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Abstract 

This thesis covers some aspects of hard part turning of carburised 

steels using a poly-crystalline cubic boron nitride (PCBN) cutting tool 

during fine machining. The emphasis is on the influence of the steel 

cleanliness and the characteristics of non-metallic inclusions in the 

workpiece on the active wear mechanisms of the cutting tool. Four 

carburising steel grades suitable for automotive applications were 

included, including one that was Ca-treated. 

A superior tool life was obtained when turning the Ca-treated steel. 

The superior machinability is associated with the deposition of 

lubricating (Mn,Ca)S and (CaO)x-Al2O3-S slag layers, which are 

formed on the rake face of the cutting tool during machining. 

Moreover, the transfer of work material to the rake face crater is 

characteristic in hard part turning of clean steels. It can be because of 

the lack of sulfides that protect the cutting edge when turning 

machinability treated steels. This corresponds to the more 

pronounced crater wear caused by the low-sulfur steels than that of 

the steels with higher sulfur contents. It was also concluded that the 

composition of the non-metallic inclusions in the Ca-treated steel is a 

more important factor than the inclusion number and size, in hard 

part turning using a PCBN cutting tool. Also, a 3D analysis after 

electrolytic extraction was found to give a more precise 

characterisation of non-metallic inclusions than the conventional 2D 

analysis by SEM-EDS. In turn, better correlations to machinability 

and mechanical properties can be obtained. Hence, the use of this 

technique is beneficial for future material development.  

Finally, the challenge for future metallurgy is to manufacture 

high-performance steels with improved combined properties of 

mechanical strength and machinability. 

Key words: Tool wear, PCBN, Machinability, Steel, Non-metallic 

inclusions. 
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1. Introduction 

Developments in steel production since the 1970’s have resulted in 

steel grades with very low level of impurities. More recently, so called 

“high cleanliness” steels have been introduced by the steel makers 

around the world. Thereby, responding to the current and future 

market demands of steel having excellent fatigue strength and impact 

toughness and/or an improved corrosion resistance. Clean steels are 

associated with low contents of impurities such as oxygen 

(< 10 ppm O) and sulfur (< 10 ppm S). The driving force behind 

these developments has been to provide new steels that can perform 

well in extremely challenging applications e.g., gear box components 

for heavy trucks, bars for demanding construction and tubes for 

highly corrosive atmospheres. 

Although the new clean and ultra-clean steels have improved 

mechanical strength and/or an excellent corrosion resistance, these 

advantages have come at the expense of a more difficult chip 

breaking and in a reduced cutting tool life. From an industrial point 

of view, metal cutting processing should always remove a certain 

volume of metal as fast as possible, to as low cost as possible, and still 

generate a product that meets the demands from the customer. The 

remaining issue is therefore to manufacture high-performance steels 

with improved combined properties of mechanical strength and 

machinability. 

1.1. Aims and scope of the study 

The current work reports on the influence of inclusion characteristics 

and their link to tool wear in metal cutting of steels suitable for 

automotive applications. The aim of the first part (Paper A) was to 

review and summarise the effect of different non-metallic inclusions 

(NMI) and their characteristics such as composition, size, number 

and morphology on the machinability of various steels, see Table 1.1. 

The aim was also to learn about the mechanisms of steel fractures 
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during different metal cutting operations and the behaviour of 

various non-metallic inclusions in a cutting zone. In addition, 

possible ways to modify non-metallic inclusions to obtain an 

improved machinability while maintaining functional properties 

such as fatigue strength, impact toughness were covered.  

Table 1.1 Overview of the aspects of machinability that are discussed in the thesis. 

Machinability factors Paper A Paper B Paper C 

Workpiece material     

Composition  ✓ ✓  

Microstructure  Mechanical 

properties 

✓ ✓  

Non-metallic inclusions  Composition ✓ ✓ ✓ 

 Size ✓ ✓ ✓ 

 Number ✓ ✓ ✓ 

 Morphology ✓ ✓ ✓ 

 Distribution 

 Control 

 Modification 

 

✓ 

✓ 

  

Cutting tool     

Composition   ✓  

Microstructure  Hardness, toughness  ✓  

Tool wear  Flank wear ✓ 

✓ 

✓ 

✓ 

✓ 

✓ 

✓ 

✓ 

✓ 

✓ 

✓ 

✓ 

 

 Crater wear 

 Chipping 

 Edge failure 

 Notch wear 

Machining process     

Turning 

Milling, drilling, etc. 

 ✓ 

✓ 

✓ ✓ 

Temperature  ✓ ✓  

Cutting force  ✓   

Chip formation  ✓   
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The aim of the second part (Paper B and C) was to clarify the 

influence of steel cleanliness and inclusion composition of steels 

suitable for automotive applications on the tool wear and tool life of 

the cutting edge in hard part turning. Therefore, similar carburising 

steels with various contents of oxygen, sulfur and calcium were 

investigated. Chapter 1 include some findings from Paper A whilst 

chapter 2-5 are based on the findings in Paper B and C. 

1.2. Clean steel 

The level of a steels’ cleanliness can be defined by its content of 

harmful elements i.e. oxygen, sulfur, nitrogen and carbon, 

phosphorus and hydrogen1. Steel cleanliness can also be defined by a 

low content of non-metallic inclusions. Foremost oxides, sulfides, 

nitrides and carbides are considered. Since 1970, the level of 

impurities in steel has decreased from about 100 ppm to less than 10 

ppm (Fig. 1.1)1,2. 

Fig. 1.1 Advances in steel making technology has enabled cleaner steel over time1. 

The technology of clean steel is strongly linked to the concept of 

inclusion engineering and control. From the view point of a steel 
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manufacturer this implies that alloying and modifications of the 

liquid steel must be performed with regards to the inclusion 

characteristics. This is of particular importance at the later stages, i.e. 

during ladle and tundish treatment of liquid steels. At that point, 

there is a limited amount of time to modify the liquid melt before 

casting. It makes it challenging to remove additional inclusions that 

are added into the steel. 

The fatigue strength and impact toughness of steel are strongly 

related to the maximum size and the size distribution of non-metallic 

inclusions3. Therefore, the size distribution of non-metallic 

inclusions can be used to predict a steels’ mechanical performance. 

In turn, this method provides a faster analysis and makes it possible 

to avoid costly material characterisation of a large volume of steel. 

Therefore, it is of utmost importance to investigate the inclusion 

characteristics of steel. 

1.3. Non-Metallic Inclusions 

Non-metallic inclusion can have various physical properties and 

different influence on the machinability of steel. The five main 

characteristics that are used to describe non-metallic inclusions are 

composition, size, number, morphology and distribution. Today, 

there are many techniques available in the steel making industry for 

a correction and control of the characteristics of non-metallic 

inclusions. From a qualitative analysis (see Table 1.2), based on an 

overview of present publications4, it can be concluded that to 

improve the machinability, there are four common techniques: (1) 

increasing the S content in the molten metal for a larger volume 

fraction of sulfide inclusions, (2) Modifying the existing sulfide 

inclusions (MnS) by a treatment of the liquid steel through additions 

of strong sulfide formers such as Ca, REM or Zr, (3) Applying a 

Ca-treatment in order to modify the existing oxides in the molten 

metal (Al2O3, Al2O3-MgO, SiO2) and (4) an addition of rare elements 

(Se, Te, B) for a certain objective. 
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Table 1.2 A qualitative analysis of the effect of different non-metallic inclusions (NMI) 
on the machinability of steels.  

Non-metallic 

inclusions 

Effect of non-metallic inclusions on the machinability of steel 

Cutting force Chip formation Tool wear rate 

SiO2,  

SiO2-MnO-... 

 Cutting force and 

power consumption  

is very high 

 Chip formation is 

poor or normal 

 Tool wear rate is 

very high due to 

abrasive NMI 

Al2O3,  

Al2O3-MgO 

 Cutting force and 

power consumption  

is very high 

 Chip formation is 

poor or normal 

 Tool wear rate is 

very high due to 

abrasive NMI 

CaO, 

CaO -Al2O3, 

CaO-Al2O3-... 

CaO-SiO2-… 

 Cutting force and 

power consumption  

is high 

 Chip formation is 

good or normal 

 Tool wear rate is 

very low due to 

lubricating NMI 

MnS, 

(Mn,Fe)S 

 Cutting force and 

power consumption  

is low or average 

 Chip formation is 

good 

 Tool wear rate is 

low due to 

lubricating NMI 

Ca(O,S), 

CaS, (Ca,Mn)S 

 Cutting force and 

power consumption  

is low or average 

 Chip formation is 

average 

 Tool wear rate is 

low due to 

lubricating NMI 

REM-O, 

REM(O,S), 

REM-S 

 Cutting force and 

power consumption  

is high or average 

 Chip formation is 

poor or normal 

 Tool wear rate is 

low due to 

lubricating NMI  

ZrN, Zr(N,C) 

TiN, Ti(N,C)  

VN, V(N,C)  

NbN, Nb(N,C) 

BN, B(N,C), BC 

 Cutting force and 

power consumption   

is average 

 Chip formation is 

normal 

 Tool wear rate 

vary, depending 

on hardness, 

size and number 

of NMI 
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(1) An improvement of the machinability by sulfur additions is 

perhaps the most traditional approach. Such steels are widely known 

as free-cutting steels. The machinability improving effect is linked to 

the increased number of stress raising particles that are active in the 

primary shear zone, which eases the chip formation. (2) Dependent 

on the machining conditions, the main purposes of the modification 

process of MnS inclusions are usually to: 

 Change the composition and physical properties of sulfides. 

 Change the sulfide shape from rod-like to spherical. 

 Decrease the sulfide size. 

 Obtain a homogeneous distribution of the precipitated 

sulfides in the solidified steel. 

Additions of strong sulfide formers like Ca, REM or Zr are common 

steel making praxis to modify MnS inclusions. For the Ca-treatment, 

it should be pointed out that the CaS and MnS inclusions are 

completely soluble with each other at the temperatures of liquid 

steels5. Thus, it enables the formation of mixed (Mn,Ca)S inclusions 

in the molten metal during a Ca-treatment. Therefore, the outcome 

of a modification of MnS inclusions depends significantly on the 

ratios of Ca:Mn and Ca:S in the steels. The traditional practice to 

introduce Ca in molten metal includes additions of Ca-rich powder 

e.g. CaSi and CaSiBa or by CaSi wire.  

(3) Another way to improve the machinability of steel grades is by a 

Ca-treatment, which can result in the formation of Ca-rich oxide 

inclusions that acts as a protecting layer, having a lubricating effect 

between the cutting tool and the workpiece. Also, the Ca-treatment 

can alter the characteristics of oxide-based inclusions (SiO2, Al2O3, 

MgO), which in turn influences on the mechanical properties of a 

given steel grade. The purpose of a Ca-treatment for oxide-rich 

inclusions in the molten metal can be summarised as follows: 
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 An application of relatively soft CaO-SiO2-… and CaO-Al2O3-

… inclusions as natural lubricants for cutting tools during 

metal cutting for improvements of the surface quality of the 

machined steels and to increase the tool life. 

 To avoid the presence of SiO2 oxides, which have a high 

deformability at temperatures above 1000°C and which can 

increase the anisotropy of the mechanical properties of steel 

after deformation. 

 To form the globular CaO-SiO2-... or CaO-Al2O3-... 

inclusions. 

 To avoid a formation of Al2O3 and Al2O3-MgO clusters in the 

liquid steel and clogging problems during casting. 

A steel grade that have been deoxidised by aluminium or silicon 

during steel production contain oxide-based inclusions with the 

compositions corresponding to zone I and zone II of the ternary 

phase diagram6, as illustrated in Fig. 1.2. In addition, pure oxides e.g. 

Al2O3, SiO2 and 3Al2O3-SiO2 are extremely hard and will fracture 

during rolling and form hard fragments that remain in the steel 

matrix. The presence of such fragments has a decisive impact on the 

mechanical strength as well as the cutting tool wear during 

machining of such steel grades. Furthermore, the presence of 

Al2O3-rich inclusions in the steel melt often leads to nozzle clogging 

during casting. By adding calcium to the liquid steel, the composition 

of the inclusions moves toward the zones III and IV, respectively 

(Fig. 1.2). Such inclusions are softer and have the advantages of a 

lower melting temperature, about 1400-1500°C, a globular shape, 

and improved machinability properties. Thus, calcium aluminates 

form instead of alumina inclusions in Al-deoxidized steels, and in 

Si-deoxidized steels, mullite transforms into gehlenite or anorthite6. 

1.4. Billet manufacturing 

Conventional billet manufacturing includes a wide variety of 

processes, ranging from melting scrap to billet grinding (Fig. 1.3). 
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Fig. 1.2 Compositions of different oxide inclusions precipitated in aluminium (A) and 

silicon (B) deoxidised steel grades6. 

Internal or domestic scrap are sorted and melted in an electric arc 

furnace (EAF). Thereafter, the liquid melt is tapped into a ladle or a 

converter vessel for refinement by additions of ferroalloys e.g. FeSi 

and FeAl. A ferroalloy serves as a deoxidiser of the molten steel and 

reduces its oxygen activity. The slag that was formed during 

deoxidation is then skimmed off. As the vessel enters the ladle 

furnace station, a synthetic top slag is added onto the liquid steel7. 

The top slag serves as a protection against reoxidation whilst 

simultaneously promoting removal of non-metallic inclusions. The 

steel melt is then deoxidised and desulfurised before the ladle is 

transported to a vacuum degassing station. At the degassing station, 
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hydrogen and nitrogen is reduced by a combined argon gas and 

induction process, which is an effective approach to manufacture 

clean steels. Processes that occur in parallel are an adjustment of 

alloying composition, gas and magnetic stirring and reheating to 

reach the desired temperature before the melt is teemed into ingot 

moulds. In a mould, the melt is solidified as it is subjected to cooling. 

The workpiece is then stripped out of the mould and put in a pit 

furnace for a further temperature decrease. Then, the workpiece is 

plastically deformed by a number of hot-rolling processes into a billet 

with desired dimensions. Parallel processes include removal of oxide 

scale (scarfing) and quality inspection. A final grinding of the billet is 

then performed before it is delivered to the customer. 

Fig. 1.3 A schematic illustration of the steel billet manufacturing at Ovako Hofors AB. 

1.5. Heat treatment 

Heat treatment of clean steels that are suitable for automotive 

applications is a critical process, because it influences strongly on the 

final material properties. Steels for automotive applications are 

usually carburised in order to generate a hard surface layer of about 

1.5 mm thickness and 58-63 HRC on top of a tough ferritic-perlitic 
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core. The high surface hardness also makes the material resistant to 

contact fatigue, which is of utmost importance in load-bearing 

components such as gears. 

Carburising is a heat treatment that takes place in a furnace at an 

elevated temperature of about 850-950°C, under atmospheric 

pressure rich in carbon monoxide (CO), nitrogen (N2) and hydrogen 

(H2). Subsequent processes to carburising are quenching and 

tempering (Fig. 1.4). The steel component hardens during quenching 

as the austenite part in the carburised layer is transformed into 

martensite. 

Fig. 1.4 A typical heat treatment cycle for carburising of case hardening steel8. 

Steels with a content of 0.1-0.3 wt-% carbon are typically carburised8. 

The component is made up of a hard surface beneficial for the fatigue 

strength. The core is somewhat softer, yet with a significantly 

increased toughness that is required in case of mechanical shocks. 

Hardenability improving elements are mainly Ni, Mn, Cr and Mo, 

which promotes a higher transformation rate of austenite to 

martensite during quenching. The carbon content at the surface can 
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vary between 0.65-1.1 wt-% C depending on the steel grade. 

However, steel grades with higher contents of carbon do not 

necessarily result in a higher surface hardness as their content of 

retained austenite is higher than in a low carbon steel grade. The 

maximum surface carbon content is often limited by the carbide 

formation that occurs at the given process temperatures. 

Carburising steels are used in component manufacturing since they 

offer a very attractive combination of wear resistance, toughness and 

fatigue strength. In general, carburising steel grades can be classified 

into three major categories:  

1) Conventional carburising steel grades typically used in 

transmission components, which contain 300-500 ppm 

sulfur2. The sulfur content is balanced by the requirement of 

machinability, fatigue strength and material cost. 

2) Clean steels aiming at extremely high fatigue strength, by a 

minimum amount of impurites1,2, which can be reduced to a 

level below 20 ppm.  

3) Steel grades with improved machinability. Historically this 

was made through lead (Pb) additions. These steels are often 

referred to as free-cutting steels. In modern structural steels 

with improved machinability, two major directions are 

recognised. One is steels with increased sulfur contents 

(600-1000 ppm), and the other is calcium deoxidised to 

steels containing 15-40 ppm Ca. The sulfur content of 

Ca-treated steels is typically about 200-400 ppm, which is 

sufficient to form oxy-sulfidic inclusions. Calcium 

deoxidation transforms Al2O3 into Ca-aluminates1,2 that are 

softer and less abrasive during machining9,10. Hence, these 

inclusions are beneficial for the cutting tool life. However, 

Ca-treatment also results in complex (Mn,Ca)S particles, 

which are harder and less ductile than those of MnS9,11. 
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1.5. Metal cutting and machinability 

Metal cutting refers to the numerous manufacturing processes which 

are used to produce components for e.g. the automotive and the 

construction industry. Depending on the specific application of the 

component to be machined, a wide range of metals, alloys and 

composites having different material characteristics, can be selected. 

Many machining processes exist today, but the most frequent in 

traditional production may be turning and milling. Other common 

machining processes include drilling, broaching and shaping. The 

mutual factor is that an insert is used for metal removal in order to 

shape the workpiece material and produce a specified surface.  

Fig. 1.5 Schematic illustrations of the chip formation process and the three shear zones 

in metal cutting12. 

Chip formation can be considered the main concept to describe the 

interaction between a cutting tool and a workpiece in metal cutting 

(Fig. 1.5). During chip formation, the workpiece material rotates with 

a certain rate, the cutting speed (vc, m/min). At the same time, the 

cutting edge travels a specified distance through the part according 

to its feed rate (fn, mm/rev). Thus, producing a chip. It results in the 

formation of two new surfaces of the cutting tool, the clearance and 

the rake face. The clearance face is linked to the generated surface 

roughness of the machined part. It is therefore necessary to use a 
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clearance angle between the tool and the workpiece to avoid friction 

against the new surface. The rake face is the surface which is in 

contact with the chip flow, and the angle between the primary cutting 

edge and the normal to the surface being cut is called the rake 

angle12. Depending on the material to machine, and the load to carry, 

the geometry of the cutting tool can vary in a wide range. 

Machining is associated with a tremendous power consumption. It 

can be explained by the severe plastic deformation that occurs in the 

primary shear zone13. In addition, a lot of energy is consumed as the 

deformed chip travels along the primary cutting edge, which results 

in a secondary shear zone. Finally, the tertiary deformation zone is 

the interaction zone between the machined part and the clearance 

face of the cutting tool. Hence, it is believed to be essential for the 

generated surface roughness. 

Machinability is a complex concept and has several definitions. It can 

be defined as: 

“how readily a particular workpiece material can be machined by a cutting 

tool in a manner such that certain predetermined levels of form, size and 

degree of roughness of the surface can be achieved” 14. 

The complexity is caused by the fact that each machining practitioner 

interprets machinability based on his individual experience. From a 

broader perspective, a machinability measure should indicate a 

materials’ overall machinability and not merely for a certain product 

or process. Therefore, the machinability concept can be divided into 

five sub-groups, i.e., chip formation, cutting tool wear, cutting force 

and power consumption, surface integrity of the machined part and 

the impact on the environment, as shown in Fig. 1.6. 

The cutting tool life is one of the most common machinability 

indexes, because it is closely related to economy. Therefore, it has 

been selected as the criterion in this study. Furthermore, machining 
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processes are strongly related to manufacturing costs. Tönshoff and 

Stanske found that more than 40% of the total manufacturing cost to 

produce an automotive component comes from machining 

operations15. Hence, an improved machinability can significantly 

reduce the total manufacturing cost. 

Fig. 1.6 The traditional view on the machinability concept including its sub-groups14. 

In all machining operations, non-metallic inclusions can play an 

important role as they have the ability to ease chip formation. A 

detailed explanation was published by Kiessling16, who stated that 

metal cutting can be significantly improved when the inclusions: 

1) Act as stress raisers in the shear plane, which cause a crack 

formation. This, in turn, leads to embrittled chips that are 

easily broken. In addition, the length of the contact zone (l) 

between the chip and the cutting tool is reduced. Thus is 

advantageous for the tool wear resistance. 

2) Are active in the metal flow zone, and contributes to shearing 

of the metal. However, an appropriate balance of inclusions 

is necessary to avoid an increased tool wear rate.  

3) Form a diffusion barrier, isolating the rake face from 

diffusion induced chemical tool wear at high temperatures.  

4) Act as lubricant which protects the flank face of a cutting tool 

from an abrasive wear. 
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1.6. Cutting tools 

Advances in cutting tool manufacturing since the beginning of the 

19th century has led to new grades and new coating technologies, 

which offers a higher wear resistance, higher toughness and higher 

hot-hardness.  

Carbon steels were introduced around 1900, followed by high-speed 

steels (HSS) that were developed before the 1920’s. Tungsten carbide 

(WC) was introduced in the 1930’s, ceramics in the middle of 1950’s, 

followed by synthetic diamond in the late 1950’s and coated carbide 

in the 1970’s17. In the last decade, ceramic tools based on 

poly-crystalline cubic boron nitride (PCBN) have been developed. 

This has provided new possibilities to further increase the industrial 

productivity and to improve the quality of the machined part and to 

reduce the cost. PCBN has been successfully introduced in hard part 

turning operations. Among others, it offers versatility less machine 

time and partially elimination of coolant in the machining process, as 

compared to grinding. 

The majority of the tools used for industrial machining of carbon 

steel are cemented carbides (soft machining) and PCBN (hard 

machining). They are therefore given an extra attention in this study. 

A cemented carbide cutting tool is a composite of carbide grains 

which are glued together in a matrix of a metallic binder, often cobalt 

or nickel (Ni). The volume fraction of the carbide phase ranges from 

0.6 to 0.95. Hence, the volume fraction of metallic binder ranges 

from 0.05 to 0.4. WC mixed with cobalt (Co) may be the most 

common substrate material. Other carbides are made of chromium 

(Cr), niobium (Nb), titanium (Ti) and tantalum (Ta). Cemented 

carbides are characterised by hardness higher than steel even though 

the hardness decrease with increasing temperature. The hardness 

and toughness of the cemented carbide are highly dependent on 

composition and grain size. Therefore, they can be adjusted 
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depending on application. Cemented carbides can be used to 

machine a wide range of workpieces, from carbon and stainless steel 

to grey cast iron. In addition, cemented carbides have a good thermal 

and electrical conductivity yet a low ability to withstand deformation 

without fracture. A good thermal conductivity correlates to the ability 

to dissipate heat away from the cutting zone and thereby a reduced 

tool wear. 

PCBN cutting tools have typically a volume fraction of cubic boron 

nitride (CBN) ranging between 0.5 and 0.9 dependent on the 

application. The remaining fraction is usually composed of a metallic 

binder such as cobalt or a ceramic binder, for instance titanium 

nitride18. A reduced CBN content of the PCBN prolongs the cutting 

tool life and promotes finer surface roughness in metal cutting. 

Furthermore, PCBN is characterised by its extremely high level of 

hot-hardness, toughness and resistance to thermal shock 19,20 which 

explains why PCBN is suitable for hard part machining.  

One way to modify the surface properties of a cutting tool is to 

deposit ceramic coatings. Chemical vapour deposition (CVD) is used 

on the vast majority of cutting tools for turning. Examples of coatings 

are Al2O3, AlCrN, TiN, TiC, TiCN, TiAlN, and ZrN. These ceramic 

coatings serve to: 

 Act as a chemical barrier and to minimise the direct contact 

between the metal chip and the cemented carbide. 

 Act as thermal barrier, thereby minimising the thermal 

degradation and creep of the cemented carbide substrate. 

 Increase the surface hardness. 

 Reduce the adhesion between the tool and the workpiece. 

1.7. Tool wear 

Wear mechanisms are in general of abrasive 20–26, adhesive24–26 or 

chemical20,25–28 nature. Abrasion is caused by hard particles from the 
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workpiece material that wears the cutting tool in a micro-ploughing 

manner. An adhesive wear can be described as a micro-welding 

process where small parts of the cutting tool are ripped off by the 

passing chip. Chemical wear is induced by a reaction in which atoms 

in the cutting tool are dissolved or diffused into the workpiece 

material. In addition, heavy plastic deformation may cause 

delamination of the cutting tool, which often leads to crack formation 

and edge failure. 

Frequently reported morphologies of tool wear are crater, flank and 

notch wear (Fig. 1.7). Flank wear is foremost linked to a continuous 

and abrasive wear acting on the flank face, whilst a crater wear 

appears on the rake face at very high temperatures in combination 

with a chemical attack and/or abrasion. A notch wear can arise at the 

periphery of the contact between the cutting tool and the workpiece, 

as a result of abrasion and oxidation due to reactions with the 

surrounding atmosphere. Cutting tool fractures and plastic 

deformations are not linked to wear mechanisms but to high 

compressive stresses acting on the cutting edge26. Factors influencing 

the balance of the wear mechanisms and morphologies are cutting 

parameters, tool geometry, composition of the cutting tool and 

composition and microstructure of the workpiece material29,30. 

Fig. 1.7 Typical wear morphologies in metal cutting processes due to abrasion, 

adhesion, chemical wear or heavy load. 
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2. Experimental 

2.1. Workpiece materials and cutting tool 

Four carburising steel grades were examined in this thesis. Their 

batch compositions, the corresponding EN ISO and the applied 

designations in this study are given in Table 2.1. The reference steel 

grade R is a regular carburising steel, which is typically used in 

automotive applications. The M steel is a Ca-treated, machinability 

improved steel, with a relatively high sulfur content (340 ppm S). 

Grade C is a clean steel (40 ppm S) and the UC steel is commonly 

referred to as an ultra-clean steel grade (< 10 ppm S). UC steels are 

designed for extremely high fatigue strength in e.g. gears. Here, a 

representative comparison of fatigue strength (rotating bending) in 

longitudinal and transverse directions is found in Fig. 2.1. 

Table 2.1 Composition of the carburising steels used in the machining tests, in wt-%. 

EN ISO Des. C Si Mn Cr Ni Mo Cu Al S* O* Ca* 

20NiCrMo2-2 R 0.22 0.22 0.84 0.56 0.52 0.22 0.20 0.02 410 9 2 

20NiCrMo2-2 M 0.22 0.25 0.86 0.55 0.43 0.16 0.25 0.02 340 19 26 

20NiCrMo7 C 0.20 0.24 0.57 0.52 1.68 0.25 0.08 0.04 40 5 2 

16NiCr6-4 F UC 0.18 0.34 0.75 1.14 1.4 0.07 0.13 0.04 10 4 10 
* Contents of S, O and Ca are given in ppm. 

 
Fig. 2.1 Typical fatigue limits of a UC and a steel comparable with UC but with 

80 ppm S, obtained in longitudinal and transverse direction, as given by the 

manufacturer.  
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Test bars of a 90 mm diameter and a 250 mm length were heat 

treated as follows: (I). Carburising at 950°C for 26 h, Thereafter, (II). 

Quenching in oil and (III). Tempering at 180°C for 2 h. 

Hardness profiles including surface hardness and case hardening 

depth were measured using the Vickers hardness method (HV1). 

A Sandvik Coromant PCBN cutting tool with the designation 

CNGA120408S02030A CB7014 and having a 0.5 volume fraction of 

CBN, containing a ceramic binder composed of TiCN and Al2O3, was 

used in this study. It has a 30° chamfer of 0.2 mm width, whilst the 

edge rounding was rβ = 25 µm and the nose radius was rε = 0.8 mm, 

cp. Fig. 2.2. 

Fig. 2.2 Overview of a) PCBN cutting tool and b) tool wear together with the 

corresponding key terms. (LOM, SEM SE). 

2.2. Machinability tests 

The machining tests were conducted in a CNC OKUMA LB 300-M 

turning lathe under dry conditions. Tool life tests were performed 

using a longitudinal turning. A feed rate fn = 0.1 mm/rev and a radial 

depth of cut of ap = 0.1 mm were used in all tests. The cutting speed 

selected for the tool life test was vc = 170 m/min. 

Interrupted cutting tests were made to study the initial wear 

mechanisms, see Table 2.2. Moreover, the interrupted test included 

two levels of a cut chip length, l1 and l2, which correspond to the test 

times t1 = 3 min and t2 = 12 minutes, respectively. Finally, additional 
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tests using the M steel and using a cutting speed vc = 300 m/min 

were also conducted.  

Previous work28,31 and as well as the experience by the authors 

indicate that, for a given steel, and stable machining operation, the 

wear progression is very robust. Thus, the standard deviation (σ) in 

this tool life test is expected to have a typical σ value of 5%. Hence, 

only one test per cutting data combination was performed to avoid 

large operating costs and long test series. 

Table 2.2 Test matrix used for interrupted cutting tests. 

Steel vc (m/min) t1 (min) l1 (m) t2 (min) l2 (m) 

R, M, C, UC 170 3.0 510 12.0 2040 

M 300 1.7 510 6.8 2040 

2.3. Analysis of samples 

Inclusion analyse were undertaken using scanning electron 

microscopy (SEM) together with energy dispersive X-ray 

spectroscopy (EDS). A back-scatter (BS) detector was used with the 

SEM. Inclusion particle size distributions (PSD) were investigated in 

two dimensions (2D) on the polished surfaces of steel specimens. The 

size of an inclusion is described by the diameter of a spherical 

inclusion. For non-spherical inclusions, the equivalent diameter (deq) 

was calculated according to Eq. 1.  

𝑑𝑒𝑞 =
𝐿𝑚𝑎𝑥+𝑊𝑚𝑎𝑥

2
  (1) 

where Lmax and Wmax is the maximum length and maximum width of 

the investigated inclusion, respectively. The inclusion quantification 

was performed on polished surfaces of steel samples, by using the 

Inca Feature software and using a 500x magnification. Most 

attention was paid to inclusions in the size range of 3 to 15 µm. 

However, inclusions larger than 50 µm were also detected. The total 

investigated sample area varied amongst the steel grades, from 315 to 
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800 mm2. The number of analysed inclusions varied between the 

steel grades as well, 526 inclusions were analysed for steel C, 816 for 

UC, 4400 for M and 12129 for steel R.  

In addition, three dimensional (3D) investigations of non-metallic 

inclusions were conducted after electrolytic extraction (EE) of the 

steel metal samples (15∙10∙4 mm), which were cut out from the 

workpieces. Each sample was dissolved by a 10% AA electrolyte 

(10% acetylacetone-1% tetramethyl-ammonium chloride-methanol) 

and using an electric current of 40-60 mA. The weight of the 

dissolved metal in the extraction experiments varied between 0.12 

and 0.25 g. The non-metallic inclusions which were not dissolved 

during the EE, were collected on a filter after the filtration. More 

specifically, a polycarbonate membrane filter with an open pore size 

of 0.05 to 0.4 µm was used. Thereafter, the collected inclusions were 

investigated on the filter surface using a SEM equipped with EDS. 

Wear measurements were conducted in accordance to 

SS-ISO 3685 32. In addition, the maximum flank wear (VBmax) was 

measured recurrently using light optical microscopy (LOM). The 

depth of the rake face crater wear (KT) was assessed using a confocal 

laser profiler. Also, the tool life criterion was defined as 

VBmax = 0.15 mm or at an edge failure. The tool wear was further 

analysed using SEM with secondary electron (SE) imaging. Tool wear 

of the interrupted specimens was analysed using a SEM equipped 

with EDS. Adhered workpiece materials were removed from the 

cutting tools prior to the SEM investigation by using a 37% 

hydrochloric acid (HCl). 



22 

3. Results 

3.1. Hardness profiles (Paper B) 

The surface hardness for all steels was 800 ± 75 HV (64 ± 1.5 HRC) 

and the hardness levelled out at 550 HV within a depth of about 

2.2 mm, as seen in Fig. 3.1. 

Fig. 3.1 Hardness profiles of the tested steels, R, C and UC. 

3.2. Inclusion characteristics in different steel samples 

3.2.1. 2D investigations of inclusions (Paper B-C) 

It was shown that Steel M contains complex particles of 

Ca-aluminate based oxy-sulfides (55 - 70% Al2O3, 20 – 30% CaO and 

5 – 12% S) that can have an equivalent circular diameter (deq) of up 

to 30 µm. This steel also contains very fine inclusions of (Mn,Ca)S 

(5 - 10% Ca, 50% Mn and 40 - 45% S) with deq values smaller than 15 

µm. Steel R contains MnS inclusions that are elongated more than 

100 µm in the rolling direction. It also contains Al2O3 inclusions with 

deq values smaller than 25 µm. An analysis of steel C indicated a 

presence of elongated MnS inclusions with lengths of up to 70 µm, 

and very few Ca- and Mg- smaller than 20 µm. The UC steel, on the 

contrary, contains many fine and globular CaS inclusions and 

Mg-aluminates smaller than 10 µm. The PSD of sulfides, oxy-sulfides 
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and oxides in the specimens of steel R, M, C and UC was compared 

and showed the differences between the steels (see Fig. 3.2). Steel R 

has a high count of sulfides and the M steel a high count of sulfides 

and oxy-sulfides in comparison to the clean steels C and UC. The 

number of oxides was smaller and varied less between the steel 

samples, from 0.1 to 0.9 (count/mm2). The inclusion quantification 

by SEM-EDS is given as the number of non-metallic inclusions per 

unit area in Table 3.1.  

Table 3.1 Number of non-metallic inclusions, NA, in the tested steels. 

Heat Total Sulfides Oxy-Sulfides Oxides 

 (count/mm2) (count/mm2) (count/mm2) (count/mm2) 

R 19.3 18.5 0.3 0.5 

M 14.0 7.2 5.9 0.9 

C 0.7 0.1 0.4 0.2 

UC 1.1 1.0 0 0.1 

(a) (b) 

  

(c)  

 

 

Fig. 3.2 Particle size distribution of a) Sulfides, b) Oxy-sulfides and c) Oxides, found in 

steel samples of the selected steels. 
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3.2.2. 3D investigations of inclusions (Paper C) 

Tables 3.2 and 3.3 show the three main types of non-metallic 

inclusions that were observed in 3D after EE of the steel specimens. 

Although pure MnS was found in all steel samples, Steel R and M 

also contained (Mn,Ca)S inclusions which had a globular 

morphology, whilst the UC steel contained CaS inclusions. 

Furthermore, elongated MnS inclusions were observed having 

lengths of up to 400 µm. Moreover, the size of the observed 

oxy-sulfides and oxides varied from 2 to 60 µm, but the typical size 

was smaller than 10 µm. 



25 

 

Table 3.2 Typical non-metallic inclusions observed in steel R and M. 

 R M 

Sulfides 

 
Size: 5-300 µm 

 
Size: 5-300 µm 

Oxy-sulfides 

 
Size: 5-20 µm 

 
Size: 2-20 µm 

Oxides 

 
Size: 1-7 µm 

 
Size: 2-8 µm 

Table 3.3 Typical non-metallic inclusions observed in steel C and UC. 

 C UC 

Sulfides 

 
Size: 5-400 µm 

 
Size: 3-10 µm 

Oxy-sulfides 

 
Size: 5-60 µm 

 
Size: 3-10 µm 

Oxides 

 
Size: 2-20 µm 

 
Size: 3-7 µm 
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3.3. PCBN tool life and tool wear (Paper B) 

The order of machinability ranking between the steel grades was 

M > R > C > UC, having the corresponding tool life of 102, 49, 39 and 

32 minutes, respectively (Fig. 3.3). The steel grade M shows a 

superior machinability (longer tool life) compared to the other steels. 

The tool life criterion VBmax = 0.15 mm was met for all the materials 

except for the steel grade R, which failed due to an edge fracture. 

Fig. 3.3 Tool life of tested steels at fn = 0.1 mm/rev, ap = 0.1 mm and vc = 170 m/min. 

The tested PCBN edges display a relatively even balance between a 

flank and a crater wear, as seen in Fig. 3.4, except for the R steel that 

generate edge fractures (Fig. 3.4a). The steel grades C and UC gave 

more crater wear than the high sulfur steels R and M. Ridges were 

observed in the rake face crater after machining the M steel, as seen 

in Fig. 3.4b. Also, edge chipping was observed with the steel grades C 

and UC (see Figs 3.4c and d). Both flank and crater wear progressed 

faster for C and UC in comparison to R and M, see Fig. 3.5. Finally, 

note the low crater wear rate of steel grade M.  

The wear of all tools is still fairly balanced after a 510 and a 2040 m 

cutting distance (3 and 12 min, respectively), see Figs. 3.6 and 3.7. 

No edge chipping is observed. However, the crater wear of the steels 

C and UC has progressed further compared to that of the steels R and 
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M. Similar ridge formation as that observed after the tool life tests 

with the steel grade M was also found on both flank and the rake face 

in the interrupted tests. The ridge formation tendency increased with 

an increased machining time, as seen in Fig. 3.8. 

  

 
 Fig. 3.4 The PCBN edges imaged by SEM after having reached their tool life. a) 

R (t=49 min) b) M (t=102 min) c) C (t=39 min) and d) UC (t=32 min). The edges were 

etched prior to imaging. 

(a) (b) 

  
Fig. 3.5 Flank (a) and crater wear (b) recorded in the tool life tests, obtained from the 

edges shown in Fig. 3.4. (fn = 0.1 mm/rev, ap = 0.1 mm and vc = 170 m/min). 
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Fig. 3.6 SEM micrographs of the PCBN edges after the cutting tests at vc = 170 m/min 

interrupted at 510 m. The edges were etched prior to imaging. 

 
 

  Fig. 3.7 SEM micrographs of the PCBN edges after the cutting tests at vc = 170 m/min 

interrupted at 2040 m. The edges were etched prior to imaging. 

  
Fig. 3.8 SEM micrographs of the PCBN edges after the cutting tests at vc = 300 m/min 

interrupted at (a) 510 m and (b) 2040 m. The edges were etched prior to imaging. 
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3.4. Workpiece material adhered to the cutting edge (Paper B) 

A transferred layer of work material was found for the clean steels C 

and UC, in the chip exit side of the rake face crater, as seen in 

Fig. 3.9. Also, note the burr-like formation of Fe on the cutting edge 

of R. The edge tested in the M steel indicates very little Fe transfer, 

see Fig. 3.9b. EDS of the M steel crater also displayed presence of 

Mn, S and Ca, see Fig. 3.10. The area containing Mn and S has an 

elongated shape, located at the bottom of the crater, parallel to the 

edge line. A low and fairly even concentration of calcium is revealed 

in the crater, see Fig. 3.10c. Significantly less adhered material was 

detected for the reference steel, R, compared to the other tested steel 

grades, as seen in Fig. 3.11. 

 
 

  Fig. 3.9 EDS-maps of Fe in the crater and edge region after turning tests interrupted at 

2040 m cutting distance, obtained from the edges shown in Fig. 3.7. 

It is revealed that Al, O, Ca, Mn and S are enriched in the ridges 

found in the crater after cutting in the M steel, see Fig. 3.12. 
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Fig. 3.10 EDS-maps of Mn, S and Ca, respectively in the crater and edge region of the 

M steel after the cutting tests were interrupted at 2040 m. 

  

 

 

Fig. 3.11 EDS-maps of Mn, S and Ca, respectively in the crater and edge region of the 

R steel after the cutting tests were interrupted at 2040 m. 
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Fig. 3.12 Electron micrograph (a) and EDS-maps of Al, O, Ca, Mn and S, respectively, 

on the tool edge after cutting in the M steel at a 300 m/min rate. 

4. Discussion 

4.1. The general influence of non-metallic inclusions 

The work conducted in this study has shown that the formation and 

stability of protective slag layers (Figs. 3.11 and 3.12) on the tool edge 

has a significant impact on the PCBN tool life in hard part turning 

(Fig. 3.3). It is proposed that the formation and stability of slag 

deposits from the steel constituents are of utmost importance to 
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minimise material transfer and chemical attack of the PCBN from the 

chip flow. Here, sulfur is especially important to minimise the 

material transfer. In addition, the Ca-treatment and Ca-enriched 

deposits are believed to promote the stability of the slag deposits. 

Without protection, PCBN edges may be worn by an attack of 

iron-rich features that travels through the PCBN tool material and 

cause a depletion of the CBN grains33. Overall, a clear difference in 

tool life and wear rate in hard part turning of carburised steels was 

observed, as seen when comparing the data in Figs. 3.3 and 3.5. The 

Ca-treated steel grade M indicates about a 2 times longer tool life 

compared to the reference steel R. Furthermore, roughly 2.5 and 3 

times longer tool life compared to the cleaner steels C and UC, 

respectively. Also, the improved tool wear resistance of steel M can 

be used to increase the metal removal rate, which is an important 

factor in automotive production. The observed differences between 

the steel grades in this study are much larger than what is typically 

found at soft machining. For example, Väinölä et al.34 conducted soft 

machining in materials similar to R and M and found that a 35 to 

40% higher cutting speed could be used for the M steel to get the 

same tool life. 

4.2. The influence of protective slag deposits  

The superior machinability of the steel grade M is linked to a deposit 

of protective (Mn,Ca)S and (CaO)x-Al2O3-S slag layers on the rake 

face35, see Figs. 3.8 b, 3.10 and 3.12. The adhered workpiece material 

found on the cutting edge has a characteristic ridge morphology. The 

slag composition correlates to the inclusion content of the steel grade 

M, consisting of (Mn,Ca)S (5-10% Ca, 50% Mn and 40-45% S) and 

Ca-aluminate rich oxy-sulfides (55-70% Al2O3 and 20-30% CaO and 

5-12% S), see Tables 3.1-3.3. The ridges is believed to be the result of 

an uneven wear of the PCBN rake face, part of which is protected by 

Ca, Al, and O deposited in thin layers, or by more solid ridges of the 

slag deposits. 
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No slag deposits could be observed on the tool rake face after the 

tests with the clean steels C and UC. However, very small 

enrichments in Mn and S were found after cutting the reference steel 

R, cp. Figs. 3.11 a-c. It indicates that the (Mn,Ca)S layers detected for 

the M steel are formed due to the Ca-treatment. These layers are 

believed to be more stable, and more able to obstruct shearing of 

steel deposits in the chip-tool interface. Here, the Ca-treatment of the 

steel is known to result in harder and more globular Mn-based 

sulfides10,35,36. In addition, it is well-established that Ca-rich sulfides 

have a higher hot-hardness in comparison to pure MnS inclusions37. 

Therefore, it is suggested that pure MnS is not stable enough to form 

protective layers in hard part turning of carburising steels. 

Furthermore, it is believed that protective slag deposits play a role in 

the tool-chip interface in all hard part turning operations.  

4.3. Comparison between high-sulfur steels and the clean steels 

The clean steels C and UC have a very low level of impurities and are 

designed to give an improved mechanical strength. Still, their 

machinability was only marginally worse than that of the reference 

steel R, see Fig. 3.3. It can be explained by the fact that all these three 

steels have a low calcium content, cp. Table 2.1, and that a very wear 

resistant tool was used. At the same time, it is believed that a certain 

amount of sulfur in the workpiece is necessary to enable the 

formation of a Ca-rich layer of MnS inclusions on the tool edge, 

which can protect the CBN grains from attacks of iron-rich 

compounds. Therefore, it is believed that the experimentally 

obtained tool life values for the R, C and UC steels showed in Fig. 3.3 

may be coupled to the calcium content of the steels. 

The major difference in the wear morphology between the tested 

steels is the more pronounced crater and flank wear when cutting the 

C and UC steels. This was found on cutting tools used both in tool life 

tests and interrupted tool wear tests, cp. Figs. 3.4, 3.6 and 3.7. In the 

same figures, a very smooth appearance of the flank and the rake face 
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crater was observed for the C and UC steels. Furthermore, an 

elemental mapping of Fe by SEM-EDS (see Fig. 3.9) displays 

significant amounts of workpiece material transfers on the rake face 

crater wear after turning the grades C and UC. The transferred 

workpiece material (Fe) comes from the passing chip and indicates a 

high affinity to the PCBN. On the contrary, the reference steel grade 

R and the Ca-treated steel grade M generates less transferred 

material on the PCBN edge. 

The more advanced wear caused by the high-cleanliness steels is 

associated with the transferred workpiece material observed in the 

rake face crater wear for the these steels, by a chemical degradation 

of the cutting tool material in the contact with a relatively stagnant 

transfer layer of workpiece material. The chemical degradation is 

promoted by the high temperature, of the order at 950°C38. With C 

and UC, material transfer to PCBN edges was found during the tests. 

Evidently, there is a lack of protective slag deposits. It is suggested 

that this increases the rate of chemical attack of the PCBN. A reduced 

wear rate would be obtained by a decreased tendency of the 

workpiece to stick onto the PCBN cutting tool. Angseryd et al. 

reported that the material transfer increased with a decreased sulfur 

content33, which corresponds to the behaviour of the tested steels. 

4.4. Comparison between clean steel and the ultra-clean steel 

A difference in cutting tool life of about 20% was found between the 

clean steel C and the ultra-clean steel UC. It can be explained by the 

larger sulfur content in steel C, cp. Table 2.1. Moreover, the UC steel 

was Ca-treated to avoid elongated MnS inclusions, and aiming at the 

formation of globular CaS inclusions to obtain more isotropic 

mechanical performance, as seen in Fig. 2.1. A decreased sulfur level 

can lead to thinner layers of lubricating slags, which in turn results in 

an increased interaction at the tool-chip (Fe) interface. 
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4.5. Suggestions to improve the machinability of clean steel 

In the present study, an increased deposition of the workpiece 

material was found in the crater for steels C and UC compared to the 

R and M steels. It is related to the very low presence of lubricous 

sulfides, as compared to steels R and M. The machinability of the C 

and UC steels would likely be improved if a stable layer of protective 

slag deposits can be maintained. The aim is to modify the 

composition of these steels to give maximum stability of the 

protective layer with a minimum content of inclusions. A modified 

Ca-treatment is proposed of a grade with a slightly increased sulfur 

content (80 to 100 ppm). The purpose is to increase the 

machinability whilst maintaining a high level of fatigue resistance 

and impact toughness. 

4.6. Role of non-metallic inclusions on the machinability of 

carburised steel 

It was demonstrated by SEM-EDS that the total number of 

non-metallic inclusions in the steel grade M was about 30% smaller 

than that in steel grade R (Table 3.1). At the same time, the inclusion 

size ranges and morphologies were similar, as seen in Tables 3.2 and 

3.3. Nevertheless, it was found that the cutting tool life of the 

Ca-treated steel grade M was roughly 2 times longer than that of the 

reference steel R and 2.5 and 3 times longer of the high-cleanliness 

steels C and UC, respectively (Fig. 4.1). Therefore, it is proposed that 

the inclusion composition in Ca-treated steels is more important 

than the number and size of non-metallic inclusions in hard part 

turning. However, the lower number of inclusions in the steel grades 

C and UC (about 94% smaller) resulted in a 20 and 35% lower tool 

life compared to the reference steel R, respectively. 
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Fig. 4.1 The effect of the total number of non-metallic inclusions, NA, in the samples of 

steel R, M, C and UC, on the tool life. 

4.7 Comparison between 2D and 3D inclusion characterisation 

In this study, non-metallic inclusions were observed and 

characterised in 3D after electrolytic extraction and in 2D by 

SEM-EDS. Elongated MnS inclusions were observed with lengths of 

up to 400 µm after electrolytic extraction. On the contrary, the MnS 

inclusions that were observed in 2D by using SEM-EDS had a 

maximum length of 100 µm. This difference may be explained by the 

limitation of the 2D investigations to determine the real size of 

elongated inclusions on a polished surface of steel samples. Thus, 

electrolytic extraction can provide a more precise characterisation of 

impurities. Conclusively, better correlations to machinability and 

mechanical properties can be obtained. This is beneficial for material 

development. 
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5. Conclusions 

The work from Paper B, studying the effect of inclusion composition 

of carburising steels on tool wear mechanisms and cutting tool life in 

hard part turning leads to the following conclusions: 

1) The hard part machinability of a standard carburised steel 

(reference R) is significantly improved by Ca-treatment 

(modified M). 

2) It is believed that formation and stability of slag deposits 

from the steel constituents are of utmost importance to 

minimise material transfer and chemical attacks of the PCBN 

from the chip. Sulfur regulates the material transfer, whilst 

the Ca-treatment and Ca-enriched deposits are believed to 

promote the stability of the slag deposits. 

3) The superior machinability of the M steel is linked to the 

formation of protective slag deposits of (Mn,Ca)S and 

(CaO)x-Al2O3-S inclusions which are formed on the rake face 

during machining. 

4) The more advanced wear caused by the high cleanliness 

steels is associated with the transferred workpiece material 

observed in the rake face crater wear for the these steels, by 

chemical degradation of the cutting tool material in the 

contact with a relatively stagnant transfer layer of workpiece 

material. 

5) The minor difference in machinability between the reference 

steel R and the clean steels C and UC is explained by the low 

content of Ca in these three steels. A lack of Ca-additions 

prevents a formation of lubricating sulfides and 

Ca-aluminates. This result in a faster cutting tool wear due to 

chemical attacks, see point 4 above. Therefore, the cutting 

tool life is strongly related to the content of Ca in the steel.  

6) The about 20% difference in cutting tool life between the 

clean steel C and the ultra-clean steel UC is explained by the 



38 

larger sulfur content in steel C, and that a very wear resistant 

cutting tool was used. 

7) The purpose of the Ca-treatment of UC is to avoid elongated 

MnS inclusions and to instead form globular CaS inclusions 

to promote an isotropic mechanical performance. It is 

suggested that the composition of the UC steel is optimised 

with respect to S and Ca content to give an improved 

mechanical strength. 

8) The Ca-treatment alone is not ideal to obtain an improved 

machinability. For machinability improvement of high 

cleanliness steel, a modified Ca-treatment is recommended 

for a grade with about 80 to 100 ppm of sulfur. The aim is to 

increase the machinability whilst maintaining a high level of 

fatigue resistance and impact toughness. 

The work from Paper C, studying the influence of inclusion 

characteristics on the machinability of three carburising steels during 

hard part turning leads to the following conclusions: 

9) The composition of the inclusions in the Ca-treated 

carburised steel is a more important factor than the inclusion 

number and size in hard part turning using a PCBN cutting 

tool. It was shown by SEM-EDS that the total number of 

inclusions in the steel grade M was about 30% smaller than 

that in steel grade R. At the same time, the inclusion size 

ranges and morphologies were similar. Nevertheless, it was 

found that the cutting tool life of the Ca-treated steel grade 

M was roughly 2 times longer than that of the reference steel 

R and 2.5 and 3 times longer of the clean steels C and UC. 
10) 3D analysis after electrolytic extraction can provide a more 

precise characterisation of non-metallic inclusions than 

conventional 2D analysis using SEM-EDS. In turn, better 

correlations to machinability and mechanical properties can 

be obtained. This is beneficial for material development. 
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6. Future work 

The overall performance of a steel grade can be linked to its 

population of defects and inclusions. It has led to the development of 

steel grades with very low level of impurities, i.e. “clean steels”. The 

clean steels are characterised by extreme mechanical properties e.g. 

fatigue strength, impact toughness and/or corrosion resistance. 

However, clean steels are often associated with poor machinability 

properties, which make them unattractive for end-user industries. 

The challenge of future metallurgy is therefore to develop 

high-performance steels with improved combined properties. One 

approach to this challenge can be to transform a small number of 

large inclusions into many but small ones, having desired 

composition and shape. Two main routes are suggested for this 

purpose:  

1) A REM-treatment of low-alloyed carburising steel with high 

cleanliness e.g. 20NiCrMo7, for a control of the sulfide size, 

shape and hardness. 

2) An optimisation of the current Ca-Si-Al-system suitable for 

stainless steel grades e.g. 316L, for a control of the oxide size, 

composition and hardness. 

The objective is to provide tougher steels that can enable lighter 

constructions and thereby meet the environmental demands of the 

future. In addition, the know-how and metallurgical expertise within 

the research area will increase the competitiveness of the Swedish 

steel companies on the global market. 

Further research is needed to clarify the link between the 

characteristics of the existing and the next generation of inclusions 

and their effect on material properties of steel. Also, methods to 

differentiate steels having similar inclusion characteristics with 

respect to machinability need further analysis and evaluation. 
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