 900◦ to 1300◦C. All tool materials suffered from 
diffusion to varying degrees, and different chemical reactions occurred. Titanium carbide with minor vanadium 
alloying (Ti,V)C reaction products act as diffusion barriers when using PCD and cemented carbide, while the 
reaction products acting as diffusion barrier in pcBN is (Ti,V)B2. The presence of Mo and W in binder sites of 
pcBN reduces diffusional dissolution of cBN. Diffusion simulations agreed well with microscopy investigations 
and were enabled by the known temperature and pressure conditions of the static diffusion couples.   

1. Introduction 

The recommended tool material for machining the most common 
titanium alloy Ti6Al4V (Ti-64) at low/medium cutting speeds is un-
coated cemented carbide [1]. However, polycrystalline diamond (PCD) 
and polycrystalline cubic boron nitride (pcBN) have shown promise as 
they can operate at higher cutting speeds [2–5]. But higher machining 
rates may shift the balance between wear mechanisms, accelerating 
diffusional dissolution and chemically driven wear mechanisms [6]. 
Understanding the wear mechanisms is thus crucial to be able to predict 
productivity. 

When studying wear mechanisms in as–worn tools, only small vol-
umes of reaction products are present, and these may be difficult to 
detect even with advanced microscopy techniques. In addition, work-
piece material chip flow on the tool surface may have resulted in partial 
or even complete removal of reaction products. Uncertainties regarding 
the actual contact pressure and the temperature gradient within the 
cutting zone also make it challenging to use thermodynamic and diffu-
sion models to verify wear mechanisms computationally. 

By contrast, diffusion couple experiments are performed at fixed 

temperature and pressure conditions over a given period, and reaction 
products remain at the interface due to the static conditions. The volume 
of these reaction products tends to be larger than in as-worn tools, and 
are thus easier to detect and characterize. However, the lack of dynamics 
distinguishes diffusion couples from the cutting tools used in machining. 

The chemical reactions taking place in diffusion couple experiments 
provide invaluable information about chemical wear during cutting. 
This data can be used to validate thermodynamic and diffusion models. 
Such an approach was used in previous work by Vleugels et al. in 
machining steel with ceramic tooling [7–9]. Reliable models can aid in 
predicting wear mechanisms in similar material systems without costly 
and time–consuming machining trials, sample preparation, and micro-
scopy [10]. 

Previous studies of diffusion couples based on titanium alloys have 
largely combined α + β titanium alloys such as Ti-64, Ti-54 M, and Ti- 
6246 with uncoated cemented carbide [11–17]. At high machining 
rates, degradation of cemented carbide is governed by outward carbon 
diffusion of surface WC grains while residual tungsten remains at the 
interface [18–20]. The same phenomenon is observed in diffusion cou-
ples [11–16,21]. Simultaneously, outward diffusion of Co binder 
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increases the risk of grain pluck-out [11,12,16]. In-operando formation 
of TiC, intermetallic TiCo2, and intermetallic Co3W creates tool pro-
tection layers that retard further WC dissolution [13–18,21–23]. 

Ultra-hard tool materials including pcBN and PCD have been com-
bined with Fe- or Ni-based alloys in diffusion couples [24–27], but no 
similar published work was found for titanium alloys. In machining ti-
tanium alloys with PCD, wear mechanisms based on graphitization, 
partial oxidation of diamond, and carbon diffusion are responsible for 
tool degradation [5,28–31]. At the same time, in-operando formation of 
TiC, (Ti,V)C, and intermetallic Co3W3C that is facilitated by the liquid 
Co binder retards dissolution of carbon [6,22,29,31]. For pcBN tools, the 
reported wear mechanism is outward diffusion of B and N, which is 
retarded by in-operando formations of TiB2 [32,33], (Ti,V)B2, and (Ti,V, 
Cr)B2 where the latter is found in metallic binder sites [31]. TiN has also 
been identified as a potential reaction product [33]. 

This study aims to employ the diffusion couple method on Ti-64 
combined with PCD, pcBN, and cemented carbide tools. Previous 
studies involving diffusion couples have been performed at ambient 
pressures, which are different from actual machining conditions. In this 
study, known process conditions under high pressure–high temperature 
(HP-HT) conditions at temperatures from 900◦ to 1300◦C facilitate 
tracking of the change and intensity of active wear mechanisms. In 
addition, the results are compared to diffusion simulations using DIC-
TRA software for the same controlled conditions as the diffusion 
couples. 

2. Materials and methods 

The titanium alloy used in the diffusion couples was mill-annealed α 
+ β Ti-64 alloy with 31 HRC hardness. Its composition is shown in  
Table 1. Its microstructure is illustrated in Fig. 1a after etching with 
Kroll’s reagent. 

Tools were supplied by Seco Tools AB in ISO RNGN060300 geome-
try. The PCD and pcBN grades are commercially available and were 
sintered on cemented carbide substrate. The PCD grade had a 12% Co 
binder and multi-modal diamond grain size distribution of 3–15 µm. The 
pcBN was a high cBN content grade with 15% metallic binder consisting 
of several phases that contain mainly Mo, Co, Ni, W, Cr, Ti, and Al. The 
cemented carbide was medium grain sized WC with 15% Co binder. The 
microstructures of PCD, pcBN, and cemented carbide are shown in 
Fig. 1b–d respectively. 

2.1. Preparation of diffusion couples 

Diffusion couples were prepared by combining a Ti-64 cylindrical 
capsule with a tool material. The HP-HT rig was based on an HPAT–30 
toroid-type high-pressure apparatus that ensured uniform heating across 
the tool–titanium interface. The process includes rapid heating (250 ◦C/ 
s), and instant quenching. For a more detailed description, see the study 
by Olsson et al. [34]. Five PCD and cemented carbide couples were 
treated at temperatures of 900–1300 ◦C in 100 ◦C steps, while four pcBN 
couples were treated at 1000–1300 ◦C. The couples with PCD and 
cemented carbide were subjected to 3 GPa pressure while those with 
pcBN were subjected to 2.5 GPa, and all diffusion couples were exposed 
to a holding time of 10 min each. The different pressures were selected 
to avoid graphitization of diamond [35] and to suppress cBN-to-hBN 
transformation [36]. 

After HP-HT treatment at given temperatures, pressure transfer 
media, graphite heater and hBN gasket were removed from the Ti-64 
and tool capsule. The remaining diffusion couple was then cross- 

sectioned using wire electrical discharge machining (WireEDM). The 
cross-section was hot-mounted in a conductive resin, ground, polished, 
and ultrasonically cleaned in ethanol. An example of such cross-section 
for a PCD with substrate cemented carbide and Ti-64 diffusion couple is 
illustrated in (Fig. 2). 

2.2. Microscopy methods 

The cross-sectioned diffusion couples were studied in a scanning 
electron microscope (SEM) Tescan Mira3 FEG–SEM equipped with an 
Oxford X-ray energy-dispersive spectroscopy (XEDS) detector and elec-
tron backscatter diffraction (EBSD) detector using 15 kV and 20 kV 
respectively. The tool and titanium alloy interfaces were investigated 
using an X-ray diffractometer (XRD) STOE Darmstadt with Cu Kα source. 
The interface was shielded from the bulk material by creating a slit of 
amorphous silica glass fixed on the diffusion couple. 

Selected locations on the interface were subjected to focused ion 
beam (FIB) lift-out procedure using a combined FIB–SEM FEI Nova 
NanoLab 600. The lamellae were studied in a transmission electron 

Table 1 
Elemental composition of Ti-64 workpiece material.  

Element Fe C N H O Y Al V Ti 

wt%  0.17  0.021  0.006  0.0013  0.141 < 0.005  6.03  4.05 Balance  

Fig. 1. Microstructure of (a) Ti-64, (b) PCD, (c) pcBN, and (d) cemen-
ted carbide. 

Fig. 2. Cross-section of diffusion couple after HP-HT treatment.  
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microscope (TEM) JEOL 3000 F Field Emission Electron Microscope 
equipped with an Oxford XEDS detector using 300 kV. Selected area 
electron diffraction (SAED) was also used to verify reaction products. 

2.3. Modeling background and setup 

Thermodynamic calculations using Thermo–Calc software [37] 
provided the basis for setting up the diffusion calculations. They also 
provided the necessary thermodynamic and kinetic data for the diffusion 
simulations with the DICTRA software. The DICTRA homogenization 
model [38,39] was used for 1D simulations of the diffusion-reaction 
process during HP-HT treatment of the diffusion couples. 

All diffusion processes were assumed to occur only in fcc and bcc 
solid solution phases, though all stable phases that affect the process are 
considered in the thermodynamics. From a computational point of view, 
the multiphase problem is transformed into a single-phase problem 
through a coarse-graining homogenization procedure. The primary 
expression for the flux of element k in each phase α (α is not to be 
confused with the hcp α-phase in Ti) is 

Jα
k = − Mα

k • cα
k • ∇μα

k  

where Mα
k , cα

k , and μα
k respectively represent the mobility, concentration, 

and chemical potential of element k in phase α. The permeability of 
phase α in relation to element k is specified by Γα

k = Mα
k • cα

k . The coarse- 
graining procedure assumes that the system is locally fully equilibrated, 
so that the chemical potential of each constituent is the same in all 
locally stable phases. Local phase information such as fractions and 
compositions were also obtained from the premise of local equilibration 
set by the overall local composition, temperature, and pressure. The 
effective permeability of the multiphase mixture is given by 

Γ∗
k =

∑

Φ
fΦΓΦ

k  

where fΦ is the local volume fraction of the Φ phase, and the flux 
through the multiphase mixture is 

Jk = − Γ∗
k • ∇μl.eq.

k  

where the l.eq. indicates the assumption of a locally equilibrated struc-
ture. The implementation details of the homogenization model are dis-
cussed in [38,39]. 

Minor elements were excluded from the model to improve its clarity. 
The simulations therefore considered only diffusion reaction between 
the Ti alloy and certain elements of interest in the tool materials. The 
compositions used in the simulations are listed in Table 2. All simula-
tions were done using the TCFE9 thermodynamic database [40] and the 
MOBFE5 mobility database [41]. The diffusion taking place during 
heating and cooling was ignored. 

To simulate each diffusion couple, the composition on one side of the 
domain was set to the simplified composition of the studied cutting tool. 
On the opposite side, the composition was set to that of Ti-64, with a 
sharp step in between. In simulations of PCD and pcBN, the left-hand 
side boundary condition was set to the appropriate activity boundary 
condition representing the activity of cemented carbide. In all simula-
tions, boundary conditions were applied individually for each element. 
The simulated time was 10 min, which is the same as the holding time of 
the diffusion couples. 

To stabilize the metastable diamond in simulations of the PCD- based 
diffusion couples, graphite must be removed from the thermodynamic 
system. However, graphitization was observed in the experiment, 
particularly at highest temperature. Unfortunately, thermodynamic 
calculations of a system containing both metastable diamond and stable 
graphite are impossible. Therefore, it is assumed that the diamond in 
PCD is stable at all conditions. 

It is also necessary to remove the nitrogen gas from the thermody-
namic system to stabilize the metastable cBN in the pcBN- based diffu-
sion couple. It is thus impossible to control the partial pressure of 
nitrogen gas and degasification. However, given that no evidence of gas 
formation was observed in the experimental samples, this approach is 
justified. 

3. Results and discussion 

3.1. PCD and Ti-64 

The interfaces of PCD and Ti-64 at the selected temperatures are 
shown in Fig. 3. The images were obtained with backscatter electron 
(BSE) detector and show the effect of the Z-contrast mechanism (average 
atomic number contrast). The image of the sample exposed to 1300 ◦C 
was also obtained with secondary electron (SE) detector to visualize its 
topography. 

At 900–1200 ◦C (Fig. 3a–d), there are distinct 5–10 µm wide gaps 
between the PCD and Ti-64. The different thermal expansion coefficients 
of PCD and Ti-64 affect the size of the gap at ambient pressures. How-
ever, this gap is to a greater degree controlled by a difference in 
compressibility under HP-HT conditions. The compressibility is char-
acterized as the inverse of bulk modulus, which is 432− 1 GPa− 1 for 
diamond [42], 290− 1–383− 1 GPa− 1 for cBN [43], 390− 1 GPa− 1 for WC 
[44], and only 116− 1–148− 1 GPa− 1 for Ti-64 [45]. Ti-64 thus expands 
nearly three times more than the tool materials on decompression after 
HP-HT treatment and therefore tends to de-bond. 

At 900–1000 ◦C, there are no visual signs of a chemical interaction 
(Fig. 3a–b). However, a reaction occurs at 1100 ◦C and is visible as a 

Table 2 
Simulated composition of Ti alloy and tool materials in wt%.   

Ti Al V W C B N Co 

Ti-64 Balance 6 4 4⋅10− 4 2.6⋅10− 5 – – 1⋅10− 4 

PCD 3⋅10− 4 2⋅10− 4 3⋅10− 4 1⋅10− 3 Balance – – 35.5 
pcBN 3⋅10− 4 2⋅10− 4 3⋅10− 4 1⋅10− 3 7⋅10− 5 28.5 Balance 34.5 
Cemented carbide 5⋅10− 5 3⋅10− 5 6⋅10− 5 Balance 5.1 – – 15.0  

Fig. 3. Overview SEM-BSE images of PCD and Ti-64 interface at 900–1300 ◦C, 
with arrows pointing to reaction products, graphitization, and liquefaction of 
some phase. The 1300 ◦C sample also has an SE image for topography contrast. 
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layer with dark Z-contrast. It becomes thicker (approximately 2 µm) at 
1200 ◦C (Fig. 3c–d, marked by arrows). At 1300 ◦C the formation of a 
massive reaction product with a spheroid shape and 100–200 µm 
thickness creates strong enough bonding that suppresses gap formation 
(Fig. 3e). 

Studying the interface region of the 1300 ◦C sample (Fig. 3e) shows 
that several events are taking place. The use of SE mode demonstrates 
partial graphitization of individual diamond grains, as seen by strong 
removal of material at the grain boundaries during polishing, indicating 
that the inverse diamond-to-graphite transformation could be an active 
wear mechanism even at 3 GPa pressure, which is representative of the 
cutting process. Further, within the spheroid-shaped reaction product, 
distinct dendritic morphology indicates probable presence of a liquid 
during HP-HT treatment. The Ti alloy above the reaction layer has an 
approximately 150 µm thick brighter Z-contrast region where the re-
actions at the interface caused substantial alloying of original Ti-64. 

The extreme reaction between tool and Ti alloy after treatment at 
1300 ◦C is unlikely to occur during machining to the same extent. 
Temperatures as high as this are not expected at the PCD–Ti-64 interface 
due to the high thermal conductivity of the PCD tool. Actual cutting 
temperatures of 1150 ± 50 ◦C were reported for PCD machining of Ti-64 
[31], though partial graphitization should not be excluded [29]. 
Therefore, in-depth investigation was focused on the diffusion couple 
exposed to 1200 ◦C. Initial SEM-XEDS analysis of that interface is shown 
in Fig. 4. The darker Z-contrast streak (Fig. 4a) on the upper side of the 
gap has presence of Ti, V, and C (Fig. 4b, d), which indicates formation 
of TiC or more likely (Ti,V)C. Aluminum is not present within that re-
action layer (Fig. 4c), thus demonstrating its absence as an interactive 
element. 

Other features on the interface are frequent W-containing inclusions 
(Fig. 4e). This presence of W is related to sintering of PCD, as W-Co-C 
eutectic is infiltrated into the diamond powder bed and forms the typical 
by-product Co3W3C [30]. Diffusional dissolution of diamond grains 
would expose the W-containing phase to the Ti-64 interface, where it 
remains as metallic W has shown poor solubility in Ti [46]. 

Further TEM-based analysis of the same sample is summarized in  
Fig. 5, which is focused on the interface of the reaction product and the 
Ti alloy. The STEM HAADF image (Fig. 5a) displays needle-shaped Ti- 
grains and reveals a crack in the reaction layer. The XEDS map (Fig. 5c) 
and line scan (Fig. 5l) show a stronger α-stabilizing Al presence in the Ti 
region (Fig. 5b,j, region iv), and SAED confirms that the near-interface 
Ti is of α-phase (Fig. 5f). 

The reaction layer contains carbon (Fig. 5d, l, region iii), but the 
apparent concentration of carbon is disturbed by the contaminated gap. 
The presence of carbon indicates TiC, as was confirmed by SAED 
(Fig. 5i). Vanadium is present in the same area as Ti (Fig. 5b, k), and 

therefore titanium carbide has minor V alloying, eventually creating the 
reaction product (Ti,V)C. Co is present in between TiC grains (Fig. 5e), 
which indicates its outward diffusion. 

Using high and low angle annular dark field (HAADF and LAADF) 
modes exposed a Z-contrast mechanism and crystal structure contrast, 
respectively, on another interface region (Fig. 5g–h). Individual TiC 
grains were exposed, as well as the accumulation of a heavier element 
than Ti bordering the gap, based on the Z-contrast. XEDS line scan data 
(Fig. 5j–l) reveal the presence of Co and W at that border (region i–ii). 
Even under HP-HT treatment, W shows its limited dissolution in Ti [46] 
and therefore remains on the diamond side of the TiC reaction layer. 

Despite the extreme reaction of the diffusion couple exposed to 
1300 ◦C, some information on factors that control the reaction rate can 
be determined. The investigation of this sample was based on 
SEM–XEDS and EBSD and is summarized in Fig. 6. The SEM–BSE image 
(Fig. 6a) shows the partially graphitized diamond grains, the spheroid- 
shaped reaction layer with innate dendritic structure, and the alloyed 
Ti-64. Regions analyzed using EBSD and XEDS are highlighted by red 
boxes. 

Overview XEDS maps indicate formation of TiC or (Ti,V)C in the 
reaction layer (Fig. 6b, d), while the dendritic structure seems to contain 
at least Co (Fig. 6f). The region between the presumed TiC layer and the 
partly graphitized diamond grains shows the presence of W and Co 
(Fig. 6e–f), which may be η-phase Co3W3C or Co6W6C. Aluminum is still 
not an interactive element even at this temperature (Fig. 6c). 

Additional XEDS analysis captures the presumed TiC layer and the 
diffusionally alloyed Ti-64. The SEM-BSE image (Fig. 6g) shows the 
columnar grown grains of presumed TiC and a brighter Z-contrast region 
marked by an arrow. XEDS maps indeed confirm TiC or (Ti,V)C presence 
in the reaction layer (Fig. 6h, i, l). Co is present in between these grains 
(Fig. 6k). Co is also concentrated in the bright Z-contrast region in the Ti 
alloy, while the presence of Ti, V, and Al is reduced. Instead, the sur-
rounding phase has higher Al concentration (Fig. 6j). 

EBSD analysis of the reaction layer bordering the Al and Co alloyed 
Ti-64 (Fig. 6m–n) yielded new information on reaction products and Fig. 4. PCD and Ti-64 interface after treatment at 1200 ◦C including (a) SEM- 

BSE image and (b–f) related XEDS maps. 

Fig. 5. PCD and Ti-64 interface after treatment at 1200 ◦C. (a) STEM HAADF 
image of reaction layer with (b–e) related XEDS maps. SAED showing diffrac-
tion pattern of (f) α-Ti and (i) TiC or (Ti,V)C. (g) STEM HAADF and (h) STEM 
LAADF images of another interface region with (j–l) corresponding XEDS 
line scan. 
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grain size. As expected, EBSD correlated TiC or (Ti,V)C reaction prod-
ucts with the columnar grains and also demonstrated their poly-
crystalline structure. XEDS demonstrated Co presence in the dendritic 
structure between TiC grains (Fig. 6f, k), yet neither hcp nor fcc Co was 
identified by using EBSD. Hence the Co must consist of some other 
phase. 

The formation of a liquid may explain the dendritic morphology. A 
liquid phase would greatly increase the transport of carbon from parts of 
the diamond that are stable or partly graphitized to the TiC–Ti interface. 
That would explain the massive thickness of the TiC layer. In addition, 
the liquid phase containing Co reaches through the TiC layer and alloys 
the Ti-64. 

The alloyed Ti-64 seems to consist of two phases with individual Z- 
contrasts. The brighter Z-contrast region marked by arrows (Fig. 6g) has 
smaller grains (Fig. 6m) than those in the darker Z-contrast. Quantifi-
cation of elements in the brighter Z-contrast region revealed 50:40:5 at 
% distribution of Ti:Co:Al and traces of C and V. These concentrations 
point to the formation of intermetallic (Ti,Al)Co according to the ternary 
phase diagram of the Ti-Co-Al system [47]. The surrounding darker 
Z-contrast has double the Al content with a distribution of 65:15:12 at% 
of Ti:Co:Al while V is at 4 at%. This distribution of elements alloys Ti to 
its β-phase [47], which was the phase identified in EBSD. 

Fig. 7 shows the two-phase region of diamond and Co in the isopleth 
for PCD. There is a eutectic transformation at 1250 ℃. Therefore, at 
1300 ℃, the Co binder should melt and the diamond in PCD should 
transform into graphite. Consequently, more C can be dissolved into the 
Co (fcc) and melt with increasing temperatures. However, the C content 
needed for formation of TiC is less affected by the increase in temper-
ature. This increase in the ability to transport C may explain the sig-
nificant increase in TiC formation at the interface (Fig. 6a). 

Fig. 8a shows the permeability of C and Co from PCD into Ti-64 at 
1000 ◦C, 1200 ◦C, and 1300 ◦C. It shows the temperature dependence 
and the decrease of permeability with distance. The permeability of Co is 
expected to be less than that of C due to the lower mobility. However, 

the higher solubility of Co compared to C in Ti-64 makes the mobility of 
Co and C surprisingly similar at higher temperatures and short distances. 

Fig. 8b–d show simulated results of the diffusion and chemical re-
actions taking place at the PCD and Ti-64 interface at 1000 ◦C, 1200 ◦C, 
and 1300 ◦C. At 1000 ◦C (Fig. 8b), the simulated reaction layer consists 
mainly of TiC with minor presence of intermetallic (Al,Ti,Co)16Ti6Co7. 
This intermetallic phase is absent in simulations at higher temperatures. 
However, a similar compositional phase (Ti,Al)Co was detected in the 
diffusion couple exposed to 1300 ◦C (Fig. 6). 

The simulated reaction layer thickness at 1000 ◦C is around 100 µm 
(Fig. 8b) and consists of TiC, but no such reaction was detected on the 
actual diffusion couple. The simulated reaction layer grows to about 
150 µm in case of 1200 ◦C (Fig. 8c), while the actual reaction layer 

Fig. 6. PCD and Ti-64 interface after treatment at 1300 ◦C. (a) SEM-BSE image 
with (b–f) related XEDS maps. (g) SEM-BSE image of TiC grains bordering 
doped Ti alloy with (h–l) related XEDS maps. EBSD analysis with (m) band 
contrast and (n) inverse pole figure (IPF). 

Fig. 7. Isopleth of PCD showing the two-phase region of diamond and Co.  

Fig. 8. (a) Permeabilities of C and Co in Ti-64 for PCD at 1000 ◦C, 1200 ◦C, and 
1300 ◦C after 10 min; DICTRA simulations of PCD and Ti-64 diffusion couple at 
(b) 1000 ◦C, (c) 1200 ◦C, and (d) 1300 ◦C. 
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thickness in the diffusion couple exposed to 1200 ◦C is approximately 
2 µm. The simulated reaction layer at 1200 ◦C consists solely of TiC and 
smaller TiC precipitates in the Ti-64. This precipitation may be due to 
the diffusion of C before reaching the solubility limit, but no such TiC 
precipitates were found in the diffusion couple. However, such pre-
cipitates have been found in the adhered Ti alloy in a crater region of a 
cemented carbide tool after turning Ti-64 [18]. 

At 1300 ℃ (Fig. 8d), the simulated reaction layer is similar to that at 
lower temperatures and includes a TiC reaction product, but its size is 
comparable to that in the actual diffusion couple. The simulation shows 
that the Co binder is in the liquid state, which is in line with the sug-
gested phenomena occurring in diffusion couples that cause the den-
dritic morphology (Fig. 6a). In addition, the high C activity in diamond 
should result in the melting of the Co binder within the cemented car-
bide substrate. 

3.2. pcBN and Ti-64 

The interfaces of pcBN and Ti-64 at the selected temperatures are 
shown in Fig. 9. Reaction products are present at all temperatures 
(marked by arrows) and the thickness increases with temperature. A thin 
layer already occurs at 1000 ◦C (Fig. 9a) instead of 1100 ◦C as for PCD, 
showing that pcBN has a higher dissolution rate than PCD. This obser-
vation applies to all the selected temperatures up to 1200 ◦C after which 
PCD graphitizes and thus exceeds the wear rate of pcBN. The thickness of 
pcBN reaction products reaches 3 µm after treatment at 1300 ◦C 
(Fig. 9d). 

Diffusional loss of B and N into the Ti-64 induces formation of re-
action products, but also alloys the Ti-64 since nitrogen is an interstitial 
α-stabilizer. Higher temperatures increase the diffusional loss and in-
crease the α-phase distribution. This phenomenon is visible as the α- and 
β-phases of Ti-64 have similar grain size and shape at 1000 ◦C (Fig. 9a), 
but the α-phase becomes needle-shaped at 1100–1300 ◦C and dominates 
the interface region (Fig. 9b–d). 

Increased diffusional loss of cBN also leads to accumulation of binder 
material at the interface. That is due to the limited solubility of some 
elements of the binder in Ti-64 and the reaction layer. This phenomenon 
becomes prominent at 1200 ◦C and at 1300 ◦C. The accumulation of 
binder elements may locally reduce B and N diffusion, as demonstrated 
by the wavy interface (Fig. 9d). 

This interface region with binder separating BN grains from the re-
action layer was studied using SEM–XEDS maps and line scans (Fig. 10) 
of the sample exposed to 1300 ◦C. As in the case with PCD, both Ti and V 
are present bordering the binder (Fig. 10b–c, n, region i–iii). However, 
Al is present only up to the reaction layer, although it is also present in 
the binder (Fig. 10d, n, region i). Other binder elements include Ni, Co, 
and Cr (Fig. 10e, i–j, region iv). Mo and W are not typical binder ele-
ments but are present in the same regions (Fig. 10k–l, region iv). Mo 
originates from the sintering cell during pcBN production [48] and W 
originates from the tool substrate. The XEDS line scan shows higher Mo 

and W concentrations (Fig. 10p) compared to Ni, Co, and Cr (Fig. 10q) at 
the binder interface (region iv), and they are thus important diffusional 
barriers. 

Above the binder layer, reaction products are formed in two sub- 
layers. The first layer, which borders the binder material, is rich in C 
and N (Fig. 10g–h, o, region iii). The N is sourced from diffusional 
dissolution of cBN, while the C originates from the cemented carbide 
substrate and has moved through the binder. Due to the presence of Ti in 
the same region, it is likely that Ti(C,N) has formed. The other layer 
bordering the Ti alloy contains Ti, V, and B. Thus, it is likely that for-
mation of Ti and V boride has occurred (Fig. 10 f, o, region ii). The above 
Ti alloy is presumed to be in its hcp α-phase as the Al and N are 
α-stabilizers. 

The reaction layers were further studied using TEM and EBSD 
techniques. Fig. 11 summarizes the TEM analysis. The STEM LAADF 

Fig. 9. Overview SEM–BSE images of pcBN and Ti-64 interface at 1000–1300 ◦C, with arrows pointing to reaction product layers.  

Fig. 10. pcBN and Ti-64 interface after treatment at 1300 ◦C. (a) SEM–BSE 
image with (b–l) related XEDS maps, (m) SEM–BSE image with (n–q) corre-
sponding XEDS line scans. 

R. Lindvall et al.                                                                                                                                                                                                                                



Journal of the European Ceramic Society 43 (2023) 291–303

297

image of the reaction layer (Fig. 11a) exposes contrast differences that 
indicate long and thin grains. Thus the reaction products may be 
epitaxially grown, similar to the findings of Ding et al. [49]. The STEM 
HAADF image (Fig. 11b) displays the Z-contrast mechanism. Specif-
ically, the binder region to the left appears diffuse and occurs repeatedly 
across the interface. These phenomena point to a miscibility gap be-
tween the binder elements present and Ti alloy. From SEM–XEDS 
analysis, it is known that Mo and W as well as Cr and Al are present. The 
other binder elements, Ni and Co, have diffused into the Ti alloy. This 
loss may increase the risk of adhesive wear as cBN grains become less 
attached to the bulk. 

The dashed rectangle in the STEM HAADF image (Fig. 11b) shows 
the region analyzed by the XEDS maps and captures binder material atop 
a cBN grain. As found previously, Ti and V are present in the reaction 
layer all the way down to the binder layer (Fig. 11c, d), while Al remains 
a non-interactive element (Fig. 11e). Enrichment of N and C is present in 
the same regions in the reaction layer (Fig. 11f–g), and they have a 
columnar shape as indicated by STEM LAADF (Fig. 11a). Surrounding 
the enrichment, B is present (Fig. 11 h), which in combination with Ti 
and V may have formed a boride phase. As expected, the cBN grain 
shows strong B and N concentration, while only N is present in the 
binder layer at the interface. Ni, Co, Cr, and Mo (Fig. 11i–l) are also 
present in the binder layer, but Cr has a significant concentration, 
pointing to formation of a chromium nitride phase. 

The final analysis steps of this diffusion couple involve EBSD and 
SAED, which are presented in Fig. 12. The band contrast image 
(Fig. 12a) shows the needle-shaped grains of the Ti alloy. The phase 

contrast (Fig. 12b) demonstrates its composition of α-Ti with a P63/mmc 
(194) space group. The reaction layer is polycrystalline and consists of 
Co and Ni in a Fm-3 m (225) space group, as is Ti(C,N) with the same 
space group. The presence of Mo, W, and Cr with Im-3 m (229) space 
group were also registered but are present only to a minor degree. This 
correlates well with border residues on the interface. 

More phases were verified using SAED. The presence of N and C in 
the reaction layer is as expected Ti(C,N) (Fig. 12c). The layer closest to 
cBN with strong presence of Cr and N in Fig. 11b has a suitable fit to 
Cr2N with P-31 m (162) space group. This reaction product originates 
from excess N and residues of Cr from the binder, and is an artifact that 
forms under static conditions as this phase has not been identified in as- 
worn tools [31]. 

Surprisingly, although XEDS indicated a strong boron presence, 
EBSD did not return any boride phase (Fig. 11 h). This may be due to a 
fine grain size. However, when using SAED on the reaction layer 
neighboring the Ti(C,N) grains, diffraction patterns returned a mix of 
α-Ti with P63/mmc (194) space group and (Ti,V)B2 with P6/mmm (191) 
space group. SEM–XEDS data demonstrated a boron-rich particle within 
the Ti alloy above the reaction layer, which indicates that the (Ti,V)B2 
layer may be saturated. 

The extremely narrow stability range of the pcBN-Co two-phase re-
gion is shown in the calculated isopleth in Fig. 13. Co was selected as it is 
the main constituent in the pcBN binder. The narrow stability range is 
due to the limited solubility of B and N in Co, with BN being stochio-
metric. Hence, AlN and (V,Co)2B or liquid at high temperatures will 
form if B or N leaves the tool. This narrow two-phase region bordering 
non-diffuse phases creates numerical difficulties for the DICTRA simu-
lation, since these phases immediately stabilize at the pcBN and Ti-64 
interface. This forces the calculations to stall at infinitely small time 
steps. DICTRA simulations are thus inconclusive in this case. 

However, even simulation results corresponding to the very begin-
ning of the diffusion couple experiment can offer insights into the re-
action mechanism. With an entirely non-diffuse reaction layer, it can be 
expected that the layer will remain roughly unchanged through the rest 
of the simulation. However, diffusion reactions can still happen on the 
sides of the layer. 

Calculated permeabilities of B, N, and Co in Ti-64 (bcc) are shown in  
Fig. 14a. The right side of the plot corresponds to the permeabilities of 
components in an unchanged Ti-64. In contrast, the left side shows the 
effect of composition change on the permeabilities imposed by diffusion. 

Fig. 11. pcBN and Ti-64 interface after treatment at 1300 ◦C with (a) STEM 
LAADF image, (b) STEM HAADF image and related (c–l) XEDS maps. 

Fig. 12. pcBN and Ti-64 interface after treatment at 1300 ◦C with EBSD 
showing (a) band contrast and (b) phase contrast. SAED of (c) Ti(C,N), (d) Cr2N, 
and (e) α–Ti and (Ti,V)B2. Fig. 13. Isopleth of pcBN showing the two-phase region of BN and Co.  
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In the unchanged Ti-64, the permeability of B is the largest at all tem-
peratures. The permeability of N comes second, and Co has the lowest 
permeability. However, the permeabilities of B and N are temperature 
dependent. It seems that diffusion of B has the fastest rate in unchanged 
Ti-64, while the high concentration of N results in the highest perme-
ability at the interface. 

At 1300 ◦C, the high permeability of B results in the instantaneous 
formation of non-diffuse borides. The high fraction of non-diffuse boride 
phases reduces the fraction of the available diffusion matrix and limits 
the diffusion of N. Consequently, the impingement of N results in the 
precipitation of nitrides in the reaction layer. This could explain why (Ti, 
V)B2 covers the Ti(C,N) and Cr2N layers (Fig. 10) in the diffusion couple. 

Still, given the low solubility of B in Ti-64, borides should form in the 
reaction layer instantaneously. The simulated reaction taking place at 
1000 ◦C is shown in Fig. 14b. Unlike with unchanged Ti-64, N has the 
largest permeability which results in the formation of hcp Ti in Ti-64. 
When B and N reach their solubility limit, (Ti,Al)B2, (Ti,V)B, (V,Co)2B, 
and VxB1− x borides as well as TiN and AlN nitrides are present in the 
reaction layer. At 1000 ◦C, Ti2N is a simulated reaction product that is 
not present at the higher temperatures. However, the other simulated 
reaction products are present at 1000 ◦C, 1200 ◦C, and 1300 ◦C. Spe-
cifically, the (Ti,V)B2 phase fraction increases with temperature. The 
simulated reaction layer stays at a constant 3 µm thickness at the chosen 
temperatures, which agrees with the thickness in the diffusion couple at 
1300 ◦C (Fig. 9d). 

The formation of borides, nitrides, and α-Ti (hcp) in the simulation 
agrees with the observed diffusion couples. Elements in the binder such 
as Mo, Cr, Ni, and W were not included in the calculations. Diffusion 
between the formed borides and nitrides cannot be captured by the 
homogenization model, but the initial diffusion is. 

3.3. Cemented carbide and Ti-64 

The interfaces of cemented carbide and Ti-64 at all temperatures are 
shown in Fig. 15. A gap at the interface occurs only at the lowest tem-
perature of 900 ◦C (Fig. 15a), while reaction products (Fig. 15b–e, 
marked by arrows) bond cemented carbide and Ti alloy at the higher 
temperatures. Already at 1000 ◦C, a reaction occurs at the interface. 

Based on the darker Z-contrast (Fig. 15b marked by an arrow), the re-
action product consists of a lighter compound than Ti-64. The reaction 
layer thickness increases with temperature and reaches 2.5 µm at 
1300 ◦C (Fig. 15c–e), similar to pcBN (Fig. 9d). Clusters of dissolving WC 
grains are prominent at higher temperatures of 1200–1300 ◦C, but occur 
to a small degree at 900–1100 ◦C. Additionally, at 1300 ◦C, WC grains 
have lost their facets and have instead become rounded. 

Fig. 16 includes SEM–XEDS maps, EBSD, and XRD analyses of the 
cemented carbide and Ti-64 interface after treatment at 1200 ◦C. The 
SEM–BSE image (Fig. 16a) displays both a darker Z-contrast layer and 
fragments with bright Z-contrast. XEDS maps indicate the presence of 
TiC (Fig. 16b, e) in the region of darker Z-contrast. The brighter particles 
are a mix of WC and W (Fig. 16d–e). As in the case of PCD and pcBN, Al is 
not an interactive element in the reaction layer (Fig. 16c). Co binder is 
present between WC grains (Fig. 16f). 

EBSD analyses of another interface region in the same sample 
(Fig. 16g–i) display the needle-shaped grains of titanium alloy, similar to 
the pcBN diffusion couple (Fig. 12a–b). These correspond to the α-phase 
of Ti where C and Al act as α-stabilizers. The reaction layer, which has 
darker Z-contrast in BSE mode, has smaller grains than the WC below. 
These consist mainly of a TiC reaction product, but Co (in ht-phase) is 
present as well. 

XRD analysis of the interface (Fig. 16j) gives no spatial resolution but 
adds to the findings from XEDS and EBSD. Indeed, the Ti alloy is in the 
α-phase, there is TiC presence as well as Co in both the fcc and hcp phase, 
there are WC grains, and the presence of metallic W is linked to the 
bright Z-contrast fragments (Fig. 15b–e). The graphite detected is 
related to epoxy resin. However, η-phase Co3W3C and Co6W6C were not 
indicated in previous EBSD analyses but are detected now by using XRD. 

Fig. 17 includes SEM– and STEM–XEDS as well as SAED analyses of 
the cemented carbide and Ti-64 interface in the 1300 ◦C sample. As in 
the 1200 ◦C sample, SEM–XEDS suggests TiC or more likely (Ti,V)C in 
the darker Z-contrast layer (Fig. 17a–f), as does STEM–XEDS 
(Fig. 17g–l). STEM HAADF shows at least two individual (Ti,V)C grains 
that are much larger than the (Ti,V)C grains in the 1200 ◦C sample 
(Fig. 16g–i) as the effect of a higher holding temperature. TiC or (Ti,V)C 
presence is verified by using SAED (Fig. 17m). 

Above the TiC layer, Al is present in the Ti alloy (Fig. 17c, i). SAED 
(Fig. 17n) confirms that the Ti is in the α-phase. Another feature worth 
noting in STEM–XEDS are the bright Z-contrast streaks between WC 

Fig. 14. (a) Permeabilities of B, Co, and N in Ti-64 for pcBN at 1000 ◦C, 
1200 ◦C, and 1300 ◦C after 10 min; DICTRA simulations of pcBN and Ti-64 
diffusion couple at (b) 1000 ◦C, (c) 1200 ◦C, and (d) 1300 ◦C. 

Fig. 15. Overview SEM–BSE images of cemented carbide and Ti-64 interface at 
900–1300 ◦C with arrows pointing to reaction products. 
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grain and TiC, where the W signal is prominent. SAED from that region 
reports a mix of WC and metallic W (Fig. 17o). 

A major difference between the 1300 ◦C sample and the 1200 ◦C 
sample is the rounded WC grains. The red box indicating the XEDS map 
location (Fig. 17a) captures the gradual change of WC grain shape. The 
grains at the bottom are typically faceted, while toward the interface the 
grains become rounder. The spacing between grains increases as the 
rounding increases. The XEDS map of Co (Fig. 17f) shows a gradual 
decline in Co concentration toward the interface. The mechanism 
behind the grain rounding is outward diffusion of carbon from WC 
grains, where C is transported from the grains with Co. As WC is sto-
chiometric, W is released from the WC grain and forms M6C or M12C 
with C and Co. 

Fig. 18 shows the carbon window in the isopleth of cemented car-
bide. Graphite and two η-phases (Co3W3C and Co6W6C) can be stable 
depending on the carbon activity, but formation of these phases depends 
on the nucleation rate. The M12C is already present at 1000 ◦C while 
M6C forms at 1150 ◦C. Both phases were detected in the diffusion couple 
exposed to 1200 ◦C. A liquid of Co binder forms at 1300 ◦C, which ac-
celerates the outward diffusion of carbon. This explains the rounded WC 
grains in the diffusion couple exposed to 1300 ◦C compared to the one 
exposed to 1200 ◦C (Fig. 15d–e). 

Fig. 19a shows the permeabilities of C and Co from cemented carbide 

in Ti-64 at 1000 ◦C, 1200 ◦C, and 1300 ◦C. At 1000 ℃, the permeability 
of Co in Ti-64 is comparable to the permeability of C, while they are 
similar at 1200 ◦C and 1300 ◦C at shorter distances (high Co concen-
tration). While the permeability of Co decreases with distance, the C 
permeability stays comparatively unchanged and surpasses that of Co. 
This is because the solubility of Co in the Ti alloy is relatively more 
significant than that of C (0.12 mol fraction at 1000 ℃). In contrast, the 
mobility of Co is comparable to the mobility of C. The combination of 
high mobility and more significant solubility of Co results in substantial 
permeability of Co in Ti-64 compared to C at 1000 ℃, meaning that Co 
diffuses further inside Ti-64 without triggering any phase trans-
formation. This is not the case for carbon as it triggers carbide formation. 

The formation of a reaction layer between cemented carbide and Ti- 
64 is controlled by outward diffusion of C from WC directly to the Ti-64 
and through Co to the Ti-64. Additional thermodynamic calculations on 
the cemented carbide system at 1000 ℃ showed that reducing the Co 
content decreases C activity when the C content is fixed, since WC is 
stochiometric. The formation of TiC or (Ti,V)C at the interface of 
cemented carbide and Ti-64 is an inevitable consequence of C diffusion. 
It happens when the C content in Ti-64 exceeds the solubility limit, 
which is relatively low (roughly 6⋅10− 4 mole fraction [50] at 1000 ℃). 

Fig. 19b–d show simulated results of the diffusion and chemical re-
actions taking place at the cemented carbide and Ti-64 interface at 
1000 ◦C, 1200 ◦C, and 1300 ◦C. At 1000 ◦C (Fig. 19b), the formation of 
TiC or (Ti,V)C in combination with Co depletion from cemented carbide 
results in a roughly fixed C composition in the Co binder. The phase 

Fig. 16. Cemented carbide and Ti-64 interface after treatment at 1200 ◦C. (a) SEM–BSE image with (b–f) related XEDS maps. EBSD analysis with (g) band contrast, 
(h) phase contrast, and (i) inverse pole figure (IPF), (j) XRD spectrum. 

Fig. 17. Cemented carbide and Ti-64 interface after treatment at 1300 ◦C. (a) 
SEM–BSE image with (b–f) related XEDS maps. (g) STEM HAADF image of 
reaction layer with (h–l) related XEDS maps. SAED of selected regions showing 
diffraction pattern of (m) TiC, (n) α-Ti, and (o) a mix of WC and W. 

Fig. 18. Isopleth of cemented carbide showing the two-phase region of WC 
and Co. 
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stability is dictated by the C activity depending on the distance from the 
cemented carbide interface. It follows the order of M12C, bcc W, and 
finally titanium carbide, which forms at the Ti-64 interface. Simulations 
also point to the formation of intermetallic Co7W2(Co,W)4 at 1200 ◦C 
and 1300 ◦C. Although the thermodynamics predict the stability of this 
phase, it is unclear if the phase can nucleate. 

At higher temperatures, partial melting of the Co binder changes the 
order and stability of the phases. At 1200 ℃ and 1300 ℃, C perme-
ability is the same as for Co (Fig. 19a), which means a similar diffusion 
rate of C and Co in Ti-64. A direct effect of this regime change is the 
higher subsurface decarburization of cemented carbide. Consequently, 
larger quantities of TiC, bcc W, M6C and M12C are formed. In addition, 
higher C content pushes the cemented carbide toward the eutectic point, 
and partial melting of Co occurs. This may explain the round shape of 
WC at 1300 ◦C (Fig. 15e) as partial Co liquid accelerates outward 
diffusion of carbon. 

4. Analysis 

The HP-HT diffusion couple method has provided knowledge of 
when and in which intensity certain reaction products form. This in-
formation has been used to develop modeling solutions using DICTRA 
software to predict the nature of chemical interactions and active wear 
mechanisms in ultra-hard tooling in contact with Ti-64. The wear 
mechanisms are discussed in detail in the order PCD, pcBN, and 
cemented carbide. Finally, the wear mechanisms are connected to the 
wear rate and its effect on productivity in the context of machining Ti- 
64. 

4.1. Wear of PCD 

Titanium is a strong carbide former. Due to outward carbon diffusion 
of original diamond grains, formation of titanium carbide is expected. 
Minor alloying of vanadium leads to the formation of (Ti,V)C in the 
interaction layer, as was found in a previous study by some of the au-
thors [31]. Hartung and Kramer [22] also verified TiC formation while 
machining Ti-64 with PCD, as did Sadik et al. [29] after turning Ti-5553. 
Thus, TiC formation occurs both in actual machining, in diffusion 

couples, and in simulations. Formation of TiC or (Ti,V)C reaction 
products can serve as a tool protection layer that reduces the wear rate. 

The onset temperature of TiC formation in diffusion couples is be-
tween 1100 and 1200 ◦C at 3 GPa pressure, but it already occurs at 
1000 ◦C in the simulation. The disparity between the modeling and the 
diffusion couples is related to when equilibrium is reached. Variation of 
pressure is expected across the tool–chip interface in machining, with 
peak pressure of 3 GPa and lower pressure further from the edge line. 
Lower pressure decreases the temperature at which TiC formation can 
occur. However, the extent of the pressure difference that affects the 
onset reactive temperature is low according to the thermodynamic cal-
culations. Temperature measurement when turning Ti-64 with PCD has 
reported a tool tip temperature of 1150 ◦C, with the presence of TiC 
[31], so the effect of pressure differences in this case is assumed to be 
marginal. 

The pressure of 3 GPa was selected to suppress graphitization, which 
nevertheless occurred at 1300 ◦C. It remains unknown whether graph-
itization occurred to a lesser degree on samples exposed to lower tem-
peratures, but it seems likely based on the study by Qian et al. [51]. They 
found that a negligibly small amount of diamond was converted into 
graphite at 1000 ◦C and 2.5 GPa, while about 30% was converted at 
1400 ◦C. Their results also showed that graphitization increased in the 
presence of water, a finding that needs to be balanced against the po-
tential productivity gains achieved by using water-based cutting fluid 
solutions. This result is ignored in the diffusion simulations as graphite 
has had to be excluded because metastable diamond and graphite cannot 
both be considered in the same calculation. 

However, it remains unknown from which form carbon diffused, as it 
could be from diamond with sp3 hybridization or from graphite with sp2 

hybridization. The former seems more likely as graphite has higher 
cohesive energy than diamond and therefore more energy is needed for 
carbon with sp2 hybridization to react with titanium [29]. Graphite is 
easily removed in machining by the chip flow, and hence graphitization 
would contribute to tool wear. 

At 1300 ◦C, extreme reactions between PCD and Ti-64 resulted in a 
reaction layer 100 times thicker than in the 1200 ◦C sample. Assuming 
that carbon in the form of graphite requires more energy than in the 
diamond form to react with titanium, it appears that the liquefaction 
causing the dendritic structure is responsible for the massive carbon 
transportation. However, conditions leading to such massive liquefac-
tion of the binder phase are rarely achieved in machining. 

4.2. Wear of pcBN 

Previous studies conducted on an as-worn tool of the same tool 
material also identified nanometer-sized grains consisting of reaction 
products (Ti,V)B2 or (Ti,V,Cr)B2 [31]. Other studies found TiB2 [32] and 
potentially TiN reaction products [33]. These products work as tool 
protection layers and can reduce further outward diffusion of B and N. 
However, the diffusion couples and simulations show more complexity 
and additional reaction products because of the static conditions and 
higher temperatures compared to machining. 

SEM–XEDS indicated that the reaction layer atop the binder was two- 
phased. STEM–XEDS showed its epitaxial growth, and EBSD showed that 
it was polycrystalline. Outward diffusion of B and N facilitated a suffi-
ciently saturated environment to form diboride and carbonitride of Ti 
and V, which agrees with simulations. It remains unclear which of these 
forms first, but the simulations indicate almost instant boride formation 
followed by nitride formation. If (Ti,V)B2 forms initially, then Ti, N, and 
C must diffuse through this layer but around grain boundaries and form 
carbonitrides. A two-phased reaction layer could be beneficial if formed 
during machining by acting as a tool protection layer. 

An additional feature identified in the diffusion couples is the func-
tion of Mo and W in binder regions. As shown in Fig. 9d, local binder 
sites at the reaction layer interface protected underlying cBN grains or at 
least reduced their outward diffusion. Neighboring cBN grains that were 

Fig. 19. (a) Permeabilities of C and Co in Ti-64 for cemented carbide at 
1000 ◦C, 1200 ◦C, and 1300 ◦C after 10 min; DICTRA simulations of cemented 
carbide and Ti-64 diffusion couple at (b) 1000 ◦C, (c) 1200 ◦C, and (d) 1300 ◦C. 
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not protected by Mo and W were at a lower level due to outward BN 
diffusion. The limited solubility of Mo and W in Ti [46,52] may be 
beneficial in tools to reduce the wear rate when the wear mechanism is 
based on diffusion. If adding Mo and W to the binder mix and increasing 
their concentration in the binder could result in the formation of a more 
stable and substantial layer atop cBN, the wear rate might be drastically 
reduced. The outward diffusion of binder elements Co, Ni, and Cr might 
also be reduced. Their rapid outward diffusion may result in tool ma-
terial loss as grain binding of cBN is reduced, which may increase the 
risk of adhesive wear. 

4.3. Wear of cemented carbide 

Outward diffusion of carbon and cobalt are previously known wear 
mechanisms [11–21] in cemented carbide tooling. Carbon diffusion into 
titanium alloy typically results in TiC or (Ti,V)C reaction products 
[13–18,21–23], as shown in the simulations, assuming that the tem-
perature and chip flow conditions are such that there is enough satu-
rated carbon to form them, which may differ across the tool–chip 
contact zone [23]. However, the presence of TiC may reduce or 
completely block further outward diffusion of carbon and cobalt, and 
hence work as a tool protection layer. Polycrystalline TiC layers such as 
those in the 1200 ◦C sample (Fig. 16g–i) allow for diffusion around grain 
boundaries. 

The TiC layer is not homogeneously spread across the interface; it is 
thinner or absent at places with W clusters, as can be seen in samples at 
1200–1300 ◦C (Fig. 15d–e). These W clusters are easily detached by the 
chip flow during machining. However, it seems that the presence of 
metallic W suppresses TiC formation, possibly because of the decreasing 
C activity with decreasing Co content. Previous studies [23,46] have 
shown that W acts as a β-stabilizer of titanium in, for example, W-rich 
regions at the interface of as-worn tools. The presence of β-Ti was not 
verified in this study, but it may be present around clusters of W. 
Alternately, outward diffusion of α-stabilizing carbon may have sup-
pressed its phase change. It can be speculated that the limited TiC 
presence at W-rich regions is due to the low solubility of carbon in β-Ti 
[53] and the consequently lower cobalt content. 

Fig. 20 illustrates the basic routes of diffusion and wear mechanisms 
in cemented carbide tooling when machining Ti alloys. Diffusion of C 
from original WC grains can go either directly from WC into the adhered 
Ti alloy or may travel through the Co binder into the Ti alloy. Either 
way, WC grain damage includes increased defects and cracking of the 
grain (Fig. 15d) or rounding of the faceted grains. Diffusion of C releases 
W due to stochiometric WC, which may travel the same route as C and 
precipitate at the interface [54]. 

TiC layers and clusters of W that outline the interface may suppress 
further diffusion of C and Co. In parallel, the release of W when C dif-
fuses causes the formation of the η-phase Co3W3C or Co6W6C that 

surround rounded WC grains. This occurred in both the diffusion couples 
and simulations. Formation of such phases appears at 1200–1300 ◦C in 
diffusion couples, but already at 1000 ◦C in diffusion simulations. 
However, temperatures above 1200 ◦C are rarely attained during 
machining with cemented carbide. The brittle η-phase is easily removed 
by adhesive wear caused by chip flow, and its formation results in tool 
material loss. 

4.4. Connection between wear mechanisms and wear rate 

Due to the extreme reaction of PCD at 1300 ◦C, the tool materials 
after treatment at 1200 ◦C are compared in Fig. 21a–c. Reaction prod-
ucts are marked by arrows. A discrete increase in reaction layer thick-
ness is identified from PCD to pcBN and from pcBN to cemented carbide. 
The resulting reaction layers are formed by outward diffusing elements 
from tool materials and are C and Co for PCD, B and N for pcBN, and 
primarily C and Co for cemented carbide. 

All those elements, except Co, are interstitial α-stabilizers [45] and 
have affected the original α + β Ti-64 alloy within the interface region to 
attain the α-phase (Fig. 5f, Fig. 12e, and Fig. 17n). However, the 
thickness of the α-phase bordering the reaction layer varies among the 
tool materials. Therefore, the intensity of the α-Ti stability region is 
another indicator of diffusional loss of the tool materials. By modifying 
the brightness and contrast in SEM–BSE mode and using XEDS, the 
approximate thickness of those layers was identified as 5–7 µm for PCD, 
10–12 µm for pcBN, and 15–20 µm for cemented carbide. 

The thickness of the reaction products and α-phase region corre-
sponds well to the tool wear rate. To validate this claim, tool wear data 
from previous research by some of the authors were used [23,31]. In 
those studies, the same grades of PCD, pcBN, and cemented carbide were 
used in turning of the same workpiece material as in this study. Finishing 
conditions with cutting depth 0.3 mm and feed rate 0.1 mm/rev were 
used. Coolant was delivered at the rake face at 90 bar pressure. Cutting 
speeds were 350 m/min for PCD, 300 m/min for pcBN, and 250 m/min 
for cemented carbide. 

The flank wear evolutions of those three tools are displayed in 
Fig. 21d. Although PCD was used to machine at the highest cutting 
speed, it has the longest engagement distance and the highest perfor-
mance, followed by pcBN. Cemented carbide demonstrated the fastest 
wear rate and lowest material removal rate at the lowest cutting speed in 
the test series. The wear resistance is hence highest for PCD, followed by 
pcBN, and lowest for cemented carbide. This corresponds to the 

Fig. 20. Illustration of the formation of η-phase Co3W3C, TiC, and W by the 
diffusion of carbon and W precipitation at the interface of cemented carbide 
and Ti-64. 

Fig. 21. Comparison of reaction layer thickness marked by arrows at 1200 ◦C 
of (a) PCD, (b) pcBN, and (c) cemented carbide. (d) Evolution of flank wear 
based on engagement distance during turning with the tool materials. 
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thickness of the reaction layer and α-phased region. 
This wear rate can change radically if diffusion barriers or tool 

protection layers that form on the tool surface slow down chemical and 
diffusional wear processes. The diffusion simulations predicted diffusion 
and chemical reaction processes, but the reaction layer thicknesses were 
not accurately predicted. Diffusion couples are exposed to a static pro-
cess that would correspond to total workpiece adhesion on the tool 
surface. An infinite chip flow would correspond to fixed elemental ac-
tivity of the workpiece material at the interface rather than fixed initial 
composition. Hence, the initial agreement between the simulation, 
diffusion, and machining can be used to explore the effect of Ti alloy 
composition, tool composition, and chip flow on tool wear mechanisms 
based on chemical reactions and diffusion. 

5. Conclusions 

This study has demonstrated the application of HP-HT diffusion 
couple method in combination with diffusion simulations for study and 
prediction of chemical and diffusional interactions at the tool–work-
piece interface and their correlation to wear mechanisms in PCD, pcBN, 
and cemented carbide tooling when machining Ti-64. The observed 
interactions under known pressure, temperature and time of the HP-HT 
treatment have served as the input data for diffusion simulations. The 
majority of wear mechanisms found in diffusion couples were identical 
to those observed in actual machining, with some exceptions for the case 
of pcBN tooling. 

For PCD and cemented carbide, TiC or (Ti,V)C formation occurred 
already at 1000 ◦C and such reaction products work as a tool protection 
layer. For PCD, presence of a liquid phase and diamond graphitization at 
1300 ◦C accelerated carbon transport thus increasing the wear rate. For 
pcBN, formation of (Ti,V)B2 reaction product due to diffusional disso-
lution of B and N was identical to the actual machining. However, Ti(C, 
N) and Cr2N were the artefacts of the diffusion couple method. All these 
refractory reaction products act as a diffusion barrier. Mo and W in 
binder has a low solubility in Ti and creates metallic diffusion barriers, 
and thus increasing their volume in the binder could increase pcBN wear 
resistance. For cemented carbide, formation of W clusters inhibits TiC 
formation while brittle η-phase Co3W3C reaction product results in a 
high wear rate. η-phase has not been found in as-worn tools and can be 
explored by changing the boundary conditions in diffusion simulations. 

The use of diffusion couples and diffusion simulation has proven to 
be valuable means in detecting and predicting the wear mechanisms in 
machining. This method is mainly applicable when the wear mecha-
nisms are primarily diffusional dissolution and chemical wear. Such 
conditions are very common when machining titanium alloys or other 
difficult-to-cut materials at high cutting speeds. The proposed method 
serves economic benefits as costly machining trials can be kept to a 
minimum or even avoided, thus allowing investigation of wider mate-
rials systems. For instance, it can be used in designing tool materials or 
metallic alloys which promote the formation of tool protection layers 
that reduce the wear rate. Alternatively, it can be employed for identi-
fication of temperatures and thus cutting conditions which minimize 
negative interactions and promote formation of diffusion barriers. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The collaboration and financial support of Seco Tools AB during this 
research are greatly appreciated. The Sustainable Production Initiative 
(SPI), a cooperation between Lund University and Chalmers University 
of Technology, also supported the work. This work was partly funded by 

the Swedish Foundation for Strategic Research (SSF), contract RMA15- 
0062. 

References 

[1] R. M’Saoubi, D. Axinte, S.L. Soo, C. Nobel, H. Attia, G. Kappmeyer, S. Engin, W.- 
M. Sim, High performance cutting of advanced aerospace alloys and composite 
materials, 2015/01/01/, CIRP Ann. 64 (2) (2015) 557–580, 2015/01/01/. 

[2] G.A. Oosthuizen, G. Akdogan, N. Treurnicht, The performance of PCD tools in high- 
speed milling of Ti6Al4V, Int. J. Adv. Manuf. Technol. 52 (9–12) (2011) 929–935. 

[3] L.R. da Silva, O.S. da Silva, F.V. dos Santos, F.J. Duarte, G.V. Veloso, Wear 
mechanisms of cutting tools in high-speed turning of Ti6Al4V alloy, Int. J. Adv. 
Manuf. Technol. 103 (1–4) (2019) 37–48. 

[4] F. Nabhani, Wear mechanisms of ultra-hard cutting tools materials, J. Mater. 
Process. Technol. 115 (3) (2001) 402–412. 

[5] N. Corduan, T. Himbart, G. Poulachon, M. Dessoly, M. Lambertin, J. Vigneau, 
B. Payoux, Wear mechanisms of new tool materials for Ti-6Al-4V high performance 
machining, 2003/01/01/, CIRP Ann. 52 (1) (2003) 73–76, 2003/01/01/. 

[6] E.O. Ezugwu, Z.M. Wang, Titanium alloys and their machinability - a review, 
J. Mater. Process. Technol. 68 (1997) 262–274. 

[7] J. Vleugels, O. Van Der Biest, Chemical interaction between SiAlON ceramics and 
iron-based alloys, Key Eng. Mater. (1998) 127–176. 

[8] J. Vleugels, O. Van Der Biest, Chemical wear mechanisms of innovative ceramic 
cutting tools in the machining of steel, 1999/04/01/, Wear 225–229 (1999) 
285–294, 1999/04/01/. 

[9] J. Vleugels, P. Jacobs, J.P. Kruth, P. Vanherck, W. Du Mong, O. Van Der Biest, 
Machining of steel with sialon ceramics: influence of ceramic and workpiece 
composition on tool wear, 1995/10/01/, Wear 189 (1) (1995) 32–44, 1995/10/ 
01/. 

[10] A. Bjerke, A. Hrechuk, F. Lenrick, A. Markström, H. Larsson, S. Norgren, 
R. M’Saoubi, T. Björk, V. Bushlya, Thermodynamic modeling framework for 
prediction of tool wear and tool protection phenomena in machining, 2021/11/ 
15/, Wear 484–485 (2021), 203991, 2021/11/15/. 

[11] D. Jianxin, L. Yousheng, S. Wenlong, Diffusion wear in dry cutting of Ti–6Al–4V 
with WC/Co carbide tools, Wear 265 (2008) 1776–1783. 

[12] S. Zhang, J.F. Li, J.X. Deng, Y.S. Li, Investigation on diffusion wear during high- 
speed machining Ti-6Al-4V alloy with straight tungsten carbide tools, 2008/11/04, 
Int. J. Adv. Manuf. Technol. 44 (1) (2008) 17, 2008/11/04. 

[13] S. Odelros, B. Kaplan, M. Kritikos, M. Johansson, S. Norgren, Experimental and 
theoretical study of the microscopic crater wear mechanism in titanium machining, 
2017/04/15/, Wear 376–377 (2017) 115–124, 2017/04/15/. 

[14] D.G. Bhat, V.A. Bedekar, S.A. Batzer, A preliminary study of chemical solubility of 
ultra-hard ceramic AlMgB14 in titanium: reconciliation of model with experiment, 
2004/12/30, Mach. Sci. Technol. 8 (3) (2004) 341–355, 2004/12/30. 

[15] O. Hatt, H. Larsson, F. Giuliani, P. Crawforth, B. Wynne, M. Jackson, Predicting 
chemical wear in machining titanium alloys via a novel low cost diffusion couple 
method, 2016/01/01/, Procedia CIRP 45 (2016) 219–222, 2016/01/01/. 

[16] C. Ramirez, A. Idhil Ismail, C. Gendarme, M. Dehmas, E. Aeby-Gautier, 
G. Poulachon, F. Rossi, Understanding the diffusion wear mechanisms of WC-10% 
Co carbide tools during dry machining of titanium alloys, 2017/11/15/, Wear 
390–391 (2017) 61–70, 2017/11/15/. 

[17] O. Hatt, P. Crawforth, M. Jackson, On the mechanism of tool crater wear during 
titanium alloy machining, 2017/03/15/, Wear 374–375 (2017) 15–20, 2017/03/ 
15/. 

[18] B. Kaplan, S. Odelros, M. Kritikos, R. Bejjani, S. Norgren, Study of tool wear and 
chemical interaction during machining of Ti6Al4V, Int. J. Refract. Met. Hard 
Mater. 72 (2018) 253–256. 

[19] P. Olander, J. Heinrichs, On wear of WC–Co cutting inserts in turning of Ti6Al4V–a 
study of wear surfaces, Tribol. Mater. Surf. Interfaces (2020) 1–12. 
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A B S T R A C T

During a metal cutting process, chemical wear can become the dominant mechanism of tool degradation under
the high temperatures and contact pressures that arise between the tool and the metal workpiece. This study
focuses on the chemical and diffusional interactions between superalloy Inconel 718 and cubic boron nitride
(cBN) tool material with and without TiC binder. It covers thermodynamic modeling and experimental tests in
the pressure range of 0.1 Pa to 2.5 GPa at temperatures up to 1600 °C. The methods used include diffusion
couples under both vacuum and high pressure, transmission electron microscopy (TEM) analysis and in-situ
synchrotron observations. It is shown that cBN is prone to diffusional dissolution in the metal and to reactions
with niobium, molybdenum, and chromium from Inconel 718. Adding TiC binder changes the overall de-
gradation process because it is less susceptible to these interaction mechanisms.

1. Introduction

Polycrystalline cubic boron nitride (PCBN) tools are widely used in
machining hardened steels and superalloys due to their high hardness,
wear resistance, and thermal conductivity. These beneficial mechanical
and thermal properties are slightly lower than those of polycrystalline
diamond. However, PCBN is substantially more chemically inert than
polycrystalline diamond. At high cutting speeds, the advantage of the
high hardness and abrasion resistance loses its significance because
chemical and diffusional mechanisms are activated as the cutting pro-
cess temperatures increase [1].

While there is evidence of chemical and diffusional mechanisms
with cemented carbide tooling [2–4], less is known about PCBN tooling.
A diffusion couple study [5] of cubic boron nitride and elemental iron
did not register a chemical interaction. Another diffusion couple study
of iron and PCBN with TiC binder carried out under vacuum showed
that chemical interaction occurs at temperatures above 1300 °C [6].
The authors of that study demonstrate that the interaction is related to
the binder and not to cBN. The mechanism was believed to be forma-
tion of cementite due to dissolution of carbon from the TiC binder. A
diffusion couple study of PCBN with austempered ductile iron also in-
dicated reactions between iron and silicon from the workpiece with the

TiC binder phase and not with the cBN phase [7].
Oxidation of PCBN, another type of chemical interaction, has also

been investigated. The presence of boron oxide among the wear pro-
ducts on a PCBN tool has been experimentally verified [8]. Similarly,
oxidation wear of PCBN has been found in machining hardened tool
steel, activated only under accelerated process conditions [9].

More complications are introduced when machining alloyed mate-
rials containing Cr, Ni, Mo, Nb, etc., such as hardened tool steels or
superalloys as there are indications of the formation of metal borides
and their subsequent eutectic melting [10]. The chemical reactivity of
cBN and elemental nickel when annealing compacted powders in va-
cuum at 1300 °C results in the formation of nickel borides [11].

There has, however, been no extensive study of the reactivity be-
tween PCBN and highly alloyed workpiece materials. This study thus
focuses on chemical and diffusional interaction of PCBN in machining
superalloys.

When machining superalloys, temperatures as high as 1250 °C are
reached in the cutting zone [12]. High contact pressures also develop
there, with estimated average pressures of up to 2.5 GPa [13]. There-
fore, in this study, thermodynamic calculations were experimentally
compared to three imitational situations to investigate the effect of
temperature and pressure on chemical and diffusional interactions of
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PCBN with superalloy Inconel 718 (also known as Alloy 718). The three
imitational situations were:

1 Low vacuum (0.1 Pa) annealing of powdered PCBN and Inconel 718
mixture

2 High pressure (2.5 GPa) annealing of powdered PCBN and Inconel
718 mixture

3 High pressure (2.5 GPa) annealing of bulk PCBN and Inconel 718
(diffusion couple)

These imitational situations were designed to reproduce different
aspects of metal cutting relevant to chemical and diffusional wear.
Specifically, the influence of pressure and diffusion length were set as
key variables. Additionally, the influence of PCBN composition on the
interaction was investigated. It is known that high-cBN tools have a
higher wear rate in continuous machining than low-cBN materials with
ceramic binders [14]. Therefore, this study also aims to investigate the
mechanisms responsible for the discrepancy in wear between high- and
low-cBN tool materials. For each of the imitational situations two cases
were examined: high-cBN material (case H) and low-cBN material with
TiC binder (case L).

The powder samples treated in low vacuum (imitational situation 1)
were annealed at temperatures ranging from 900 °C to 1250 °C. These
samples were later analyzed using laboratory source X-ray diffraction
(XRD). The powder samples annealed under high pressure (imitational
situation 2) were analyzed in-situ from 20 °C to 1600 °C using synchro-
tron source energy dispersive X-ray diffraction (EDXRD). A constant
pressure of 2.5 GPa was applied to these samples. The bulk diffusion
couple samples annealed at high pressure (imitational situation 3) con-
sisted of round tool inserts placed in Inconel 718 capsules and heated to
1300 °C at a constant pressure of 2.5 GPa. These samples were later
analyzed using TEM.

2. Materials and methods

As can be seen in Fig. 1a, the microstructure of commercial aged
Inconel 718 includes six phases: Ni-γ solid solution with face-centered
cubic (FCC) crystal structure; γ’ FCC Ni3(Ti,Al) precipitates; γ’’ pre-
cipitates of body-centered tetragonal (BCT) structured Ni3Nb; δ or-
thorhombic Ni3Nb; and the carbides NbC and TiC. The δ Ni3Nb phase
forms plate-like precipitates at the grain boundaries (Fig. 1c). Aged
Inconel 718 material in a machining operation initially includes all the
phases listed above; however in the machining process the precipitates
(γ’, γ’’, δ) are dissolved into the Ni-γ phase [15,16], creating a super-
saturated solution in the near surface region. This means that in high
speed machining, the tool material interacts with solutionized Inconel
718 instead of multi-phase aged material. To insure that the Inconel
718 was also solutionized in the three imitational situations tested, a high
pressure high temperature (HPHT) experiment on commercial aged

Inconel 718 was conducted. A solid cylindrical block of aged Inconel
718 was subjected to flash HPHT treatment (2.5 GPa and 1300 °C) in-
volving rapid heating (250 °C/s) and immediate quenching. XRD ana-
lyses prior to and after the HPHT treatment are shown in Fig. 1a and b.
The data show dissolution of the precipitates (γ’, γ’’, δ) and carbides
into the Ni-γ solid solution during the short treatment time. Such rapid
dissolution indicates that the material phase composition present at the
beginning of the imitational situations is the same as in high speed ma-
chining.

Situation 1 and 2 use powdered materials to yield large quantities of
reaction products and so facilitate their detection. The difference be-
tween situation 1 and 2 is the pressure used. Situation 2 employs high
pressure to imitate high speed machining, while situation 1 under low
vacuum and reflects a conventional high-throughput setup. Situation 3
uses bulk materials in a diffusion couple arrangement. This situation
imitates both diffusional dissolution (mass transport) and chemical re-
activity. The downside is that smaller amount of reaction products are
formed, which means it is more difficult to detect them.

For the situations involving powder material (1 and 2), cBN powder
was synthesized at the Institute for Superhard Materials from hexagonal
BN (hBN) in a catalyst-solvent system of magnesium and its com-
pounds. Powdered TiC was supplied by H.C. Starck, while LPW
Technology LTD supplied gas atomized powder of Inconel 718 in so-
lutionized state with the composition shown in Table 1. For situation 3,
two grades of PCBN tool material were selected to represent case H and
case L. Case H is a binderless cBN grade (BCBN) which has 5–7 μm cBN
grains and 3% stress-inducing inclusions of β-Si3N4 (see Fig. 2a and b).
Case L is a commercial low-cBN content grade by Seco Tools AB (L-
CBN) with a TiC-based binder and other secondary phases (see Fig. 2c
and d), constituting approximately 50% by volume. Commercial aged
Inconel 718 was supplied by Siemens Industrial Turbomachinery AB
(see Table 1).

Before vacuum annealing in situation 1, the powders were dry mixed
in ratios representing the tools in case H and case L (see Table 2) and
cold pressed in a cemented carbide die at 2.5 GPa. The compacted
pellets were annealed in a low vacuum furnace (see Table 2), and then
sectioned, polished and analyzed using XRD and SEM/XEDS. Situation 2
tests were conducted at the PSICHÉ beamline, SOLEIL synchrotron in
France, using the Paris–Edinburgh press and 10mm assembly equipped
with graphite resistive heater [17]. The mixed powders for both cases
were placed into hBN capsule and, thus were shielded from graphite
furnace. Energy dispersive X-ray diffraction (EDXRD) patterns were
recorded during heating at intervals of 25 °C. The pressure values at
room temperature were estimated using hBN equation of states [18],
whereas temperature was controlled with help of the corresponding
power (W)-temperature (°C) calibration curve [17]. EDXRD patterns
were collected in white beam mode (25–80 keV) using Canberra solid
state Ge-detector with angle fixed to 8.021°. The heating rate was set to
20 °C/min, EDXRD acquisition time was 1min. The overall conditions

Fig. 1. Microstructure of Inconel 718: (a) XRD analysis of as received aged Inconel 718, (b) XRD analysis of the HPHT treated Inconel 718 and (c) SEM image of as
received Inconel 718.
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are listed in Table 2.
For situation 3, the diffusion couples were subjected to high pressure

and heated using an hBN-sleeved graphite heater in the conditions
shown in Table 2. A toroid type high pressure apparatus [19] HPAT-30
was used for the treatment. Once the temperature and pressure had
been reduced, the samples were cut in the axial direction, polished and
analyzed using SEM, TEM, and XEDS.

The computer coupling of phase diagrams and thermochemistry
(CALPHAD) method using Thermo-Calc [20] succeeds in evaluating the
phase stability of Inconel 718 [21]. Thermo-Calc has also been suc-
cessful in simulating diffusion and chemical interaction between a
workpiece and cemented carbide tooling [2,3]. Thermo-Calc calcula-
tions of Inconel 718 at high pressure and high temperature have not
been assessed in literature, and neither has the interaction between
Inconel 718 and tool materials. Thermodynamic calculations of the
interaction between the tool materials (case H and case L) and Inconel
718 were performed at pressures ranging from 0.1MPa to 2.5 GPa for
temperatures between 400 and 1700 °C.

3. Results and discussion

3.1. Thermodynamic modeling

Thermodynamic modeling of the chemical interaction between the
elements of case H and case L with Inconel 718 at 0.1MPa was per-
formed using Thermo-Calc. The TCNI8 database, which describes the
properties of nickel superalloys and nickel compounds, was used. The
results of the calculation are shown in Fig. 3a and c. Among the pro-
ducts at atmospheric pressure are borides and nitrides of molybdenum,
chromium, iron, niobium, nickel, aluminum, and titanium. Case L with
TiC binder also results in the formation of carbides of titanium, nio-
bium, and chromium.

The influence of pressure on the expressions for the temperature

dependence of the Gibbs energy can be added to the Thermo-Calc
modeling by adding the change in Gibbs energy due to an increase in
pressure to every phase. The values of the molar volumes of phases are
taken from Landolt–Börnstein [22] and the Thermo-Calc TCNI8 data-
bases. The bulk moduli and the coefficients of thermal expansion of all
competing phases make a negligible difference to the results of the
change in Gibbs energy between phases present. Thus, the bulk moduli
and the coefficients of thermal expansion for competing phases were
assumed to be equal. Fig. 3b and d show the modeling results at
2.5 GPa.

Applying pressure of 2.5 GPa significantly reduces the number of
reaction products, as only phases with low specific volume remain
stable at high pressures (Fig. 3b and d). Different configurations of
(Mo,Cr)B, (Ti,Nb,Cr)N are stable in case H, while (Ti,Nb)C, (Cr,Nb)C
and (Cr,Mo)5B3 are stable in case L due to the presence of the TiC
binder. The temperature of initial melting increases by over 100 оC
under high pressure.

3.2. Imitational situation 1 – vacuum annealing of powdered cBN and
Inconel 718

The results from the XRD and SEM analysis in imitational situation 1
(Fig. 4) show the formation of reaction products. These new phases are
identified by combining data from both XRD and XEDS. Chromium
mono- and diboride and nickel boride are identified by XRD phase
analysis. In the case of chromium boride, it corresponds to space group
Cmcm with lattice parameters a= 0.298 nm, b= 0.787 and
c= 0.293 nm. But XEDS indicates that the phase is rich in Cr, Mo, Nb
and B; thus (Cr,Mo,Nb)B is identified as the reaction phase. Similarly,
(Cr, Mo)B2 and (Ni, Fe, Nb)23B6 are confirmed. It is worth noting that
formation of nickel borides has been reported for vacuum annealing
[11]. The eutectic of Ni-γ and nickel boride is also seen in Fig. 4b.

Attention should be drawn to the absence of nitrides among the

Table 1
Chemical composition of Inconel 718 by wt. %.

Ni Cr Fe Mo Nb Ti Al Co Cu Mn Si C P S

Bulk bal. 18.2 17.8 2.92 5.04 1.01 0.32 0.17 0.04 0.06 0.07 0.03 0.008 0.001
Powder bal. 19.0 18.0 3.0 5.0 1.0 0.5 – – – – 0.04 – –

Fig. 2. SEM and XRD showing the microstructure of the tool materials used in imitational situation 3: (a–b) case H, binderless cBN; and (c–d) case L, PCBN with TiC
binder.
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interaction products. It is assumed that nitrogen does not participate in
the reactions because it leaves the interaction system under vacuum as
a gaseous phase due to cBN sublimation.

3.3. Imitational situation 2 – high-pressure annealing of powdered cBN and
Inconel 718

The EDXRD results of the synchrotron studies from situation 2 are
shown in Fig. 5. In case H, the first observed reaction products were AlN
and (Ti, Nb)N, detected above 350 °C. The AlN lines disappeared
completely before the sample had reached 1000 °C, while (Ti, Nb)N was
stable until 1400 °C and disappeared before 1500 °C. At around 1200 °C
three metal borides, MoB, MoB2 and CrB2, were detected. These were
joined by Cr2B3 at around 1500 °C. All four metal borides remain stable
throughout the experiment and after quenching.

In Fig. 6, post-mortem XEDS analysis of case H is shown for a sample
quenched from 1250 °C and another sample quenched from 1600 °C.
Quenching at 1250 °C leaves 10 μm large cBN grains surrounded by
borides rich in Cr, Mo and Nb and nitrides rich in Ti and Nb. Quenching
at 1600 °C leaves a network of Cr, Mo and Nb rich borides while no
nitrides were found.

AlN was also the first observed reaction product in case L. It appears
at 350 °C and disappears before the sample reaches 1000 °C. No other
nitrides were detected in this case, although it is likely that the dif-
fraction lines from many nitrides and carbonitrides overlap with the
lines from TiC so that they are not conclusively identifiable. The metal
borides MoB, MoB2, and CrB2 were detected at around 1200 °C, and
Cr2B3 at around 1500 °C. Similarly to the thermodynamic calculations,
the application of 2.5 GPa pressure shifts the melting point of Inconel
718 (Fig. 5, case L) compared to ambient conditions.

Residues of cBN phase in a sample quenched from 1250 °C were
extracted by ultrasonically-assisted etching in an HF-based solution and
compared to as received cBN powder. Fig. 7 shows the formation of pits
due to diffusional dissolution of boron and nitrogen into Ni-γ solid
solution during HPHT treatment. This confirms that diffusion is one of
the active mechanisms in the wear of PCBN.

3.4. Imitational situation 3 – high-pressure annealing of bulk PCBN and
Inconel 718

Fig. 8b shows a cross section of a high pressure annealed diffusion
couple for case H. Both case H and L diffusion couples show an inter-
action layer at the interfaces with Inconel 718. Precipitation of new
phases is observed primarily along the grain boundaries. Machining the
Inconel 718 capsules resulted in sub-surface plastic deformation and
reduced grain-size and a developed network of grain boundaries after
annealing. Fig. 8a shows new precipitated phases in case H with an
increased concentration of Nb, Mo, B, and partly N and Ti. A sharp
increase in the concentration of C, Nb, Ti, Mo, B, and N was detected in
case L, as seen in Fig. 8c. Reaction products were generally found up to
15 μm deep from the original interface.

Fig. 9 shows that for case L diffusional dissolution of cBN grains
takes place at the contact region between the PCBN insert and Inconel
718. Note that the same type of dissolution occurred in imitational si-
tuation 2 (Fig. 7). The locations occupied by cBN before high pressure
annealing are replaced by a solutionized Ni-γ after treatment. The SEM
image indicates the relative stability and invariable position of the TiC
binder grains. At the same time, XEDS analysis shows an increase of the
carbon content in the interaction layer due to diffusion. The source of
this carbon, which diffuses into Ni-γ solid solution, is the TiC phase. An
increase in the number of vacancies on the carbon sublattice of titanium
carbide is possible without a collapse of the lattice at the elevated
temperatures. Titanium carbide can reach a composition of TiC0.7 at
1300 °C [23], which fully explains how TiC can remain stable while
losing carbon to the counterface metal.

The original interface between PCBN and Inconel 718 can beTa
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identified by a trail of Al2O3 grains shown in the STEM HAADF (high-
angle annular dark field) image and XEDS maps (Fig. 10). The oxygen
trapped inside the diffusion couple capsule before annealing was lim-
ited, and after an initial oxidation of Al from Inconel 718, all oxygen
would have remained in Al2O3 form during the high pressure annealing.
The presence of this Al2O3 reference allows quantitative measurement
of diffusional loss (mass transport) of the cBN phase. No reaction

products are found directly on the metal-cBN interface (Fig. 10),
whereas Ni-γ is epitaxial to cBN.

Precipitates of (Nb, Ti)N were found inside the Inconel 718 grains
and along the grain boundaries. These precipitates are shown in Fig. 11.
The diffraction pattern is well-matched with epitaxial Ni-γ and (Nb, Ti)
N, which causes extra, so-called double, diffraction spots. The pre-
cipitates are epitaxial with the Ni-γ phase (Fig. 11a) as can be seen in

Fig. 3. Results from thermodynamic calculations for case H (a–b) and case L (c–d).

Fig. 4. XRD and SEM/XEDS of the vacuum annealed powder samples in situation 1 at 1250 °C: case H in (a–b) and case L in (c–d).
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Fig. 5. In-situ EDXRD imitational situation 2.

Fig. 6. Post-mortem SEM/XEDS of the quenched high pressure annealed powder samples in imitational situation 2.

Fig. 7. SEM images of cBN grains a) as received and b) after imitational situation 2 and etching. Dissolution pits can be seen in b) where partly dissolved cBN is
visible.
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the SAED in Fig. 11c. In case L, formation of carbonitrides was ob-
served.

Fig. 12 shows another reaction product, with approximate

stoichiometry (Cr, Nb)3B4. The SAED pattern is shown in Fig. 12c and
matches Nb3B4 well. These (Nb, Ti)N and (Cr, Nb)3B4 reaction products
were found roughly 3 μm from the interface on the Inconel 718 side of
the diffusion couple.

The thermodynamic modeling is in good agreement with both high
pressure experimental series (case H and case L) where borides and
nitrides of Nb, Cr, Mo, and Ti are formed. However, vacuum annealing,
which results in nitrogen loss due to cBN sublimation, changes the in-
teraction system. In this case, formation of nickel boride is observed.
This (Ni,Fe,Nb)23B6 boride has a low temperature melting eutectic with
Ni [24], as shown in Fig. 4a. This result shows that low-vacuum imi-
tational situation is not representative of the machining conditions.

4. Conclusions

The paper addresses the mechanisms of diffusional and chemical
interactions encountered under conditions similar to high speed ma-
chining of superalloy Inconel 718 with PCBN tools. The approach using
imitational situations involves the use of thermodynamic modeling, low
vacuum powder annealing, HPHT in-situ EDXRD of powders, and HPHT
diffusion couples of both high-cBN and low-cBN tool materials.

The results of thermodynamic modeling and imitational situations 2
and 3 are in reasonable agreement. The annealing under low vacuum in
imitational situation 1 leads to a loss of nitrogen and formation of nickel
boride, which creates a low temperature eutectic with Ni-γ solid solu-
tion.

Under high pressure (2.5 GPa) and high temperature (up to
1600 °C), conditions that are often reached in machining, the me-
chanisms of interaction include the diffusion of boron and nitrogen
from cBN into Inconel 718, formation of their solid solutions, saturation
and precipitation of new phases. In this way, the diffusional mechanism
is responsible for the loss of cBN, while formation of nitrides of Ti and
Nb and borides of Cr, Mo, and Nb governs the chemical interaction.

Both experimental and theoretical results show that presence of ti-
tanium carbide binder in PCBN (case L) changes quantitative aspects of
the interaction. Despite the diffusional loss of carbon, TiC remains more
stable than cBN and acts as an inert obstacle to further diffusional loss
of the cBN phase. The results obtained make it possible to explain the
significantly lower wear rate of PCBN tools with low-cBN content and
ceramic binders compared to grades with high-cBN.

Fig. 8. SEM/XEDS of diffusion couples in situation 3: (a) case H, (b) SEM overview of diffusion couple, and (c) case L.

Fig. 9. SEM image of dissolution of cBN in the Ni-γ solid solution in situation 3
case L.

Fig. 10. STEM HAADF and XEDS of original interface and post-treatment in-
terface, Imitational situation 3 case H.
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A B S T R A C T

Recently, PcBN tooling have been successfully introduced in machining Ni-based superalloys, yet our knowl-
edge of involved wear mechanisms remains limited. In this study, an in-depth investigation of PcBN tool deg-
radation and related wear mechanisms when machining Inconel 718 was performed. Diffusional dissolution
of cBN is an active wear mechanism. At high cutting speed oxidation of cBN becomes equally important. Apart
from degradation, tool protection phenomena were also discovered. Oxidation of Inconel 718 resulted in for-
mation of g-Al2O3 and (Al,Cr,Ti)3O4 spinel that were deposited on the tool rake. Also on the rake, formation of
(Ti,Nb,Cr)N takes place due to cBN-workpiece interaction. This creates a sandwich tool protection layer form-
ing continuously as tool wear progresses. Such in operando protection enabled counterbalancing tool wear
mechanisms and achieved high performance of PcBN in machining.

© 2021 CIRP. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Inconel 718, despite its 60 years of history, remains the most used
superalloy [1]. Because of its high temperature strength and other
properties, it is a difficult-to-cut-material, yet a number of machining
strategies and tool materials are readily available. Ceramic tools,
notably Al2O3-SiCw and SiAlON are commonly employed for roughing
and semi-finishing operations, while coated cemented carbide is a
common solution for finishing [2].

In the past decade, polycrystalline cubic boron nitride (PcBN) has
been introduced as a viable tooling solution for machining Inconel
718. Under finishing cutting conditions (f� 0.2mm/rev, ap � 0.3mm)
the recommended cutting speed range is within vc = 200�450m/min
[3,4]. PcBN with low-cBN content (� 75 vol.%) and ceramic binder
offers higher performance over grades with high-cBN (�80 vol.%)
[4,5]. PcBN tooling, when provided with tailored tool geometry [3],
provides higher tool life than ceramics up to vc = 300�350m/min [6].
Further improvement of PcBN tool life was achieved with high pres-
sure coolant (up to 200 bar) which substantially reduced cratering
compared to low pressure coolant supply [7]. Apart from expected
higher productivity, PcBN offers improvement of surface quality as
compared to coated carbide tooling [8].

Such high efficiency of PcBN in machining Ni-based superalloys is
rather unexpected because this tool material is designed for machining
martensitic steels and consistently demonstrates poor performance

with austenitic alloys [9]. Still, most of the available literature does not
focus on wear mechanisms of PcBN tooling in machining Inconel 718. It
is a general consensus that involved wear mechanisms are diffusion
[4,6], abrasion [3] and adhesive wear [3,5], yet such findings are based
on macro- or microscopic analysis of wear scars. Diffusion couple
experiments [10,11] demonstrated diffusional dissolution of cBN and
chemical interaction resulting in formation of metal nitrides and bor-
ides, yet these mechanisms have not been validated in actual machin-
ing. In this study, in-depth analysis of PcBN wear mechanisms in
machining Inconel 718 is carried out across multiple length scale.

2. Experimental work

Performance and wear of PcBN tools was investigated in longitudinal
turning of aged Inconel 718 (HRC 45.1) on CNC lathe SMT 500 (Swed-
turn). The composition of the superalloy is given in Table 1. The micro-
structure of the alloy in an aged state (Fig. 1a) consists of Ni�Cr�Fe�Mo
solid solution (g phase) and is primarily strengthened by Ni3Nb (g”) pre-
cipitates (see inset of Fig. 1a). Minor quantities of Ni3(Ti,Al) g’ and ortho-
rhombic Ni3Nb (d) on grain boundaries are also present. Fine carbides of
TiC and NbC dispersed in g matrix are responsible for abrasiveness of
Inconel 718 duringmachining.

Table 1
Chemical composition of Inconel 718 in wt%.

Elem. Ni Cr Mo Nb Ti Al Fe

min 50.0 17.0 2.8 4.75 0.65 0.2 bal
max 55.0 21.0 3.3 5.50 1.15 0.8
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Machining experiments were performed at constant feed
(f = 0.15mm/rev) and depth of cut (ap = 0.25mm). Cutting speed (vc)
range was between 200m/min and 450m/min. Each test was
repeated three times. Flood coolant with 8% Cimstar 501-02 concen-
tration was used.

PcBN grade CBN170 (Seco Tools) was used in the experiments,
which has 65 vol.% content of cBN and ceramic binder reinforced
with SiC whiskers (Fig. 1b). The binder is comprised of titanium car-
bonitride (TiCN) and smaller fraction of Al2O3 originating from reac-
tion of molten Al with powder surface oxygen during PcBN sintering
process. Solid ISO DNGN110308 inserts with edge hone of rb = 25 µm
and without chamfer were installed on CDJNL3225P11 toolholder.

Optical microscopy and 3D profilometry analysis was done on an
Alicona Infinite Focus microscope. A field emission Tescan Mira3 scan-
ning electron microscope (SEM) with Oxford XEDS detector was used
for chemical analysis at the micrometre scale. A focus ion beam (FIB)
lamella was prepared on a FEI Nova NanoLab 600 dual beam FIB/SEM.
Standard in-situ lift-out procedure was employed where the lamellae
were thinned to electron transparency (approx. 100 nm) using 10 kV Ga
+ ions. Transmission electron microscopy (TEM) was performed on a
JEOL 3000F equipped with Oxford XEDS detector. Atom Probe Tomogra-
phy (APT) analysis was carried out in laser pulsing mode in an IMAGO
LEAP 3000X HR instrument using 0.3 nJ at 200 kHz repetition rate and
60K base temperature. TEM and APTwere used to examine thematerial
degradation at the nanometre scale.

3. Results and discussion

3.1. Machining performance

Fig. 2 summarizes the performance of PcBN machining termed as
flank (VB), notch (VBnotch) and crater (KT) wear. Fig. 2a reports the
level of tool wear attained for constant cutting length of 820m. As
expected, an increase of cutting speed intensifies both flank and cra-
ter wear, however the rate is not constant. It can be seen that a
reduced wear rate is observed within the speed range between
vc = 300m/min and vc = 350m/min and further accelerates, especially
at vc = 450m/min.

Notch wear, on the contrary, reduces with higher cutting speed
and becomes commensurate with flank wear already at vc = 400m/
min (Fig. 2b). Machining performance data also show that the crater
wear increases linearly with the cutting length (Fig. 2c), thus pointing
towards stable continuous wear mechanisms. Only at highest speeds,
excessive cratering (Fig. 2c) led to cutting edge fracture and chipping.
Other morphological features of worn tools include presence of
cracks parallel to the cutting edge (Fig. 3c), sporadic adhesion of
workpiece material on the rake and strong adhesion on the flank
(Fig 3a). Of particular interest is the instability and fragmental delam-
ination of adhered material on the flank under conditions of large VB,
denoted with “red” arrows in Fig. 3b.

Backscatter electron (BSE) imaging was used to further distinguish
microstructural changes within the wear scar through the Z-contrast
mechanism which is sensitive to average atomic mass of present
phases. Fig. 3c shows original cBN and binder phases, where adhered
Inconel 718 are observed as bright streaks in the chip flow direction.
However, BSE imaging of the same region at low acceleration voltage
of 5 kV (Fig. 3d), thus constricted to tool surface information, revealed
the presence of a film covering the tool-chip interface. High Z-con-
trast analysis of the film is indicative of new phases with average
atomic mass higher than cBN. Inspection of all worn tools over a
range of acceleration voltages revealed that the thickness of such film
qualitatively appears to be smallest at vc = 200m/min and continu-
ously increases at higher cutting speeds.

Local XEDS analysis (Fig. 4) of such film on the crater (yellow area
in Fig. 3d) revealed high concentration of binder elements Ti, Al, N
and O even in regions of parental cBN. In-operando formation of TiAlN
in argon machining and TiN with Al2O3 in dry cut has been previously
reported [12], thus either of the products can be expected in the cur-
rent case. Additionally, an overlap of Nb and B signals points towards
formation of NbB2 earlier shown to form in reaction of cBN and
Inconel 718 powders [11].

Fig. 1. Backscatter electron images of (a) Inconel 718 and (b) PcBN.

Fig. 2. (a) Flank (VB) and crater (KT) wear for tested cutting speeds. (b) Comparison of
flank and notch wear. (c) Development of crater wear over cutting length and respec-
tive 3D images of worn tool.

Fig. 3. PcBN wear scar at (a) vc = 250m/min and (b) vc = 400m/min. Detailed BSE view
of the crater (vc = 400m/min) taken at (c) 20 kV and (d) 5 kV acceleration voltage.

Fig. 4. Detailed BSE image of the crater and respective XEDS maps (vc = 400m/min).
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3.2. In-depth analysis of wear mechanisms

It should be noted that XEDS in combination with SEM has limited
sensitivity for surface characterization due to large excitation volume
and therefore the above analysis must be treated as preliminary.
Hence, TEM characterisation of lamellae prepared by FIB extracted
from the crater and flank wear zones of worn tools has been carried
out.

Fig. 5 reports high angle annular dark field scanning TEM (STEM-
HAADF) image of tool surface region. This imaging mode shares simi-
lar Z-contrast mechanisms to BSE. It is seen that a reaction layer
(100�200 nm) forms above cBN grain, consisting of two sub-layers of
darker and brighter Z-contrast. XEDS confirms that the top layer has
high concentration of Al and O, implying in-operando formation of
Al2O3 due to reaction of Al in Inconel 718 (see Table 1) with atmo-
spheric oxygen. Water vapour from coolant is known to accelerate
such oxidative reaction [13] and hence facilitate build-up of such
layer. Selected area electron diffraction (SAED) analysis of this zone
(Fig. 5d) confirms cubic g-Al2O3 in space group Fd3̅m, which is a spi-
nel M3O4 type phase with vacancies in Al atomic positions [14]. It is
also seen that this g-Al2O3 has high Cr concentration in upper part
and high Ti concentration in its lower part, both presumably occupy-
ing spinel sites, thus formation of two spinels (Al,Cr)3O4 and (Al,
Ti)3O4 is highly likely. The bottom of reaction layer has high N con-
centration and absence of B, and thus the suggested formation of
NbB2 is a misinterpretation of the XEDS map in Fig. 4. This bottom
layer is rich in Ti, Nb, Cr, hence in-operando formation of (Ti,Nb,Cr)N
film as a result of reaction of cBN and Inconel 718 takes place, as con-
firmed by respective SAED (Fig. 5c).

It is also seen that preferential removal of cBN takes place as its
level is below the level of PcBN binder material. This is driven by dif-
fusional dissolution of cBN in Inconel 718, where solubility of boron
in Ni is negligible even up to 1200 °C [15] but its diffusivity is rather
high [16], thus favoring its fast outward diffusion. Because cBN is a
binary compound with fixed 1:1 stoichiometry of B and N, simulta-
neous diffusion of nitrogen occurs, but it is followed by an immediate
chemical reaction to form (Ti,Nb,Cr)N. Both nitride and g-alumina
layers act as local diffusion barriers and retard rapid dissolution of
cBN. Obviously, formation of protective nitride layer does not occur
atop the PcBN binder phases, but g-Al2O3 was also sparsely present.

Surprisingly, in several locations, the reaction layer has exhibited
a columnar type grain morphology (Fig. 6) similar to a typical PVD
coating, as seen in both bright field TEM and low angle annular dark
field (LAADF) STEM, where the LAADF mode (Fig. 6b) displays addi-
tional crystallographic information of the layer. It is likely that such
columnar grains are the result of epitaxial material growth on cBN.
Columnar grains were only rarely observed which suggests that only
specific cBN facets seem to promote such growth. This additional
information also implies that the protective layer somewhat resem-
bles a tool coating which forms continuously as tool wear progresses.

TEM lamella extracted from the worn flank reveals that the protec-
tive layers do not form on the flank. STEM-XEDS of Region X (Fig. 7a)
demonstrates an unreacted cBN-workpiece interface (see red arrow)
and only a minor presence of g-Al2O3. Instead, diffusional dissolution of
boron and nitrogen in the adhered Inconel 718 results in formation of
nanometric Ti- and Nb-rich precipitates close to the interface (Fig 7
Regions Y and Z). Two distinct types of reaction products are observed:
nitrides and borides with high Ti and Nb content (Region Y) as well as
carbonitrides with high B concentration (Region Z). A combination of
XEDS and SAED data (Fig. 7) confirms formation of TiN, (Ti,Nb)N and (Ti,
Nb)B2, as well as (Nb,Ti)(C,B,N) within the adhered material. Presence of
carbon in the carbonitride precipitates is attributed to diffusional disso-
lution of TiCN binder of the PcBN grade. Similar reaction products were
found in diffusion couples [11] in absence of workpiece material flow.
Strong adhesion of Inconel 718 on the flank likely promotes local stag-
nation of workpiece flow and facilitates the saturation of B, C and N
needed to form these products.

Under conditions of workpiece seizure, the ingress of oxygen and
respective formation of Al2O3 film is strongly limited, and hence tool
protection layer as on the tool flank is not generated. Therefore,
despite higher cutting temperature on the rake, lesser loss of tool
material by volume takes place as compared to the flank. Such strong
adhesion on the flank plays a further negative role. Formation of a
crack parallel to the flank wear land is observed (Fig. 7a) which
explains previously observed flank delamination (Fig. 3b). The
strength of adhesive bond is so high that the crack propagates
through individual cBN grains and even fractures SiC whiskers (black
arrow in Fig. 7a). It can be summarized that active wear mechanisms

Fig. 5. (a) STEM-HAADF image of crater lamella (vc = 350m/min) and (b) XEDS maps.
SAED of (c) nitride and (d) oxide reaction phases.

Fig. 6. (a) Bright field TEM and (b) STEM-LAADF images of columnar morphology of
the same region of reaction products.

Fig. 7. (a) STEM-HAADF image of lamella from flank wear land (vc = 350m/min) with
respective XEDS maps of 3 regions. SAED of (b) adhered Inconel 718, (c) TiN and (d)
(Nb,Ti)(C,B,N) precipitates.
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on the flank are dissolution of cBN and TiCN binder, adhesive wear,
and limited oxidation, though abrasion by TiC and NbC carbides in
the alloy microstructure (Fig. 1a) is also likely.

TEM analysis of the sample extracted from the crater of a tool
worn at vc = 450m/min (Fig. 8) revealed that the thickness of reaction
layer is nearly three times as high compared to vc = 350m/min and
ranges 200�500 nm. Similar to the other case, a sub-layer of Al-rich
concentration and a Nb- and Cr-rich sub-layer are observed at this
speed. However, oxygen is uniformly present in both sub-layers. This
implies that oxidation of the nitride layer is actively ongoing, with an
ingress of atmospheric oxygen directly towards cBN. SAED (Fig. 10c)
of the reaction zone confirmed presence of only M3O4 spinel lattice
type, but XEDS data (Fig. 8) revealed co-existence of several composi-
tions: pure g-Al2O3, and two spinels of (Al,Ti)3O4 and (Al,Cr,Ti)3O4.
This means that diffusional dissolution of cBN is accompanied by an
intensive oxidation process in absence of the protective (Ti,Nb,Cr)N
layer present at lower cutting speeds.

It thus can be argued that the insufficient thickness of protective
layers at lower cutting speeds is responsible for the high wear rate
(Fig. 2a). The presence of thick sandwich of g-Al2O3 and (Ti,Nb,Cr)N
at vc = 300�350m/min results in a reduces the wear rate as it acts as
a tool protection layer (TPL). At higher cutting speeds, despite even
thicker reaction products, the loss of nitride sub-layer due to its
through-oxidation and ingress of oxygen to parental PcBN tool mate-
rial gives rise to accelerated wear rate.

Additional effort was invested into modelling the observed type of
chemical interactions in the cutting zone. Thermodynamic calcula-
tions were performed using the CALPHAD phenomenological
approach in Thermo-Calc [17] software, using TCNi10 database which
describes the properties of nickel superalloys and nickel compounds.
The calculation of the interaction between tool, workpiece materials
and ambient atmosphere rests on minimizing the Gibbs energy
among all competing phases at given composition, temperature and
pressure. Previously [11], it was shown that neglecting the influence
of pressure may corrupt the modelling outcomes. Therefore, as the
first step, Finite element modelling (FEM) simulation of 3D oblique
cutting process was performed with an aim to extract temperature
and contact pressure within the tool-chip interface. Coupled Euler-
ian�Lagrangian technique in Abaqus/Explicit was employed, with
the PcBN tool in a Lagrangian formulation and the workpiece by a
Eulerian formulation. The Johnson�Cook damage model combined
with material softening by stiffness degradation constituted the dam-
age initiation for adequate chip formation and segmentation accord-
ing to previous [18] orthogonal case and further adapted to current
oblique machining case. Thermal steady state analysis of the cutting
tool was performed prior to FEM machining simulation. This was
done to create initial tool preheating. 900 °C was applied on the tool-
chip interface and the underside of the PcBN insert was set to 230 °C
as this temperature was registered when machining with thermo-
couple embedded in the toolholder anvil. Fig. 9a reports that the
interface temperature rapidly increases up to 1000 °C even at
vc = 250m/min and fluctuates between 950�1050 °C during a chip
segmentation cycle. High temperature is thus expected for increased
cutting speed. Peak contact pressure (Fig. 9b) in excess of 2.5 GPa are
yielded by the FE simulation, while an average of 2.3 GPa is regis-
tered. It is seen that such peak pressure is located near the cutting
edge and subsides towards the crater end side.

Fig 9c shows the thermodynamically stable phases and the phase
fractions for the thermodynamic equilibrium between the cBN, TiCN
binder and Inconel 718. The calculations confirm the stability of (Ti,
Cr,Nb)N reaction product between cBN and Inconel 718 (Fig. 5 and
Fig. 7). Also stable are a range of Ti, Cr, Mo and Al borides, similar to
those observed experimentally (Fig. 7). It further shows that the for-
mation of (Cr,Nb,Mo)(C,N) is not favored at higher temperatures,
thus explaining stability of TiCN binder as it lacks a driving force for
dissolution. Fig. 9d shows similar calculation, but with the addition of
oxygen at an effective partial pressure of 2£ 10�17, with the liquid
phase suspended. The data reveal that the (Al,Ti,Cr)2O3 spinel (Fig. 5
and Fig. 8) is more favorable at higher temperatures compared to the
spinel (Cr,Fe,Al)3O4 more commonly observed in machining steels.

A further TEM analysis of a sample from the crater at vc = 450m/min
revealed an anomalous wear aspect which does not follow the estab-
lished thermodynamic framework. A local reduction in boron and nitro-
gen concentration in cBN grains is observed within 100�200 nm in the
proximity of the wear surface, as seen in the inset of Fig. 10a. Typically,
such concentration gradient is associated with the adjacent metal being
diffusionally saturated [19], yet in our case the counter material is M3O4

spinel (Fig. 10b). A detailed view of the near-surface region and respec-
tive XEDS (Fig. 10c) reveals that a rapid drop in B concentration is
observed within cBN grain itself. Yet, cBN is a stoichiometric compound
with fixed ratio of B to N [20] and solution phase of type B1-xN is not
supported. Another interesting observation is related to a ‘droplet’ shape
formation in the cBN surface region (Fig. 10c) as noticed by higher
Z-contrast inclusions inside the cBN grain. XEDS data attests ingress of
Ni-Fe-Cr solid solution. Such encapsulated metal inclusions were
observed throughout the sample in all 6 investigated locations.

Fig. 8. (a) STEM-HAADF image of crater lamella (vc = 450m/min) with respective XEDS
maps.

Fig. 9. Results of FE simulation of (a) temperature and (b) contact pressure within tool-
chip interface (vc = 250m/min). Results of thermodynamic modelling of interaction (c)
without oxygen and (d) with oxygen partial pressure.

Fig. 10. (a) STEM-HAADF image of crater lamella (vc = 450m/min). (b) SAED of oxide reac-
tion product. (c) STEM-HAADF image of cBN surface region with respective XEDSmaps.
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Additionally, STEM-HAADF imaging of these ‘droplets’ (Fig. 11a)
displays much darker Z-contrast or lower average atomic mass above
the metal ‘droplets’ than the original cBN grain. In practice, such
image may originate if: (i) local sample perforation happened during
FIB milling and the observed region is simply vacuum, (ii) cBN-to-
hBN reverse phase transformation has taken place locally, or (iii) this
region of cBN grain has high concentration of vacancies. STEM-LAADF
imaging (Fig. 11b) excludes presence of vacuum (perforation) as the
sample is crystalline, also confirmed by SAED. Selected area electron
diffraction (Fig. 11c) shows that diffused Ni-Fe-Cr metal is epitaxial
to cBN and that the upper darker region has the same Zincblende
type structure as the original cBN, and this excludes reverse transfor-
mation. On the contrary, XEDS data (Fig. 11d) confirms a dramatic
decrease in B concentration atop metal ‘droplets’ � more than half of
the original. Similarly, loss of N within the same region also takes
place, but to a lesser degree. This means these formations are cBN
phase with high vacancy density and can be described as (Bx,Va1-x)
(Ny,Va1-y). Presence of vacancies in cBN has been predicted [21], yet
at far lower concentration. XEDS data also show that this cBN region
exhibits traces of oxygen (2.6�5.6 at.%) and by aluminium (< 1 at.%).
It is likely that such doping by larger atoms prevents the lattice col-
lapse under high vacancy density. Presence of vacancies also explains
diffusional ingress of Ni-Fe-Cr metal into cBN, which would other-
wise be impossible for close-packed Zincblende structure. Metal-
filled thin pathways connecting the metal droplets with worn surface
are visible (Fig. 11a).

APT analysis was performed to further examine the compositional
details in this sample at the nanoscale. The specimens were prepared
from the same crater area as previous TEM sample (vc = 450m/min).
Fig. 12 displays an APT reconstruction showing the binder region as
well as nanometric clusters of cBN surrounded by Al2O3 and C segre-
gations. No agglomerations of Ni or Cr were observed in the proxim-
ity of the detected fine cBN clusters.

It is seen that diffusional transport of carbon has taken place in the
subsurface region. The bulk of TiCN grains is practically devoid of C
signal, whereas carbon has migrated towards grain boundaries or

interfaces (Fig. 12) and further outwards into the Inconel 718 chips.
XRD data of the PcBN material (Fig. 13) report that the original TiCN
binder has varying C:N ratio within this phase with strong skewness
towards TiC (Fig. 13a). The original binder composition can be aver-
aged as Ti(C0.38,N0.72), but carbon diffusion during the wear process
resulted in its near-complete loss. Yet, nitrogen in TiCN is more stable
and thus, as a result of carbon loss and respective vacancy generation,
the remaining phase can be described as Ti(N,Va). TiN is a solution
phase of wide range of N solubility where composition of TiN0.83 can
be maintained at 20 °C and as low as TiN0.7 at 1050 °C without phase
transformations [22]. Previously reported data from diffusion couples
[11] also demonstrated active diffusional loss of carbon from the
binder. This direct validation of carbon dissolution supports the
mechanisms of formation of C-rich precipitates on the tool flank
(Fig. 7a and 7d).

This finding of preferential C loss implies that TiN-based binders
have a potential to better withstand tool degradation. Special series
of PcBN tools and machining experiments have been implemented to
check this assumption.

3.3. Implications for PcBN material design

Three PcBN grades were specially sintered in toroid type high
pressure apparatus (T = 2000 °C, p = 7.7 GPa) with final insert geome-
try ISO RNGN090300. Binders based on TiC, TiCN and TiN precursor
powders were used for sintering PcBN with 60 vol.% cBN concentra-
tion. Fig. 14a shows XRD of sintered materials. It is seen that TiC
binder has partially increased N concentration as a results of cBN-TiC
interaction during the sintering process and hence can be averaged
as Ti(C0.95,N0.05). TiCN binder attains a bi-modal C:N ratio during the
sintering and can be averaged as Ti(C0.46,N0.54), while TiN binder
remains unaffected.

Machining experiments were conducted under following cutting
conditions: vc = 300m/min, f = 0.1mm/rev, ap = 0.3mm, flood coolant.
Flank and crater wear were assessed up to a given time-in-cut
(t = 4min), with three repetitions for each test. Fig. 14b summarizes
PcBN performance and indeed TiN binder outperforms TiC-based
binder by almost 20%. Yet, surprisingly the grade of TiCN binder dem-
onstrated the best performance with over 50% lesser tool wear over
PcBN with TiC binder. It is worth noting that not only diffusion, but
the oxidation resistance of the binder phases is different. Detectable

Fig. 11. (a) STEM-HAADF and (b) STEM-LAADF images of cBN region with droplets. (c)
nano-beam diffraction of cBN and a metal inclusion, and (d) XEDS linescans across
droplets and adjacent regions.

Fig. 12. APT analysis of the TiCN binder region with fine clusters of cBN. (a) N atoms
with isoconcentration surfaces of B, AlO and C. (b�d) 3D concentration maps of B, AlO
and C. (e�g) 90-degree rotated view.

Fig. 13. (a) XRD phase analysis of PcBN grade, (b) Detail of XRD pattern of TiCN (200)
reflection.

Fig. 14. (a) Fragment of XRD patterns of TiC, TiCN and TiN (200) reflections attesting to
binder C:N ratio. (b) Evolution of flank wear land for experimental PcBN grades.

V. Bushlya et al. / CIRP Annals - Manufacturing Technology 70 (2021) 73�78 77



oxidation of TiN begins at 700 °C while for TiC this starts at 800 °C
[23]. Yet not only the onset of oxidation, the kinetics of the oxidation
process are also higher for TiN [23]. The kinetics of TiCN oxidation fall
between TiN and TiC [24] and therefore a balance between diffusion
and oxidation wear mechanisms is attained for TiCN binder. It can be
argued that, at different cutting conditions, varying C:N ratio in Ti(Cx,
N1-x) will provide the optimal resistance to diffusion and oxidation,
and so the binder can be tailored to a specific machining operation.

4. Conclusions

In-depth investigation of PcBN tool degradation and related wear
mechanisms when high-speed machining Inconel 718 was performed
in this study. Diffusional dissolution of cBN with outwards diffusion of
boron and nitrogen was found to be an active wear mechanism. At high
cutting speed oxidation of cBN became equally important mechanism.
Diffusional loss of carbon from TiCN binder was documented, yet the
binder as a whole was less prone to diffusion than cBN phase. However,
macroscopic tool wear means that loss of binder and cBN eventually
occurs at a similar rate, thus other mechanisms are involved in degrada-
tion of binder phases and would require additional investigation. Adhe-
sive wear was found to be active on flank wear land, resulting in
microscopic removal of both cBN and binder.

Apart from degradation, tool protection phenomenawere also discov-
ered. Oxidation of Inconel 718 resulted in formation of g-Al2O3 and (Al,Cr,
Ti)3O4 spinel that were deposited on the tool rake. Also on the rake, out-
wards diffusional flux of nitrogen ended in a solid state chemical reaction
with formation of (Ti,Nb,Cr)N above cBN grains. This creates a sandwich
tool protection layer consisting of bottom (Ti,Nb,Cr)N and top g-Al2O3

coating on cBN forming continuously as tool wear progresses. Such in
operando protection enabled counterbalancing tool wear mechanisms
and achieved high performance of PcBN inmachining.
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A B S T R A C T   

Chemical, oxidational and diffusional interactions between the tool, chip and cutting environment are known 
tool wear mechanisms in machining. However, the interaction between tool, coating, workpiece, coolant and 
atmospheric oxygen can, under favorable conditions, lead to formation of reaction products that retard tool wear. 
A method with the ability to predict theses interactions, would therefore enable a better control over tool life in 
machining. An attempt to create such a modelling framework is developed in this study. This method can predict 
the phase composition and the driving force for degradation and the formation of protective interaction products 
in the cutting zone. This modeling approach is applicable across cutting processes in which chemical, diffusional 
and oxidational wear are dominant or present. This framework has been applied to investigate the interactions 
occurring in the cutting zone during turning of a medium alloyed low-carbon steel (Hybrid Steel® 55). A range of 
degradation events are predicted, as well as the formation of a protective corundum (Al,Fe,Cr)2O3 or spinel (Al, 
Fe,Cr)3O4 film due to an interaction between the Al-alloyed steel and the environment. Validation of the 
modeling was performed by studying tool wear and reaction products formed when machining with ceramics, 
PcBN and coated carbide tooling. Inserts are studied by the use of scanning and transmission electron micro-
scopy, after cutting tests were performed. Additional tests were performed in different environments (dry, argon 
and coolant). The results confirmed the model predictions of oxidation and diffusion wear as well as the for-
mation of an (Al,Fe,Cr)3O4 tool protection layer. Thus, the proposed thermodynamic framework seem promising 
to serve as a predictive instrument for the correct pairing of existing tool and workpiece combinations and 
cutting parameters, or for tailoring respective material compositions for intentional formation of a tool pro-
tection layer. As well as guidance on how to apply present and future kinetic models when concurrent interaction 
mechanisms are present. Which lead to a reduction and minimization of costly experimental machining tests.   

1. Introduction 

Predictive models of metal cutting are an essential tool to reach 
optimum productivity [1]. Tool life modelling originated with the 
development of Taylor’s equation [2] which relates the cutting speed to 
the tool life, and was later extended by Colding to include an equivalent 
chip thickness [3]. These equations and their derivatives are empirical 
models describing tool life expectancy for a narrow window of process 
conditions and materials. These models are routinely used in industry 

[4], despite their heavy reliance on large arrays of repetitive experi-
mental data and absence of relations to occurring physical phenomena. 

The limitations of empirical models were recognized early and this 
lead to the interest in physics-based analytical tool wear models, 
designed to have a predictive power independently of process condi-
tions. One of the earliest models is the abrasive wear model by Archard 
[5] operating with the single wear mechanism of abrasion. Similar 
single-mechanism models predicting the kinetics of tool wear by diffu-
sion [6,7] and thermodynamic models of the chemical interactions [8] 
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are among the original attempts to model tool wear. However, it should 
be recognized that many such models are physics-based but not entirely 
analytical, because they rely on experimental cutting data to calibrate 
the underlying equations. 

Modern high-speed machining generates high temperatures in the 
cutting zone, which activate multiple interdependent wear mechanisms, 
such as chemical, oxidational and diffusional wear [9]. These multiple 
and interdependent wear mechanism cannot be modeled by the early 
single wear mechanism models. This problem motivated the develop-
ment of hybrid models build-up of multiple single wear mechanisms 
models with assumed weight coefficients. Kramer and von Turkovich 
[10] combined abrasive and dissolution wear models into a composite 
model and proposed a series machining procedures to estimate the 
weightings. Huang and Dawson [11] further extended this approach to 
combine three mechanisms of abrasion, adhesion and diffusion for the 
case of PcBN wear in hard turning. Malakizadi et al. [12] developed a 
thermodynamics approach to assess the potential solubility of W and C 
in the steel for uncoated tools. This model was further combined with 
finite element (FEM) simulations to map process temperature for a range 
of cutting data and tool wear. Empirical coefficients was then used to 
transform the calculated potential solubility at the modeled temperature 
into tool material loss. 

Unfortunately, the tool life determining wear mechanisms are not 
known before conducting a machining test. Thus, an accurate assign-
ment of weight coefficients for each of the mechanisms or even pre-
dicting what mechanism will occur, is not possible before a machining 
test and its rigorous analysis has been conducted. The predictive power 
of such hybrid models are consequently limited, because each unique 
combination of cutting data and conditions, will affect such weightings 
in their unique way. At the same time, current kinetic and analytical 
models are unable to handle concurrent wear mechanisms for multi- 
component interaction systems. Hence, a model that can predict the 
tool life determining wear mechanisms is needed for degradation driven 
by thermodynamics and chemistry in addition to mechanical wear. 
Either to reduce the complexity the modeling problem to be able to 
develop completely analytical kinetic models or to analytically predict 
the weighing coefficients, before cutting tests are carried out. 

Further complications, even for single-mechanism modeling, can 
arise when the interaction between tool and workpiece or environment 
does not lead to tool degradation. Interactions have shown to result in 
the build-up of tool protective layers and reaction products retarding 
tool wear. Gutnichenko et al. [13] demonstrated the formation of an 
Al2O3 film on PcBN tools while machining white cast iron, which 
resulted in suppressed crater wear, thereby acting as a tool protection 
layer (TPL). A tool protection layer differs from well-known mechanisms 
such as built-up layers (BUL), transfer layers (TL), tribofilms [14] or 
deformed binder material [15]. A TPL represents a new phase that is 
formed on the surface of the tool in-operando, due to the reaction be-
tween the tool, cutting environment and workpiece [16]. The formation 
of such a TPL has been reported for tool and workpiece interaction in 
which NbC [17], (Ti,V)C or (Ti,V,Cr)B2 [18], (Ti,Nb)N [19] and (bcc) W 
[20] films formed during the cutting process. Experimental observations 
have also reported on the formation of Al2O3 [21], Al–O and AlN [22] as 
a result of interaction between the tool and workpiece as well as at-
mospheric air. The understanding and predictive modeling of the TPL 
formation and its stability is absent in literature, despite the benefits of 
retarding tool wear that are offered by a tool protection layer. Not being 
able to predict the formation and stability of TPLs hinders the correct 
pairing of existing tool and workpiece material, or the tailoring of ma-
terial compositions and machining parameters for the intentional for-
mation of build-up of such a protection layer. 

This study develops a modeling framework based on thermodynamic 
calculations, which act as a predictive instrument for chemical, thermal, 
oxidational and diffusional interactions in machining. This is in contrast 
to works using thermodynamic modeling to describe and rank degra-
dation mechanism based on experiments results [23,24], rather than 

predicting it. This modeling framework has also been developed to 
predict the potential formation of a tool protection layers in addition to 
degradation and the conditions for its existence and stability. 

Hence, this method predicts which phenomena will occur, their 
driving forces and provides an assessment of their relative importance. 
However, it is not capable of predicting the rate at which the mecha-
nisms will result in degradation or protection. Rates are predicted by 
kinetic models, which currently cannot model the concurrent multi- 
component interaction system of metal cutting without empiric fitting. 
However this model’s predictive power can reduce the complexity of the 
wear process, to potentially allow current analytical and kinetic models 
to be used without empirical fitting. The proposed thermodynamic 
predictive framework has been exemplified and validated for machining 
a medium alloy low-carbon steel (Hybrid Steel® 55) using six tool ma-
terials. The validation has also been supported by scanning and trans-
mission electron microscopy, infrared thermography and cutting tests in 
different environments (dry, argon and coolant). The results demon-
strate how the thermodynamic model can currently be used to select tool 
materials, alloying compositions and cutting parameters that lead to the 
formation of tool protection layers. While also potentially reducing the 
reliance on empirical fitting parameters, when applying kinetic models. 

2. Methods 

The thermodynamic and chemical interactions during the cutting 
process involves close contact between a cutting tool and a workpiece in 
a specific environment. Such interactions can be divided into three in-
dividual categories (i–iii) or their combination (iv). (Fig. 1): 

Fig. 1. Schematic illustration showing three individual interactions (corners), 
their interplay during the cutting process (sides) and their combined ef-
fect (center). 

ii) Oxidation of the tool material. The tool material itself can react with 
atmospheric oxygen or oxygen in the workpiece during the cutting process, 
which may lead to the formation of softer, deformable or even vaporable 
oxides, all of which can result in rapid tool degradation [27]. The rate of 
oxidation depends on the process temperature, contact pressure, material 
system and the availability of oxygen during the cutting process [28]. 
iii) Chemical and diffusional interaction. The tool and the workpiece can 
also react or dissolve by diffusion into to each other, leading to chemical 
[29] and diffusional wear mechanisms [30]. The pressure, temperature and 
composition of the tool and workpiece materials will determine the possi-
bility and rate of such reactions [12]. 
iv) The cutting process. The above three interactions: oxidation of the 
workpiece (i), oxidation of the tool (ii) and chemical and diffusional inter-
action (iii) frequently occur concurrently in the cutting process. However, 
the cutting process may also involve an extra layer of interactions, such as 
the interaction between the tool and workpiece oxides formed in-operando. 

A. Bjerke et al.                                                                                                                                                                                                                                  



Wear 484-485 (2021) 203991

3

i) Oxidation of the workpiece material. The workpiece itself, the 
generated chips and workpiece material adhered to the tool, can 
react with oxygen from the environment. This phenomenon leads to 
formation of oxides which, in turn, can protect the tool from 
oxidation [22,25], or react with the tool and accelerate the degra-
dation of the tool material [26]. 

There are currently several categories of models, and their devel-
opment is briefly outlined in the Introduction (Section 1). They may be 
divided into empirical models that rely on technological variables such 
as cutting speed, feed, depth of cut and tool geometry [4]. There are 
early physics-based models that describe a single mechanism [7,31]. 
Then there are hybrid models that combine analytical models with 
empirical coefficients [10,12,29]. Finally there are analytical models 
based on only thermodynamics and kinetics which are used to describe 
the observed phenomenon [17,23,24,32]. 

The framework developed in this paper (Fig. 1) is an analytical 
model based on thermodynamics. This relies on the physical quantities 
such as temperature, pressure and chemical potential, as outlined in 
Section 2.1 and Appendix A, this makes it possible to create predictive 
results before any machining tests are performed, regarding the thermal 
and chemical wear. This allows for predicting protective interaction 
phenomena, which models found in literature have not attempted to do. 

2.1. Computational framework 

CALPHAD is a phenomenological approach for calculating thermo-
dynamic, kinetic, and other properties of multicomponent materials 
systems. It is based on describing the properties of the fundamental 
building blocks of materials, namely the phases, starting from pure el-
ements and binary and ternary systems. CALPHAD predicts the prop-
erties of higher order alloys, with extrapolation from the binary and 
ternary systems, Over the last decades, the CALPHAD method has suc-
cessfully been used for development of numerous engineering materials. 
It has also been used to study and describe different types of tool – 
workpiece interactions, see e.g. Refs. [17,32], however it has not to the 
authors’ knowledge been used to create generic tool wear models. 

In CALPHAD the Gibbs energy (Gα) of each phase (α, β …) is 
described as a function of pressure (P), temperature (T) and composition 
(xi

α). The thermodynamic modeling of Gibbs energy is based on physical 
models and is described in Appendix 1. Gibbs energy is chosen since in 
an isothermal isobaric system, equilibrium is reached when the Gibbs 
energy reaches its minimal value. The current study uses Thermo-Calc 
[33], a CALPHAD-based software. This method can calculate all the 
thermodynamic properties of the system at a given composition (Xi), 
temperature (T) and pressure (P). 

Thus, the task is to translate the cutting parameters into thermody-
namic quantities. The physical state (P, T, Xi,) in the cutting zone depend 
on cutting parameters such as cutting speed (vc), feed (f), depth of cut 
(ap), materials, tool geometry, etc. It should also be noted that condi-
tions vary across the tool/chip and tool/workpiece contact zones. The 
contact pressures can reach above 109 Pa and temperatures often range 
from 500 

◦

C to 1300 
◦

C [34,35]. The availability of oxygen in the cutting 
zone, is in this paper expressed using the oxygen activity where the 
reference state is pure oxygen gas; the oxygen activity thus correspond 
to the partial pressure of O2 (dimenionless), it is 1 in a pure O2 envi-
ronment, approximately 0.21 in the ambient atmosphere and 0 in an 
oxygen-free environment. Hence, a partial pressure in the range of 
0–0.21 is expected across the seizure zone, sliding zone and transition 
zone [36]. The state will also in general change during the cutting 
process. The tool will initially encounter a continuous supply of work-
piece material, but adhered metal or a reaction product might also 
separate the tool from the chip and workpiece as the cutting progresses. 
The effect of any change in the composition and cutting parameter space 
can therefore be explored before any cutting tests are executed. Thus 
predict the formation of different reaction products at the tool/chip 

interface assuming that all phases have equal nucleation energy e.g. 
disregarding the kinetics of the reactions. 

The above translation allows us to calculate the equilibrium phase 
composition (xi

α, xi
β …) in the cutting zone (Eq. (1)). The calculation 

results show if the tool material is thermodynamically stable at elevated 
process temperatures and pressures. The result also give the equilibrium 
phase composition in the cutting zone. These results then indicate what 
phases will form in the cutting zone. 

G(P, T, Xi , ..)=Gα(P,T, xi
α, ..)+Gβ(P, T, xi

β, ..) + … (1) 

This also allows the normalized driving force per mole (dimension-
less) for the precipitation of these reaction products to be calculated. To 
do this, the phase composition of the tool, workpiece and the environ-
ment are first defined, then followed by the equilibrium state calcula-
tions. It is then possible to obtain the driving force for the formation of 
the first infinitesimal amount of reaction products, for the given equi-
librium state. This allows the driving forces to be evaluated indepen-
dently of any conceivable reaction products. The driving force for phases 
likely to form defined by the initial equilibrium calculations (Equation 
(1)) are shown in the results, however the driving force of any other 
phase can also be calculated using this method. 

Consequently, careful translation of the cutting conditions into 
thermodynamic boundary conditions is crucial because correct trans-
lation makes it possible to calculate whether the tool and workpiece 
materials are stable or will react with each other or the environment 
(interactions i–iv). The equilibrium phase composition and the driving 
force for the reaction products to be formed can then be calculated and 
identified, if a reaction occurs. These procedural steps are performed for 
the given boundary conditions of temperatures, pressures, cutting en-
vironments, tools and workpiece combinations. 

2.2. Experimental framework 

The above-described methodology of investigating the interactions 
between tool, workpiece and the environment during metal cutting is 
independent of the materials, tool and cutting parameters in question. 
The selected material for this particular machining test is Hybrid Steel® 
55 (X20NiCrAlMoV6-5-2-1), a medium alloy low-carbon steel. Hybrid 
Steel® 55 alloyed with Mn, Cr, Ni, Mo, V and Al according to Table 1. 
This kind of alloying should allow for a wide range of potential 
interactions. 

Machining was performed for the steel supplied in a quenched and 
aged condition, which resulted in a microstructure of tempered 
martensite, fine carbides and precipitates of a Ni3Al intermetallic phase. 
Fig. 2a is the X-ray diffraction (XRD) spectrum indicate the presence of 
tempered martensite and the Ni3Al phase. Fig. 2b shows the backscatter 
electron (BSE) image of the material displaying a martensitic lath 
structure. The Vickers hardness of aged steel is measured to HV10 = 4.8 
GPa. 

The machining was longitudinal finish turning on a CNC SMT500 
lathe (70 kW) at a constant cutting speed of vc = 300 m/min, feed f = 0.1 
mm/rev and depth of cut of ap = 0.3 mm under dry cutting conditions. 
Through an iterative increase in cutting speed, these test conditions 
were found to provide sufficient tool life for investigation of wear pro-
cesses and reflect an actual production viewpoint. 

Six different tool materials (Table 2) were tested to investigate the 
machinability of the steel and to explore the widest range of in-
teractions. The tools were a titanium aluminum nitride ((Ti,Al)N) 
physical vapor deposition (PVD) coated cemented carbide (WC–Co), 
four ceramic tools and a polycrystalline cubic boron nitride (PcBN) with 
low cBN concentration (50 vol %) and TiC binder. The four ceramic tools 
among which three contained silicon-based phases were silicon nitride 
(Si3N4), SiAlON, and whisker-reinforced alumina (Al2O3-SiCw). The 
fourth ceramic tool is a mixed alumina (Al2O3–TiC). This choice of 
workpiece and tool material is selected to allow for the studying of 
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several types of chemical and thermodynamic interactions, rather than 
abrasive wear. 

The machining test was initially conducted at intervals of 15 s. 
However, longer intervals were used for higher preforming tools 
(Al2O3–TiC and cBN-TiC). The cutting test was used to measure wear 
development, tool life and investigate interaction mechanisms. All cut-
ting tests were also repeated for every tool at an engagement time 
exceeding the tools obtained tool life. Flank wear, rake wear and cutting 

forces were continuously measured. Flank wear measurements were 
performed using an Olympus SZX7 stereo light optical microscope, 
while an Alicona Infinite Focus 3D microscope was used for crater wear 
analysis. The wear criteria were set to flank wear VB = 200 μm due to 
the tolerances needed for finish machining of bearing steel and the 
crater wear criteria was set to KT = 30 μm due to the risk of tool 
breakage. A PCLNL2525M12 tool holder was used and the cutting forces 
was monitored using a Kistler 9129AA dynamometer. 

Worn tools were investigated using a Tescan Mira3 Scanning Elec-
tron Microscope (SEM), with both secondary (SE) and backscatter 
electron (BSE) detectors. It is also equipped with an X-ray Energy 
Dispersive Spectrometer (XEDS), used in this study to investigate the 
elemental composition. Focused ion beam (FIB) samples for trans-
mission electron microscopy (TEM) were extracted from the tools using 
a FEI Nova NanoLab 600 FIB-SEM. A JEM-3000F TEM, also equipped 
with an XEDS, this was used to investigate the chemical and phase 
composition of worn tools and interaction products. 

3. Results and discussion from the theoretical prediction 

The results from the thermodynamic predictions are given in this 
section. The results are grouped into the oxidation of the workpiece 
material (interaction i) in 3.1, the oxidation of the tool materials (inter-
action ii) in 3.2, the chemical and diffusional interaction (interaction iii) 
and the overall cutting process (iv) in 3.3. Section 3.1, 3.2 and 3.3 are 
further divided in the following tool material categories: 1. Silicon 
containing tools (Si3N4, Al2O3-SiCw, SiAlON), 2. The coated cemented 
carbide tool ((Ti,Al)N coated WC–Co) and 3. Titanium carbide con-
taining tools (Al2O3–TiC, cBN-TiC). 

3.1. Oxidation of workpiece material (i) 

The equilibrium phase composition was modeled at different pres-
sures, temperatures and effective O2 partial pressures (see Fig. 3a). This 
creates the possibility of mapping the physical quantities of machining 
parameters to specific areas of the cutting zone. This modeling section 
aims to illustrate and predict potential oxides that might form in the 
cutting zone as a result of a reaction between the workpiece material and 
the environment. The results in this section show all phases that are 
thermodynamically stable under the prevailing conditions, for reactions 
in category i) oxidation of the workpiece. The calculations were per-
formed for temperatures from 25 

◦

C and up to 1200 
◦

C, for pressures 
from 105 Pa up to 109 Pa and from an effective O2 partial pressure of 
0–0.21. For ease of comparison, all figures were plotted at 1000 

◦

C and 
105 Pa as these conditions were found to be most illustrative. Additional 
figures and comments are introduced when a change in temperature and 
pressure results in a significant change in the behavior of the interaction. 
The databases contain information about molar volume, but not its 
volume dependence on pressure, which is a good approximation of these 
phases when the pressure is below 109 Pa [37]. Gases such as Ar, O2 and 
CO2 is modeled as one phase (gas) with different constituents (Ar, O2, 
CO2 etc.). 

Fig. 3a reports the equilibrium phase fraction as a function of the 
effective O2 partial pressure at 1000 

◦

C and 105 Pa for Hybrid Steel® 55. 
FCC (austenite) is the equilibrium phase of the steel at this temperature 
and pressure. Fig. 3b gives the driving force for the formation of these 
oxides from a gas (Ar and O2) and Hybrid Steel® 55, versus increasing 
effective partial pressure of O2 at 1000 

◦

C and 105 Pa. Fig. 3 reports the 
modeling results which predict that (Al,Fe,Cr)2O3 mixed corundum 

Table 1 
Hybrid Steel® 55 composition by wt. % [48].   

C Si Mn P Cr Ni Mo V Al Fe 

Min (mass %) 0.16 0 0.20 0 4.80 5.80 0.60 0.45 2.00 balance 
Max (mass %) 0.20 0.20 0.40 0.015 5.20 6.20 0.80 0.55 2.40  

Fig. 2. a) XRD spectrum showing tempered martensite (M) and Ni3Al pre-
cipitates (P) and b) backscatter image (BSE) of the martensitic lath structure of 
aged Hybrid Steel® 55 precipitates. 

Table 2 
List of tools materials and geometry.  

Tool material Geometry 

WC–Co (substrate), (Ti,Al)N (coating) CNMG120408-MF1 
Si3N4 (solid ceramic) CNGA120408T02020 
Al2O3 - SiCw (whisker reinforced ceramic) CNGA120408T01020 
SiAlON (solid ceramic) CNGA120408E 
Al2O3 - TiC (mixed ceramic) CNGA120408T00520 
50% cBN (grains) and TiC (binder) CNGA120408S-01020-L1-U  
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oxide is stable at low effective partial pressures (below 10− 17) and high 
partial pressures (above 10− 6). (Al,Fe,Cr)2O3 has the highest driving 
force for formation, while FeO is only stable in the range of 10− 15-10− 13 

and has the lowest driving force of formation. (Al,Fe,Cr)3O4 spinel phase 
is stable above a partial pressure of 10− 20 and has a driving force close to 
(Al,Fe,Cr)2O3 (Fig. 3). The steel can also dissolve a small amount of 
oxygen before an oxide forms (Fig. 3a). These general trends are robust 
for temperatures from 25 

◦

C and up to 1200 
◦

C and for pressures from 
105 Pa up to 109 Pa. 

(Al,Fe,Cr)2O3 and (Al,Fe,Cr)3O4 are both stable at high and low O2 
partial pressures (Fig. 3a) and have a high driving force for formation 
(Fig. 3b). Thus, they are the most likely to form and remain stable. FeO 
on the other hand is stable in a narrow range of effective oxygen partial 
pressures and has a lower driving force for formation than the other two 
reaction products (Fig. 3). Modeling was also performed for a hypo-
thetical steel that do not contain aluminum and chromium, these show a 
reverse trend dominated by the formation of FeO. 

Oxides such as aluminum oxide, can act as a barrier to oxidational 
tool wear of multilayer CVD coated cemented carbide tool [22]. 

However, FeO can react with a cBN tool and cause tool degradation 
[27]. Hence, both positive and negative effects are expected from the 
formation of workpiece oxides on tool surfaces. It can protect against 
oxidation or catalyze the oxidation. The effect depends on the interac-
tion between the formed product and the tool material, determined by 
cutting process interactions (interaction iv). 

3.2. Oxidation of the tool material (ii) 

The reaction between the tool and the environment can be modeled 
in the same way as the interaction between workpiece and environment. 
Hence, the section below relates to category ii) Oxidation of the tool. This 
section aims to shed light on whether the tool degraded by oxidational 
wear mechanisms and under which conditions such wear processes take 
place. 

3.2.1. Silicon-containing tools (Si3N4, Al2O3-SiCw, SiAlON) 
The silicon nitride (Si3N4) tool material is not thermodynamically 

stable (metastable) at ambient total gas pressures. Hence, the amount of 

Fig. 3. a) show which oxides may form in the cutting zone due to oxidation of the workpiece, it is the equilibrium phase fractions when Hybrid 55 reacts with oxygen 
as a function of the effective partial pressure of O2 b) The driving force for these phases to form dependent on the effective partial pressure of O2. This show which 
phases are more likely to form. The corundum phase (Al,Fe,Cr)2O3 and spinel phase (Al,Fe,Cr)3O4 have a higher driving force than FeO. 

Fig. 4. a) Modeling results showing the oxidation of Si3N4, leading to formation of SiO2 with increasing effective partial pressure of O2 b) and c) showing similar 
calculation results for Al2O3-SiCw and SiAlON tools, both reactions leading to the formation of Al2SiO5 in addition to SiO2. d) The driving force for formation of SiO2 
and Al2SiO5 versus increasing oxygen availability in the representative case of the Al2O3–SiCw tool. 
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Si3N4 decreases to zero at an effective O2 partial pressure of 10− 23, as it 
decomposes to SiO2 and gas as the effective partial pressure of O2 in-
creases, given a high enough temperature and time. This is seen in 
Fig. 4a where the molar phase fractions is plotted as function of 
increasing effective oxygen partial pressure. The trend remains un-
changed within the range of cutting temperatures and pressures inves-
tigated in this study. However, calculations show that increasing the 
temperature increases the effective partial pressure at which SiO2 be-
comes stable. Decreasing the pressure increases the effective O2 partial 
pressure at which SiO2 becomes stable. The behavior of Al2O3-SiCw is 
similar insofar as the trends are stable across cutting temperatures and 
pressures. However, Al2O3-SiCw degrades into SiO2, Al2SiO5 and 
graphite, as shown in Fig. 4b. This is followed by the oxidation of 
graphite and the formation of CO2 gas at elevated temperatures. 

Finally, SiAlON is a more complicated phase to model, since it 
basically inherits the lattice structure of Si3N4 but with partial replace-
ment of Si–N bonds by Al–O and Al–N bonds [38]. Fig. 4c show that 
Al2SiO5, SiO2 and gas phases are the most stable as the effective partial 
pressure of O2 increases. Thus, SiAlON resembles both Si3N4 and 
Al2O3-SiCw decomposition. Fig. 4d show the driving force for the for-
mation of SiO2 and Al2SiO5 versus an increasing effective partial pres-
sure of O2 in the case of Al2O3-SiCw. The trend is the same for all three 
silicon-containing tools since the carbon present in SiC transform into 
graphite and CO2 and excess nitrogen transform into a gas when ther-
modynamic equilibrium is reached. 

Silicon-containing tools have different mechanical properties [39] 
but are predicted to degrade in an oxygen environment in a similar 
manner (Fig. 4a–c). The silicon will react with the oxygen to form SiO2 
(Fig. 4). The presence of aluminum, as in the case of SiAlON and 
Al2O3-SiCw, additionally results in the formation of Al2SiO5 (Fig. 4b–d). 
Neither of the elements C or N are likely to participate in the formation 
of protective reaction products (Fig. 4b and c). Both the predicted for-
mation of SiO2 and Al2SiO5 would lead to a rapid degradation of these 
tool materials [28]. 

3.2.2. Coated cemented carbide tools (WC–Co, (Ti,Al)N) 
For the purpose of modeling, the cemented carbide tool with a PVD 

(Ti,Al)N coating can be divided into the following four phases: two for 
the substrate WC and cobalt metal and two for the coating TiN and AlN. 
Such a representation of the (Ti,Al)N coating is related to the fact that 
(Ti,Al)N is a metastable phase at the modeled conditions. Although 
modeled, WC and cobalt phases are not shown in Fig. 5 for reasons of 
clarity. The substrate is known to oxidize and the focus of the study is the 
coating. The wear rate of cemented carbide is also more rapid and more 
studied than (Ti,Al)N [34,35]. Fig. 5a shows the equilibrium phase 
fractions for TiN and AlN, versus an increased effective partial pressure 
of O2. (Ti,Al)N will degrade into TiO2 and (Al,Ti)2O3 while nitrogen will 
form N2. Fig. 5b shows that the driving force for the formation of TiO2 
and (Al,Ti)2O3 is steadily increasing with an increasing availability of 

oxygen. 
The coating will tend to oxidize but the rate of the oxidation will 

depend on the temperature in the cutting zone and the availability of 
oxygen (Fig. 5). Hence, the degradation of the coating by the formation 
of TiO2 and (Al,Ti)2O3 is predicted to be the main oxidational wear 
mechanism for the (Ti,Al)N coating (Fig. 5). 

3.2.3. Titanium carbide-containing tools (Al2O3–TiC, cBN-TiC) 
Fig. 6a gives the equilibrium phase fractions for the TiC phase pre-

sent in the tool dependent on the effective partial pressure of O2. This 
calculation is valid for the oxidation of only the TiC binder in both 
Al2O3–TiC and cBN-TiC tools. First, Ti2O3 forms at lower partial pres-
sures and TiO2 at higher partial pressures of O2 and the carbon will form 
CO2 gas (Fig. 6a). The driving force for the formation of TiO2 and Ti2O3, 
in turn, depends on the partial pressure of O2. The driving force for the 
formation of Ti2O3 is initially higher. Then driving force for formation of 
TiO2 surpasses than of Ti2O3 at higher effective partial pressures 
(Fig. 6b). However the difference between TiO2 and Ti2O3 is small 
(Fig. 6a). Al2O3 does not react with oxygen at any machining tempera-
tures and pressures. Hence, the Al2O3–TiC tool should only experience 
an oxidational attack on the TiC and not Al2O3. 

The TiC-cBN tool will not only experience oxidational attack on TiC 
but also on the BN phase. Hexagonal boron nitride is the equilibrium BN 
phase at these temperatures and pressures, since cubic-BN is metastable 
at these conditions. Oxygen reacts with BN to form B2O3 (Fig. 7), which 
has a melting temperature of approximately 450 

◦

C. Fig. 7 also shows 
that the driving force for the formation of B2O3 increases at higher 
effective O2 partial pressure. The formation of B2O3 might potentially 
form a protective film on the tool surfaces, but such a product might melt 
or be abraded away during the cutting process. Calculations also show 
that increased pressures will increase the melting point of B2O3 without 
affecting other aspects of interaction. 

3.3. Chemical and diffusional wear (iii) and the cutting process (iv) 

Chemical and diffusional wear should be studied in addition to wear 
by oxidation, this is done by investigating whether the tool material is 
likely to react or dissolve into the workpiece material. In this section we 
also combine all three components of tool degradation: oxidation of 
workpiece material (i), oxidation of tool material (ii) and chemical and 
diffusional wear (iii). The calculations were also performed for temper-
atures from 25 

◦

C and up to 1200 
◦

C, for pressures from 105 Pa up to 109 

Pa. This combination of mechanisms can predict whether the workpiece 
oxides or tool/workpiece reaction products could protect the tool from 
oxidation, diffusion and chemical wear or whether, on the contrary, if it 
will accelerate the degradation of the tool material. Technically, this can 
be performed in one single calculation because the workpiece material 
always has minor concentrations of dissolved oxygen, and an effective 
partial pressure of O2 equaling zero is the same as a direct tool/ 

Fig. 5. a) Results from the equilibrium calculations between the modeled (Ti,Al)N coating and oxygen. (Ti,Al)N degrades into TiO2 and (Al, Ti)2O3 together at 
increasing effective partial pressures of O2. b) Showing the driving force for the formation of TiO2 and (Al, Ti)2O3. 
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workpiece interaction (iii). Hence this section models the combination 
of all the multi component interactions in cutting process (iv). 

3.3.1. Silicon-containing tools (Si3N4, Al2O3-SiCw, SiAlON) 
Silicon-containing tools are highly prone to oxidational wear ac-

cording to earlier calculations given in Fig. 4. Fig. 8 gives the equilib-
rium phase composition of Hybrid Steel® 55 in contact with Si3N4 
simultaneously under an increasing partial pressure of O2. The phases in 
the red zone of Fig. 8 show the interaction at low O2 partial pressures, 
where no new oxides are stable. This red zone represents the interaction 
(iii)-chemical and diffusional wear between the steel (workpiece/chip) 
and Si3N4. The region outside the red area represents the combined ef-
fect of (i), (ii) and (iii), the cutting process (iv). 

Si3N4 is in a stable phase at low effective oxygen partial pressures 
(red zone). Nevertheless, some N has formed AlN and (V,Cr)N (Fig. 8), a 
chemical interaction has to occur for these nitrides to form. Si3N4 is a 
stoichiometric phase and no new Si phase is formed at these low effec-
tive oxygen partial pressures. This result indicates that the Si has dis-
solved in the steel. This dissolution of Si indicates the possibility for 
diffusional interactions. This might not be obvious form Fig. 8, however 
the calculation contains all the thermodynamic properties of the system 
(Section 2.1 and Appendix A). Fig. 9 give the mole fraction of phases as a 
function of small additions of Si3N4 to the system. Showing that the steel 
can dissolve all the Si in Si3N4, up to an addition corresponding to the 
dotted line. It also shows the stability of the AlN and (V,Cr)N reaction 
products. 

Fig. 6. a) The TiC present in both the Al2O2 and cBN tools can react with oxygen and form TiO2 or Ti2O3. b) The driving force for formation of TiO2 and Ti2O3. Ti2O3 
has a higher driving force at a low effective O2 partial pressure and TiO2 at high effective O2 partial pressures. 

Fig. 7. Showing the molar phase fractions a) and driving force for formation b) for the interaction between BN and O2. The formation of B2O3 is a result of BN 
oxidation. Under static conditions, B2O3 acts as an oxidation barrier, yet it melts and lacks the mechanical properties to function under the thermo-mechanical loads 
of cutting. 

Figure 8. Showing the interactions (iii) and (iv) for the Si3N4 tool material. The products (Al,Fe,Cr)2O3, (Al,Fe,Cr)3O4 and SiO2 in Figs. 3 and 4 are the results of the 
interaction (i) and (ii), which are now replaced by the reaction products Al2SiO5 and Fe2SiO4. Because combining interaction (i), (ii) and (iii) results in combination 
effects, hence (iv)-the cutting process shown by the schematic in Fig. 1. 
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SiO2, Al2SiO4 and Fe2SiO4 become stable at even higher effective O2 
partial pressures (Fig. 8). However, Fe2O3 and a liquid phase containing 
silicon, metals and oxygen are both more thermodynamically favorable 
when the effective O2 partial pressure is approximately 10− 10 or above. 
The calculations predict that the mole fraction of products will differ for 
the Al2O3-SiCw and SiAlON tools. However, the reaction products and 
their behavioral trend are similar since both carbon and aluminum are 
already present in the steel (Fig. 8). 

Silicon-containing tools, as exemplified in the case of Si3N4, are 
likely to degrade by oxidational wear by the formation of SiO2 and N2 
(Fig. 8). Additionally, Si tends to dissolve in the workpiece material 
(Fig. 9). Furthermore, Si will also react with any of the metal oxides from 
the workpiece oxidation (Fig. 3), thereby forming glassy phases such as 
Al2SiO5 and Fe2SiO4 (Fig. 8). Another possible and positive scenario 
might occur if the nitrogen reacts with the steel alloys Al, V and Cr, 
thereby forming nitrides instead of becoming gaseous N2. The formation 
of such nitrides on the interface might retard tool degradation, however 
it might lead to abrasion if formed as particles. The iron-rich spinel 
Fe3O4 has a slightly higher driving force than the other phases in the 
predictions (Fig. 8) and this stable phase might protect the tool by acting 
as a barrier for further oxidation or diffusional dissolution. However, Si 
from the tool can react with this spinel and form Fe2SiO4 (Fig. 8), which 
would decrease its ability to protect the tool as it melts slightly above 
1100 ◦C [40]. Fe, Ni and Cr can diffuse into the whiskers while Si dif-
fuses out or oxidizes [41]. However, this would not lead to the formation 
of any tool protective layer. Changing the pressure and temperature does 
not significantly change the above interactions, but rather shifts the 
point at which the phases forming under high effective O2 partial 
pressure become thermodynamically favorable. 

3.3.2. Coated cemented carbide tool (WC–Co, (Ti,Al)N) 
Oxidation can be significant in the case of the (Ti,Al)N coating as 

reported earlier in Fig. 5. The calculation results for the interaction with 
the addition of Hybrid Steel® 55 steel are shown in Fig. 10. Previously, 
the excess nitrogen released due to oxidation of (Ti,Al)N can now pro-
mote the formation of refractory nitride (V,Cr)N (Fig. 10), similar to the 
results in (Fig. 8). However, the oxidation of the coating remains the 
most significant interaction. The driving force for the formation of (Al, 
Ti,Fe)2O3 and (Al,Fe)3O4 still remains the largest and both phases are 
stable under high partial pressures of O2. 

Corundum (Al,Ti,Fe)2O3 and spinel (Fe,Al)3O4 (Fig. 10) are more 
capable of protecting the coating from oxidation than the oxides con-
taining silicon (Fig. 8), as these interaction products are not glassy 
phases. The calculations also predict that the solubility of Ti, Al and N in 
steel is less than of Si. The metal oxides that form between the tool and 
the workpiece (Fig. 10) might also limit further oxidation and dissolu-
tion of the tool (Figs. 5 and 10). 

3.3.3. Titanium carbide-containing tools (Al2O3–TiC, cBN-TiC) 
Titanium carbide can degrade due to oxidation by transforming into 

Ti2O3 and TiO2, as shown in Fig. 5. Alumina does not oxidize, while cBN 
will oxidize with a release of N2 gas and the formation of B2O3, which 
becomes liquid above 450 ◦C at 105 Pa (Fig. 5). The calculation results in 
Fig. 11 show that the alumina phase with different compositions of (Al, 
Fe,Cr)2O3 is stable (Fig. 11a) and has a high driving force for formation. 
(Al,Fe,Cr)3O4 spinel is also thermodynamically stable and has virtually 
the same high driving force. Fig. 11 illustrate that Al2O3–TiC tool ma-
terial will degrade through oxidation of TiC followed by the formation of 
Ti2O3 and the simultaneous dissolution of carbon in the steel. However, 
the dissolution of TiC is less favorable than its oxidation. Boron and 
nitrogen can also dissolve in the workpiece and chips similar to Si 
(Figs. 8 and 9), thus fulfills the criteria for diffusional wear and they can 
react and form borides and nitrides leading to chemical wear (Fig. 11). 

The predictions also reveal that the cBN-TiC material is less resistant 
to chemical, oxidational and diffusional wear compared to the 
Al2O3–TiC material (Fig. 11). Both materials share the same TiC 
component but Al2O3 is essentially inert while cBN has many possible 
degradation paths. The calculation predict that the ratio of metallic el-
ements in the spinel phases (Al,Fe,Cr)3O4 and corundum phases (Al,Fe, 
Cr)2O3 will be determined by the effective oxygen partial pressure. 
Starting from Al and Ti based oxides and shifting towards Fe and Cr. The 
formation of all such phases would have the possibility to form a TPL 
and slow down the tool degradation (Figs. 6, 7 and 11). 

4. Experimental validation 

The results from the cutting tests and microscopy are given in this 
section, it is divided in 3 parts as the previous Section 3 thus 1. Silicon- 
containing tools (Si3N4, Al2O3-SiCw, SiAlON), 2. Coated cemented car-
bide tools (WC–Co, (Ti,Al)N) and 3. Titanium carbide-containing tools 
(Al2O3–TiC, cBN-TiC). The tool life criteria is set to VB = 200 μm and 

Fig. 9. Showing how Si can be completely dissolved in steel while N forms AlN 
and (V,Cr)N, indicating possible Si diffusion during machining. 

Fig. 10. The equilibrium calculation and driving force calculation for the interaction products forming due to interactions between the (Ti,Al)N-coated carbide tool, 
the steel and oxygen. The reactions between Fe–Al–Ti–O are the most prominent reaction products that might hamper further oxidation of the tool material. 
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KT = 30 (Section 2.2). 

4.1. Silicon-containing tools (Si3N4, Al2O3-SiCw, SiAlON) 

Fig. 12 shows the development of flank wear and crater wear for 
silicon-containing tools versus engagement time. The Si3N4 tool dis-
played the shortest tool life of around 30 s and the process was stopped 
due to excessive cratering. The Al2O3-SiCw had a tool life of 75 s and 
failed due to crater wear. The SiAlON tool had the longest tool life, 
lasting for 200 s then reached the crater wear criteria. Such excessive 
cratering behavior is indicative of chemical and diffusional degradation 
[34,35]. The SiAlON tool developed the largest degree of flank wear, 
which points to a concurrent abrasive wear mechanism, whereas the 
short tool life of Al2O3-SiCw and Si3N4 tools did only allow for small 
amounts of flank wear to develop (Fig. 12). 

Fig. 13 show BSE-SEM images and XEDS spectra of the worn 
SiC–Al2O3 tool taken of the ejection, sliding and sticking zones of the 
cutting edge after 90 s of machining. This is representative of the main 
wear mechanism of the Si-based tools. In addition BSE-SEM images and 
a spectra of the unworn tool material, was also collected and compared 
to the different regions of the cutting zones. The spectra are acquired 
from an area scan and also a point analysis of a whisker from the 
respective wear zones. This kind of comparative analysis is performed 
for a) the new tool and the different zones of a worn tool (after 75 s of 
machining) - b) the debris ejection zone, c) sliding zone and d) sticking 
zone. 

The ejection zone b) is located outside the tool/chip interface and 
has high concentrations of Mg, O, Fe, Ca, Cr and Mn indicating that this 
is oxidized workpiece material deposited outside the cutting zone 
(Fig. 13, surface spectra b). The SiC whiskers are not detectable through 
this thick layer of metal and oxides. 

For the sliding zone c), high concentration of Fe, Cr, Ni, Ca and O on 
the tool surface and a significant decrease of Si and loss of C is detected 
(Fig. 13, surface spectra c). The BSE image reveals the presence of a thin 
film across the entire surface of the sliding zone. A spectrum from the 

remnants of the whiskers in this area (Fig. 13, whisker spectra c) shows a 
critical loss of Si, which is replaced by Fe, Ni, V, Cr and Mn, indicating a 
counter-diffusion of elements. This indicates a preferential degradation 
of the whiskers in this contact region. 

Within the sticking zone d) a smaller loss of Si and a greater loss of C 
is observed, if compared to the sliding zone c). Additionally, XEDS also 
indicate the presence of Fe, Ni, V, Cr and Mn, similarly to the sliding 
zone. Yet the former whisker region is practically devoid of Si in the 
sliding zone c), while some Si is present in the whiskers in the sticking 
zone d) (Fig. 13: whisker spectra c and d). 

Compering and combining the results from machining and modeling 
show that the Si from the whisker can react with oxygen and steel to 
form SiO2, Al2SiO5, Fe2SiO4 due to the high driving forces of this phases, 
predicted by the calculations shown in Fig. 8 and Section 3.3.1. Which is 
due to oxygen generally being available in the sliding zone c). Thus, this 
kind of reaction lead to the depletion of Si from the whiskers, shown by 
the smaller Si peak in whisker spectrum c in Fig. 13. This is in agreement 
with loss of the SiC phase in Fig. 4b. The BSE-SEM image of the sliding 
zone shown by a glassy appearance which is in agreement with the 
calculation of the formation of a of Al2SiO5, Fe2SiO4 (Fig. 8), shown by 
the Fe, Al, Si and O peaks in surface spectra c in Fig. 13. This is also in 
agreement with other studies of Si-tools [41]. Additionally, the Si and C 
peaks are replaced by with workpiece elements peaks in the whisker 
spectra d) Fig. 13 which reflects a counter-diffusional process of Si and 
workpiece metals in agreement with [42] and predictions in Figs. 8 and 
9. Thus, diffusional and oxidational wear is present in the sliding zone, 
in agreement with predictions Section 3.3.1. Oxidation is suppressed 
and only the diffusional loss of silicon (Section 3.3.1) is active [28], due 
to the limited oxygen availability in the sticking zone d). This leads to 
the replacement of silicon by Fe, Ni, Cr and V in the whisker (Fig. 13) 
and an absence of a glassy phase in this contact zone d). 

4.2. Coated cemented carbide tool (WC–Co, (Ti,Al)N) 

The coated cemented carbide tool initially displayed limited crater 

Fig. 11. a) The phase fractions for cBN with TiC binder and Hybrid steel 55 as a function of increasing effective partial pressure of oxygen, and, b) corresponding 
driving force for the formation of the reaction products. 

Fig. 12. Tool wear evolution of silicon-based tools and 3D scans of the worn tools.  
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wear and flank wear (Fig. 14). The crater wear was absent until 150 s of 
machining which was followed by flank wear. This rapid growth of wear 
resulted in plastic deformation of the cutting edge. 

Fig. 15 shows a topography-sensitive SE image, a composition- 
sensitive BSE image and XEDS spectra of the rake of the tool after 90 s 
in cut. Three coating perforations or pits are filled with workpiece ma-
terial, as indicated by the yellow arrows Fig. 15. The growth and coa-
lescence of such pits led to the sudden large increase in rake wear 
(Fig. 14). Two distinct surface morphologies can be seen in the contact 
zone, as compared to the original coating spectrum a) Fig. 15. The first 
area of interest spectrum b) reflects the adhered workpiece material and 
area/spectrum c) has a visible thin film. In the BSE image, the thin film 
c) is brighter than the original coating a), but not the ahead metal b), due 
to the Z-contrast mechanism. As expected, the adhered metal b) mainly 
comprises of Fe, C, Cr and Ni. However, since the thickness of the 
adhered metal film is less than the XEDS interaction volume Ti and N 

from underlying coating, are also detected. The area within the detected 
film c) shows a strong signal of Al, Fe and O but is depleted of Ti, 
compared to the original coating. 

Linking the results from calculations and machining can explain how 
the (Ti,Al)N coated tool had a tool life comparable to the SiAlON tool 
and longer than the Si3N4 and Al2O3-SiCw. Such a favorable performance 
is likely related to the more limited solubility of Ti and Al in the steel 
compared to Si (Section 3) rather than the addition of the chip breaker. 
A chip breaker changes the cutting conditions, but no the general 
thermodynamic trends. Additionally, the coating is more resistant to 
oxidation due to a smaller driving force for formation of reaction 
products than then the Si tools (Figs. 8 and 10). However, the formation 
of the film (Fig. 15) on top of the coating in the contact length play a 
larger role. The glassy film in Fig. 13 allowed Si to leave the whiskers 
while the film in Fig. 15 protect the coting. The expected reaction 
products (Fig. 10) point to the formation of (Al,Fe)2O3 and (Al,Fe)3O4, 

Fig. 13. BSE-SEM images and the tool and cutting zone after 90 s of machining with the SiC–Al2O3 tool. Additional BSE-SEM image of the unworn tool material 
compared to the different regions of the cutting zone. The XEDS spectra are collected and compared, one type of spectra are collected from the whole surface and one 
from point measurements of the whiskers. 

Fig. 14. Evolution of flank and crater wear of PVD (Ti,Al)N-coated cemented carbide, showing limited wear progression then a sudden increase after 150 s. The rapid 
increase in crater wear after 150 s led to the collapse of the cutting edge. 
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which form in operando during the machining process. The regenerative 
and continuous formation of such a protective film on the tool surfaces 
that comprises of stable oxide phases would then explain the longer tool 
life [21], whereas for Si-containing tools, similar in-operando interaction 
leads to the formation of non-protective glassy phases [28]. 

4.3. Titanium carbide-containing tools (Al2O3–TiC, cBN-TiC) 

The cBN-TiC tool outperforms the Al2O3–TiC tool with regard to 
resistance to flank wear (Fig. 16), which is explained by the differences 
in mechanical properties between the two materials [34,35]. However, 
cBN is expected to degrade from intensive chemical, diffusional and 
oxidational wear, while Al2O3 is affected by none of these, as shown in 
Section 3.2.3 and 3.3.3. Despite such expectations, crater wear for the 
cBN-TiC tool was less than for the mixed alumina tool (Fig. 16). Addi-
tionally, the progression of crater wear for the cBN-TiC tool significantly 
slowed down after 300 s (Fig. 16). 

This kind of crater wear behavior is contrary to the classical rela-
tionship between solubility and driving forces and tool wear [12]. 
However, the formation of an (Al, Ti, Fe, Cr)2O3 or Al, Fe, Cr)3O4 (Fig. 11 
and Section 3.3.3) tool protection layer might potentially explain this 
anomalous behavior [16]. Electron microscopy and spectroscopy 
(Fig. 17) show that a metal oxide film has formed on the contact surface 
of the cBN tool, similar to the film on the (Ti,Al)N-coated tool (Fig. 15). 
The thickness of such film can be approximated to several hundred 
nanometers based on the excitation volume of the SEM [43]. It is 
transparent at an accelerating voltage of 15 kV and visible at 5 kV 
(Fig. 17). XEDS confirms the presence of Fe, Cr, Al and O within this 
region. However, conclusive detection of Al and O is not possible as the 
tool material also contains Al2O3, since it is used as a sintering aid for 
PcBN manufacturing [44], thereby affecting the baseline of the Al and O 
signal. 

5. Oxidation and temperature investigation 

Further investigation of the Al, Fe, Cr thin film (Figs. 15 and 17) and 
its dependence on cutting speed and oxygen availability is of consider-
able interest because predictive modeling show that this effect is driven 
by oxygen availability (Figs. 10 and 11) and its rate depends on the 
process temperature. The presence of high amounts of Al in the (Ti,Al)N- 
coated tool and the Al2O3–TiC mixed ceramic makes the analysis of Al- 
based TPLs difficult. Hence, the investigation reported in this section 
will focus on cBN-TiC due to the observed stable TPL and low amount of 
Al present in the tool material. Thus enabling a clearer distinction to be 
made between parental tool material and a tool protection layer. 

5.1. Method 

The formation of reaction products and TPLs is a thermodynamic and 
kinetic process (Fig. 1). Thus, the temperature and chemical potential of 
the elements in the system will be determine the rate of TPL formation. 
Temperature measurements were conducted using a high-speed Flir 
x6580sc IR camera with an imaging frequency of 350 FPS (Hz) and a 
temperature range of 300–1150 ◦C. Orthogonal cutting was carried out 
rather than longitudinal cutting to enable correct imaging. Repeated 
orthogonal cutting experiments were performed with cutting speeds in 
the range of vc = 50–300 m/min and a feed rate f = 0.1 mm/rev using 
the same CBN010 insert material, but in a grooving geometry 
(LCGN160304-0300S0125LF) the width of cut equaling the tool geom-
etry (3 mm). The implemented orthogonal cutting of the preliminarily 
prepared groove side and the camera-moving system enabled the mea-
surement of the temperature field on the insert side view. The selected 
emissivity level was 0.55 for PcBN [45]. The temperature values were 
extracted from the image zone corresponding to the cBN-TiC part of the 
tool/chip contact zone (Fig. 18). 

The investigation of the influence of oxygen was carried out by 
comparing an oxygen-reduced environment, ambient conditions and the 

Fig. 15. SE and BSE images of the rake face of the (Ti,Al)N coated tool after 90 s of machining. Comparison of XEDS spectra and corresponding calculated com-
positions between the original coating a), adhered metal b) and film c). Yellow arrows indicating pits. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 16. Evolution of flank and crater wear for Al2O2–TiC and cBN-TiC tools. The PcBN tool shows better resistance to flank wear, as expected from its mechanical 
properties. High resistance to crater wear was observed, while the tool material is expected to be less resistant to chemical wear. 
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use of coolant. To perform such a comparison a special chamber was 
developed and used to control the availability of oxygen (Fig. 19). The 
chamber comprises a sheet metal frame covering the tool holder and 
partly the workpiece, it also contains internal tubing for gas supply. The 
chamber was subsequently purged with argon or compressed air to 
control the availability of oxygen. The gas was supplied through the 
chamber itself and through the tool holder having two rake and one 
flank jet nozzle. Argon gas supply at the flow rate of 400 l/m, which 
creates an essentially oxygen-free environment [21]. 

5.2. Results and discussion of oxidation and temperature investigation 

As expected, the temperature in the cutting zone increases with 
increased cutting speed (Fig. 20) [46]. However, the temperature sta-
bilizes at a cutting speed of vc = 200 m/min (Fig. 20). Scanning electron 
microscopy at a low acceleration voltage of 5 kV was performed on tools 
after they have been used in the orthogonal temperature measurement 
tests. The BSE-SEM images in Fig. 20 give that there was no formation of 
a tool protection layer at low temperatures and speeds vc = 50–100 
m/min. However a thin film identical to the TPL in Fig. 17, forms on the 
chamfer at speeds above 150 m/min. Thus, the TPL increases in thick-
ness and coverage with increased speed and temperature. However, the 
rate at which the TPL is removed also increases, leading to its continuous 

build-up and removal. Thus, the layer does not grow much beyond 
several hundred nanometers (Fig. 20). The formation and stabilization 
of the TPL with increased temperature limits the otherwise expected 
rapid tool wear because it acts as a barrier to further degradation [13]. 

Fig. 21 shows how the oxygen availability and the environment in-
fluence the performance and degradation of the respective tools. The 
machining in an oxygen-reduced environment was interrupted after 30 s 
due to severe vibrations, surface damage and chipping of the tool. 
Further SEM show that such anomalous process behavior was due to the 
strong adhesion of the chip to the tool, resulting in fractures on both the 
tool rake and flank. Also anomalous compared to machining in air, the 
use of a coolant had a negligible effect on both the flank and crater wear 
compared to the ambient conditions, despite the generally expected 
lowering of cutting temperature. 

Comparing these results to previous calculations, show that such 
severe adhesion in an oxygen-reduced environment at a cutting speed of 
300 m/min is likely due to the chemical and diffusional interaction 
between the steel and the cBN-TiC tool material, as seen in the calcu-
lation in Section 3.3.3 and Fig. 11. The potential formation of interfacial 
nitrides and borides could increase the strength of the adhesive bond, as 
known from the active brazing process [47]. The same calculation and 
Fig. 11 also show that (Al, Fe, Cr)3O4 and (Al, Fe, Cr)2O3 should form 
when there is more oxygen available, also seen in the SEM Fig. 17. This 
explains the longer tool life during machining in ambient and coolant 
conditions (Fig. 21). The benefit of using coolant instead of machining 
dry/ambient conditions is not significant for this combination of tool 
and workpiece at these cutting conditions, since the TPL is stable during 
dry conditions. 

TEM lamellas were produced to further study the rake zone of the 
tools used in ambient and coolant conditions, this enabled an in-depth 
investigation of the film formed. The central image of Fig. 22 shows a 
Scanning Transmission Electron Microscopy (STEM) image of a lamella 
region with adhered metal on top and an interaction layer marked by red 
dashed lines on top of the cBN-TiC tool material. Selected Area Electron 
Diffraction (SAED) patterns were taken from the different areas indi-
cated by the arrows, and XEDS-STEM line scans were made across the 
interaction layer shown at the bottom of Fig. 22. 

The XEDS line scans indicate a decrease in Fe and Cr and an increase 

Fig. 17. Side-by-side BSE-SEM images of the rake of a cBN-TiC tool. A thin film of Al, Fe, Cr and O was detected when reducing the accelerating voltage (HV) to 5 kV.  

Fig. 18. a) The setup of the temperature measurements using an IR camera. The IR camera is out of view and filming orthogonal to the grroving. (b) A processed 
frame of a temperature field acquired for the orthogonal turning using CBN010 at vc = 300 m/min and f = 0.1 mm/rev. 

Fig. 19. Machining setup for cutting tests with limited oxygen in the cutting 
zone. Ar is supplied at a flow rate of 400 l/min from the jet nozzles in the tool 
holder and through the piping system in the chamber. 
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in Al and O in the interaction zone. The B and N signals then increase at 
the edge of a cBN grain. The diffraction pattern from the adhered metal 
is consistent with iron in the bcc structure. Combining this information 
with XEDS-STEM indicates that it is adhered Hybrid Steel® 55 steel. The 
diffraction pattern from the interaction zone is not in agreement with 
any of the phases in the tool, binder, steel or FeO. The diffraction pattern 
is consistent with Al2FeO4. However, conclusively ruling out Al2O3 was 
not possible. The observed Al2FeO4 is the same phase as the (Al, Fe)3O4 
predicted by the thermodynamic calculations. Thus, the thermodynamic 
predictions and the XEDS-STEM and XEDS-SEM analyses are all in 
agreement. Two lamella from different areas and tools were investigated 
using this combination of XEDS, SEM, TEM and SAED, and the investi-
gation showed the same result. The observed Cr signal in the XEDS- 
STEM is in agreement with predicted solubility of Cr in the metal 
oxide phase. Thus, the formation of (Al, Fe, Cr)3O4 takes place on the 
tool surface and between the tool and the adhered metal. The third 
diffraction pattern is from the tool just below the interaction layer 
showing the cubic structure of the cBN grain in the [1-1-2] direction. 

6. Conclusions 

Both the predictive modeling and the experiments showed that 
silicon-based ceramics tools suffered from degradation by reactions with 
the metal, atmospheric oxygen and metal oxides formed on the tool 
surface. The Si dissolved in the workpiece material by diffusion, it 
reacted with oxygen and workpiece metal oxides and formed glassy 
phases such as Al2SiO5 and Fe2SiO4. Hence, reaction products formed on 
the tool surface in-operando are unable to retard the degradation of Si- 
based tools. 

The predictive modeling indicated that machining Hybrid Steel® 55 
with Al2O3–TiC, (Ti,Al)N-coated carbide and PcBN should lead to the 
formation of stable metal oxides of either Al2O3 or Al2FeO4. Such oxides 
are expected to form a tool protection layer (TPL) that retards further 
tool degradation. Cutting tests, microscopy, spectroscopy and diffrac-
tion investigations confirmed the formation of (Al, Fe, Cr)2O4 spinel 
predicted by the thermodynamic calculations, which slowed down the 
wear process. Additionally, machining in an oxygen-reduced environ-
ment and the temperature measurements showed that there is a mini-
mum temperature and oxygen availability necessary for a stable TPL to 

Fig. 20. Influence of cutting speed on process temperature for the cBN-TiC tool, with accompanying SEM-BSE images at surface-sensitive low acceleration voltages 
(HV = 5 kV), indicating the formation of TPL like the TPLs in Figs. 14 and 16. 

Fig. 21. Evolution of flank and crater wear for the cBN-TiC tools used in argon, ambient and coolant machining conditions. Accompanying low acceleration voltage 
(HV = 7 kV) BSE images showing the TPL in the case of ambient and coolant condition. Machining in an oxygen-reduced environment led to vibrations, adhesion, 
tool chipping and fractures. 
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form, in accordance with the modeling. Thus, a distinct improvement in 
tool wear resistance was demonstrated when the TPL formed, since it 
retarded otherwise expected chemical, diffusional and oxidational wear 
mechanisms. 

Tool degradation during metal cutting due to chemical reactions, 
dissolution, diffusion and oxidation is well known. However, few models 
can make predictions about the result of these mechanisms when they 
occur concurrently and involve multi-component interaction systems, 
and no models found in literature have been able to predict the forma-
tion of tool protection layers. This study developed a thermodynamics- 
based modeling framework for prediction of such concurrent degrada-
tion mechanisms. Apart from tool degradation, the modeling was also 
constructed to enable prediction of in-operando formation of new phases 
which act as berries to tool wear. This framework was applied to the 
machining of Al-alloyed Hybrid Steel® 55 and 6 tool materials. 
Machining tests, microscopy, characterization of wear mechanisms and 
interaction products, control of machining environment and IR ther-
mography constituted the experimental validation. 

The developed modeling framework allows for the correct pairing of 
tool materials and workpiece alloying, leading to the formation of tool 
protection layers, before any machining is performed. Further modeling 
work, especially kinetic modeling enabling wear rate predictions, will 
benefit from using this method to predict what phenomena will influ-
ence the tool life. Since current kinetic models are not able to model all 
phenomena simultaneously. This framework also allows for combining 
and building on mechanical wear based models. Furthermore, the pro-
posed modeling approach can predict what modification to the work-
piece and tool composition will promote the formation of oxide, nitride, 
carbide or boride tool protection layer. Since it can predict the in-oper-
ando reactions occurring between the tool, workpiece and cutting 
environment. 
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Fig. 22. SAED, combined with a STEM image and XEDS-STEM line scans showing the formation of an Al2FeO4 layer between the parental tool and the adhered 
workpiece metal. This film likely slows down further chemical, diffusional and oxidational wear. 
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P. Shi, B. Sundman, Thermo-Calc & DICTRA, computational tools for materials 
science, Calphad 26 (2002) 273–312, https://doi.org/10.1016/S0364-5916(02) 
00037-8. 

[34] J.-E. Ståhl, Metal Cutting: Theories in Practice, SECO TOOLS, Fagersta, Sweden, 
2012. 

[35] N.M. Major, S.T. Crawford, Elbow effusions in trauma in adults and children: is 
there an occult fracture? AJR Am. J. Roentgenol. 178 (2002) 413–418. http 
://www.ncbi.nlm.nih.gov/pubmed/11804906. 

[36] E.D. Doyle, J.G. Horne, D. Tabor, Frictional interactions between chip and rake 
face in continuous chip formation, Proc. R. Soc. Lond. A. Math. Phys. Sci. 366 
(1979) 173–183, https://doi.org/10.1098/rspa.1979.0046. 

[37] X.-G. Lu, M. Selleby, B. Sundman, Implementation of a new model for pressure 
dependence of condensed phases in Thermo-Calc, Calphad 29 (2005) 49–55, 
https://doi.org/10.1016/j.calphad.2005.04.001. 

[38] S. Hampshire, H.K. Park, D.P. Thompson, K.H. Jack, α′-Sialon ceramics, Nature 274 
(1978) 880–882, https://doi.org/10.1038/274880a0. 

[39] R. Riedel, I.-W. Chen, Ceramics science and technology, in: Materials and 
Properties, 2, Wiley, 2011. 

[40] W.-G. Seo, F. Tsukihashi, Thermodynamic and structural properties for the 
FeO–SiO2 system by using molecular dynamics calculation, Mater. Trans. 46 
(2005) 1240–1247, https://doi.org/10.2320/matertrans.46.1240. 

[41] V. Bushlya, J. Zhou, P. Avdovic, J.-E. Ståhl, Wear mechanisms of silicon carbide- 
whisker-reinforced alumina (Al2O3–SiCw) cutting tools when high-speed 
machining aged Alloy 718, Int. J. Adv. Manuf. Technol. 68 (2013) 1083–1093, 
https://doi.org/10.1007/s00170-013-4899-8. 

[42] G. Brandt, A. Gerendas, M. Mikus, Wear mechanisms of ceramic cutting tools when 
machining ferrous and non-ferrous alloys, J. Eur. Ceram. Soc. 6 (1990) 273–290, 
https://doi.org/10.1016/0955-2219(90)90019-C. 

[43] R. Reichelt, Scanning electron microscopy, in: P.W. Hawkes, J.C.H. Spence (Eds.), 
Sci. Microsc., Springer, New York, NY, 2007, pp. 133–272, https://doi.org/ 
10.1007/978-0-387-49762-4_3. 

[44] K.E. Lindgren, A. Kauppi, L.K.L. Falk, Development of matrix microstructure in 
polycrystalline cubic boron nitride ceramics, J. Eur. Ceram. Soc. 37 (2017) 
3017–3026, https://doi.org/10.1016/j.jeurceramsoc.2017.03.010. 

[45] I. Gonzalez De Arrieta, T. Echaniz, R.B. Perez-Saez, M.J. Tello, I.G. de Arrieta, 
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Appendix A: Thermodynamic modeling 
 

By adopting the CALPHAD [i, ii, iii] technique, all available thermochemical information is used to fit 

the model parameters used to describ the Gibbs energy of individual phases. The purpose is to obtain a 

consistent set of model parameters that can describe the thermodynamic properties of the system in a 

realistic way. The thermodynamic parameters are evaluated using the PARROT module [iv] in the 

Thermo-Calc software [v]. The module works by minimizing an error sum where each piece of 

information is given a certain weight according to its estimated accuracy and allows the simultaneous 

concideration of various types of thermochemical and phase diagram data. 

The Gibbs energy of each phase is described using the compound energy formalism [vi]. The structure 

of a phase is represented by a sublattice model (A, B)k(D, E, F)l(…)…, where A and B mix on the first 

sublattice, and D, E and F mix on the second sublattice, and similarly if more sublattices are added. 

The sublattices (s) are indexed with the stoichiometric coefficients k, l,… (ns) and one mole of formula 

units thus contains k+l+…+ns moles of atoms. The expression for the Gibbs energy of each phase is 

given by, 
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The first term represents the surface of reference and is constructed by a summation over all end-

members and the product 
s

Jy  contains one site fraction from each sublattice and they are 

identified by the constituents, J, in the end-member. The Gibbs energy of one formula unit of the 

compound represented by the end-member is endG . The second term is the ideal entropy of mixing, 

EGm represents the excess energy and 
magn

mG  the magnetic contribution. The excess energy is 

described by a generalized regular solution expression, 
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The commas in the subscript separates constituent on the same sublattice and the colons separates 

constituents in different sublattices. For the L parameters Redlish-Kister terms [vii] in site fractions are 

used. LA,B:D:G is then described as 
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where vLA,B:D:G can be temperature dependent. 

 

Inden [viii] was the first to describe the magnetic contribution in terms of heat capacity. This was later 

integrated to a Gibbs energy expression by Hillert and Jarl [ix] 
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where n is the number of atoms per formula unit that have the average magnetic moment  and the 

function f() is 
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For  > 1                   (A.5) 
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The temperature dependence of the Gibbs energy of an end member, Gend, is often described by a 

power series [iv] as 
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where 
i

SER

iiHb  represents the sum of enthalpies of the elements in their reference state. By 

describing the Gibbs energy as above one may derive entropy S, enthalpy H, heat capacity cp among 

with many other quantities by using the following thermodynamic relations: 
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The number of coefficients that are used in the modeling are determined by the available experimental 

information. But, as seen from the above expressions, at least a0, a1 and a2 should be determined in 

order to also get a description of the entropy, enthalpy and heat capacity for the compound. 
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b Sandvik Coromant R&D, Lerkrogsvägen 13, Stockholm 12680, Sweden 
c Thermo-Calc Software AB, Råsundavägen 18, Solna SE-16967, Sweden 
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A B S T R A C T   

Improvements in machinability by alloying of the workpiece often adversely impact the end user properties of a 
material. For example, the common use of non-metallic inclusions can lead to improved tool life during turning 
or milling, but often adversely affects weldability, corrosion, and wear resistance. A cutting tool material meets 
kilometers of workpiece material during a machining operation. Hence elements in small quantities in the 
workpiece may insignificantly affect the end user properties but may have large effects on tool wear. One such 
effect is the formation of refractory and wear resistant reaction products between the workpiece and tool. Such 
reaction products forming on tool surfaces may lead to improved machinability. This paper proposes the use of 
small amounts of alloying to induce such a Tool Protection Layer. Additionally, the paper develops a compu-
tational framework for designed alloying which balances formation of Tool Protection Layers, its in-process 
retention, and the functional properties of the alloy. The method has been validated for a case of manganese 
steel. The calculations were validated first by a wide range of diffusion experiments. Then by industrial turning of 
cast alloys, by comparing one reference and two newly designed alloys based on the alloying concept. The alloy 
with 0.003 mol fractions of Al resulted in more than 3 times increase in tool life, due to in-operando formation of 
Al2O3 Tool Protection Layer. The designed manganese steel maintained its functional properties with respect to 
abrasive wear resistance and retained its ability to work harden.   

1. Introduction 

For the past 50 years the standard approach to improve the 
machinability of steel has been to change the amount, morphology, and 
composition of non-metallic inclusions (NMI) [1,2]. This machinability 
improvement often comes at the expense of inferior tensile strength, 
fatigue performance, weldability, and corrosion resistance [3]. Conse-
quently, using NMI as a means of machinability improvement results in a 
trade-off between machinability and any negative effects on the func-
tional properties. Bearing steel and Hadfield steel are examples where a 
clean steel is preferred over NMI engineered steel at the cost of inferior 
machinability. This is due to the requirements of the final functional 
properties, such as resistance to crack formation [4,5]. Recent research 

efforts have discovered that a thin protective layer can sometimes form 
between the tool and the workpiece, which leads to improved machin-
ability without the use of NMI [6,7]. These layers form due to reactions 
between the elements in the workpiece, the surrounding air or coolant, 
and the tool, without the presence of inclusions. 

Such a layer is sometimes referred to as a Tool Protection Layer (TPL) 
[8]. A TPL is distinctly different from inclusions from the steel getting 
deposited on the tool, and protecting the tool from mechanical, chemi-
cal, diffusional, and oxidational wear [3]. TPLs are also distinctly 
different from a tribofilm [3], a built-up edge (BUE) [9], deformed 
binder material [10], a built-up layer (BUL), or transfer layers [11]. TPLs 
are by definition layers formed as a result of reactions between the 
workpiece elements, the cutting tool, and the environment (air or 
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coolant), and consists of phases such as oxides, nitrides, carbides, and 
borides formed during machining [7]. Hence, this effect can occur in 
clean steels and alloys and limit tool wear by acting as a chemical, 
diffusional, or oxidational barrier. The tool encounters kilometers of tool 
material during metal cutting, hence elements in small quantities in the 
workpiece might not affect the end user properties but may have large 
effects on tool wear. 

Examples of the protective functions of TPLs can be found in recent 
literature. Machining Si alloyed Pb-free brass using (Ti,V,Zr,Hf,Nb,Ta)N- 
coated tools results in a reaction between the coating, oxygen, and Si 
and Al in the alloy that leads to the formation of β-SiAlON and SiO2 
layers, which blocked diffusional wear [12]. An NbC diffusion barrier 
has been observed to form between cemented carbide tools and pure Nb 
workpieces during machining, blocking further diffusional wear [13]. 
TiN, (Ti,Al)N, and Al2O3 can form at a range of different machining 
conditions during machining of Alloy 718 with a cubic boron nitride 
(cBN) tool, which prevents oxidation and diffusion [14,15]. (Ti,V)C or 
(Ti,V,Cr)B2 layers that act as a diffusional barrier have formed when 
Ti6Al4V is machined with polycrystalline diamond (PCD) or cBN 
respectively; both have been observed during machining studies [16] 
and studies of diffusion couples imitating machining [17]. 

A similar but different effect can occur when machining Ti-alloys 
with cemented carbide [18,19]. The diffusional wear of Co and C can 
be limited by a protective tungsten (W) layer that forms because W does 
not diffuse into the alloy, and not because of a reaction between the 
workpiece and the tool. The W layer then limits the diffusion of other 
tool elements. Machining AD730 with polycrystalline cBN (PcBN) 
resulted in the formation of layers of γ-Al2O3, (Ti, Nb, Zr)N, and (Ti, Cr, 
N, Zr)N, which resulted in a reduction in tool wear caused by diffusion 
and oxidation [20]. 

Adding either 1 mass % of Si or Al in a solid solution to low carbon 
steel also showed a reduction in tool wear. The study demonstrated that 
alloying with either Al or Si led to the formation of mixed oxides and 
nitrides on the tool surface during turning with a TiN-Al2O3-Ti(C,N) 
CVD-coated cemented carbide tool [21] and on high speed steel tools 
PVD-coated with (Ti,Al)N during gear cutting [22]. These oxides and 
nitrides protected and lubricated the tool, thereby reducing wear. 

A comparison of the machining of a medium-alloy low-carbon steel 
with five different ceramic tools and one (Ti,Al)N-coated cemented 
carbide tool showed how pairing different tool materials with the same 
steel led to the formation of different layers on the tool surface [7]. This 
work used thermodynamics to predict which tool–workpiece 

combination and cutting conditions were likely to form protective layers 
and which combinations led to tool degradation [7]. 

Fig. 1 schematically presents the difference between clean alloys, 
inclusion engineered alloys, and alloys that can form a TPL. The tool 
material is in contact with the workpiece, chip, and air or coolant when 
machining clean steel. This can lead to wear caused by elements in the 
tool diffusing into the chip [23], oxidational attack of the tool [6], and 
elements of the workpiece diffusing into the binder and/or reacting with 
the tool material [14] (Fig. 1a). The addition of non-metallic inclusions 
in the steel can lead to protective deposits that limit these effects [24] 
(Fig. 1b), but this often leads to degraded functional properties. Small 
amount of alloying paired with the correct tool material at certain cut-
ting conditions can lead to phases forming on the tool surface such as 
borides [16], nitrides [21], oxides [7], and carbides [13] during 
machining, which limit wear by diffusion, reactions, and oxidation 
(Fig. 1c) without changing the functional properties. 

To the best of our knowledge, there are no previously published 
works that intentionally alloy a workpiece material with the aim of 
forming a TPL. Previous work has either focused on showing that a TPL 
exists [13,20], selecting a tool material that leads to TPL formation [7], 
changing the cutting conditions to from a TPL [6,14], or the workpiece 
was alloyed in some manner but they alloying was not intentionally 
matched with the tool or coating material to form a TPL [21,22]. Hence, 
no methods have shown how to intentionally match alloying, tool ma-
terial, and cutting conditions to form a TPL. This paper aims to initiate 
the development of such a method of designed alloying for TPL 
formation. 

The aim of the method presented in this paper is to alloy a material 
such that a TPL will form between the workpiece and tool, which hinders 
further diffusion, reactions, and oxidation that otherwise would lead to 
rapid tool wear. This TPL is to be achieved without degrading the 
functional properties of the workpiece. Finding this balance requires a 
good understanding of the materials of both the workpiece and the tool. 
However, changing the alloying is not always necessary, the appropriate 
selection of cutting conditions, coatings, and tool materials can in 
certain cases lead to the formation of a protective film without the need 
for additional alloying. A proposed method for tool material selection 
has been previously been shown [7]. Inclusion engineering generally 
leads to thicker protective deposits than TPLs. However, inclusions are 
not acceptable in some materials and selecting different tool materials or 
cutting conditions might not be sufficient for the formation of a TPL. 
Alloying by “small amounts” or “microalloying”, meaning alloying with 

Fig. 1. Schematic difference between inclusion engineering and this papers method. (a) a clean/base alloy where the tool suffers from oxidation, diffusion and 
chemical degradation during machining, (b) an inclusion engineered version of (a) were the inclusions decrease tool wear but change the functional properties of the 
workpiece, and (c) designed TPL alloy version of (a), leading to an interaction between the alloy, tool, and oxygen resulting in a protective layer, with retained 
functional properties of the workpiece material. 
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amounts minor enough that the functional properties does not change 
can therefore offer another approach to achieve machinability 
improvement. This paper develops a method and shows by a case study 
how to achieve this microalloying balance. 

2. Experimental design 

The method presented here is a combination of thermodynamic 
calculations that are used to evaluate alloying and tool combinations to 
minimize time consuming and expensive casting, machining, micro-
scopy, and tool material experiments. The paper also uses a range of 
diffusion couple studies to verify the thermodynamic calculations. The 
alloying selected from the thermodynamic screening calculations are 
then cast into bars to validate the method and the improvements in 
machinability and to test the functional properties workpiece. 

2.1. Workpiece material for validation of the method 

An austenitic Hadfield or high manganese steel for rock crushing and 
heavy industrial applications (12–15 wt% Mn) is selected as a case study 
material for validating the method. Hadfield steels should contain 
minimal amount of inclusions (carbides, oxides, and sulfides) because 
inclusions become sites that initiate crack formation [5]. Hadfield steel 
is able to harden under load due to transformation induced plasticity 
(TRIP) into martensite and due to twinning induced plasticity (TWIP) 
[25,26]. It is therefore also difficult to machine [27], hence machin-
ability improvement is of interest. Changing the alloying composition is 
more acceptable compared to nickel and titanium aerospace alloys, 
while the demands for the functional properties of manganese steels 
remain high. This compositional flexibility makes Hadfield steel suitable 
for this study. The composition of the reference material is shown in  
Table 1. 

2.2. Tool material and alloying for validation of the method 

A TPL typically consists of carbides, borides, nitrides, or oxides 
because these phases can protect the tool during machining. The rec-
ommended tool material for machining Hadfield steels at higher cutting 
speeds is PcBN [27]. Mixed Al2O3/TiC ceramics are also a possible 
choice [28], but they together with uncoated and coated cemented 
carbides have poor performance at higher speeds [27], and PCD is a poor 
choice for machining ferrous alloys when high temperatures are reached 
in the cutting zone [29]. Hence PcBN is the recommended tool material 
to machine Hadfield steel at high speeds due to its hardness and 
chemical stability. The choice of tool grades and binders are limited 
when machining Hadfield steel at high speeds, but a commercial high 
cBN (90 %) grade with a mean grain size of 20 µm sintered with Al 
binder has shown success in industry and is thus selected. The Al binder 
reacts with the cBN during sintering forming AlN, AlB2 and AlB12, 
leading to a tougher and harder tool with low porosity compared to 
other commercial binder systems [30]. There are also metallic binders 
available for interrupted machining, however this study focuses on 
continuous machining. 

Forming a carbide TPL such as NbC and (Ti,V)C as in the case of 
machining pure Nb with WC-Co [13] and Ti-alloys with PCD [16,17], is 
not a possible route because adding enough carbide forming elements to 
form a carbide based TPL would lead to carbides in the workpiece 

material which already contains the source of carbon. Hence the best 
possibility for alloying would be adding boride-, nitride-, and 
oxide-forming elements. The elements that are commercially available 
to alloy steel and form refractory materials with B, N, and O are the 
group 4–6 elements Ti, V, Zr, Nb, Mo, Ta, and W, in addition to Al. Cr 
and Si oxides and nitrides are also good candidates. However, Cr and Si 
are already present and defined in the reference alloy. 

To reach the goal of finding the correct alloying with these elements, 
which leads to improved machinability (by TPL formation) without 
degrading the functional properties would be an extremely time- 
consuming and expensive experimental screening process. Hence the 
method of theoretical screening to limit experimental testing is therefore 
essential and is outlined in the next section. 

2.3. Thermodynamic screening 

The specific calculations depend on the tool material and the func-
tional properties of the workpiece materials, but the underlying method 
is the same. The limit of how the material can be alloyed needs to be 
defined. Some grades, such as nickel [14] and titanium alloys [16], 
might only be alloyed within a specified composition range. While other 
grades, such as cast iron, steels, and aluminum alloys most often contain 
recycled material and hence trace elements [31] or may contain certain 
elements up to a limit [20,32]. But there is always a window of oppor-
tunity for alloying and selecting tool materials. 

Modelling the effect on machinability due to alloying within this 
range is then the next step. This modeling depends on what tool wear 
mechanism should be limited by TPL formation. Tool materials can 
suffer from oxidation, diffusion, chemical degradation or a combination. 
This method of thermodynamic screening and TPL formation is not 
aimed at preventing tool wear that is purely abrasive and mechanical. 
Such wear can often be avoided by selection of a different tool grade. 
Many coatings, ceramics, and superhard tool materials do not mainly 
suffer from abrasive wear, but by a combination wear by chemical 
degradation, oxidational attack, or diffusional loss of tool elements 
leading to degradation of mechanical properties resulting in abrasive 
wear. Hence a TPL can limit such wear by creating an in-operando 
barrier as outlined in the introduction. 

Two alloying criteria are defined for the case study of manganese 
steel. Alloying must be limited so that it retains its functional properties 
(defined by criteria 1 and 2).  

(1) The steel must be austenitic, with only a limited fraction of 
carbides after quenching.  

(2) The abrasive wear resistance must be in parity with the current 
reference material. 

Calculating the maximum amount of alloying possible while still 
meeting criteria 1, a fully austenitic steel with a low fraction of carbides 
after quenching, can be readily performed using thermodynamic 
modeling. The fastest method for doing this for a wide alloy range is to 
calculate at what alloying fraction the steel is not fully austenitic at the 
quenching temperature. This is not as accurate as performing precipi-
tation simulations [33], but performing equilibrium calculations at the 
quenching temperature is a time-efficient method to explore the alloying 
range. 

Modeling criteria 2 requires that the material should retain its 
functional properties and hence remain resistant to wear by work 
hardening. Work hardening by forming twins or a phase transformation 
from austinite, a face-centered cubic (FCC) structure, to ε-martensite, a 
hexagonal close packed (HCP) structure, is mainly determined by the 
material’s stacking fault energy (SFE) [34]. Calculating the SFE of an 
alloy is currently an open and active research area, especially for me-
dium Mn-steels. Three main methods are used for predicting the SFE of 
an alloy: ab initio-based methods such as density functional theory 
(DFT) [35], thermodynamics based methods [36,37], and empirical 

Table 1 
Composition of reference alloy in mass %. *represents the composition used 
for calculations.   

Fe Mn C Si Cr 

Min balance  12  1.0  0.40  1.0 
Max balance  15  1.4  0.90  1.6 
* balance  14.0  1.14  0.50  1.50  
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fitting of experimental data [34]. The thermodynamics based approach 
has shown to give reasonable agreement with measurements with 
limited effort, given the availability of good thermodynamic models and 
data [38,39]. Hence this method will be used to model criteria 2. 

The next step is to calculate the effect of the acceptable alloys (in this 
case alloys meeting criteria 1 and 2) on tool wear by diffusion, oxida-
tion, and chemical degradation. Criteria 1 and 2 and the calculations 
might be performed for several different tool materials and coatings. 
Hence alloys that meet criteria 1 and 2 are used for evaluation with 
criteria 3, the formation of a TPL, and criteria 4, the stability of the TPL 
and an increase in tool life. The tool life is modeled with thermody-
namics based on the method used in earlier papers [7,15]. 

(3) The tool and workpiece combination must support the forma-
tion of a tool protection layer (TPL). 

(4) The tool protection layer (TPL) must be stable and result in an 
increase in tool performance. 

The positive or negative effect of the possible interactions in the 
cutting zone between the steel, tool and air is then studied by modeling 
the interaction products formed and their stability at machining con-
ditions, which further narrows the final experimental matrix. 

Criteria 1 and 2 and how to calculate and model them are alloy 
specific, while Criteria 3 and 4 and the method of calculation are gen-
eral. However, the boundary conditions of the calculations have to be 
selected appropriately depending on the cutting conditions and if it is 
turning, milling, or another machining operation. 

2.4. Experimental validation 

The first step to validate the results from the thermodynamic 
modeling is by high-temperature and high-pressure diffusion couple 
experiments between the tool, steel, and air. The diffusion couple ex-
periments can function as a controlled study that provides a connection 
between the thermodynamic calculations and machining [17,40]. This 
will be used to evaluate whether criteria 1 and 3 are met. This step is 
focused on validation of the modeling and might not be needed when 
modeling a well understood tool and workpiece combination. 

Evaluation of an increase in tool performance in criteria 4 is best 
done with machining experiments. Validation of criteria 2 is done with a 
controlled rock grinding abrasion test between the alloy and rock. 

3. Methods 

Thermodynamic calculations are performed using the CALPHAD 
approach, which is a phenomenological approach for calculating ther-
modynamic, kinetic, and other properties of multicomponent materials 
systems. CALPHAD is preformed using Thermo-Calc software [41] and 
the databases TCFE12 and MOBFE7 as well as additional borides and 
nitrides appended from TCNI12. Thermo-Calc was also coupled with 
Python using TC-Python, enabling the calculation for efficient screening 
of alloy combinations. 

Thermo-Calc uses the compound energy formalism [42] to describe 
the Gibbs energy (Gα) of each phase (α, β …) as a function of pressure 
(P), temperature (T), and composition (xi

α). The expression for the 
molar Gibbs free energy of a phase with two or more sublattices can be 
given by Eq. 1. 

Gm =
∑◦

Gend

∏
ys

J +RT
∑∑

nsys
J ln(ys

J)+
EGm +Gmagn

m (1) 

The first term represents the surface of reference and is a weighted 
average of all the endmembers. ◦Gend is the Gibbs energy of one formula 
unit of the compound represented by the endmember. ys

J represents the 
site fractions, s identifies the sublattice, J the constituent, and the 
product 

∏
ys

J then contains one site fraction from each sublattice iden-
tified by the constituent. The second term is the ideal entropy of mixing, 
where ns is the stoichiometric coefficient indexed by s, R is the gas 
constant, and T is the temperature in K. The EGm term is the excess Gibbs 

energy representing the deviation from an ideal mixture and the 
Gmagn

m term is the magnetic contribution. A full description of this can 
be found in the literature [42]. 

Thermodynamic equilibrium is reached when the Gibbs energy of the 
entire system is minimized in an isothermal isobaric system. This is done 
by minimizing G(P,T, xi , ..) (Eq. 2), where the Gibbs energy Gα(P,T, xi

α,

..) of each phase (α, β …) is described by Eq. 1. 

G(P,T, Xi , ..) = Gα(P,T, xi
α, ..)+Gβ( P,T, xi

β, ..
)
+… (2) 

This method enables us to calculate what phases are stable, what 
phases can form, their driving forces, the solubility of elements in each 
phase, their diffusivities, and all other thermodynamic properties of the 
system during casting, quenching, and machining. Further details and 
examples of the application of the CALPHAD method to study tool wear 
can be found elsewhere [23,43]. This modeling is then the base for the 
evaluation of the prospect of a potential alloy using criteria 1–4. 

The effect of alloying on the SFE must be evaluated to meet criteria 
3. The SFE should not drastically change from the reference alloy. Work 
hardening by a phase change from FCC to HCP is thought to occur when 
the SFE is ~10–18 mJ/m2 [26,44], hardening by twinning is thought to 
occur when the SFE is 12–35 mJ/m2, and both can occur in the region of 
the overlap [26,38]. 

Eq. 3 is used to calculate the SFE per unit area (γSFE) [36,37] 

γSFE = 2ρHCP( GFCC→HCP
m +Rstr

m
)
+2σ (3)  

where ρhcp is the molar surface density in the HCP plane, GFCC→HCP
m is the 

Gibbs energy difference per mol between FCC and HCP, Rstr
m is the strain 

energy per mol, and σ is the interfacial energy between FCC and HCP per 
unit area. 

A small change in the alloy composition mainly affects the Δ 
GFCC→HCP

m since the density of atoms ρHCP is dependent on the lattice 
parameter, which does not change considerably with low amounts of 
alloying [45,46] compared to the changes in ΔGFCC→HCP

m . The value of σ 
can to some extent be assumed to be independent of composition [47]. 
The effect of composition on Rstr

m is negligible compared to its effect on Δ 
GFCC→HCP

m [48]. We can then simplify Eq. 3 if we only consider the change 
in SFE (ΔγSFE) from the reference alloy. Then the relevant factor is the 
change in the Gibbs energy between FCC and HCP (ΔGFCC→HCP

m ), which 
can be calculated using thermodynamics. The density of atoms (ρHCP) of 
this material can be calculated from the lattice aFCC parameter of the FCC 
phase [48], which is 0.361 nm for this alloy, giving a 2ρHCP of 5.9 × 10− 5 

moles/m2. Hence, we want to maintain a sufficiently low alloying con-
centration so that the change in SFE (Eq. 4) is limited. 

ΔγSFE ≈ 2ρHCP( ΔGFCC→HCP
m

)
(4) 

Microscopy analysis is preformed using a scanning electron micro-
scope (SEM, TESCAN Mira3) equipped with a topography sensitive 
secondary electron (SE) detector, a composition sensitive backscatter 
electron (BSE) detector, an X-ray energy dispersive spectroscopy (XEDS) 
detector, and crystallographic sensitive electron backscatter diffraction 
(EBSD) detector. Lamellae for analysis with a transmission electron 
microscope (TEM) are prepared by a lift-off procedure using a focused 
ion beam (FIB, FEI Nova NanoLab 600). A TEM (JEOL 3000 F) equipped 
with XEDS is used to investigate the lamellae. Scanning transmission 
electron microscopy (STEM) and selected area electron diffraction 
(SAED) is also performed. The compositions of the materials are 
measured with a spark optical emission spectrometer (OES, Thermo 
Fisher). Flank wear is measured using an Olympus SZX7 stereo visible 
light microscope (VLM), while an Alicona Infinite Focus 3D VLM based 
on focus variation is used for crater wear analysis. 

Experimental tests include casting, diffusion couple tests, and 
machining. Casting for the diffusion couples is performed in a resistance 
tube furnace carried out by first pumping down to vacuum (10− 6 mbar) 
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then flooding with Ar. The samples are held at 1500 ◦C for 1 hour, then 
cooled. The samples are then heat-treated at 1100 ◦C and quenched. 

The cast samples for each alloying composition are machined to 
produce two cylindrical cups creating a capsule into which the PcBN tool 
material in the form of a RNGN 060300–01520 insert is placed. The 
diffusion couple experiments were performed in a toroid-type high 
pressure and high temperature cell (HPAT-30) as described in detail in 
the literature [13,40]. The diffusion experiment was conducted for 
10 min at a pressure of 2.5 GPa and temperatures of 1200 and 1300 ◦C. 
The high-pressure cell was then water cooled to room temperature in 
less than 1 minute. 

The final versions of the alloyed Hadfield steels and the reference 
material were produced as round bars. These bars for machining and 
abrasion tests were cast in a pilot foundry using an induction furnace 
and cast into molds. These materials were oil quenched at 1100 ◦C 
following an industrially standard heat treatment routine. 

Abrasion resistance is evaluated by longitudinal rock turning [49, 
50] using pins manufactured from the cast Mn-steel bars. The counter 
surface is red granite, the Mn-steel pins are 10 mm in diameter with a 
hemispherical surface. The pins are pressed against the rock at a pres-
sure of 100 N, the travel length is 100 m at a speed of 53 m/min and the 
test is preformed dry. The test is repeated three times for every material 
and the mass loss is measured. 

The machining test is performed on a SMT 500 Swedturn CNC-lathe, 
which has a motor power of 70 kW and a spindle speed rated up to 
4000 rpm. The toolholder used is an ISO CRSNL3225P12 and the insert 
geometry is round, chamfered, and solid ISO RNMN120400S. The cut-
ting conditions are based on industrially relevant cutting conditions that 
are aimed to have a high enough cutting depth (ap) and feed (f) to avoid 
machining the hardened surface from the previous pass while still 

providing an acceptable surface finish. The speed is selected based on 
reaching the condition leading to the desired temperature enabling the 
formation of a TPL. The machining test and abrasion tests are performed 
on material from the same bar. 

4. Results 

4.1. Thermodynamic and theoretical screening 

The aim of the thermodynamic screening is to determine which el-
ements and their respective concentrations in the alloy satisfy criteria 
1–4. More alloying results in a higher possibility for formation of a TPL 
(criteria 3 and 4) but may change the functional properties of the ma-
terial (criteria 1 and 2),. Thus, the aim of the calculations is to find the 
boundary conditions for alloying. Fig. 2 is a schematic summarizing the 
method to find the elements and amount of alloying to meet criteria 
1–4. 

4.1.1. Calculating the maximum permissible alloying (criteria 1 & 2) 
Calculating and measuring the SFE is not yet an exact science [51], 

and there is also not an exact link between the SFE and abrasive wear 
resistance. In addition, the steel should be “carbide free”, but a small 
amount is almost always present [52]. Carbides can and might form 
during quenching. The aim in the screening stage is to find the range of 
successful alloying with Ti, V, Zr, Nb, Mo, Ta, W, and Al. 

The first boundary condition is to find how much boride-, nitride-, 
and oxide-forming elements can be added into the FCC phase in the Mn- 
steel without forming carbides that are stable above 1100 ◦C (the 
quenching temperature). The reference alloy is fully FCC at the 
quenching temperature. Fig. 3a shows the maximum solubility of the 

Fig. 2. A schematic of the thermodynamics based computational method. Starting with a large set of all potential alloying combinations. Then modeling and 
successive exclusion of alloys not meeting the criteria, to find the most promising alloy subset, leading to improved machinability with retained functional properties. 

A. Bjerke et al.                                                                                                                                                                                                                                  



Journal of Materials Processing Tech. 330 (2024) 118496

6

different elements in the FCC phase in the Mn-steel. This indicates how 
much the steel can be alloyed before carbides form. For example, adding 
a mole fraction of 0.02 of Mo is the maximum amount of Mo that can be 
dissolved in FCC at 1100 ◦C (Fig. 3a). Al is however not a carbide former 
but an FCC stabilizer (at 1100 ◦C), and therefore carbide formation is not 
a limiting factor for Al. Fig. 3b shows the resulting carbide that forms 
when alloying above the solubility limit. For example, alloying with a 
mole fraction of 0.025 Mo results in 0.014 mol fractions of (Fe,Mo)6C 
being stable at the quenching temperature of 1100 ◦C. This calculation is 
also performed for all possible combinations of all the alloying elements. 
For example, alloying with a combination of W and Mo leads at low 
quantities to the formation of (Fe,Mo,W)6C rather than both WC and (Fe, 
Mo)6C. However, the maximum “carbide free” alloying for a single alloy 
element is always maximized when not combined with other carbide 
formers. 

Over-alloying can also lead to a decrease in abrasive wear resistance 
(criteria 2). This second boundary condition is finding the maximum 
amount of alloying which can be added without changing the wear 
properties. This is modeled by calculating the change in SFE using Eq. 4. 
These calculations are performed for all elements, but results are only 
shown for Al, Mo, W, and V because carbide formation is by far the 
limiting factor for V, Ti, Nb, Zr and Ta. The value of ΔGFCC→HCP

m is 
calculated at 300 K (27 ◦C) and 105 Pa (1 atm) using the Thermo-Calc 
TCFE12 database. Fig. 4 is the calculated change in the SFE with the 
addition of Al, Mo, W, or V to the reference material. This method for 
calculating the change in SFE is in this narrow range of alloying in good 
agreement with published calculations [35] and experimental mea-
surements [39,53]. 

The limit of the change in SFE is set to 6 mJ/m2. A smaller change in 
SFE can be offset by tuning of the reference alloy and heat treatment. 
The limit of carbide formation is set to a mole fraction of 0.01 at the 
quenching temperature, (~1 vol%, depending on the carbide). Table 2 
shows the maximum limit of alloying per element based on criteria 1 
and 2. 

Combining elements leads to a smaller amount of alloying than the 
maximum shown in Table 2. The one exception is for the combination of 
Al with elements lowering the SFE, (mainly Mo or W). There are other 
effects of alloying not calculated here. Some examples are Al capturing O 
and P in the melt [54]. Ti and Al are also known to reduce the grain size 
of the material and change the fracture toughness at low temperatures 
[54]. However these changes can be neglected or offset at these low 
alloying amounts for a steel used for heavy industrial applications [54]. 

4.1.2. Calculating the potential for and stability of a TPL (criteria 3 & 4) 
The next step is to screen for alloying combinations of the elements in 

Table 2 that meet criteria 3 and 4. There is a crucial difference when 
modeling the steel and tool interaction in a static diffusion couple and 
when it is being machined. The PcBN tool continuously meets fresh Mn- 
steel as it is engaged in the cutting. Hence the chemical activity of the 
elements in the steel are nearly constant while the chemical activity of 
some of the elements in the tool will decrease as the tool is worn by 
diffusion, reactions, and/or oxidation [17]. Thus, an intentional small 
amount of alloying (0.4–1 at% [14]) or unintentional amounts of 
alloying from recycled materials (<1 at% [32]) can have a large effect 
on machinability if they react or oxidize and accumulate on the tool 

Fig. 3. Calculating maximum alloying with regards to carbide formation. (a) The mole fraction of an element that can be added to the reference steel before a 
carbide is stable at the quenching temperature. (b) The mole fraction of carbide that forms as the alloying increases. The red line indicates the acceptable alloying 
limit, Al is not a carbide former and hence not limited by carbide formation. 

Fig. 4. Calculating the maximum alloying with regards to Δ SFE. The red 
line indicates the maximum allowable change in SFE. 

Table 2 
The maximum amount of alloying of each element. The subscripts SFE and C 
indicate that the element is limited by the change in SFE and carbide formation, 
respectively.   

AlSFE WSFE MoSFE VSFE TiC NbC ZrC TaC 

at%  1.50  1.10  0.80  0.55  0.52  0.5  0.5  0.5  
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surface. The aim of this section is to evaluate what alloying element and 
amount might be able to form a protective layer that decreases tool wear 
caused by diffusion, oxidation, and chemical reaction wear mechanisms. 

The tool material can degrade by oxidation, the binder (AlN, AlB2 
and AlB12) can oxidize into Al2O3, and the cBN grains can oxidize into 
B2O3 and N2 gas. This has been shown in oxidation experiments [55] and 
machining experiments [56], and can be shown by the thermodynamics 
presented in Fig. 5. Complete oxidation of the cBN phase into B2O3 and 
the formation of the B2O3 melt is thermodynamically possible. However, 
this does not happen kinetically in oxidation experiments because B2O3 
forms a passivation layer on cBN, which makes cBN resistant to oxida-
tional attack and the consequent melting of B2O3 [57], unless at very 
high temperature where B2O3 may evaporate. 

The tool material elements (B, N, and Al) can diffuse into the 
workpiece material. This has been shown in diffusion couple experi-
ments [15] and machining experiments [58]. Wear by diffusion can be 
calculated using diffusion simulations, which would be more accurate, 
but would also be rather a time-prohibitive endeavor for screening all 
alloy combinations. An efficient approximation of tool wear by diffusion 
is permeability [19,59]. The permeability is the product of concentra-
tion (how much of an element from the tool is transported into the steel) 
and the diffusivity (how fast an element from the tool can diffuse into 
the steel). The maximum permeability is when the concentration has 
reached the solubility limit in the steel phase. This maximum can be 
reached for B when Fe2B forms and for N when N2 gas forms at normal 
pressure (1 atm) or when CrN forms at high pressure (2.5 GPa) (Fig. 6 
and Table 3). Al is an austenite stabilizer (Fig. 3), hence the solubility is 
not limited by the formation of a new phase but rather by an equilibrium 
between the tool and the steel. 

Comparing the permeability (mobility times concentration) of B, N, 
and Al can approximate the potential for diffusional wear of the tool. 
Fig. 6 is a ternary diagram between the Hadfield steel, B, and N that 
shows how much of the elements can be dissolved. Table 3 shows the 
maximum solubility and what phase is formed, the mobility of the 
element, and the theoretical maximum permeability. This shows that all 
elements from the tool can diffuse into the steel. B diffuses the fastest, 
but it might lead to the formation of borides. N diffuses more slowly, but 
a larger amount can dissolve in the steel or even form N2 if the contact 
between the tool and the workpiece does not lead to elevated pressures. 
Al diffuses more than four orders of magnitude slower than B and N, but 
a large amount of Al can dissolve in the steel. This will only happen in 
diffusion couples or in a BUL during machining and not at the tool chip 
interface because the diffusion rate is insufficient for such substantial 
mass transfer. 

The tool can also chemically degrade by reacting with both air 
(mainly O2) and the steel. Fig. 7 shows the equilibrium phase 

Fig. 5. Modeling the oxidation of the tool. The Al-based binder oxidizes into 
alumina (Al2O3) and the cBN grains become B2O3 and N2. B2O3 is solid at low 
temperatures and high pressures, and liquid at higher temperatures and 
lower pressures. 

Fig. 6. Ternary phase diagram of B-N-Steel. B and N (tool material) can 
dissolve (and potentially diffuse) into the steel. N will likely to form CrN or N2 
gas, B will likely form Fe2B above the solubility limit in the steel. 

Table 3 
The solubility limit, what phases will form when the limit is reached, the 
mobility, and the permeability. This indicate the ability of the tool element to 
diffuse into the steel potentially lead to tool wear.   

Solubility 
limit 
in steel 

Phase 
formed 

Mobility in steel 
phase [m2/J s] 

Theoretical maximum 
permeability [mol m2/J 
s] 

B 2.3 ×10− 5 Fe2B 4.4 ×10− 15 1.0 ×10− 19 

N 0.003 (at 
1 atm) 
0.01 (at 
2.5 GPa) 

N2 (gas) 
CrN 

8.2 ×10− 16 8.2 ×10− 18 

Al 0.1* - 6.5 ×10− 20 6.5 ×10− 21  

Fig. 7. Modeling the interaction between the tool, steel as more oxygen is 
available at the tool chip interface. * The BN becomes B2O3 at an oxygen 
partial pressure of 10− 21 but this is suspended in the calculation because it is 
kinetically unlikely in turning [57] and does not affect the rest of the 
calculation. 
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composition at an increasing availability of O2. A normalized partial 
pressure of O2 equal to 10− 30 represents no air/coolant in the cutting 
zone, which is representative of the sticking zone at the tool-chip 
interface, where the contact is intimate. A normalized partial pressure 
of O2 equal to 0.21 represents the end of the cutting zone where air is 
fully present. The steel can react with the AlB12 to form (Fe,Mn)2B when 
no air is present, but AlN is resistant to chemical attack by the steel. The 
Al-based binder can then oxidize into Al2O3 as air is available at a 
normalized O2 partial pressure of approximately 10− 26. But a spinel 
phase (Fe,Mn,Al)3O4 consisting of both the binder and steel elements 
can form at higher oxygen availability. Hence different oxides that 
might not be as wear resistant can form on the tool when it is in the 
presence of steel (Fig. 7) compared to when the tool oxidizes by itself 
(Fig. 5). The formation of B2O3 from cBN and the subsequent melting is 
suspended in this calculation (Fig. 7). Including B2O3 leads to the BN line 
being separated into three phases, as shown in Fig. 5. 

These same calculations (Table 3 and Figs. 5, 6, and 7) are performed 
with the addition of the alloying from Table 2 and their combinations. 
The results of the calculations can be used to understand what alloying 
can limit diffusion, oxidation, or chemical degradation of the tool by the 
formation of stable borides, nitrides, oxides or by lowering the solubility 
and mobility. The formation of (Fe,Mn)2B without any alloying could be 
a boride candidate (Fig. 7), but it melts above 1070 ◦C at 1 atm in this 
system and it would be soft at temperatures reached during machining. 
Therefore, it does not meet criteria 4. 

The alloying elements Ta, Nb, Zr, and W can form carbide TPLs if the 
activity of C in the steel increases. The carbon activity in the steel, chip, 
or workpiece material adhered to the tool can increase during 
machining if for example Fe and Mn reacts with B from the binder or if 
Cr, Mn, or Si react with oxygen. However, this is not a promising TPL, as 
it forms in the steel rather than on the tool surface to limit wear. Hence 
such potential carbides that would meet criteria 1 but do not meet 
criteria 4. 

Alloying with Mo could lead to the formation or stabilization of the 
metal boride by forming (Fe,Mn,Mo)2B. This boride has a low melting 
point (similar to (Fe,Mn)2B) at ambient pressures (1 atm) but the boride 
is more stable at higher pressures (>1 GPa). 

Adding Zr and V can lead to the formation of nitrides in the cutting 
zone, limiting N diffusion and the outgassing of N2. Fig. 8a shows how 
the addition of V leads to the formation of VN, which is stable even up to 
2000 ◦C. This can only happen at the interface between the steel and 
cBN. Because V cannot degrade the AlN binder into VN, the binder phase 
is not included in Fig. 8a. Fig. 8a also shows how (Fe,Mn)2B is stable at 
higher temperatures (1200 ◦C) at pressures > 1 GPa. 

Ti and Al are the most promising as they are both nitride formers 

(TiN and AlN), and oxide formers combined either independently as part 
of steel in contact with the cBN or air, or together with the binder (Al2O3 
and (Al,Ti)2O3). Al also decreases the chemical potential for the binder 
to diffuse into the steel because the binder is Al-based. Fig. 8b shows 
how the addition of Ti leads to both (Al,Ti)2O3 (corundum) and TiN 
(FCC), which are both stable at temperatures beyond those reached in 
the cutting zone in the presence of cBN, binder, steel, and oxygen. 

Additionally, the alloying elements should not chemically attack the 
cBN grains and binder phases, but rather form TPL phases with elements 
leaving the tool phases. This is similar to the problem of how Mg- and 
Ca-oxides in non-metallic inclusions can attack Al2O3 coatings and 
degrade them into spinel and calcium aluminates rather than forming 
protective deposits [40,60]. None of the alloying elements can degrade 
AlN. However, all alloying elements can degrade the AlB12 binder phase 
into other metal borides such as B2W9, (Mo,Fe)xBy, and (Fe,Ta)B2. 
Similar to Fe degrading AlB12 into (Fe,Mn)2B shown in Fig. 7 and 8. 

4.1.3. Summary of results from thermodynamic and theoretical screening 
Micro-alloying with less than 1.50 at% of Al is the most promising. 

There is also no lower boundary for when Al has a positive effect. Al is an 
austenite stabilizer and not a carbide former (criteria 1). Alloying with 
close to or more than 1.50 at% Al can change the SFE and the abrasive 
wear properties (criteria 2 and Fig. 4). The binder of the tool is Al-based 
(AlB2/AlB12 and AlN). Any addition of Al to the steel does not attack the 
binder or grains and limits the solubility of the tool elements in the steel. 
Additionally, Al promotes the formation of a TPL of either AlN, AlBx, or 
AlxOy (criteria 3). AlN, AlBx, and AlxOy are stable at high temperatures 
(Fig. 8b) (criteria 4). 

Small amounts (<0.52 at%) of Ti are also promising because Ti is 
both an oxide former together with Al and a nitride former. V and Zr are 
nitride formers that could limit N diffusion and outgassing. Mo forms 
borides together with Fe and Mn but these are not as stable as the ni-
trides. However, all these elements lead to carbide formation (Fig. 3), 
which might not affect the functional properties of the workpiece but 
might lead to increased abrasive wear. However small amount of Ti, V, 
Mo, and Zr might still result in carbides that are detrimental to 
machining performance. 

The carbide formers Nb, W, and Ta are not as promising because they 
form carbides in the steel and not on the tool-chip interface. These might 
be interesting when machining with carbon-based tools such as 
cemented carbide or polycrystalline diamond but show little promise for 
the PcBN tool material system. The Si and Cr originally precent in the 
steel is also not enough to form a TPL. 

Fig. 8. Modeling the effect of alloying on the steel-tool-O2 interaction. (a) Alloying with V can lead to the formation of VN, which is a potential TPL. (b) Alloying 
with Ti can lead to the formation of a TiN and also a (Al,Ti)2O3 TPL. VN, TiN, and (Al,Ti)2O3 are stable over a wide range of machining conditions compared to Fe3C 
and Fe2B, which soften, dissolve, or melt at higher temperatures. 
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4.2. Experimental evaluation 

4.2.1. Diffusion couples 
Diffusion couples were made to do wide-range and small-scale tests 

of the validity of the thermodynamic predictions, since calculations of 
this material at these conditions have not been published before. A total 
of 10 different alloys were tested at 2 different temperatures (1200 and 
1300 ◦C) resulting in 20 separate experiments. The materials tested were 
the reference material (Table 1), each maximum single element alloy 
(Table 2), and a multiple element alloy of Mo, Ti, and Nb. The diffusion 
experiments were carried out at high pressure (2.5 GPa) for 10 min. No 
evidence of liquid or gas formation in the diffusion couple was found due 
to the high pressure, but glassy or amorphous phases were found. Hence 
all reactions took place in solid (or glassy) states. This method provided 
an easier way to analyze experimentally the potential chemical wear 
products in the cutting zone [40,60]. 

The diffusion couple between the tool and the reference alloy shows 
how the tool phases (cBN, AlB12, and AlN) diffuse and dissolve into the 
steel. The calculations in Figs. 6 and 7 and the experimental results in  
Fig. 9 all show this. Increasing the temperature to 1300 ◦C (Fig. 10) 
shows results similar to those at 1200 ◦C. However, there is a larger 
interaction layer (6–13 µm), more metal borides, and even reprecipita-
tion of BN inside the steel. 

Air is sometimes trapped in corners of the diffusion couple, because 
the PcBN inserts are chamfered. As shown in Fig. 11, the trapped air can 
lead to the formation of a variety of mixed oxides containing Fe, Mn, Cr, 
and Si from the steel and limited amounts Al from the binder. Si-rich 
oxides appear as a glassy, amorphous slag and Si deficient oxides are 
crystalline. This is because Si can lower the glass transition temperature, 
and these experiments were carried out at temperatures and pressures 
close to the melting point of Si-rich oxides [61]. The calculation in Fig. 7 
assumes thermodynamic equilibrium and no formation of liquid B2O3. 
No B2O3 was found using SEM. There might be B2O3 formed on the 
surface of the cBN grains, but they would thinner than 50 nm and create 
a passivation layer [57]. The three main phases Metal3O4 (spinel), 
Metal2O3 (corundum), and SiO2 are identified both in the calculation 
and the diffusion couple experiments. 

The carbon activity in the steel would increase if the Fe in the steel 
leaves and form borides. This might result in carbide-forming elements 
such as Ta, Nb, Zr, and W forming more carbides then initially predicted 
(Table 4), which would result in agglomerates of carbides forming inside 
the steel and on the interface between the tool and the alloy. This can 
explain what is seen in the diffusion couple experiment between the tool 
material and Ta-alloyed workpiece material (Fig. 12), the same occurs in 
the Nb, Zr, and W alloyed workpieces. This would not be a successful 
TPL and would not protect the tool because these carbides would form in 
the chip or adhered material rather than protecting the tool surface. It 
might however lead to a TPL when machining with carbon-containing 

tools such as cemented carbide or polycrystalline diamond [17,19]. 
Adding Ti and Al resulted in the cBN grains being covered by an AlN 

or TiN layer that limited diffusion. The effect was the greatest with Al 
because it was both present in the binder and steel. The effect of this was 
seen when comparing the Al alloyed sample in Fig. 13 with a small 
(1–5 µm) interaction layer compared to the large (6–13 µm) layer in the 
reference alloy in Fig. 10, (a small layer is due to less diffusion). Rep-
recipitated BN is also not found in the Ti and Al alloyed materials, 
indicating less diffusion compared to the reference alloy (Fig. 10). Hence 
the addition of Al and Ti leads to less diffusion on the binder phases and 
limits cBN dissolution and diffusion. 

Alloying with Ti and Al also leads to the formation of more Al-, Ti-, 
Cr-, and Fe-rich corundum (Al, Ti, Cr,Fe)2O3 (Fig. 14) rather than a 
majority of Fe-rich spinel oxides (Fig. 11). Corundum layers should 
result in harder, more wear resistant oxide layers compared to spinel on 
the tool surface during machining [7]. 

Adding Mo is expected to lead to boride formation (Table 4). These 
borides are iron-rich and similar to the borides in Figs. 9 and 10. Mo does 
also lead to slightly B- and Mo-enriched areas away from the interface. 
This shows how fast B diffuses in the austenite phase, especially when 
there are cracks and grain boundaries (Fig. 15). The combined alloying 
of Nb, Mo, and Ti results in the same effect as alloying them individually 
except for the formation of mixed carbides (Mo,Nb)C. 

4.2.2. Casting 
The calculations and the verification by diffusion couple experiments 

are in good agreement, and therefore Al remains the most promising 
alloying element. Al is a main constituent of the binder (AlN, AlB6, and 
AlB12), hence alloying lowers the difference between the activity of Al in 
the steel and binder, lowering the driving force for Al from the binder to 
diffuse into the steel (Table 3, Fig. 13). Al can also form a TPL with O 
(Table 4, Fig. 14), N, and B (Table 4, Fig. 13). It is also not a carbide 
former (Fig. 3). Adding Al will change the SFE (Fig. 4) and the abrasive 
resistance, but the effect can be limited if the alloying is less than 1.5 at 
% (Table 2). Casting with Al can also capture oxygen leading to for-
mation of oxides, change the shape and distribution of phosphides, and 
impact grain growth [54]. Proper deoxidation, a low phosphor content, 
and not changing the grain size between the new alloy and the reference 
should be considered. 

A combination of Al, Ti, V, and Nb is also experimentally interesting 
based on the calculations (Table 4) and diffusion couple experiments 
(Fig. 14). Alloying with Ti, V, and Nb leads to some carbide formation 
(Fig. 3), but it can be limited by low amounts of alloying Table 2. The 
addition of Ti is interesting because it is both an oxide and nitride 
former, but not a strong boride former (Table 4, Figs. 8b, and 13). V is 
only a nitride former (Table 4), hence will likely not form an oxide TPL 
like Al and Ti do. Nb is a carbide former in this system (Fig. 3 and 
Table 4) but can combine to form nitride if there is an accumulation of 
Nb at the interface. 

Three bars were made for experimental validation: a reference bar, 
an Al alloyed bar, and an Al, Ti, V, and Nb alloyed bar. The bars were 
from the same melt. The reference was cast first then the melt was 
alloyed, the second bar was then cast, and then the melt was alloyed 
again, and the third bar was cast. 

4.2.3. Metallographic investigation for criteria 1 
The hardness and composition of the three test bars are shown in  

Table 5. The hardness and composition are measured after heat treat-
ment using a Vickers hardness indenter and OES, respectively, in six 
separate locations on the bar. The composition and hardness are ho-
mogenous throughout the bars. 

There was one reference Hadfield high manganese steel for heavy 
industrial application. Alloy I contained an addition of Al (0.3 at%), 
which was below the calculated maximum limit of 1.5 at%. Alloy II had 
approximately the same amount of Al (0.28 at%) and additions of Ti 
(0.24 at%), Nb (0.13 %), and V (0.042 at%). Alloy I was well within the 

Fig. 9. Diffusion couple between reference alloy and tool after 1200 ◦C, 
10 min and 2.5 GPa. BSE-SEM image with phase identification by XEDS. The 
original interface is difficult to identify due a lot of interactions between the 
tool and steel. The grains and binder dissolve and diffuse into the steel, and the 
steel elements consume the binder. Metal borides form on the interface, and 
AlN has reprecipitated inside the steel. 
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calculated limits of carbide formation and changes in SFE. However, 
Alloy II resulted in a calculated change in stacking fault outside the 
desired limits (of ΔGFCC→HCP

m = 16 mJ/m2) and a calculated carbide mole 
fraction of 0.0073 (volume fraction of 0.0065). This was due to the Si 
from the lining mixing into the melt, as seen by the higher Si content. 

The bars were fully austenitic after quenching. The grain size of the 
bars was the same in all samples. Pores were present but similar between 
alloys. All the alloys had low S, P, and Ca content, but trace amounts of 
MnS were present in all three alloys (Fig. 16). The bars were cast from 

recycled material and hence both the Reference and Alloy I had some 
carbo-nitrides. Alloy I was alloyed with Nb, which resulted in an ex-
pected but acceptable volume fraction of (Nb,Ti)C. Al2O3 and AlN was 
found in Alloy II but only to a very limited extent. Such precipitates and 
inclusion are hard and abrasive and will lead to inferior machinability 
and should hence be avoided. 

4.2.4. Abrasion resistance testing for criteria 2 
Abrasion resistance tests were performed on 3 pins from each ma-

terial (Reference, Alloy I, and Alloy II). The mass of each pin was 
measured before and after 100 m of continuous wear testing. Fig. 17 
shows the results of the abrasion tests. Alloy II performed slightly better 
(6 %) than the Reference and Alloy II performed slightly worse (2 %). As 
a result, this test showed that criteria 2 was met as Alloy I and Alloy II 
only had an insignificant change in wear performance. 

EBSD from the worn pins shows that all three materials have 

Fig. 10. Diffusion couple between reference alloy and tool at 1300 ◦C, 10 min and 2.5 GPa. (a) BSE-SEM and (b-e) XEDS maps. The binder and grains are 
dissolved into the steel. Borides, and carbonitrides have formed in the steel and BN and AlN have reprecipitated. Again, showing the intense diffusion and reaction 
between the tool material and steel. 

Fig. 11. Diffusion couple between reference alloy and tool at 1200 ◦C, 
10 min and 2.5 GPa with trapped air. BSE-SEM and XEDS spectrum. The 
steel, binder are oxidized resulting in mixed metal oxides. 

Table 4 
The potential TPLs formed by alloying with specific elements, and the corre-
sponding potential negative effects of the alloying.  

Alloying 
element 

Potential tool 
protection 
layer 

Potential 
attack on tool 

Comment 

Al Al2O3, AlN AlB12 - Limits oxidation, diffusion 
and chemical attack, 
and possible TPL formation. 

Ti TiN, (Al,Ti)2 O3 cBN, AlB12 ->
(Fe,Ti)2B 

Limits oxidation and TiN 
formation, attack on AlB12 

and carbide formation 
V VN cBN, AlB12 ->

(Fe,V)2B 
Attack on AlB12 and carbide 
formation. 

Zr ZrN cBN, AlB12 ->
(Fe,Zr)2B 

Risk of ZrC formation, attack 
on AlB12 and carbide 
formation. 

Mo (Fe,Mo)2B, 
Mo3B2 

cBN, AlB12 ->
(Fe,Mo)2B 

(Fe,Mo)2B not high 
temperature stable, attack on 
AlB12 and carbide formation. 

Nb NbC cBN, AlB12 ->
(Fe,Nb)2B 

Risk of NbC formation, 
attack on AlB12. 

W WC cBN, AlB12 ->
B2W9, (Fe, 
W)2B 

Risk of WC formation. Attack 
on AlB12. 

Ta TaC cBN, AlB12 ->
(Fe,Ta)2B 

TaC formation, attack on 
AlB12.  

Fig. 12. Diffusion couple between Ta-alloyed material and tool at 1300 ◦C, 
10 min and 25 GPa. BSE-SEM and XEDS spectrum. Fe diffuses into binder 
pockets leading to increased C-activity in the steel, this then leads to 
TaC formation. 

Fig. 13. Diffusion couple with the Al alloyed material at 1300 ◦C, 10 min 
and 2.5 GPa. The grains are covered with AlN limiting the wear by diffusion. 
(a) BSE-SEM and (b-e) XEDS maps. 
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substantially work hardened during contact with the rock both by TWIP 
and TRIP (Fig. 18). The bulk material is austenitic, the grains become 
highly strained closer to the surface. ε-martensite grains are detected 
between the austenite grains, some grains are also identified as 
α’-martensite. The EBSD-signal is lost 1–5 µm from the edge due to the 
resolution limit of the microscope detector. 

4.2.5. Machining performance testing of criteria 3 and 4 
The machining test was performed at a cutting depth of ap = 0.5 mm 

and a feed of f = 0.3 mm/rev to avoid machining the hardened surface 
from the previous pass. The oxide scale was removed, and the work-
pieces were cleaned before the machining test to reduce uncertainty. 
The recommended cutting speed (vc) for the reference material was 
200 m/min. These cutting conditions represented high speed industri-
ally relevant medium finishing conditions of wear parts for this material. 

The initial wear mechanism is crater wear, which leads to the chamfer 
being consumed, this weakens the cutting edge leading to progressive 
flank wear. This crater wear is often a sign of chemical, diffusional and 
oxidational wear [1,62], this was confirmed by thermodynamics 
Figs. 5–7 and diffusion couple experiments Figs. 9–11. The wear criteria 
were therefore based on flank wear, even if the flank wear was initiated 
by crater wear. The criteria were set to a flank wear (VBmax) of 800 µm 
because of surface quality requirements and the tool was likely to crit-
ically fail beyond this point due to the crater being large and the chamfer 
consumed. Hence no tool breakage occurred during the final testing. 

Cutting the reference material at higher speeds led to aggressive 
cratering combined with flank wear, which can lead to a collapse of the 
cutting edge. This could be attributed to the higher speed leading to 
higher temperatures and therefore higher reaction rates, diffusion, and 
oxidation. But increasing the speed would also increase the formation of 
a possible TPL [14]. Hence the machining tests were conducted at vc =

200, 250, 300, and 350 m/min. 
Fig. 19 shows the result of the machining tests, which were stopped 

around VBmax= 800 µm and hence no edge collapse occurred during the 
machining tests. The progression of the flank wear (VBmax) is plotted 
against cutting length. The crater depth (KT) is monitored using a VLM 
throughout the test, but only accurately measured using the 3D micro-
scope at the end of test. The location and depth of the crater varies with 
speed but is located on the chamfer as seen in Fig. 20. The final KT is 
shown in Fig. 19. The tests were repeated without incremental mea-
surements to confirm the results. 

The reference material performed as expected. Machining at vc =

200 m/min led to a progressive increase in flank wear, until 630 m into 
the cut when the edge started to collapse, leading to a jump in the flank 
wear. This was more pronounced at higher speeds. Cutting at vc 
=250 m/min led to such a jump at 518 m, and at around 350 m for vc 
=300 and 400 m/min. The higher speeds contributed to an unpredict-
able performance because the edge breakage is not as predictable as the 
progressive flank wear. 

The Al-alloyed material (Alloy I) had more than three times better 
tool life than the reference material. In contrast, Alloy II, containing Al, 
Ti, V, and Nb, had worse tool life at speeds 200–250 m/min but equal or 
slightly better at speeds 300–350 m/min with respect to the reference 
material. KT was also always less compared to the reference at compa-
rable amounts of flank wear and cutting length (Fig. 19). 

The wear progressed differently between the reference material and 
the two alloys (Fig. 20). The reference material had a large and deep 
crater, which led to a collapse of the cutting edge and the aforemen-
tioned unpredictable increase in flank wear. Alloy I had a small and 
shallow crater that did not lead to edge collapse and instead exhibited a 
slow progression of flank wear. Alloy II had a smaller crater that did not 
lead to an edge collapse, but the carbides in its microstructure led to 
aggressive flank wear. Hence the carbides present in Alloy II were few 
enough that they did not affect the functional properties of the material, 
but they did lead to aggressive abrasive wear even with suppressed 
crater wear. Again, showing how alloying affects the machinability and 
end-user properties very differently. These different modes of wear can 
be seen in Fig. 20, the flank of the Reference material is marked by a 
continuous collapse of the edge with a large crater. Alloy I have a small 
crater and limited flank wear. Alloy II has less crater wear than the 
Reference but clear abrasive marks on the flank. 

VLM showed how the wear pattern of the flank and rake differed. 
SEM images at high accelerating voltage (HV), which led to a large 

Fig. 14. Diffusion couple at 1300 ◦C, 10 min and 2.5 GPa for (a) Al and (b) 
Ti alloyed materials in areas with trapped oxygen. BSE-SEM and XEDS maps 
and spectrum. There is formation of aluminum and titanium oxides limiting 
grain and binder degradation, which may function as oxide TPLs dur-
ing machining. 

Fig. 15. Diffusion couple of Mo alloyed material at 1300 ◦C, 10 min and 
2.5 GPa. BSE-SEM and identification by XEDS measurements. The Mo-boride 
that could form would likely not function as a TPL, as it would form in the 
steel and not on the interface. There is instead Mo and B rich regions inside 
the steel. 

Table 5 
Measured mean composition at% using OES and hardness using a Vickers hardness indenter.   

HV2 Fe Mn C Si Cr Al Ti Nb V P S 

Reference  195 bal  14.00  5.05  0.89  1.22  0.02  0.06  0.009  0.026  0.088  <0.0017 
Alloy l  206 bal  13.91  4.91  0.89  1.22  0.30  0.06  0.009  0.027  0.089  <0.0017 
Alloy II  209 bal  13.99  4.81  1.66  1.39  0.28  0.24  0.131  0.042  0.092  <0.0017  
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interaction volume, did not reveal much difference between the chem-
istries on the tool surfaces used to cut the different alloys. 

Lowering the accelerating voltage HV to <8 keV in the SEM and 
studying the rake revealed that the tools were covered by a thin film 
approximately hundreds of nanometers (SE-SEM images Fig. 22). The 
BSE-SEM and XEDS spectrums further revealed a crucial difference be-
tween the reference material and the alloys. Dark cBN grains were 

visible in the BSE image for the tool used to machine the Reference 
material, but the cBN grains were covered with an oxide film for Alloys I 
and II (Fig. 22). The only Al oxides present on the tools that cut the 
reference material were oxidized AlN and AlBx binder. Seen in XEDS 
spectrum i) for the Reference material in Fig. 22. The cBN-grains of the 
tool that was used to machine the material with additional Al (Alloy I) 
were fully or partially covered by an Al oxide film. Seen in XEDS spec-
trum i) for Alloy II Fig. 22. Alloy II was also covered by this Al oxide film, 
but there were carbides scattered across the rake, and oxidized Fe 
(adhered and oxidized steel) was also present. The thin alumina film was 
similar to the films studied for TPL formation when machining nickel 
alloys and stainless steel [7,14]. 

The film is a couple of hundreds of nanometers thick which makes it 
difficult to study using SEM. A TEM lamella was extracted from the rake 
of the tool used to machine Alloy I at vc =300 m/min for 900 m. Which 
was a representative case of the thin film on top of a cBN gain in Fig. 23. 
The Pt was to protect the surface during FIB lift off. The combination of 
XEDS, SAED, and STEM revealed that 100–200 nm thin film (TPL) was 
most likely corundum/α-Al2O3. The other polymorphs of AlxOy were 
missing major reflections and did not have any reflection at the location 
of the 116 reflections. Other possible phases that could possibly have 
similar SAED patterns did not agree with the XEDS spectrum from the 
layer. Hence the film covering the tool is the Al2O3 TPL predicted to lead 
to increased tool wear by the thermodynamic calculations summarized 
in Table 4. 

Fig. 16. Casted samples, (a) Reference, (b) Alloy I / Al-alloyed, (c) Alloy II / Al, Ti, Nb, and V alloyed. BSE-SEM and XEDS-maps. The materials contain some 
pores and very few carbides and sulfates, except Alloy II which resulted in the expected amount of (Ti,Nb,V)C seen as dots in SEM and XEDS images of Alloy II. 

Fig. 17. . Results from the abrasion tests. Alloy I performed slightly better 
than the Reference and Alloy II slightly worse. Experiments repeated three 
times, bars indicate average result, whiskers indicate maximum and mini-
mum values. 

A. Bjerke et al.                                                                                                                                                                                                                                  



Journal of Materials Processing Tech. 330 (2024) 118496

13

5. Conclusion 

Alloying a workpiece material to improve its machinability often 
comes at the expense of other material properties. However, small 
amounts of alloying may not affect the end user properties of the 
workpiece, but can have large effects on machinability due to the cutting 
tool meeting kilometers of workpiece material during machining. This 
new method is validated for manganese steel. It avoids the negative 
effects of machinability improvement due designed alloying and correct 
pairing of the tool material and cutting conditions, with workpiece 
alloying to form a tool protection layer composed of refractory and wear 
resistant reaction products. 

The thermodynamic calculations showed that alloying the reference 
material (Hadfield steel) with at most 0.015 mol fractions of aluminum 
was the most promising, alloying with 0.0055 mol fractions or less of V, 
Ti, and Nb also showed promise. The calculations were also evaluated by 
comparison with diffusion couple experiments. One reference and two 
new alloys based on the calculations were then cast for validation by 
abrasion and machining test as well as metallographic investigation. The 
alloy with 0.003 mol fractions of Al resulted in more than 3 times in-
crease in machining performance which is related to the in-operando 
formation of Al2O3 tool protection layer on the contact surfaces of 
PcBN tool. The alloy with Al, Nb, V, and Ti resulted in more predictable 
tool wear but not an overall performance improvement. The two alloys 

Fig. 18. All three alloys work harden by TWIP and TRIP after abrasion tests. EBSD images and maps. All alloys show twinning and formation of ε-martensite, 
and some α’-martensite. The grains are also very small and highly strained and indexing of grains becomes increasingly difficult 5 µm from the edge of the worn pin, 
resulting in the black area. 

Fig. 19. Flank and crater wear results from machining tests. The performance of Alloy I is threefold with respect to the Reference. Alloy II performed worse than 
the reference at speeds of 200 and 250 m/min but equal or better at 300 and 350 m/min. However, Alloy II had less crater wear than the Reference at all speeds. 
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retained their functional properties with respect to abrasive wear 
resistance and retained their ability to work harden by TWIP and TRIP 
mechanisms. 

This study shows that it is possible to intentionally alloy a workpiece 

paired with a tool material to form a tool protection layer, thereby 
increasing the tool life without degrading the workpiece properties. This 
study also shows that the experimental testing required to do so can be 
reduced or avoided by employing the proposed thermodynamic 

Fig. 20. Comparison between the tool wear during cutting of the different alloys. A Representative overview using VLM images of the tools showing the larger 
and deeper craters of the Reference (chemical, oxidational and diffusional wear), the more aggressive flank wear of Alloy II (increase in abrasive wear due to 
carbides), and the limited wear of Alloy I after equal machining (potentially in-operando TPL formation). 

Fig. 21. Comparison between the tool wear during cutting of the different alloys using SEM. SE-SEM and BSE-SEM of tool rakes and flanks at the end of tool 
life for the tools used to cut the three materials. 

Fig. 22. Center of the crater at the end of machining at 350 m/min from Fig. 21. SEM and XEDS at low accelerating voltages (HV). The crater of the reference 
material is only covered with iron oxide some oxidized Al binder is also measured, but no Al-oxide film can be found. Alloy I is covered by a thin film of Al-oxide and 
areas of Fe-oxide. Alloy II is covered with Al-oxides, but some carbides can be found in the layer. 
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modeling method and modelling framework. The method presented is 
limited to decrease the effect wear mechanisms initiated or driven by 
diffusion, oxidation, and chemical degradation, but not conceptually 
limited to certain tools, materials and cutting conditions. It is validated 
for turning of manganese steel with PcBN tools in this work. Hence, 
assessing the method and applying it to other machining conditions, 
workpieces, and tools is of future interest. The efficiency, accuracy and 
ease of use of this method will likely improve as material and metal 
cutting models improve with time. This establishes a new route for 
machinability improvement, which does not have to lead to a degra-
dation of the functional properties of a workpiece. 
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