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Abstract

Tool wear in turning titanium alloys

Magnus Johansson

In this master thesis, performed at AB Sandvik Coromant, wear and tool life of
uncoated WC/Co grades have been investigated during longitudinal turning of the
titanium alloy Ti-6Al-4V. Due to titanium’s poor thermal conductivity and high
chemical reactivity towards most metals, high temperature is achieved between the
tool and workpiece material, resulting in high tool wear rates. The high temperature
initiates crater wear, which rapidly degrades the tool and shortens the tool life. It was
found in this work that new WC/Co tools can perform better in this application area
than today’s used grade for turning titanium alloys, H13A. An increase in tool life by
45% respectively 50% was obtained compared to the reference grade H13A at cutting
speeds of 70 and 115 m/min. It was also shown that increase of coolant pressure did
not enhance the tool life, while usage of a high pressure tool holder instead of a
conventional tool holder gave an improved tool life.
Characterization of the wear was performed using LOM and SEM. The wear
mechanisms acting on the tools were found to be adhesive, chemical and abrasive
wear giving rise to mainly flank and crater wear, regardless of cutting speed, coolant
pressure and choice of tool holder. 
By further analysis of the crater wear using electron microprobe analysis it was found
that diffusion of carbon between the tool and workpiece material occurred during the
machining. A carbon depleted area was observed in the subsurface for the reference
grade but not for the new grades showing improved performances in the turning
tests. 
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Populärvetenskaplig sammanfattning 

Förslitning av obelagda hårdmetallskär vid svarvning av titanlegeringar 

I detta examensarbete, utfört vid Sandvik Coromant, har förslitningen av obelagda 

hårdmetallskär vid svarvning av titanlegeringen Ti-6Al-4V karakteriserats och undersökts. 

Svarvtester har även genomförts för att jämföra olika obelagda hårdmetallers livslängd, vid 

varierande svarvförhållanden.  

Sandvik Coromant tillverkar bland annat svarvverktyg som används för att forma 

metallprodukter. För att kunna forma andra metaller krävs det att svarvverktyget är hårdare än 

det material som ska formas, det s.k. arbetsmaterialet. Dessa svarvverktyg är oftast tillverkade 

av hårdmetall, bestående av hårda partiklar inbäddade i en mjukare metall. De hårda 

partiklarna är vanligtvis volframkarbid och den mjukare metallen kobolt. För att minska 

förslitningen på svarvverktygen kan man i vissa fall addera ett ovanpåliggande materialskikt 

på hårdmetallen.  Dessa hårdmetallskär benämns som belagda hårdmetallskär och 

hårdmetallskär utan ett ovanpåliggande materialskikt benämns som obelagda hårdmetallskär. 

Titanlegeringen Ti-6Al-4V som använts som arbetsmaterial i detta arbete står idag för över 50 

procent av världens totala titananvändning och är därmed den titanlegering som produceras i 

störst utsträckning. Att finna ett sätt att bearbeta denna legering som är bättre än det befintliga 

och på så vis öka produktiviteten är därmed av stor efterfrågan.  

Titan och dess legeringar har flera bra materialegenskaper, exempelvis har de hög styrka 

relativt sin låga vikt samt väldigt bra korrosionsmotstånd. Dessa egenskaper har bidragit till 

att titanlegeringar fått ett stort användningsområde inom främst flygindustrin. Trots dessa 

eftertraktade materialegenskaper finns det vissa egenskaper hos titanlegeringar som gör att 

materialet uppfattas som svårbearbetat, så som dålig värmeledningsförmåga samt fallenhet för 

att kemiskt reagera med andra metaller. Dessa egenskaper gör att hårdmetallskär snabbt 

förslits vid bearbetning av titanlegeringar vilket resulterar i en reducerad livslängd. Den dåliga 

värmeledningsförmågan leder till att värmen som genereras vid bearbetningsprocessen inte 

transporteras bort från hårdmetallskäret på ett effektivt sätt, utan istället bevaras inom skäret. 

Resultatet av detta är att höga temperaturer genereras i kontaktzonen mellan skäret och 

arbetsmaterialet, vilket gynnar en diffusionsstyrd kemisk förslitning, det vill säga transport av 

ämnen mellan skäret och arbetsmaterialet. 

För att sänka den höga temperatur som uppstår i kontaktzonen behöver kylvätska appliceras 

på det värmeutsatta området. Enligt tidigare undersökningar har det visat sig vara av stor vikt 

hur kylvätskan riktas mot skäret under bearbetningsprocessen, dels för borttransport av värme 

och dels för hur spånor bildas och avlägsnas. Utifrån detta utvärderades kylvätskans påverkan 

på hårdmetallskärens livslängd och förslitning, genom att dels öka trycket på kylvätskan 

under bearbetningsprocessen och dels variera typen av skärverktygshållare. Det visade sig att 

en ökning av kylvätsketrycket inte gav någon förbättring i vare sig livslängd eller 

förslitningsgrad. Genom att använda en skärverktygshållare utformad för högtryckskylning, 

istället för en konventionell skärverktygshållare, kunde livslängden för hårdmetallskären ökas 

och förslitningen fördröjas. 
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Förslitningen på ytan av skären analyserades med hjälp av ljusmikroskopi och 

svepelektronmikroskopi. De nötningsmekanismer som verkade på hårdmetallskären var 

främst kemisk och adhesiv förslitning, där den sistnämnda innebär att material på ytan av 

hårdmetallskäret fäster till arbetsmaterialet och slits loss. Dessa nötningsmekanismer uppstod 

oberoende av kylvätsketryck och verktygshållare. Skärhastigheten på 115 m/min resulterade i 

en snabbare kemisk förslitning än 70 m/min. 

För att djupare undersöka den kemiska förslitningen av hårdmetallskären användes en 

analysmetod kallad mikrosondsanalys (på engelska Electron Microprobe Analysis, EMA). 

Med hjälp av denna metod kunde koncentrationen av de ingående ämnena i hårdmetallen 

visualiseras. Det visade sig att kol från hårdmetallskären vandrat in i arbetsmaterialet under 

bearbetningsprocessen och därmed bildat ett område i gränsskiktet mellan hårdmetallen och 

arbetsmaterialet med en förhöjd kolhalt. Som ett resultat från detta bildades en zon med sänkt 

kolhalt under ytan på vissa av hårdmetallskären, vilket kunde relateras till resultaten från 

svarvtesterna. 

Svarvtesterna visade att flera av de testade hårdmetallskären erhöll längre livslängder än 

dagens kommersiella hårdmetallskär för svarvning av titanlegeringar. Vilket användes som 

referensskär vid samtliga svarvtester. Vid en skärhastighet på 70 m/min uppvisade 

hårdmetallskäret ”27955” en procentuell livslängdsökning på 45 procent gentemot 

referensskäret och vid en högre hastighet, 115 m/min, erhöll hårdmetallskäret ”27953” en 

livslängdsökning på 50 procent jämfört med referensskäret.  
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Abbreviations 

WC/Co - Cemented Carbide 

fn - Feed rate 

vc - Cutting speed 

ap - Depth of cut  

n - Spindle speed 

VB - Flank wear   

t - Cutting time  

ToC - Time of cut 

SEM - Scanning Electron Microscopy 

LOM - Light Optical Microscopy  

EDS - Energy Dispersive X-ray Spectroscopy 

EMA - Electron Microprobe Analysis  

Q - Material removal rate 

Qtot - Total amount of removed material  

Dm - Workpiece diameter 

dn - Nozzle diameter 

BUE – Build-up edge 

PD – Plastic deformation 

PVD - Physical Vapor Deposition  

CVD - Chemical Vapor Deposition  
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1 Introduction 

1.1 Background 

Titanium and its alloys are frequently used materials in a variety of different industries and 

commercial applications. They are used in highly advanced technology areas like aerospace 

industries, surgical implantation and pollution control but also as products like sporting goods 

such as bicycles and golf clubs [1, 2]. Titanium alloys have found their niche in the aerospace 

industry due to their combination of high specific strength-to-weight ratio and good corrosion 

resistance [1]. Titanium alloys possess a density that is nearly half of that of steel (40% lower) 

and the Young’s modulus is about half (55%) of the Young’s modulus for stainless steel [3]. 

These properties have made them a contender to primarily steel but also to aluminum alloys in 

the aerospace industry, with the advantage of making large weight savings as well as 

economical savings in terms of neglecting the need of corrosion protective coatings and paints 

[4].  

Machining titanium alloys is however more difficult compared to machining steels or 

stainless steels and the requirements of the cutting tools become higher. The cutting tools 

must for instance withstand high forces and elevated temperatures generated during the 

machining process, as well as manage to resist chemical wear during the machining operation. 

[3]  

The wear of the cutting tool associated with the machining of titanium can be extensive and 

varies with the cutting parameters used during the machining operation, particularly cutting 

speed (vc), feed rate (fn) and depth of cut (ap). The wear mechanisms usually observed when 

machining titanium alloys includes flank wear, plastic deformation and crater wear. The last 

of these, crater wear, often referred to as “chemical crater wear” is suggested to be a common 

wear type when mainly turning titanium alloys. This type of wear is thought to be a result of 

the chemical affinity between the workpiece material and the material of the cutting tool 

insert. [3] 

There is a wide range of different cutting tools to machine steels, cast iron and heat-resistant 

alloys, (e.g. special ceramics, polycrystalline diamond and cubic boron nitride) but none of 

these have been proved successful when machining titanium alloys. The cutting tools that 

have shown the best performance when machining titanium alloys are uncoated straight 

carbide tools, i.e. WC/Co substrates without a gradient giving rise to a cobalt enriched 

surface-zone [2]. Nor have coated grades, either by physical vapor deposition (PVD) or 

chemical vapor deposition (CVD) shown beneficial impacts when machining titanium alloys 

due to the severe chemical crater wear that rapidly removes the coating. [3] 

The traditional way of machining titanium alloys is to use low cutting speeds to reduce the 

temperature on the cutting tool edge but still keep high feed rates, both because high feed 

rates do not impact the rise in temperature as much as higher cutting speeds, but also to 

maintain as high metal removing rate (productivity) as possible. The machining is also 

performed using generous amounts of cutting fluid. This to increase the transportation of heat 
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away from the tool as well as reducing the forces and obtaining continuous removal of chips. 

[2] To not harm the newly machined surface, the machining operation should also be 

vibration free and the cutting tools should be sharp and replaced at first sight of wear [5]. This 

traditional way is however not optimal for the productivity and not economical or sustainable. 

Thereby it is now a large interest in finding new cutting tool grades that reduce the wear and 

increases the tool life and by that, further enhance the productivity when machining titanium 

alloys.  

1.2 Aim and Objective 

The aim of this master thesis work is to enhance the knowledge regarding tool wear when 

turning titanium alloys. This will be done by providing useful data from performed machining 

tests and information from investigation of the wear mechanisms involved when turning the 

titanium alloy Ti-6Al-4V. Turning of the titanium alloy Ti-6Al-4V will be performed with 

several different uncoated WC/Co grades.  The wear of the grades will primarily be analyzed 

using light optical microscopy (LOM) and scanning electron microscopy (SEM) at different 

cutting times during the machining. Complementary to this, an investigation of how the 

coolant pressure and choice of tool holder influences the wear and the tool life of the different 

grades will be performed.  

The objective of this work is to investigate five different uncoated WC/Co grades and 

comparing those to an industrially common reference grade, based on the same turning 

conditions. The six grades that will be tested and analyzed in this work are presented below: 

1. H13A (commercially available reference grade)  

2. 27908  

3. 27909  

4. 27953 

5. 27954  

6. 27955  

The wear acting on the different cutting tool grades during machining of Ti-6Al-4V will be 

examined and compared towards the reference grade H13A.  

In more detailed terms, the objectives in this work can be expressed as desired answers to the 

following questions:  

 How does the wear mechanism and tool life of grade X compare to grade Y? 

 Does the tool life of grade X exceed the tool life of reference grade H13A? 

 Does the pressure of the cutting fluid affect the machinability of the workpiece 

material Ti-6Al-4V? 

 How does the choice of tool holder affect the wear and tool life of the investigated 

grades? 

 Which of the tested and analyzed grades is the most promising to use when turning Ti-

6Al-4V, considering the wear and overall tool life at the specific turning conditions 

used during the machining tests? 
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1.3 Limitations 

This work will be limited to the conditions presented in table 1.1 when investigating the wear 

mechanisms and tool life during the turning of Ti-6Al-4V.  

Table 1.1: Limitations considering the machining tests presented in this report. 

Workpiece material Ti-6Al-4V 

Grades 

27954  

27955  

27908  

27953  

27909  

H13A (reference)  

Cutting tool geometry CNMG120408-SM 

Cutting tool holder 

High pressure tool holder (HP-tool holder):  

Coroturn HP, C5-PCLNL-35060-12HP  

Conventional tool holder:  

C5-DCLNL-35060-12 

Cooling fluid Oil + water emulsion  

Pressure of cutting fluid 

Flooding (v:16,3 l/min) 

35 bar 

90 bar 

150 bar 
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2 Theory 

2.1 Machining  

Machining refers to several types of processes and methods to remove metal. The most 

commonly used methods in conventional machining are for instance turning, milling and 

grinding. In general, when machining titanium alloys, the cutting forces are only slightly 

higher than those needed when machining steels. However, titanium alloys are more difficult 

to machine than steels of equivalent hardness, due to their metallurgical characteristics. The 

design and material features of titanium products are often very complex. This means that 

considerable amounts of material often have to be removed to obtain primary forms like 

forgings and bars. For some applications as large amounts as 50 percent to 90 percent of the 

original weight ends up as chips, making the machining of titanium very expensive. When 

turning titanium alloys it is important not to interrupt the feed motion. An interruption can 

cause work hardening that stimulates smearing, galling and seizing, which with great 

probability would lead to total breakdown of the tool. Furthermore, it is important that the 

machining process is performed correctly, involving that the cutting tool and workpiece are 

rigidly mounted to ensure a fixed depth of cut. [2]  

2.1.1 Longitudinal Turning 

The turning operation applied during testing is called longitudinal turning, which refers to a 3-

dimensional turning process. During orthogonal turning (2-dimensional turning) the 

workpiece rotates in the lathe with a specific spindle speed (n) corresponding to a particular 

number of revolutions per minute (rev/min). When machining the workpiece, this spindle 

speed generates a certain cutting speed (vc), depending on the diameter of the workpiece (Dm), 

which usually is expressed as meter per minute (m/min). In other words, the cutting speed is 

the velocity at which the workpiece material is being machined [6]. In longitudinal turning the 

cutting tool is in constant movement, parallel to the x-axis of the workpiece. This resulting in 

equal amount of removed material along the entire workpiece material. This longitudinal 

movement of the cutting tool along the x-axis is expressed as the feed rate (fn). The feed is 

usually measured as millimeter per revolution (mm/rev) and is a key parameter that affects the 

quality of the machined surface as well as the chip formation. The chip formation process 

affects the thickness of the chip and also how it forms against the insert. The cutting depth 

(ap) is measured in millimeter and is the height difference between the newly cut surface and 

the uncut surface. [6] 

An illustration of the different terms used above and a schematic explanation of the 

longitudinal turning process can be seen in figure 2.1.  
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Figure 2.1: Illustration and explanation of terms regarding the longitudinal turning process, inspired by [6]. 

The cutting parameters described above can be combined to express the cutting speed (vc) and 

the material removal rate (Q) according to equations 1 and 2 presented on Sandvik 

Coromant’s website [7]. 

   
      

    
 [     ]  (Eq.1) 

          [  
     ] (Eq. 2) 

2.1.2 Cutting Tool Geometry and Terminology 

The geometry and terminology of cutting tools can be rather complicated. This section will 

briefly explain the parts that are relevant to understand, before proceeding with the upcoming 

sections.  

Figure 2.2 gives a simplified view over the terminology for 2-dimensional turning. The 

turning process considered is not 2-dimensional, but rather 3-dimensional. However, the 

terminology is more or less the same. In general two types of surfaces can be recognized 

during turning. First the work surface, which is the surface that is being removed by the 

turning operation. Secondly, the machined surface, which corresponds to the newly cut 

surface. The rake face of the cutting tool is the surface that the formed chips flow over and the 

flank face is the surface that moves across the newly produced surface. The theoretical 

intersection between the rake face and the flank face is called the cutting edge. [8] The cutting 

edge can be divided into main and secondary cutting edge, depending on the direction of 

turning as well as mounting in the spindle (left or right). 

 

 

 

 

 

 

γ 

α 

Rake face 

Machined surface 

Work surface 

Flank face Cutting edge 

Chip Cutting tool insert 

Rake face 

Flank face 

Cutting edge 

Cutting edge 

a) b) 

Figure 2.2: a) Schematic illustration of the cutting terms regarding 2-dimensional turning, inspired by [8]. b) 

Insert with geometry CNMG120408-SM that has been used throughout this work [9]. 
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The rake angle (γ) is the angle that separates the rake face of the tool from the reference plane, 

where the reference plane is the normal plane to the direction of motion, positioned at the 

intersection between the tip of the cutting tool and the workpiece. The flank angle (α) is the 

angle between the newly cut surface (machined surface) and the flank face of the cutting tool. 

[8] If the rake angle has a value of 90° and a flank angle of 0°, the insert is denoted negative. 

If the rake angle is below 90° and the flank angle 7°, it is denoted positive [10]. 

2.1.3 High Pressure Cooling Technique 

The use of high pressure cooling has shown documented improvements in productivity and 

resulted in better performances regarding the machining process. High pressure cooling is 

primarily useful when machining challenging workpiece materials e.g. titanium alloys. It 

provides higher machining security and a consistent machining process, less numerous of 

machining stoppages, shorter machining times, and better utilization of the machine 

capabilities due to more effective cooling and breakage of chips. Earlier it was enough to only 

flood the machining zone with coolants. Nowadays the demands on the machining process is 

increasing and by using high pressure coolant with good accuracy, the contact length between 

the chip and the rake face of the tool can be shortened. By this way making it possible to 

affect how the generated heat is removed and distributed throughout the cutting tool, how the 

tool wear progresses, and how the chips are formed and broken. [11]  

The high pressure cooling technique includes more than just high pressures. It is about the 

coolant flow rate and the nozzle size, all the way from the pump to the actual tool. The 

principle behind high pressure cooling is the decrease in nozzle diameter and the position of 

the tool outlet. Figure 2.3 displays what a high pressure tool holder can look like and how the 

nozzles are positioned on the tool holder.  

 

Figure 2.3: High pressure tool holder, position of tool outlet and direction of fluid jets towards the insert can be seen. 

The tool holder in the image represents CoroTurn HP [11]. 
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A reduce in nozzle size increases the coolant velocity. A larger nozzle size craves a higher 

flow rate to produce the high pressure and vice versa. This correlation between the fluid flow, 

nozzle size and pressure can be expressed as an equation, see equation 3, which represents a 

modification of Bernoulli’s theory [11]. Below the equation an explanation of the different 

variables can be seen.  

       
   

 
 √

  

 
   (Eq.3) 

v: Flow (m
3
/s) 

CD: Nozzle efficiency, 80% at 20 to 300 bars 

dn: Nozzle diameter (m) 

p: Pressure (Pa) 

ρ: Fluid density-for cutting fluids usually ≈1000 kg/m
3
 

n: Number of nozzles 

 

In general the cutting fluid is not only used to function as a coolant, but also as a lubricant, 

reducing the tool temperature and minimizing the cutting forces and the welding of chips on 

the cutting tool, thereby increasing the tool life. Copious and continuous flow of coolant will 

also result in good chip removal, reduce thermal shock and prevent chips from initiate, which 

can occur, especially when machining titanium alloys. [1]  

2.2 Wear Mechanisms  

When machining metals there are several different wear mechanisms that can occur on the 

insert machining the workpiece material, these wear mechanisms are fundamental to 

understand to be able to improve the performances of the inserts. Wear mechanisms can be 

divided into specific groups and the same types of mechanisms can be described in various 

terms depending on different sources. In this upcoming section the wear mechanisms will be 

divided into four separate main groups describing the wear mechanisms occurring on the 

cutting tool when machining metals. These are thermo-mechanical, chemical, adhesive, and 

abrasive wear. This division of wear mechanisms is presented by Sandvik’s Wear Guide [18]. 

2.2.1 Thermo-mechanical Wear 

Thermo-mechanical wear is a consequence of the combination between stresses arising from 

temperature and mechanical strains. The effect from the temperature strain increases as the 

cutting velocity increases and the mechanical strain enhances when the mechanical load is 

increased, either by increase in feed rate or in depth of cut. How this wear mechanism appears 

on the cutting tool is strongly influenced by the use of cutting fluid or not, and differs 

depending on if the machining is continuous or intermittent. During turning, continuous 

machining is more often used and this result in progressive heating of the interface between 

the insert and the workpiece leading to very high generated temperatures. At high 

temperatures and high forces the compressive strength of the cutting tool material can be 

exceeded. This phenomenon can lead to a permanent deformation of the cutting edge, called 

plastic deformation, which permanently changes the shape of the cutting tool. [18]  
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2.2.2 Chemical Wear 

Chemical wear is caused either by diffusion or oxidation of the cutting tool during the 

machining operation [18]. According to Nee, J.G. [19] the wear can also be a consequence 

from the formation of weaker compounds or by dissolving acting of the bond between the 

binder and the individual carbide particles. This would then result in particles being pulled out 

from the cutting tool either by the chip formation or the workpiece [19]. Different cutting tool 

materials are more or less capable to react with the workpiece material, which determines the 

effect of the diffusion wear [18]. In case of oxidation, most of the metals are prone to oxidize 

in some extent. This happens when a combination of high temperature and presence of 

oxygen is obtained. This criterion (high temperature + oxygen) is found at the end of the 

contact zone between the chip and the rake face of the cutting tool. This wear mechanism has 

been observed leading to notch wear on uncoated WC/Co tools. [18] 

2.2.3 Adhesive Wear 

Adhesive wear is strongly dependent on the stickiness between the cutting tool and the 

chip/workpiece material. This type of wear is also commonly denoted attrition wear in 

literature. The extent of the wear is largely dependent on the strengths of the interfaces in the 

system e.g. interface between chip/workpiece and cutting tool, versus the respective strength 

of the workpiece and cutting tool itself. Adhesive wear can only occur on the cutting tool if 

the local adhesive strength of the cutting tool is lower than the local adhesive strength of the 

chip/workpiece. In fact, a contrary situation can act protectively towards the tool. This can 

happen if, for instance, fragments of the chips break free and function as a protective layer on 

the rake face. Another case is the formation of a built-up edge (BUE) that can govern the tool 

life but also give negative consequences if it is torn away together with fragments of the 

substrate. This type of wear mechanism can result in fracture, chipping, flaking and other 

types of harms if the local cutting forces are larger than the strength of the material at a given 

spot. To be more rigorous one can say that the adhesive wear occurs when fragments of the 

cutting tool is sheared away due to continuous adhesion of the workpiece/chip to the tool 

material. The adhesion wear has been observed largest at a maximum temperature that 

depends on what type of workpiece- and cutting tool material that is used. Temperatures 

below this maximum point results in a reduced adhesion wear due to weaker adhesion and 

temperatures above this maximum result in adhesion wear of the workpiece material due to a 

weaker “adhesion zone”. [18]  

The attrition wear can occur if the velocity of the cutting process is relatively low and if the 

temperature on the tool tip is not too high to cause crater wear or substantial deformation. The 

attrition process can also happen if there is an intermittent flow of workpiece material, and 

this often also leads to the formation of a build-up edge (BUE). [20] 

2.2.4 Abrasive Wear 

Abrasive wear is caused by hard particles in and/or on the workpiece material as for instance 

sand inclusions on the surface of cast parts, cementite in steel and cast iron, and Ti(C,N) 

particles in stainless steel. The hard particles can also origin from the tool material itself, in 

form of small agglomerates from the cutting edge that have been torn away. One requirement 

for the abrasive wear situation is that contact in form of sliding occurs between workpiece 
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material and the cutting edge and/or between the chip and the cutting edge. In the ideal case, 

abrasive wear is proportional to the machined distance, and independent of the cutting 

velocity and temperature [18]. Abrasive wear is correlated to flank wear and is also depending 

on the hardness of the tool material. Harder tool material gives less abrasive wear. A tool 

material with a lower amount of binder content and smaller grained carbide particles seems to 

give an enhanced resistance to abrasive wear, due to the increase in hardness. [20] 

2.3 Wear Types 

Several different types of wear can be distinguished on the cutting tool which originates from 

the wear mechanisms described above. The different wear types that will be described in this 

section are types that later will be discussed in the report, but the existing wear types in 

general turning are crater wear, flank wear, plastic deformation, flaking, cracking, chipping, 

notch wear, fracture, and build-up edge/smearing. 

2.3.1 Crater Wear 

Crater wear occurs and is most common when there is a large and continuous sliding/sticking 

contact between the chip and the rake face of the cutting tool. The further the cutting 

procedure proceeds, the larger the initial crater grows and changes the geometry of the tool 

until it eventually causes edge breakage due to crater breakthrough. Crater wear can be a 

result of a numerous different kinds of wear mechanisms like chemical wear, abrasive wear 

and wear caused by thermo-mechanical load. In case of chemical wear, diffusion of elements 

from the cutting tool to the chip can occur and also oxidation of the workpiece material. The 

primary condition for crater wear is the high generated temperature as a result of the chip’s 

deformation. The temperature is affected by the time of the machining operation, whether the 

machining is intermittent or continuous, which cutting speed that is being used, or if cooling 

with help of cutting fluid is applied or not. [18] 

To improve the resistance against crater wear, the chemical affinity of the cutting tool relative 

to the workpiece material is one of the parameters which are important to reduce. This can be 

done by choosing the right material combinations (workpiece and cutting tool) [20]. The 

tribological conditions on the rake face where the chip flows can be divided into two separate 

regions, the sliding region and the sticking region. Closest to the edge line, the chip does not 

slide and remains more or less fixed against the insert’s surface. In this particular region 

sliding/shearing occurs inside the chip. The further from the edge, the more the chip slides 

against the insert’s surface for as long as the chip is in contact with the rake face.  Figure 2.4 

illustrates the appearance of crater wear on the cutting tool insert.  

 

Figure 2.4: Appearance of crater wear on the cutting tool insert [3]. 
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2.3.2 Flank Wear 

Flank wear is a very common type of tool wear and results in loss of cutting tool material due 

to continuous sliding of the flank face against the newly cut surface of the workpiece. The 

wear initiates at the edge line of the cutting tool and grows perpendicularly down towards the 

flank face. Flank wear can also start from chipping or cracks and develop around these harms, 

leading to a rapid acceleration of the wear. The most likely wear mechanisms contributing to 

flank wear are abrasive- and chemical wear. Chemical reactions can lead to loss of coating- or 

substrate material and the abrasive part of the wear generally increases with the amount of 

hard particles, like carbides. [18]  

Flank wear is told to be correlated to the hardness of the tool material. The harder the tool 

material is, the larger is the resistances to flank wear [20]. Materials that do not form 

continuous chips promote little if any crater wear, and then the flank wear often becomes the 

dominant factor when reaching tool failure [19]. How the flank wear appears on the cutting 

tool insert can be seen in figure 2.5.  

 

Figure 2.5: Appearance of flank wear on the cutting tool insert [3]. 

2.3.3 Plastic Deformation 

Plastic deformation does not result in any removal of cutting tool material, but it permanently 

deforms the shape of the cutting edge, contrary to elastic deformation. If the phenomenon 

results in an inward deformation of the flank face it is called edge impression and if the 

deformation occurs downwards on the rake face it is denoted edge depression. These two 

types of plastic deformation can also occur simultaneously. If the plastic deformation results 

in a large-scale of edge depression it could lead to edge breakage. Plastic deformation is 

probably a result of thermo-mechanical load, which at a certain point leads to stresses on the 

edge exceeding the cutting tool material’s yield strength at a specific temperature. The 

hardness of the workpiece affects the extent of the plastic deformation on the cutting tool, 

because harder workpiece materials generate higher temperatures and forces. Clearly also 

higher cutting speeds increases the plastic deformation due to the increase in temperature. 

[18] 

Plastic deformation is driven by shear stress and the initiation of the plastic deformation 

occurs when the maximum shear stress exceeds the yield of pure shear for the material. This 

often occurs in the subsurface, beneath the surface of the material [21]. Plastic deformation of 

the cutting edge can be seen in figure 2.6, in this case a form of edge depression.  
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Figure 2.6: Appearance of plastic deformation on the cutting tool insert [3].  

2.3.4 Chipping 

Chipping occurs on the edge line of the cutting tool and should not be confused with fracture, 

because chipping do not lead directly to tool failure and the machining procedure can 

continue. Chip hammering and chip jamming are two specific types of chipping. Chip 

hammering refers to the chip breaking against the flank face while it is still in contact with the 

rake face. Chip jamming is when the generated chip gets stuck between the flank face of the 

insert and the workpiece [18]. The appearance of chipping on the cutting tool insert is shown 

in figure 2.7.  

 

Figure 2.7: Appearance of chipping occurring on the cutting tool insert [25].   

2.3.5 Build-up edge/Smearing 

Build-up edge (BUE) is formed when workpiece material attaches to the cutting edge in form 

of layered workpiece material. Smearing occurs when workpiece material adheres to an area 

of the cutting tool, typically cutting edge and rake face. BUE and smearing happens primary 

when machining materials that have a tendency to stick onto the cutting tool. The formation 

of BUE and smearing are strongly dependent on the properties of the workpiece material and 

also the temperature, which increases with increasing cutting speed, as well as on the 

geometry and shape of the cutting edge. The BUE is often harder than the actual workpiece 

because of hardening during the machining operation. The BUE can be detached from the 

cutting tool during the machining operation causing fragments of the cutting tool to be 

removed as well. [18] A BUE must however not be a problem if the edge remains intact 

during the machining process. The formation of a BUE primarily occurs at low cutting 

speeds. If the BUE would break during the machining, small fragments of workpiece material 

could lead to attrition wear. The resistance to the formation of a BUE (and perhaps attrition 

wear) can be increased by using high cutting speeds, fine grained WC/Co grades, and/or by 

using positive rake tools with smooth surface finishes. [20] The appearance of a BUE on a 

cutting tool can be seen in figure 2.8.  



12 

 

 

Figure 2.8: Appearance of a BUE attached to the rake face of the cutting tool insert [25].  

2.4 Analysis Methods  

The following analysis methods have been used throughout this work to characterize the wear 

acting on the cutting tools.  

2.4.1 Light Optical Microscopy 

The light optical microscope (LOM) is considered to be the simplest form of microscopy. The 

LOM provides an easy way to image the microstructure of materials.  The system uses a light 

source and a condense system to collect the light that is diverging from the source and 

converge it at a small area on the material that is being investigated. The microscope consists 

of two lenses. The first lens, the objective, provides an inverted image with a specific 

magnification. The second lens, the projector, gives a final upright image at a further 

magnification, and by adding more projector lenses, the magnification can be increased. [13] 

2.4.2 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is used to analyze the microstructure morphology and 

chemical composition of materials. Electrons are used to achieve high-resolution images due 

to the short wavelengths of the electrons. The electrons are generated by an electron source, 

usually a thermionic or a field emission electron gun (FEG). When the electrons reach the 

surface of the material and interact with the atoms, a variety of signals are obtained including 

backscattered electrons (BSEs), secondary electrons (SEs) and also characteristic x-rays.  

These types of signals can be used to determine phase, chemical composition, morphology 

and crystallography of the analyzed material. When the electrons interact with the atoms of 

the material the process can either be elastic or inelastic. Elastic scattering occurs when the 

electron struck the nucleus or outer-shell electrons. This results in no or minimal loss of the 

electrons energy, which can be directed in wide-angles.  If the angle of direction exceeds 90°, 

the scattered electrons are denoted BSEs and give a useful signal that can be converted into an 

image. If a larger amount of the electron’s energy is lost due to the interaction the scattering is 

inelastic. This provides energy to the sample and generates motion as an SE. This SE can 

either scatter or leave the sample. If the SE leaves the sample from an inner orbital, the atom 

becomes ionized. When an outer-shell electron fills this empty inner orbital, a de-excitation 

energy that is characteristic for that specific atom can be emitted, either by an electron 

(denoted Auger-electron) or as characteristic x-ray. Further analysis of the auger electron or 

the characteristic x-ray can provide chemical information about the sample. The penetration 

depth of the electrons and the depth of the resulting signals depend on the energy of the 

incident electron beam (higher energy leads to larger depth) and also on the composition of 

the specimen (higher atomic number gives a smaller depth of penetration). [14] 
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The SEs are used to image the topography of the analyzed sample and the BSEs are used to 

gather information of variations in sample composition. This is accomplished by measuring 

the intensity of the BSEs which is proportional to the mean atomic number of the atoms in the 

sample. [15]  

An energy-dispersive x-ray spectrometer (EDS) can be mounted into the SEM-instrument to 

record the characteristic x-rays emitted from the atoms. The x-rays that are emitted 

correspond to a specific energy that represents the energy difference between two related 

shells of the atom. This information can then be used to determine the elemental composition 

of the investigated area. [16] 

2.4.3 Electron Microprobe Analyzer 

An electron microprobe analyzer (EMA, also known as EMPA/EPMA) operates similar to the 

previous explained SEM, but this analysis instrument is better fitted for chemical analysis. 

The electron microprobe analyzer uses a focused beam of electrons to emit x-rays from a 

small region of the sample, as small as a few micrometers or less. The wavelengths of the x-

rays are measured by a crystal-diffraction spectrometer. With help of Moseley’s law, 

information about the elemental constituents can be gathered. Moseley’s law relates the 

wavelengths of the emitted x-rays to a specific element using equation 4. 

 
 

 
       

 
 ⁄   (Eq. 4) 

Where λ is the wavelength of the x-ray, k is the constant for respective spectral-line series, Z 

is the atomic number belonging to the element where the x-rays are emitted from, and    is a 

constant associated with the screening-effect. To select the analyzed areas LOM can be used 

and mounted coaxially with the electron optical system. Most of the EMAs also have 

secondary-electron detectors, electron deflection systems, and a cathode ray tube display, 

which allows the system to be used as a SEM. This feature allows the possibility to identify 

the regions that will be analyzed and also makes it possible to gain information about the 

elemental distribution, either in one-dimension (line scan) or in two dimensions (x-ray 

distribution map). [17] 

The electron source that provides the electrons can for instance be a tungsten filament. The 

electrons are given a specific energy (typically 5-30 keV) by applying a potential difference 

between the cathode (filament) and the anode (grounded). The electron gun can also work as a 

lens, by using a filament of a variable bias resistor connected to the electron gun. [17] 

2.5 Workpiece Material Ti-6Al-4V 

The machining of titanium alloys is strongly affected by the metallurgy of the alloys themself 

and therefor information and knowledge about titanium alloys as a workpiece material is 

required to improve the machinability.  

Pure titanium is an allotropic material that undergoes a structural transformation at a 

temperature of 882.5°C. Above this temperature the pure titanium changes phase from a 

close-packed hexagonal (hpc) α-phase to a body-centered cubic (bcc) β-phase. The exact 
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temperature where this transition in structure occurs can be changed by addition of 

alloying/stabilizing elements [3]. One way of classifying these alloying elements is whether 

they are α or β stabilizers. Alloying elements that tend to raise the transition temperature is 

denoted α-stabilizers e.g. aluminum (Al) and carbon (C). Contrary, elements that decrease the 

transition temperature are referred to as β-stabilizer. Unlike the α-stabilizers the β-stabilizers 

can be either isomorphous or eutectoid. Example of elements referred as β-isomorphous are 

molybdenum (Mo) and niobium (Nb) and elements that are β-eutectoid are for instance 

copper (Cu) and silicon (Si) [1]. 

Titanium alloys can be separated into four main groups, according to their structural 

characteristics mentioned above. These four groups are named α alloys, near α alloys, α -β 

alloys and β-alloys [1]. This work will involve the turning of the titanium alloy Ti-6Al-4V.  

Ti-6Al-4V is an α-β alloy, which consists of a mixture between microstructures consisting of 

both the α- and β-phase [1]. Ti-6Al-4V was the first high temperature titanium alloy 

developed in 1954 and is today in fact the most industrial used titanium alloy. The usage of 

this alloy accounts for more than 50 percent of all titanium usage in the world [3, 12]. This 

makes the ability to machine this alloy efficiently a very profitable process.  

2.6 Tool Materials 

Six different types of grades/tool materials were used and analyzed in this work. In this 

section these will be briefly explained and their physical properties will be presented. A more 

detailed description of the material characterization can be seen in APPEDNDIX A, which is 

only available for employees at Sandvik Coromant.  

The mean value of the hardness belonging to the grades can be seen in table 2.1. The hardness 

has been measured by Vickers-indentation using a load of 3 kg, thereby expressed as HV3. 

The physical properties of the grades are also presented in table 2.1. 

Table 2.1: Material characteristics of grades used in this work. 

Grade Mean value HV3 Hc
*
 (kA/m) Com

**
(wt%) 

H13A 1590 16.4 5.3 

27908 1870 28.5 4.9 

27909 1790 23.4 4.1 

27953 1640 16.5 2.5 

27955 1640 18.1 5.2 

27954 1500 16.9 5.5 
*
Hc is an indirect measurement of the WC-grain size. A sample containing larger grains 

receives a lower Hc value than a corresponding sample with smaller grains and equivalent 

cobalt amount. 
**

 The Com-value is an indirect measurement of the amount binder phase and its composition. 

It stands for cobalt-magnetic and represents the weight percentage of magnetic substance in 

the material.  
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2.6.1 Grade H13A 

The H13A grade, used as a reference grade in this work, is a commercially available uncoated 

WC/Co grade used for medium to rough machining of heat-resistant steels and titanium 

alloys. The total binder phase (Co) content is approximately 6wt% and the WC content 

94wt%. The hardness of grade H13A is around 1590 HV3. A light optical image of the 

microstructure can be seen in figure 2.9. 

2.6.2 Grade 27908  

Grade 27908 is a fine-grained grade with a composition of roughly 7wt% Co, 0.7wt% Cr and 

92.3wt% WC. The addition of chromium inhibits the grain growth resulting in smaller WC 

grains compared to H13A. Smaller grains result in higher hardness and the 27908 grade 

possesses a hardness of approximately 1870 HV3. Based on this, grade 27908 is the hardest of 

the grades evaluated in this work. The microstructure of grade 27908 is displayed in figure 

2.9. 

2.6.3 Grade 27909  

Grade 27909 is a chromium containing grade with a composition of roughly 6wt% Co, 

0.6wt% Cr and 93.4wt% WC. The hardness of grade 27909 is approximately 1800 HV3 

throughout the sample. The WC grain size is in-between that of H13A and 27908, which can 

also be seen in figure 2.9.  

2.6.4 Grade 27953  

Grade 27953 is a low cobalt containing grade (<5wt% Co) which has undergone a special 

sintering method, partially resulting in larger WC grains. The hardness of the grade is 

approximately 1640 HV3. The microstructure of grade 27953 can be seen in figure 2.9. 

2.6.5 Grade 27954  

Grade 27954 contains 6wt% cobalt. The surface region (approximately 500 µm) has been 

modified by a special sintering method to reduce the cobalt amount and increase the carbon 

activity on the surface. The hardness of grade 27954 is around 1500 HV3 in the bulk. The 

microstructure of the grade can be seen in figure 2.9.  

2.6.6 Grade 27955  

Grade 27955 also contains 6wt% Co. As for grade 27954, the surface region (approximately 

200 µm) has been modified by a special sintering method to reduce the cobalt amount and 

increase the carbon activity on the surface. The grade has a hardness of approximately 1640 

HV3 in the bulk. The microstructure belonging to grade 27955 can be seen in figure 2.9. 
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Figure 2.9: LOM images of the microstructure belonging to the respective grade. The inserts has been etched before 

imaged with 200x magnification. The red dot in the LOM images is due to reflection and the scale bar represents 

10µm. 
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3 Literature Survey 

3.1 Published Studies on Titanium Machining 

A lot of research on the subject of machining titanium alloys have been done in the past, this 

literature survey will briefly present some of those most relevant towards this work.  

An investigation by A.K Nandy et al. [22] compared the effects of using high pressure cooling 

compared to conventional cooling which is the more commonly used cooling-technique in the 

industry. Two different high pressure fluids were tested, namely neat oil and water-soluble 

oil. The inserts used in this study were microcrystalline uncoated carbide inserts and the 

workpiece material was Ti-6Al-4V. The turning conditions in this study included cutting 

speeds of 90, 100 and 111 m/min and feed rates of 0.16, 0.20 and 0.24 mm/rev, the depth of 

cut was kept constant at 2 mm. The wear of the tool was measured according to maximum 

and average flank wear (denoted VM and VB, respectively) also as edge depression (E) of the 

inserts. Relatively high cutting speeds were used in this study to investigate the effectiveness 

of the high pressure cooling technique. Regarding the tool life in this study, threshold values 

of the various kinds of expected wear mechanisms were determined as maximum allowed 

wear before tool failure. The limits were as follow; VB≥300 µm, VM≥600 µm, and E≥150 

µm.  

The result from this investigation showed that during the conventional wet condition snarled 

types of chips were obtained, whereas mainly broken types of chips was obtained during both 

of the high pressure cooling alternatives, and with high degree of repeatability.  

The entanglement of the chips during the conventional wet turning operation led to poor 

accessibility of the coolant to the interface between the chip and the tool. Contrary, the high 

pressure cooling operations led to broken chips and hence no entanglement that blocked the 

coolant path, leading to a better penetration ability of the coolant into the interface between 

the chip and the tool. [22]  

When comparing the extent of tool wear under the three different environments it was shown 

that the high pressure water-soluble oil was more effective in enhancing the tool life 

compared to high pressure neat oil. Though closer examination did reveal significant amount 

of crater wear for all three kinds of environments at the end of tool life, and according to A.K 

Nandy et al. [22] the wear mechanisms responsible for the formation of crater wear was 

adhesive-diffusive wear. A large amount of plastic depression of the edge was also noticed in 

this study, but high pressure water-soluble oil hindered this effect significantly and provided 

enhanced tool life. Examination and documentation of the tool wear during the turning 

operation revealed that when reaching a maximum flank wear (VM) of 200 µm the wear rates 

started to increase. This was determined as a result of the change in chip-coolant interaction 

due to the sever crater wear affecting the geometry of the insert. Turning under high-pressure 

water-soluble oil resulted in an enhanced tool life of around 14.5 minutes at vc 100 m/min, fn 

0.20 mm/rev and a coolant pressure of p=100 bar with a nozzle diameter of dn 0.80 mm. This 

led to an increase of around 250 percent in tool life compared to turning under conventional 

wet cooling. [22] 
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A tool life study presented in a review by E.O Ezugwu et al. [1], described that plastic 

deformation, at especially higher cutting speeds occurred together with crater wear formed by 

shearing in the rake face and that these two observations led to acceleration of other wear 

types [1]. In the review it is told that the rake and flank wear of all the tool materials tested 

resulted from dissolution-diffusion and attrition wear when turning titanium alloys. 

Dissolution-diffusion wear predominated on the rake face for all the uncoated cemented 

carbides. It was also reported in the review that plastic deformation and the initiation of 

cracks by thermal shock process will dominate the wear mechanisms when machining 

titanium at high cutting speeds with WC/Co tools and that the crater wear is closely related to 

the chemical composition of the tools. [1]  

It was suggested by another article referred to in the review by E.O Ezugwu et al. [1] that a 

deficient layer of carbides was created in the tool subsurface region and a carbide rich layer in 

the surface region of the tool as a result of diffusion between the workpiece and the tool 

material. This resulting in embrittlement and weakening of the surface which facilitate 

chipping and increase the tool wear rate. [1] 

There has been a lot of research on chip formation when machining the titanium alloy Ti-6Al-

4V with different cutting parameters (cutting speed, feed rate etc.). Suresh Palanisamy et al. 

[23] wrote that the investigation of chip formation mechanisms and morphology during 

testing is important because these parameters are strongly connected to the cutting condition 

and the temperature generated at the tool/workpiece interface during the machining [23]. The 

experimental part of the study by Suresh Palanisamy et al. [23] was performed with a Ti-6Al-

4V alloy using chemical-based water-soluble oil as coolant at different pressures, namely 6 

bar (standard pressure) and 90 bar (high pressure). The cutting tool used during the operation 

was an uncoated straight WC/Co insert, with an integrated chip breaker.  The machining 

operation was stopped when tool failure were reached or when the maximum flank wear 

exceeded 0.6 mm. Constant process parameters were used during the machining operations 

with a cutting speed of 75 m/min, feed rate of 0.25 mm/rev, depth of cut of 2 mm and 150 mm 

as the length of cut. Chips that were formed during the machining process were collected after 

all cuts until the criteria of tool failure occurred when the flank wear reached 0.6 mm or when 

the time of the machining reached 10 minutes. [23] 

The results from the investigation by Suresh Palanisamy et al. [23] showed that high pressure 

cooling at 90 bar resulted in shorter chips being generated compared to those generated at a 

standard pressure, which agrees with the result achieved by A.K Nandy et al. [22]. The high 

pressure coolant also enhanced the tool life to 10 minutes compared to 3.5 minutes, which 

was obtained at standard pressure. The tool failure at standard pressure environment occurred 

due to severe chip-off and further investigation of the wear occurring at high pressure showed 

a maximum flank wear of only 0.1 mm. Theoretically, this insert could be further used until 

reaching the limit of 0.6 mm flank wear. The chip-off was suggested to be a result of the 

crossing between flank and crater wear leading to weakening of the cutting edge and finally 

breakage. [23] 
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According to Suresh Palanisamy et al. [23] the greater wear at lower coolant pressure was 

mainly due to the fact that the coolant became vaporized before reaching the interface 

between the tool and the workpiece. It was also included in the discussion that the tool life 

generally increased with the increase in coolant pressure in the range of 6-90 bar as a result of 

two interrelated mechanisms, firstly mechanical fracture of chips and secondly improved 

thermal conditions. [23] 

In a paper by A. Pramanik [5] it is said that most of the harder tools commercially available 

are not suitable to machine certain kinds of materials, like titanium alloys, due to their high 

chemical affinity which creates chemical wear on the cutting tool. Besides this, chips easily 

weld to the cutting tool surface resulting in a BUE. These effects lead to fast wear rates 

through different wear mechanisms during the machining [5]. 

The factors responsible for the rapid tool wear in turning titanium alloys are, according to the 

article by A. Parmanik [5], stress, temperature and vibrations in the machined zone. The 

cutting conditions cutting speed, feed rate, the presence of coolant, and depth of cut affects 

the tool wear as well as the surface quality and the productivity. The mechanisms generally 

contributing to the tool wear are adhesion, chemical reaction, thermal diffusion, abrasion, 

chipping, plastic deformation, fatigue and fracture, where the major part of these mechanisms 

tend to increase with the rise in temperature [5]. According to the paper the temperature can 

be so high that melting of the workpiece material can occur and lead to greater adhesion of 

chips onto the cutting tool and the newly cut surface. The use of coolants can both improve 

and deteriorate the machining operation of titanium alloys. Low pressures of coolant can 

result in rapid tool failure due to thermal shock and abrasion. On the other hand, higher 

pressure of coolants (above 70 bar), that is properly directed at the cutting zone improve the 

tool life and the surface finish significantly. [5] 

In the paper by A. Parmanik [5] the application of coolant is reviewed. It is told that the 

coolant is more effective if the penetration into the interfaces of the chip-tool and the tool-

workpiece is done properly, and that this can result in a drop in cutting temperature of 30 

percent, but also as confirmed by other researchers [22, 6], act as a lubricant and thereby 

enhance the tool life [5]. It is also stated by A. Parmanik [5] that high pressure cooling is the 

most effective way to enhance the tool life in turning titanium alloys. Pressures of 90 bar can 

be used compared to conventional cooling of 6 bar. This results in the formation of smaller 

chips and is able to enhance the tool life by three times when machining Ti-6Al-4V. 

Although, the enhance in tool life and the impact on chip morphology do not only depend on 

the pressure of the coolant but also on the properties of the coolant, for example density, 

thermal conductivity, convective heat transfer coefficient, and lubrication ability [5]. 

Xiaoping Yang and C. Richard Liu [24] describe the possible problems responsible for the 

struggle with machining titanium alloys in their article. As several other researchers, they say 

that the poor thermal conductivity of the alloy is a decisive factor, also that the chips formed 

during the machining are really thin which cause a small contact area with the tool and 

thereby resulting in high stresses on the tool. These two factors, small contact area and poor 

thermal conductivity, are told to be the cause of the high generated temperatures according to 

Xiaoping Yang and C. Richard Liu [24]. The fact that titanium alloys also possesses high 
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strength at elevated temperatures, result in a resisting force against plastic deformation which 

must occur to generate chips of the workpiece. Titanium alloys are very chemically reactive 

towards almost all tool materials at a temperature above 500°C, which complicates the 

machining operation. Titanium alloys also possess a low modulus of elasticity which can lead 

to problems like machining vibrations and deflection of the tool [24]. 

The wear mechanism involved when machining titanium alloys according to Xiaoping Yang 

and C. Richard Liu [24] may vary a lot depending on the combination of cutting tool and 

workpiece material, examples of wear mechanisms are diffusion, dissolution and attrition. 

There are many different ways to enhance the tool life when machining titanium alloys, it can 

be done by changing the tool material or by the usage of cutting fluid as well as changing the 

properties of the actual workpiece material. [24] 

The main conclusions drawn from the literature survey are that higher coolant pressures seem 

to increase the tool life. That the crater wear on the rake face of the tool, is a result from the 

chemical interaction between the tool material and the workpiece material, leading to 

diffusion of elements. That higher coolant pressures generates shorter chips during the 

machining process, which acts advantageous in terms of tool life.  

3.2 Results from Internal Reports-Sandvik Coromant 

Earlier research performed at Sandvik Coromant has been done on the subject of turning 

titanium alloys. This section that briefly presents the purpose and the obtained results from 

these investigations, which is relevant towards this master thesis, is only available for 

employees at Sandvik Coromant and can be seen in APPENDIX B.  
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4 Method 

4.1 Machining Tests 

The machining tests were divided into two separate parts where different uncoated WC/Co 

grades were evaluated. The first part was performed with the purpose of evaluating the 

difference in wear rate and tool life when altering the pressure of the cutting fluid, tool holder 

as well as the cutting speed. The grades used in this part were H13A, 27908 and 27909. In the 

second part of the machining tests, the tool life and the wear rate were evaluated once again 

for the reference sample H13A, together with the grades 27953, 27954 and 27955 at two 

different cutting speeds and tool holders. 

The machining tests were performed as continuous longitudinal turning tests in a RNC 600 

Multiturn lathe with an engine capacity of 1.6 kW. The cutting fluid used during the 

machining was an emulsion of water and oil called “Blasocut” provided by Blaser Swisslube 

AG. 

The pH of the cutting fluid was measured to 8.1-8.3 with a pH-indicator and the oil 

concentration in the cutting fluid was measured to 8.4-9.5 percent with the help of a 

refractometer. The cutting tool holders used in these turning tests were a high pressure (HP) 

cutting tool holder (Coroturn HP, C5-PCLNL-35060-12HP) and a conventional cutting tool 

holder (C5-DCLNL-35060-12). The workpiece material consisted of two Ti-6Al-4V bars 

belonging to the same batch with a length of 700 mm and diameters of 124 mm respectively 

170 mm. The chemical composition of the actual workpiece material and its mechanical 

properties can be seen in table 4.1 and table 4.2. 

Table 4.1: Chemical composition of the workpiece material Ti-6Al-4V according to the material specification. 

Element % Element % 

Aluminum 6.17 Vanadium 4.03 

Iron 0.21 Oxygen 0.18 

Carbon 0.03 Nitrogen 0.011 

Hydrogen 0.003 Yttrium <0.001 

Others Each <0.10 Others Total <0.40 

Titanium BAL
*
   

*
BAL=Balance to obtain 100% 

Table 4.2: Mechanical properties of the used Ti-6Al-4V workpiece material according to the material specification. 

Material properties Test 1 Test 2 

Yield Strength, YLD (KSI) 124.3 130.6 

Tensile strength, ULT (KSI) 137.3 141.9 

Elongation, ELONG (%) 15.0 13.0 

Reduction of area, R.A. (%) 39.5 35.9 

 

All inserts were marked and the ER-values of the respective insert were measured before the 

tests were initiated. The ER-value represents the rounding of the insert’s edge and can be 

measured either as the height or width of the edge as well as a calculated fraction of these. 

Inserts with similar ER-values were chosen for the machining tests to avoid differences 

between the separate inserts, which may affect the machining process. 
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The tests were performed with fixed values of feed rate and depth of cut, the values were 0.2 

mm/rev and 2 mm respectively. The cutting speed chosen was either 70 m/min or 115 m/min, 

based on literature and earlier performed tests. The pressure of the cutting fluid was changed 

between conventional pressure (v 16.3 l/min using a conventional tool holder, approximately 

10 bar), 35 bar, 90 bar and 150 bar. A total number of 141 inserts of various grades were used 

during these turning experiments, divided into two machining parts. The specific cutting 

parameters used for each test and part, for the respective insert can be seen in APPENDIX C-1 

and C-2.  

Before every turning engagement, a 45° chamfering was performed to remove any possible 

burr on the workpiece that could damage the tool or give misleading progression in wear and 

reduce tool life. The time of cut for each turning engagement was mainly one minute, but 30 

seconds was used in some cases to gather more data. These times of cut were chosen to let the 

wear on the cutting tool progress gradually and hence allow better determination of how the 

actual wear progresses. Chips from the workpiece material were collected for all grades 

during the turning operation at the different machining environments. This was done after the 

initial one minute engagement to avoid the change in tool geometry due to wear, which 

affects the shape of the produced chips. 

The inserts were analyzed after each turning operation using LOM, both to measure the flank 

wear on the main and secondary cutting edge and the crater wear, as well as for collecting 

images of the worn inserts. The end of tool life criteria used in these machining tests was 

predefined as a flank wear (VB) of 0.3 mm. Inserts of the different grades were also machined 

for a total cutting time of one or nine minutes throughout the various cutting conditions. 

These inserts were later analyzed using SEM and EMA. An image of the experimental setup 

during the machining tests can be seen in figure 4.1.  

 

Figure 4.1: Experimental setup in the lathe for execution of machining tests.  

  

Workpiece 

Feed direction 

Cutting tool 
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4.2 Methods for Analysis 

4.2.1 Electron Microprobe Analysis-Diffusion Couple 

An electron microprobe analysis was executed on a diffusion couple in purpose of resemble 

the chemical interaction between the tool material and the workpiece material. The diffusion 

couple consisted of the titanium workpiece material Ti-6Al-4V and the reference grade H13A. 

The actual manufacturing of the diffusion couple was not done in this work, only the analysis 

of the finished experiment. The manufacturing of the diffusion couple had earlier been 

executed by heat treatment at 1410 °C in argon containing atmosphere, for one hour. The 

analysis was performed on the interface between the workpiece and tool material, see figure 

4.2. Both mapping and line-scan analyses of the present elements were made on the affected 

area.   

 

Figure 4.2: To the left: Schematic explanation of where the electron microprobe analysis was performed. To the right: 

Magnified SEM-image of the corresponding analyzed area. 

4.2.2 Scanning Electron Microscopy Analysis 

The SEM analysis was executed on the inserts which had been machined for either one or 

nine minutes at the specific cutting environment (70 or 115 m/min + HP or Conv. tool 

holder). The images were taken using a current of 10kV and with a working distance of 20-30 

mm mainly, to obtain signals from an area closer to the surface. The inserts were put in an 

acetone containing beaker that was placed in an ultrasonic bath for approximately 10 minutes, 

the inserts were then rinsed with ethanol and dried before put into the vacuum chamber. The 

inserts were placed on a conducting holder which allowed a 35° angle of the cutting tool 

making it possible to both image the rake and flank face of the inserts simultaneously. Both 

images from detection of secondary and backscattered electrons were taken at various 

magnifications. 

4.2.3 Cross-section Preparation 

Inserts of different grades machined for one or nine minutes at a cutting speed of 70 m/min, 

feed rate of 0.2 mm, and depth of cut at 2 mm during conventional cooling were used for the 

cross-section preparation. The inserts were embedded in “fapsa” which is a bakelite similar 

substance that is electrically conductive making it possible to analyze samples using electrons 

e.g. SEM and EMA. The embedded inserts were then grinded and polished resulting in a 

material removal distance of around 1 mm. The grinding operation was initiated on the flank 

H13A  

Ti-6Al-4V 

Analyzed area 
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face beneath the secondary cutting edge of the insert. It was then continued towards the center 

of the crater wear and stopped when a distance of approximately 1 mm in material removal 

was obtained. This procedure was done in three separate steps. In the first step, the samples 

were grinded roughly approximately 900 µm using a sander. In the second step, the samples 

were polished using a diamond-slurry with a particle size of 9 µm. In the final step, polishing 

was done using diamond slurry, with a particle size of 1 µm to remove scratches on the 

surface from the previous steps. Figure 4.3 illustrates how the preparations of the cross-

sections were performed. 

 

Figure 4.3: Schematic illustration of the cross-section preparation of the insert. Where the red circle represents the 

worn area being analyzed, and the copper nail as an indicator of this area.  

The inserts were imaged with LOM before the preparation of the cross-sections to measure 

the distance needed to be removed by the grinding and polishing. This can be seen in figure 

4.4. As seen in the figure that accuracy is not very high in this particular case, the distance to 

remove according to figure 4.4 is approximately 1 mm but the length of the crater wear 

exceeds 2 mm. This means that the accuracy of the cross-section preparation did not have to 

be extremely high to accomplish the purpose of this method.   

 

Figure 4.4: LOM image illustrating the analyzed worn area by cross-section preparation. The image represents insert 

27953-22 machined for one minute. The red arrow indicates the direction of the material removal.  

4.2.4 Electron Microprobe Analysis-Worn Inserts 

Inserts machined for nine minutes of grades H13A, 27953, and 27955 were cross-section 

prepared and then analyzed with the EMA method. The preparation method is described in the 

section above. Both elemental distribution maps and line-scans were done on the prepared 

inserts. The analysis of the worn inserts was made with the purpose of investigating a possible 

correlation between the diffusion-test and the worn inserts.  
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5 Results and Discussion 

This section describes and discusses the results obtained from the machining tests and the 

analysis.  

5.1 Machining Tests 

5.1.1 Impact of Coolant Pressure 

Figure 5.1 displays the impact of increased coolant pressure on tool life considering the 

grades H13A, 27908 and 27909. In these machining tests the HP-tool holder was used solely 

throughout the testing. The time of cut for each engagement was one minute and the used 

cutting speed was 115 m/min. The machining tests were stopped when the inserts exhibited a 

flank wear exceeding 0.3 mm. As seen in figure 5.1 there is no large difference in tool life 

between the various grades, there is also no significant difference in tool life among the 

grades when the coolant pressure is increased from 35 to 150 bars. This unseen improvement 

in tool life with increasing coolant pressure was not expected considering the tool life 

improvements observed in literature [22, 23]. The coolant pressures used in this test were 

probably too low to give an improving impact on tool life at this cutting speed. If the pressure 

had been increased even further than 150 bars or if the cutting speed had been decreased to 

100 m/min or 75 m/min, as in literature [22, 23], a higher tool life might have been achieved 

for the grades. It should also be noted that a HP-tool holder was used during these tests, which 

might not have been the case in literature.  

Even though there was no improvement in tool life, differences could be seen when studying 

the chips obtained at each pressure. The increasing pressure of the cutting fluid resulted in 

formation of shorter chips which can be seen in figure 5.2.  

 

Figure 5.1: Tool life of grades H13A , 27908 and 27909 at different coolant pressures using the high pressure tool 

holder. Cutting parameters: vc 115 m/min, fn 0.2 mm/rev, ap 2 mm and one minute as time of cut. 
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Figure 5.2: Visualization of the collected chips during the machining operation at vc 115 m/min. From left to right: 35 

bar (insert H13A-3,2),  90 bar (insert H13A-4,2) and 150 bar (insert H13A-5,2).  

5.1.2 Impact of Tool Holder 

The impact from the choice of tool holder was investigated at two different cutting speeds, 70 

and 115 m/min, at a constant feed rate and depth of cut of 0.2 mm/rev and 2 mm, respectively. 

The end of tool life criteria, as mentioned earlier in the method section, was set to a flank 

wear of 0.3 mm. All the separate tests were performed under equal fluid flows of 16.3 l/min, 

regardless of the choice of tool holder and cutting speed. Figure 5.3 displays the results from 

both parts of turning tests, i.e. for all the grades. Each bar represents the mean value of two 

subtests for a specific speed and tool holder that has been merged together. The red vertical 

line seen in the graph divides the two separate parts of testing. 

As seen in figure 5.3 the reference grade (H13A) displays a variation in tool life between the 

first and second parts of testing. This complicates the comparison of the investigated grades 

between these two test sessions. The grades examined in the second test part all exceeded the 

tool life of the reference grade. This means that these grades also performed better than the 

grades evaluated in the first test session, even when assuming the same tool life increase for 

grade 27908 and 27909 as for the reference grade. The reason for the change in tool life for 

the reference grade might have come from the change of cutting fluid or the change of 

workpiece material, even though the same cutting fluid was used (similar concentration) in 

both sessions and the workpiece material belonged to the same batch as the one previously 

used. The reference grade (H13A) used in both test sessions also belonged to the same batch. 

Another possible reason for the deviation is that the material properties of the workpiece 

might differ slightly between the starting diameter of the workpiece and the reduced diameter 

obtained throughout the turning process.  
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Figure 5.3: Tool life for all grades at two different cutting speeds (70 m/min & 115 m/min) using both a conventional 

tool holder and a high pressure tool holder. Cutting parameters: fn 0.2 mm/rev, ap 2mm. To the left of the vertical red 

line: first test part, to the right of the vertical line: second test part. 

At a cutting speed of 70 m/min using the HP-tool holder the tests were disrupted at 15 

minutes without having reached the predefined threshold value of a flank wear above 0.3 mm. 

This was done to save time for further testing. Table 5.1 displays the achieved flank wear at 

this point of time (15 minutes) for these three grades. The flank wear of these grades do not 

differ very much, which makes it impossible to conclude which grade that would have had a 

longer tool life when using the HP-tool holder at a cutting speed of 70 m/min. 

Table 5.1: Achieved flank wear on main cutting edge after 15 minutes of machining at vc 70 m/min using a HP-tool 

holder.   

Grade Flank wear (main cutting edge) 

H13A  0.12 mm 

27908  0.10 mm 

27909  0.11 mm 

 

In figure 5.3 it can be noticed how the increase in cutting speed from 70 m/min to 115 m/min 

reduced the tool life significantly. This resulting in a tool life lower than approximately 20 

percent of the tool life obtained at the lower cutting speed of 70 m/min. This is evident for all 

the grades evaluated during the testing. It can also be seen in figure 5.3 that the choice of tool 

holder has a small but consistent effect on the tool life for the examined grades, where using 

the HP-tool holder leads to an improvement in tool life. Turning tests using the HP-tool 

holder at 70 m/min were not performed in the second test part because no workpiece material 

was left to perform the turning tests on, hence the results are not included in figure 5.3.  

5.1.3 Comparison between Grades 

Figures 5.4 and 5.5 correspond to tool life tests performed at 70 and 115 m/min using a 

conventional tool holder. When looking at both figure 5.4 and figure 5.5 it is evident that the 
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grades 27953, 27955 and 27954 gained a longer tool life than the other grades considering 

both 70 m/min and 115 m/min. At 70 m/min, see figure 5.4, the 27955 grade performed best 

at the present cutting environment. At the higher cutting speed of 115 m/min, see figure 5.5, 

the grade that performed best was the 27953 grade. Compared to the reference grade H13A 

included in the second test session, grade 27955 increased the tool life by 45 percent at 70 

m/min. Grade 27953 increased the tool life by 50 percent compared to H13A at a cutting 

speed of 115 m/min.  

 

Figure 5.4: Tool life test of all grades at vc 70 m/min using a conventional tool holder. Fixed cutting parameters: fn 0.2 

mm/rev and ap 2 mm. To the left of the vertical red line: first test part, to the right of the vertical line: second test 

part. 

 

Figure 5.5: Tool life test of all grades at vc 115 m/min using a conventional tool holder. Fixed cutting parameters: fn 0.2 

mm/rev and ap 2 mm. To the left of the vertical red line: first test part, to the right of the vertical line: second test 

part. 
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The progression of the crater wear area and the extent of flank wear are presented for all the 

evaluated grades in figure 5.6 and figure 5.7. From these figures it can be seen that there is a 

correlation between the progression of the flank wear and the crater wear. As the crater wear 

starts to increase and reaches a larger crater area, the extent of the flank wear excels and lastly 

reaches the predefined tool life criteria (dashed red line in figure 5.6). The tool life deciding 

progression in wear based on this information could be that the crater starts to grow because 

of enhanced chemical wear on the rake face. This type of wear slightly changes the geometry 

of the tool, causing the formation of longer chips and hence a larger contact area between the 

rake face of the tool and the chip. This generates a larger temperature affected zone which 

further promotes chemical wear and increases the area of the crater. 

This growth in crater wear progressively reaches closer towards the edge-line of the cutting 

tool, and thereby weakens the edge of the cutting tool making it more sensitive towards 

abrasive and adhesive wear. Finally the wear exceeds a certain level resulting in a severe 

plastic deformation of the cutting edge, causing tool failure.  

It should be noted that the values of flank wear and crater wear has been personally measured 

during the machining process. Due to a lot of adherent material on the inserts it was difficult 

to measure to actual wear acting on the inserts, however the result of these measurements still 

provides a good visualization of the correlation and tendency regarding the wear of the cutting 

tools.   
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Figure 5.6: Progressions of flank wear for all grades at vc 70 m/min using a conventional tool holder. Fixed cutting 

parameters: fn 0.2 mm/rev and ap 2 mm. 

 

Figure 5.7: Progressions of crater wear for all grades at vc 70 m/min using a conventional tool holder. Fixed cutting 

parameters: fn 0.2 mm/rev and ap 2 mm. 
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5.2 Wear Characterization 

5.2.1 Light Optical Microscopy 

LOM images were taken continuously during the turning tests for all the grades. Figures 5.8 

and 5.9 demonstrate the wear progression of the reference sample H13A at a cutting speed of 

70 m/min, using both the conventional and the HP-tool holder. The LOM images represent 

the actual wear of the rake and flank face after a total cutting time of one, five, and nine 

minutes. The time of cut for a single engagement was one minute and in both cases an 

equivalent fluid flow of 16.3 l/min was used during the machining. These inserts, represented 

in figures 5.8 and 5.9, were machined at a constant feed rate of 0.2 mm/rev and a depth of cut 

of 2 mm. When comparing these figures, it is evident that the use of the HP-tool holder 

(figure 5.9) has decreased the tool wear efficiently. Both crater wear and flank wear decreased 

when using the HP-tool holder instead of the conventional tool holder. 

1 min 5 min 9 min 
 

Rake face 

 

Flank of main cutting edge 

Flank of secondary cutting edge 

Figure 5.8: Wear progression of reference grade H13A using a conventional tool holder at 1, 5 and 9 minutes, vc 70 

m/min, fn 0.2 mm/rev and ap 2mm. 
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Figure 5.9: Wear progression of reference grade H13A using a high pressure tool holder at 1, 5 and 9 minutes, vc 70 

m/min, fn 0.2 mm/rev and ap 2mm. 

The tendency of decreasing wear by using the HP-tool holder can be even further noticeable 

when looking at figures 5.10 and 5.11, representing the higher cutting speed of 115 m/min. 

The flank wear is severe already after two minutes of machining when using the HP-tool 

holder (figure 5.11), but compared to the use of the conventional tool holder (figure 5.10) 

there is a clear difference. After a total machining time of two minutes using the conventional 
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tool holder significant plastic deformation of the edge-line has occurred. Both edge 

impression and edge depression can be seen, which with great probability would have 

damaged the newly machined surface of the workpiece if the machining had continued. 

1 min 2 min 
 

Rake face 

 

Flank of main cutting edge 

Flank of secondary cutting 

edge 

Figure 5.10: Wear progression of reference grade H13A at one and two minutes using a conventional tool holder, vc 

115 m/min, fn 0.2 mm/rev and ap 2mm. 
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Figure 5.11: Wear progression of reference grade H13A at one and two minutes using a high pressure tool holder, vc 

115 m/min, fn 0.2 mm/rev and ap 2mm. 

5.2.2 Scanning Electron Microscopy 

Wear characterization of the worn inserts was done using SEM in order to obtain a higher 

magnification than given by the LOM, and also to detect adherent material on the inserts by 

atomic-contrast. The inserts analyzed using SEM were all machined to a specific time, namely 

one or nine minutes. This was done to allow comparison of the wear between the grades at the 

beginning of the machining (initial wear) and when the wear had increased enough to become 

a crucial tool life deciding parameter. A total number of 38 inserts were analyzed using SEM, 

these specific inserts can be seen in table 5.2.  The inserts were not etched before the analysis, 
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which made it more difficult to visualize the actual wear of the inserts because of adherent 

workpiece material. This was chosen because adherent workpiece material was needed to 

investigate the interaction between the tool and the workpiece. The results from the analysis 

presented below include only the use of the conventional tool holder at cutting speeds of 70 

and 115 m/min. SEM and corresponding LOM images of all the analyzed grades at these 

conditions can be seen in APPENDIX D. 

Table 5.2: Inserts analyzed using SEM. vc is the cutting speed, fn is the feed rate, ToC is the time of cut for each 

engagement and t is the total cutting time. The depth of cut and feed rate was constant for all inserts, ap 2 mm and fn 

0.2 mm/rev. 

Grade-
insert 

Tool 
holder 

vc 
(m/min) 

ToC 
(min) 

t 
(min) 

Grade-
insert 

Tool 
holder 

vc 

(m/min) 
ToC  

(min) 
t 

(min) 

H13A-13,1 HP 70 1 1 27953-21,1 HP 70 1 1 
27908-15,2 HP 70 1 1 27954-8,1 HP 70 1 1 
27909-16,1 HP 70 1 1 27953-25,1 HP 115 1 1 
H13A-19,2 HP 115 1 1 27955-11,2 HP 115 1 1 
27908-19,2 HP 115 1 1 27954-11,2 HP 115 1 1 
27909-20,1 HP 115 1 1 27954-17,1 Conv. 70 1 1 
H13A-18,2 Conv. 70 1 1 27953-27,1 Conv. 70 1 1 
27908-16,2 Conv. 70 1 1 27955-18,1 Conv. 70 1 1 
27909-15,1 Conv. 70 1 1 27953-29,1 Conv. 115 0.5 1 
H13A-21,2 Conv. 115 0.5 1 27955-19,2 Conv. 115 0.5 1 
27908-20,2 Conv. 115 0.5 1 27954-21,2 Conv. 115 0.5 1 
27909-13,1 Conv. 115 0.5 1 27953-13,2 HP 70 1 9 
H13A-23,2 HP 70 1 9 27954-22,2 HP 70 1 9 
27909-21,2 HP 70 1 9 27955-22,1 HP 70 1 9 
27908-22,2 HP 70 1 9 27953-3,2 Conv. 70 1 9 
27909-23,1 Conv. 70 1 9 27954-25,1 Conv. 70 1 9 
H13A-29,1 Conv. 70 1 9 27955-24,1 Conv. 70 1 9 
27908-24,2 Conv. 70 1 9 27953-5,2 Conv. 70 1 9 
27955-2,1 HP 70 1 1 27955-25,1 Conv. 70 1 9 

 

Overall the same types of wear were observed for all the grades, an image displaying these 

wear types can be seen in figure 5.12. The figure represents a SEM image of the worn insert 

27955-25,1, which has been machined for a total cutting time of nine minutes at a cutting 

speed of 70 m/min using the conventional tool holder and flood coolant. The SEM image 

displays parts of the rake and flank face of the cutting tool insert revealing wear in form of 

crater wear, flank wear, and a small case of BUE/smearing representing the segmented chip 

(denoted adherent workpiece material in the figure). In this figure, an additional wear type can 

be seen that has been noticed occasionally but not as often as the previous mentioned. The 

seen scratch marks in this wear type promote that this is a case of abrasive wear and not 

chipping. The most likely situation is that the abrasive wear, in this case, has occurred mainly 

on the adherent workpiece material attached to the surface of the insert.  
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Figure 5.12: SEM image of the present types of wear seen on insert 27955-25,1 and on the majority of the analyzed 

grades regarding cutting speed, choice of tool holder and coolant pressure.  

After a total cutting time of one minute at a cutting speed of 70 m/min the wear of the inserts 

seems to be likewise for all the evaluated grades. Figure 5.13 visualizes the typically seen 

wear pattern exposed when analyzing the grades. The figure displays flank wear and crater 

wear as well as adherent workpiece material on the cutting edge. These wear types were 

observed for all the analyzed grades and inserts that had been machined for one minute.  

 

Figure 5.13: SEM image of insert 27955-18,1. To the left: SE-detector. To the right: RBSD-detector.  

At a higher cutting speed, 115 m/min, using the conventional tool holder it can be seen that 

the wear is similar to the wear at 70 m/min. Crater wear seems to be more pronounced or at 

least in the same extent at a shorter time of machining compared to the lower cutting speed of 

70 m/min. This can be seen in figure 5.14 where the images are composed of secondary- and 

backscattered electrons.  

Rake face 

Flank wear 
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workpice material 

Flank face Abrasive wear 
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Figure 5.14: SEM image of insert 27953-29,1. To the left: SE detector. To the right: RBSD-detector.  

After nine minutes of machining the worn areas have grown larger, but the wear types are still 

the same as after one minute of machining. Figure 5.15 displays an insert that has been 

machined for nine minutes at a cutting speed of 70 m/min using the conventional tool holder. 

The type of grade is the same as in the previous figure (figure 5.13). At this time a more 

irregular flank wear can be seen together with a more pronounced and increased crater wear. 

Adherent workpiece material in form of fractions of segmented chips has been built up on the 

cutting edge creating a small case of BUE, this can be seen in the image corresponding to the 

detection of secondary electrons. In the backscattered SEM image adherent workpiece 

material can be observed on the surface of the worn areas.  

 

Figure 5.15: SEM image of insert 27955-25,1. To the left: SE detector. To the right: RBSD-detector. 

5.2.3 Prepared Cross-sections 

Analyses of cross-sections were made for six of the inserts. These inserts had been machined 

at a cutting speed of 70 m/min using a conventional tool holder. The total cutting times for the 

inserts were either one or nine minutes. The distance of removed material by the 

grinding/polishing process was approximately 1000±70 µm for all the inserts. Since the 

purpose of the cross-section was to image the crater wear and investigate the chemical 

interaction between the cutting tool and the workpiece, high precision of the distance of 

removed material was not taken into account. 
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When the grinding and polishing of the inserts were done, LOM images of the prepared 

inserts were taken. In figure 5.16 the inserts machined for one minute at a magnification of 

10x and 50x are shown. This figure reveals that already after one minute of machining, 

tendencies of initial crater wear formation can be seen. At this particular time the crater wear 

is more or less the same for the three different grades. For grades 27953 and 27955, more 

adherent material can be seen at the tip of the edge than for the H13A grade. After nine 

minutes of machining, see figure 5.17, the increase in crater wear can be observed. For the 

grades 27953 and 27955, the crater seems to be deeper and closer to the edge. At this specific 

time, it is also evident that workpiece material has adhered to the surface of the rake face. The 

difference in crater wear between one and nine minutes indicates that this type of wear has 

developed gradually and increased with the cutting time, which can also be seen in the 

previous figure 5.7, representing the measured area of the crater wear during the machining 

tests.  
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Figure 5.16: Cross-section prepared inserts machined for 1 minute. Imaged with a magnification of 10x and 50x. 
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Figure 5.17: Cross-section prepared inserts machined for 9 minutes. Imaged with a magnification of 10x and 50x. 

Additional to the LOM images, SEM analysis was also performed on the inserts that had been 

machined for nine minutes. Images from the SEM analysis can be seen in figure 5.18 at two 

magnifications. To the left in the figure an overview of the cutting edge can be seen and the 

image to the right corresponds to the rake face wear land (crater wear).  From both the optical 

images (figure 5.16 and 5.17) and the SEM images (figure 5.18) it can be observed that the 

rake face is very smoothly worn compared to the flank face. This indicates that the flank face 

has been worn by a more aggressive wear mechanism, probably abrasive together with 

adhesive wear. The rake face on the other hand shows no signs of extensive abrasive wear. 

However due to the adherent workpiece material present in the crater it is quite likely that 

adhesive wear together with chemical wear are the present wear mechanisms. 
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Figure 5.18: SEM images of cross-sectioned inserts used during machining of 9 min. The magnified images to the right 

display the surface of the rake face. 
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5.2.4 Electron Microprobe Analysis 

5.2.4.1 Diffusion-couple 

The diffusion couple was analyzed with EMA, the result from this analysis in form of 

distribution maps corresponding to the elements C, Ti, W, Co and V of the diffusion couple, 

can be seen in figure 5.19. All the mapping images from the performed EMA at different 

analyzed areas can be seen in APPENDIX E. The gradation bar to the right of each mapping 

image might be hard to see in the figure, but a more reddish and brighter color corresponds to 

higher levels of the specific element that is detected. Contrary to this, a more bluish and 

darker color indicates a lower level of the element.  

The mapping image corresponding to the present carbon amount in figure 5.19 reveals high 

concentrations of carbon in the interface between the workpiece material and the tool 

material. At the same position in the interface, elevated concentrations of titanium also 

appears. Beneath the enriched carbon zone, a carbon depleted area can be seen as a dark area 

in the mapping image. This indicates that carbon has diffused from the carbon depleted zone 

towards the surface of the rake face and into the workpiece material. Looking at the line-scan 

performed on this particular area, see figure 5.20, it can be seen that the carbon-peak, which 

indicates high concentration of carbon, appears where the concentration of titanium still is 

high. This happens according to the line-scan at approximately the same position in the 

interface. Most likely formation of a compound consisting of both carbon and titanium has 

occurred, probably the formation of TiC. The more negative formation enthalpy for TiC 

(   
                   ), than for tungsten carbide (   

                 ), 

results in a higher thermodynamic driving force for carbon to form a compound together with 

titanium than with, for instance tungsten. [26]. In the SEM image (figure 5.19), representing 

the analyzed area for the diffusion couple, it appears to be a brighter area in the microstructure 

right beneath or at the carbon depleted zone. This brighter area indicates a lower carbon 

concentration in the Co-binder phase and perhaps a higher W/C-ratio, and it is possible that 

formation of an η-phase (Co6W6Co) has occurred. It is also worth noticing the higher 

concentration of tungsten in the interface. Perhaps not only the formation of TiC has 

happened, but also formation of a tungsten, titanium and carbon containing compound, e.g. 

WTiC.  
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Figure 5.19: SEM-image of the analyzed area together with elemental distribution maps corresponding to Ti, C and 

W of the diffusion couple. 
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Figure 5.20: Line-scan of the interface for the diffusion couple and SEM image of analyzed area where the red arrow 

displays how the execution of the line-scan has been performed 

5.2.4.2 Worn Inserts 

Electron microprobe analysis was also performed on the grades H13A, 27953, and 27955. 

The last two of these three grades were selected because of their performance in the 

machining tests. Where both grade 27953 and 27955 showed promising results in terms of 

tool life. These specific inserts had been machined for nine minutes at a cutting speed of 70 

m/min using the conventional tool holder at a fluid flow of 16.3 l/min. Inserts machined for 

nine minutes were selected because of the more extended wear propagation. If elemental 

diffusion occurs during the machining process, as for the diffusion couple, it should be 

observed for these inserts. The results obtained for each grade is presented below and mainly 

discussed as comparison to the diffusion couple. 

Grade H13A  

Figure 5.21 represents the collected mapping images from the electron microprobe analysis of 

the machined H13A insert. When studying the mapping image of carbon it appears that, as for 

the diffusion couple, a depleted zone of carbon (black area) is present beneath the surface of 

the rake face. Above this region a green area can be seen that indicates a higher carbon 

concentration and hence carbon diffusion towards the interface between the workpiece and 

tool. It is also seen in the image corresponding to titanium that workpiece material has 

adhered to the surface of the crater, as discussed earlier. However it is hard to distinguish any 

form of titanium diffusion towards the enriched carbon zone, as seen for the diffusion couple 

in figure 5.19. Figure 5.22 represents a line-scan of the detected carbon and titanium levels 

for the worn H13A grade, from this line-scan image it seems that the peak representing 

titanium and carbon appears at the same distance from the start to the end of the line-scan, 

0

50

100

100 125 150

C
o

n
ce

n
tr

at
io

n
 (

w
t%

) 

Distance from start to end of line-scan (µm) 

W

Ti

Co

C

V



42 

 

approximately at a distance of 10 µm. If the carbon had not diffused into the workpiece 

material, a separated titanium-peak should have been seen before the appearance of the peak 

corresponding to carbon. This is not seen in these images and thereby it is fair to say that 

carbon probably has diffused from the rake face of the cutting tool into the overlaying 

workpiece material. The tendency of the carbon depleted area can be seen as a small drop in 

carbon intensity roughly at 13 µm before it flattens and represents the carbon intensity seen in 

the bulk of the tool material. 

The conclusion from this is that the machined H13A insert appears to exhibit the same 

phenomenon of carbon diffusion as seen for the diffusion couple, however in a smaller extent. 

One reason for the reduced extent of diffusion seen for the H13A grade might be that the 

temperature in the insert did not reach such a high value as 1410°C during the machining 

process, which was used during the execution of the diffusion couple. The diffusion 

experiment also continued for a whole hour, while the inserts were machined for nine 

minutes. Another reason is that the diffusion affected area on the insert is continually removed 

throughout the machining operation by adhesive wear, which reduces the actual diffusion 

affected zone.  

 

 

Figure 5.21: Mapping images from the electron microprobe analysis of the machined H13A grade. 
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Figure 5.22: Line-scan representing the intensity of Ti and C present in the machined grade H13A. 

Grade 27953 and 27955 

Mapping images belonging to the grade 27953, which performed best at a cutting speed of 

115 m/min can be seen in figure 5.23. This grade possesses similar diffusion phenomenon as 

the H13A grade and the diffusion-couple. Elevated levels of carbon can be distinguished at 

the interface between the tool material and the workpiece material. In comparison to the 

H13A grade and the diffusion-couple, grade 27953 does not reveal any carbon depleted area 

beneath the carbon enriched surface zone.  Looking at the elemental distribution map for 

grade 27955 (figure 5.25), this carbon depleted zone is also not evident. Figure 5.24 reveals 

the line-scan performed on grade 27953 and figure 5.26 shows the corresponding line-scan of 

grade 27955. These line-scans show that elevated values of the intensity corresponding to 

titanium appears at a distance where the intensity of carbon still is high. That indicates 

coexistence of titanium and carbon at the same position in the interface. The small drop in 

carbon intensity seen for the worn H13A insert, is not visible in the line-scan for grades 27953 

and 27955. This also indicates that there is no present carbon depleted area in these grades, at 

least not in the same extent as for the H13A grade.  
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Figure 5.23: Mapping images from the microprobe analysis of the machined 27953 grade. 

 

Figure 5.24: Line-scan representing the intensity of Ti and C present in the machined 27953 grade.  
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Figure 5.25: Mapping images from the microprobe analysis of the machined 27955 grade. 

 

Figure 5.26: Line-scan representing the intensity of Ti and C present in the machined grade 27955. 

Considering the results obtained from the electron microprobe analysis of the machined 

inserts, it is evident that a similar diffusion phenomenon occurs during the machining 

operation as seen for the diffusion-couple. This concludes that a more realistic diffusion-

testing model perhaps could be an alternative way to investigate the chemical wear on the 

rake face, in order to reduce this type of wear mechanism. This would allow a cheaper and 

easier way to manage the fundamental problems of the chemical wear occurring on the rake 

face of the cutting tool when machining titanium alloys.  
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The difference between the grades performing better in the turning tests and the reference 

grade H13A, based on the electron microprobe analysis, might be the lack of the carbon 

depleted zone. This zone was seen for the reference grade H13A and for the diffusion-couple 

but not for grades 27953 and 27955. As discussed before, the carbon depletion in the surface 

of the WC/Co grade due to the interaction with titanium may have an effect on the 

stoichiometry of the WC grains. As a result of this, the carbon depleted WC-grains are easier 

pulled out from the tool material when adherent workpiece material together with tool 

material continuously are removed by the chip. This was also discussed in the literature by 

E.O Ezugwu et al. [1], that this diffusion phenomenon led to an embrittlement and weakening 

of the surface, which increases the wear rate on the rake face. In grades 27953 and 27955 the 

surface has been modified to have a higher carbon activity that probably reduces the chemical 

interaction between the WC/Co and the titanium workpiece. This avoids the depletion and 

hence promotes longer tool lives.  
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6 Conclusions 

The results from the machining tests in this work indicate that there are several grades 

performing better than the H13A grade in this specific application area, i.e. machining of 

titanium alloys. Especially grades 27953, 27955, and 27954 showed promising results since 

they increased the tool life by 32 percent, 45 percent, and 16 percent, respectively, compared 

to the H13A grade at a cutting speed of 70 m/min.  Machining tests at 115 m/min resulted in 

improved tool lives with 50 percent (27953), 38 percent (27954), and 13 percent (27955) 

compared to grade H13A. 

Results from the machining tests also showed that no improvement in tool life was obtained 

when increasing the pressure of the cutting fluid from 35 bar to 150 bar. A small, but 

consistent improvement in tool life was however reached when changing the tool holder, from 

a conventional tool holder to a HP-tool holder, while keeping the same constant fluid flow. 

The wear types occurring on the cutting tools did not change when the pressure of the cutting 

fluid was increased, and there was no evidence that the extent of the wear types differed 

between the used pressures. Neither did the choice of tool holder change the wear types 

occurring on the cutting tools. The use of the HP-tool holder did delay the wear, which 

increased the performance of the cutting tools.  

Analysis of the worn inserts revealed that crater wear, flank wear and BUE/smearing 

(adherent workpiece material), resulting in plastic deformation were the main wear types 

when machining the titanium alloy Ti-6Al-4V considering the included grades. These types of 

wear were seen regardless of the cutting speed, coolant pressure and the choice of tool holder.  

By using electron microprobe analysis and SEM-images, the underlying wear mechanisms 

responsible for these types of wear were characterized as adhesive wear and abrasive wear 

giving rise to flank wear. Chemical wear together with adhesive wear seemed to be the main 

reasons for the formation of crater wear on the rake face of the cutting tools. 

Electron microprobe analysis on the diffusion couple indicated that diffusion of carbon from 

the cutting tool material towards the workpiece material occurs together with diffusion of 

titanium towards the obtained carbon enriched surface of the cutting tool. The diffusion of 

carbon leads to a carbon depleted area beneath the carbon enriched zone. If this resulted in the 

formation of a carbon and titanium containing compound was not verified in this work. The 

same tendency to carbon diffusion was determined to occur during the machining operation 

by the help of an additional electron microprobe analysis of worn inserts. It was found that the 

reference grade H13A had obtained a carbon depleted zone (with a thickness of a few 

microns). This carbon depleted zone was not formed on grades 27953 and 27955, which 

showed superior machinability of the titanium workpiece compared to the reference grade 

H13A. This unobserved effect was probably due to the increased carbon activity on the 

surface of these grades, obtained from the special sintering method.   

When speculating on why the lack of this carbon depleted zone increases the tool life, it is 

tempting to consider that this carbon depletion causes WC grains to easier being “pulled 

away” from the rake face and transported away from the cutting tool with the crossing chip. In 
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other words, the carbon depleted area acts as a “weak-spot” that is more sensitive towards 

wear. 

If this is the main reason to why grade 27953 and 27955 performed better in the turning tests, 

then the chemical wear of the rake face is the controlling or “rate limiting” wear mechanism 

when turning titanium alloys. This is also strengthened by the observed wear acting on the 

cutting tools during the machining tests in figure 5.6. 

To finally summarize this work I will present the sought answers to the questions formulated 

in the beginning of this work.   

  How does the wear mechanism and tool life of grade X compare to grade Y? 

The wear mechanisms did not differ between the evaluated grades when machining 

the titanium alloy Ti-6Al-4V. The extent of the present wear mechanisms differed 

slightly between grades, leading to variations in tool life. The observed wear 

mechanisms were adhesive, chemical and abrasive wear. The chemical wear seemed 

to be tool life deciding, where grades with a depleted carbon-zone in the subsurface 

obtained a shorter tool life.   

 Does the tool life of grade X exceed the tool life of reference grade H13A? 

Several of the evaluated grades exceeded the tool life of the reference grade H13A, 

both at a cutting speed of 70 m/min and 115 m/min. 

 Does the pressure of the cutting fluid affect the machinability of the workpiece 

material Ti-6Al-4V? 

This work did not show any improvement in tool life when increasing the pressure of 

the cutting fluid, considering the pressure range 35 to 150 bar and a cutting speed of 

115 m/min.  

 How does the choice of tool holder affect the wear and tool life of the investigated 

grades? 

The choice of tool holder has been observed to affec the tool life of the cutting tool, 

which is directly connected to the wear of the cutting tool. In this work the tool holder 

was either of conventional or a HP tool type. The use of the HP-tool holder resulted in 

delayed wear and hence a longer tool life. The wear acting on the cutting tool was of 

the same type regardless of tool holder. 

 Which of the tested and analyzed grades is the most promising to use when turning Ti-

6Al-4V, considering the wear and overall tool life at the specific turning conditions 

used during the machining tests? 

At the high cutting speed, 115 m/min, grade 27953 showed the most promising result, 

i.e. increasing the tool life by 50 percent compared to the grade currently used for 

turning titanium alloys. At a cutting speed of 70 m/min the 27955 grade resulted in the 

longest tool life, improved by 45 percent compared to the reference grade H13A.   
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7 Further outlook 

 Investigation of how different nozzle sizes impact the behavior of the wear 

mechanisms and tool life when using high pressure cooling.  

 Further investigation of the grades 27953 and 27955 at different cutting speeds to see 

how they perform in a wider application area. Also perform complementary subtests 

on these grades to statistically verify the results obtained in this work. It would also be 

interesting to see if these grades show good performances using other workpiece 

materials where chemically induced crater wear is a decisive factor. Both other 

titanium alloys and totally different workpiece materials, e.g. stainless steels, etc. 

would be interesting to evaluate.  

 Investigate how cryogenic-cooling impacts the machinability of titanium alloys. 

Cryogenic-cooling should decrease the generated temperature even further, and 

thereby inhibit the diffusion of elements between the cutting tool and the workpiece.  

 Analyze the chips collected from the turning tests to see if elements from the insert are 

present in the chips. This can further verify that diffusion of elements from the tool 

material to the workpiece material has occurred.  

 Analyze the carbon depleted area seen in the diffusion test and for the worn H13A 

grade. This to see if formation of the η-phase (Co6W6C) has occurred or not.  

 It would also be interesting to see if there are any possible coatings that could be 

deposited on grades 27953 and 27955 and perhaps increase the tool life even further.  

 It may be profitable to develop a method, based on the diffusion-test, to analyze the 

chemical affinity between the tool material and the workpiece material and hence the 

tendencies towards chemically induced crater wear. This instead of performing 

extensive turning tests which is expensive, especially when considering the price of 

titanium alloys.   
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APPENDIX A 
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Coromant. The complete report with included APPENDIX can be found in TOPAS Project 

database, document ID: CDTF80435. 

APPENDIX B 

Not included due to confidential information, only available for employees at Sandvik 

Coromant. The complete report with included APPENDIX can be found in TOPAS Project 

database, document ID: CDTF80435. 
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APPENDIX C-1 

Cutting parameters for the first test session for each grade and its respective inserts, along with information about which inserts that has been used for what kind 

of analysis. As well as information about the cutting time and metal removal. 

Insert 

HP/ 

Conv. 

vc 

(m/min) 

fn 

(mm/rev) 

ap 

(mm) 

Q 

(cm
3
/min) 

t 

(min) 

Qtot 

(cm
3
) 

v 

(l/min) 

p 

(bar) 

Time of 

cut Usage 

SEM/ 

Cross-section 

H13A-2,2 HP 70 0,2 2 28,00 15 420 16,3 35 1 min Tool life - 

27908-1,1 HP 70 0,2 2 28,00 15 420 16,3 35 1 min Tool life - 

27909-1,1 HP 70 0,2 2 28,00 15 420 16,3 35 1 min Tool life - 

H13A-3,2 HP 115 0,2 2 46,00 3 138 16,3 35 1 min Tool life - 

27908-2,2 HP 115 0,2 2 46,00 2 92 16,3 35 1 min Tool life - 

27909-2,1 HP 115 0,2 2 46,00 3 138 16,3 35 1 min Tool life - 

H13A-4,2 HP 115 0,2 2 46,00 3 138 - 90 1 min Tool life - 

27908-3,1 HP 115 0,2 2 46,00 3 138 - 90 1 min Tool life - 

27909-3,1 HP 115 0,2 2 46,00 4 184 - 90 1 min Tool life - 

H13A-5,2 HP 115 0,2 2 46,00 3 138 - 150 1 min Tool life - 

27908-4,1 HP 115 0,2 2 46,00 3 138 - 150 1 min Tool life - 

27909-4,1 HP 115 0,2 2 46,00 4 184 - 150 1 min Tool life - 

H13A-6,2 Conv. 115 0,2 2 46,00 1 46 16,3 - 1 min Tool life - 

27908-6,1 Conv. 115 0,2 2 46,00 2 92 16,3 - 1 min Tool life - 

27909-6,2 Conv. 115 0,2 2 46,00 2 92 16,3 - 1 min Tool life - 

H13A-8,1 Conv. 70 0,2 2 28,00 9 252 16,3 - 1 min Tool life - 

27908-8,1 Conv. 70 0,2 2 28,00 12 336 16,3 - 1 min Tool life - 

27909-9,1 Conv. 70 0,2 2 28,00 12 336 16,3 - 1min Tool life - 

H13A-9,2 Conv. 115 0,2 2 46,00 2 92 16,3 - 30 s Tool life - 

27908-9,1 Conv. 115 0,2 2 46,00 1,5 69 16,3 - 30 s Tool life - 

27909-10,1 Conv. 115 0,2 2 46,00 2 92 16,3 - 30 s Tool life - 

H13A-10,2 Conv. 70 0,2 2 28,00 11 308 16,3 - 1 min Tool life - 

27908-7,1 Conv. 70 0,2 2 28,00 12 336 16,3 - 1 min Tool life - 

27909-5,1 Conv. 70 0,2 2 28,00 13 364 16,3 - 1 min Tool life - 



III 

 

H13A-7,1 Conv. 115 0,2 2 46,00 2 92 16,3 - 30 s Tool life - 

27908-5,1 Conv. 115 0,2 2 46,00 1,5 69 16,3 - 30 s Tool life - 

27909-8,1 Conv. 115 0,2 2 46,00 2 92 16,3 - 30 s Tool life - 

H13A-11,1 HP 115 0,2 2 46,00 4 184 16,3 35 1 min Tool life - 

27908-11,1 HP 115 0,2 2 46,00 3 138 16,3 35 1 min Tool life - 

27909-12,1 HP 115 0,2 2 46,00 3 138 16,3 35 1 min Tool life - 

H13A-12,1 HP 70 0,2 2 28,00 15 420 16,3 35 1 min Tool life - 

27908-13,1 HP 70 0,2 2 28,00 15 420 16,3 35 1 min Tool life - 

27909-14,1 HP 70 0,2 2 28,00 15 420 16,3 35 1 min Tool life - 

H13A-13,1 HP 70 0,2 2 28,00 1 28 16,3 35 1 min 1 min ana. SEM 

27908-15,2 HP 70 0,2 2 28,00 1 28 16,3 35 1 min 1 min ana. SEM 

27909-16,1 HP 70 0,2 2 28,00 1 28 16,3 35 1 min 1 min ana. SEM 

H13A-16,1 HP 70 0,2 2 28,00 1 28 16,3 35 1 min 1 min ana. - 

27908-17,2 HP 70 0,2 2 28,00 1 28 16,3 35 1 min 1 min ana. - 

27909-18,2 HP 70 0,2 2 28,00 1 28 16,3 35 1 min 1 min ana. - 

H13A-17,2 HP 115 0,2 2 46,00 1 46 16,3 35 1 min 1 min ana. - 

27908-18,2 HP 115 0,2 2 46,00 1 46 16,3 35 1 min 1 min ana. - 

27909-19,1 HP 115 0,2 2 46,00 1 46 16,3 35 1 min 1 min ana. - 

H13A-19,2 HP 115 0,2 2 46,00 1 46 16,3 35 1 min 1 min ana. SEM 

27908-19,2 HP 115 0,2 2 46,00 1 46 16,3 35 1 min 1 min ana. SEM 

27909-20,1 HP 115 0,2 2 46,00 1 46 16,3 35 1 min 1 min ana. SEM 

H13A-18,2 Conv. 70 0,2 2 28,00 1 28 16,3 - 1 min 1 min ana. SEM 

27908-16,2 Conv. 70 0,2 2 28,00 1 28 16,3 - 1 min 1 min ana. SEM 

27909-15,1 Conv. 70 0,2 2 28,00 1 28 16,3 - 1 min 1 min ana. SEM 

H13A-15,1 Conv. 70 0,2 2 28,00 1 28 16,3 - 1 min 1 min ana. Cross-section 

27908-12,2 Conv. 70 0,2 2 28,00 1 28 16,3 - 1 min 1 min ana. - 

27909-17,1 Conv. 70 0,2 2 28,00 1 28 16,3 - 1 min 1 min ana. - 

H13A-21,2 Conv. 115 0,2 2 46,00 1 46 16,3 - 30 s 1 min ana. SEM 

27908-20,2 Conv. 115 0,2 2 46,00 1 46 16,3 - 30 s 1 min ana. SEM 

27909-13,1 Conv. 115 0,2 2 46,00 1 46 16,3 - 30 s 1 min ana. SEM 

H13A-22,1 Conv. 115 0,2 2 46,00 1 46 16,3 - 30 s 1 min ana. - 



IV 

 

27908-26,2 Conv. 115 0,2 2 46,00 1 46 16,3 - 30 s 1 min ana. - 

27909-25,1 Conv. 115 0,2 2 46,00 1 46 16,3 - 30 s 1 min ana. - 

H13A-23,2 HP 70 0,2 2 28,00 9 252 16,3 35 1 min 9 min ana. SEM 

27908-21,2 HP 70 0,2 2 28,00 9 252 16,3 35 1 min 9 min ana. - 

27909-21,2 HP 70 0,2 2 28,00 9 252 16,3 35 1 min 9 min ana. SEM 

H13A-24,2 HP 70 0,2 2 28,00 9 252 16,3 35 1 min 9 min ana. Cross-section 

27908-22,2 HP 70 0,2 2 28,00 9 252 16,3 35 1 min 9 min ana. SEM 

27909-22,2 HP 70 0,2 2 28,00 9 252 16,3 35 1 min 9 min ana. - 

H13A-27,2 Conv. 70 0,2 2 28,00 9 252 16,3 - 1 min 9 min ana. Cross-section 

27908-23,1 Conv. 70 0,2 2 28,00 9 252 16,3 - 1 min 9 min ana. - 

27909-23,1 Conv. 70 0,2 2 28,00 9 252 16,3 - 1 min 9 min ana. SEM 

H13A-29,1 Conv. 70 0,2 2 28,00 9 252 16,3 - 1 min 9 min ana. SEM 

27908-24,2 Conv. 70 0,2 2 28,00 9 252 16,3 - 1 min 9 min ana. SEM 

27909-24,1 Conv. 70 0,2 2 28,00 9 252 16,3 - 1 min 9 min ana. - 

 



V 

 

APPENDIX C-2 

Cutting parameters for the second test session for each grade and its respective inserts, along with information about which inserts that has been used for what 

kind of analysis. As well as information about the cutting time and metal removal. 

Insert HP/Conv. 

vc 

(m/min) 

fn 

(mm/rev) 

ap 

(mm) 

Q 

(cm
3
/min) 

t 

(min) 

Qtot 

(cm
3
) 

v 

(l/min) 

p 

(bar) 

Time of 

cut Usage 

SEM/ 

Cross-section 

H13A-44,1 Conv. 70 0,2 2 28,00 15 420 16,3 - 1 min Tool life - 

27953-9,2 Conv. 70 0,2 2 28,00 21 588 16,3 - 1 min Tool life - 

27954-12,2 Conv. 70 0,2 2 28,00 17 476 16,3 - 1 min Tool life - 

27955-10,1 Conv. 70 0,2 2 28,00 23 644 16,3 - 1 min Tool life - 

H13A-46,2 Conv. 70 0,2 2 28,00 16 448 16,3 - 1 min Tool life - 

27953-12,1 Conv. 70 0,2 2 28,00 20 560 16,3 - 1 min Tool life - 

27954-13,2 Conv. 70 0,2 2 28,00 19 532 16,3 - 1 min Tool life - 

27955-12,1 Conv. 70 0,2 2 28,00 22 616 16,3 - 1 min Tool life - 

H13A-34,1 HP 115 0,2 2 46,00 3 138 - 35 1 min Tool life - 

27953-2,2 HP 115 0,2 2 46,00 4 184 - 35 1 min Tool life - 

27954-2,1 HP 115 0,2 2 46,00 4 184 - 35 1 min Tool life - 

27955-3,2 HP 115 0,2 2 46,00 4 184 - 35 1 min Tool life - 

H13A-37,1 HP 115 0,2 2 46,00 4 184 - 35 1 min Tool life - 

27953-4,2 HP 115 0,2 2 46,00 4 184 - 35 1 min Tool life - 

27954-4,1 HP 115 0,2 2 46,00 4 184 - 35 1 min Tool life - 

27955-4,1 HP 115 0,2 2 46,00 5 230 - 35 1 min Tool life - 

H13A-43,1 Conv. 115 0,2 2 46,00 2 92 16,3 - 30 s Tool life - 

27953-7,2 Conv. 115 0,2 2 46,00 3 138 16,3 - 30 s Tool life - 

27954-5,2 Conv. 115 0,2 2 46,00 3 138 16,3 - 30 s Tool life - 

27955-5,1 Conv. 115 0,2 2 46,00 2 92 16,3 - 30 s Tool life - 

H13A-52,1 Conv. 115 0,2 2 46,00 2 92 16,3 - 30 s Tool life - 

27953-8,2 Conv. 115 0,2 2 46,00 3 138 16,3 - 30 s Tool life - 

27954-10,1 Conv. 115 0,2 2 46,00 2,5 115 16,3 - 30 s Tool life - 

27955-8,2 Conv. 115 0,2 2 46,00 2,5 115 16,3 - 30 s Tool life - 

27953-18,1 HP 70 0,2 2 28,00 1 28 - 35 1 min 1 min ana. - 



VI 

 

27954-6,2 HP 70 0,2 2 28,00 1 28 - 35 1 min 1 min ana. - 

27955-2,1 HP 70 0,2 2 28,00 1 28 - 35 1 min 1 min ana. SEM 

27953-20,2 HP 70 0,2 2 28,00 1 28 - 35 1 min 1 min ana. - 

27954-7,2 HP 70 0,2 2 28,00 1 28 - 35 1 min 1 min ana. - 

27955-6,2 HP 70 0,2 2 28,00 1 28 - 35 1 min 1 min ana. - 

27953-21,1 HP 70 0,2 2 28,00 1 28 - 35 1 min 1 min ana. SEM 

27954-8,1 HP 70 0,2 2 28,00 1 28 - 35 1 min 1 min ana. SEM 

27955-7,1 HP 70 0,2 2 28,00 1 28 - 35 1 min 1 min ana. - 

27953-25,1 HP 115 0,2 2 46,00 1 46 - 35 1 min 1 min ana. SEM 

27954-9,1 HP 115 0,2 2 46,00 1 46 - 35 1 min 1 min ana. - 

27955-9,1 HP 115 0,2 2 46,00 1 46 - 35 1 min 1 min ana. - 

27953-26,1 HP 115 0,2 2 46,00 1 46 - 35 1 min 1 min ana. - 

27954-3,1 HP 115 0,2 2 46,00 1 46 - 35 1 min 1 min ana. - 

27955-11,2 HP 115 0,2 2 46,00 1 46 - 35 1 min 1 min ana. SEM 

27953-28,1 HP 115 0,2 2 46,00 1 46 - 35 1 min 1 min ana. - 

27954-11,2 HP 115 0,2 2 46,00 1 46 - 35 1 min 1 min ana. SEM 

27955-14,2 HP 115 0,2 2 46,00 1 46 - 35 1 min 1 min ana. - 

27953-22,2 Conv. 70 0,2 2 28,00 1 28 16,3 - 1 min 1 min ana. Cross-section 

27954-15,1 Conv. 70 0,2 2 28,00 1 28 16,3 - 1 min 1 min ana. - 

27955-16,2 Conv. 70 0,2 2 28,00 1 28 16,3 - 1 min 1 min ana. - 

27953-23,2 Conv. 70 0,2 2 28,00 1 28 16,3 - 1 min 1 min ana. - 

27954-17,1 Conv. 70 0,2 2 28,00 1 28 16,3 - 1 min 1 min ana. SEM 

27955-17,2 Conv. 70 0,2 2 28,00 1 28 16,3 - 1 min 1 min ana. Cross-section 

27953-27,1 Conv. 70 0,2 2 28,00 1 28 16,3 - 1 min 1 min ana. SEM 

27954-18,1 Conv. 70 0,2 2 28,00 1 28 16,3 - 1 min 1 min ana. - 

27955-18,1 Conv. 70 0,2 2 28,00 1 28 16,3 - 1 min 1 min ana. SEM 

27953-29,1 Conv. 115 0,2 2 46,00 1 46 16,3 - 30 s 1 min ana. SEM 

27954-19,2 Conv. 115 0,2 2 46,00 1 46 16,3 - 30 s 1 min ana. - 

27955-19,2 Conv. 115 0,2 2 46,00 1 46 16,3 - 30 s 1 min ana. SEM 

27953-30,1 Conv. 115 0,2 2 46,00 1 46 16,3 - 30 s 1 min ana. - 

27954-20,1 Conv. 115 0,2 2 46,00 1 46 16,3 - 30 s 1 min ana. - 



VII 

 

27955-20,2 Conv. 115 0,2 2 46,00 1 46 16,3 - 30 s 1 min ana. - 

27953-11,2 Conv. 115 0,2 2 46,00 1 46 16,3 - 30 s 1 min ana. - 

27954-21,2 Conv. 115 0,2 2 46,00 1 46 16,3 - 30 s 1 min ana. SEM 

27955-27,2 Conv. 115 0,2 2 46,00 1 46 16,3 - 30 s 1 min ana. - 

27953-13,2 HP 70 0,2 2 28,00 9 252 - 35 1 min 9 min ana. SEM 

27954-22,2 HP 70 0,2 2 28,00 9 252 - 35 1 min 9 min ana. SEM 

27955-21,1 HP 70 0,2 2 28,00 9 252 - 35 1 min 9 min ana. - 

27953-14,2 HP 70 0,2 2 28,00 9 252 - 35 1 min 9 min ana. - 

27954-23,2 HP 70 0,2 2 28,00 9 252 - 35 1 min 9 min ana. - 

27955-22,1 HP 70 0,2 2 28,00 9 252 - 35 1 min 9 min ana. SEM 

27953-3,2 Conv. 70 0,2 2 28,00 9 252 16,3 - 1 min 9 min ana. SEM 

27954-25,1 Conv. 70 0,2 2 28,00 9 252 16,3 - 1 min 9 min ana. SEM 

27955-24,1 Conv. 70 0,2 2 28,00 9 252 16,3 - 1 min 9 min ana. Cross-section 

27953-5,2 Conv. 70 0,2 2 28,00 9 252 16,3 - 1 min 9 min ana. Cross-section 

27954-26,1 Conv. 70 0,2 2 28,00 9 252 16,3 - 1 min 9 min ana. - 

27955-25,1 Conv. 70 0,2 2 28,00 9 252 16,3 - 1 min 9 min ana. SEM 
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APPENDIX D 

1 min, vc 70  m/min, insert H13A-18,2 Conventional tool holder 1 min, vc 70 m/min, insert 27908-16,2 Conventional tool holder 

  
1 min, vc 70 m/min, insert 27909-15,1 Conventional tool holder 1 min, vc 70 m/min, insert 27953-27,1 Conventional Tool holder 

  

1 min, vc 70 m/min, insert 27954-17,1 Conventional tool holder 1 min, vc 70 m/min, insert 27955-18,1 Conventional Tool holder 

  



IX 

 

 

1 min, vc 115 m/min, insert H13A-21,1 Conventional tool holder 1 min, vc 115 m/min, insert 27908-20,2 Conventional tool holder 

  
1 min, vc 115 m/min, insert 27909-13,1 Conventional tool holder 1 min, vc 115 m/min, insert 27953-29,1 Conventional tool holder 

  
1 min, vc 115 m/min, insert 27954-21,1 Conventional tool holder 1 min, vc 115 m/min, insert 27955-19,2 Conventional tool holder 

  



X 

 

 

9 min, vc 70 m/min, insert H13A-29,1 Conventional tool holder 9 min, vc 70 m/min, insert 27908-24,2 Conventional tool holder 

  
9 min, vc 70 m/min, insert 27909-23,1 Conventional tool holder 9 min, vc 70 m/min, insert 27953-3,2 Conventional tool holder 

  
9 min, vc 70 m/min, insert 27954-25,1 Conventional tool holder 9 min, vc 70 m/min, insert 27955-25,1 Conventional tool holder 
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APPENDIX E 

Elemental distribution maps from the electron microprobe analysis of the diffusion couple, 

both on the affected and unaffected area of the interface. 

Elemental distribution maps of the affected area belonging to the diffusion couple. 

 

Elemental distribution maps of the unaffected area belonging to the diffusion couple.   
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