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Abstract

The vision of this thesis is to study how it is possible to obtain
optimised workpieces during metal cutting processes in industry.
Specifically, the work is aimed to increase the understanding between
the steel characteristics and their link to the chip breaking and tool
wear during metal cutting. The emphasis is on the influence of the
cleanliness and the characteristics of non-metallic inclusions in the
workpiece on the machinability of carburising steel grades. The
machinability of a case hardening steel is improved by a M-treatment
(additions of Ca). Also, the improved machinability of the M-steels
offers an attractive potential to save money which makes it possible to
reduce the tooling costs with up to 50%. The improved machinability
of Ca-treated steels is correlated to the formation of lubricating slag
layers consisting of Ca-enriched sulfide inclusions and oxy-sulfide
inclusions, which are formed on the rake face during the machining
operation. It is proposed that the formations of slag layers from the
workpiece constituents are essential to minimise the chemical
degradation of the tool edge due to a contact with the chip. During this
process, sulfur minimises the material transfer from the chip flow,
whilst Ca-treated impurities have a stabilising effect on the protective
deposits made of slag layers.

Since there is a remaining industrial need to increase the production
rate, whilst maintaining a high quality of the finished parts, the future
production will continue to require extreme demands on the quality of
workpieces. If the emphasis is focused on the workpiece, it should be
possible to obtain a robust manufacturing process. Therefore, the
challenge for future steel metallurgists is to develop high performance
grades with optimised combined properties.

Keywords: machinability, steel, non-metallic inclusions.
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Sammanfattning

Syftet med denna avhandling ar att studera hur det ar mojligt att
framstilla optimala dmnen for skdrande bearbetning i industriell
skala. Malsattningen med arbetet dr att Oka forstdelsen for stals
egenskaper och dess inverkan pa spanbrytning och slitage av verktyg
vid skidrande bearbetning. Avhandlingen fokuserar pa kopplingen
mellan arbetsstyckets renhet och inneslutningskarakteristik och dess
inverkan pa skirbarhet hos sdtthdrdningsstil. Skarbarheten hos
vanligt sitthdrdningsstal kan forbattras markant genom en
Ca-behandling, dvs. en sa kallad M-behandling. Den forbattrade
skarbarheten hos M-stal mojliggor stora kostnadsbesparingar, som
uppskattas kunna reducera verktygskostnader med upp till 50%. Den
forbattrade skiarbarheten hos M-stal beror pa bildningen utav
tribologiska skikt som &r anrikade med (Mn,Ca)S- och (CaO)x-Al,O5-
S-slagg. Dessa tribologiska skikt bildas pa skirverktygets spansida
under ingrepp vid skidrande bearbetning och bestar utav vissa atomer
som Overforts frdn det bearbetade dmnet till skiret. Bildandet av ett
skyddande skikt anses nodvindigt for att undvika att verktygets
skaregg utsitts for ett kemiskt angrepp i kontaktytan med spanflodet.
Svavel anses minimera att rent arbetsmaterial oOverfors till
skarverktyget medans kalcium-berikade inneslutningar hjilper till att
bilda ett stabilt och skyddande tribologiskt skikt.

Det eviga behovet att 6ka produktionstakten, utan att for dess skull
riskera slutproduktens kvalité stdller stora krav pd framtidens
material. Med utgdngspunkt fran arbetsstycken sa ska det vara mojligt
att uppné en robust industriell produktion. Utmaningen ar darfor att
utveckla hogpresterande stdl med en forhéjd kombinerad
funktionsegenskap.

Nyckelord: skdrbarhet, stél, icke-metalliska inneslutningar.
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Preface

This thesis summarises the knowledge I gained during my period as a
Ph.D. candidate within the research area of applied process
metallurgy. The work during the first two years was carried out partly
at the Department of Materials Science and Engineering at KTH Royal
Institute of Technology, Stockholm, Sweden and partly at the
Department of Materials and Manufacturing at Swerea KIMAB whilst
the final part was conducted at the Department of Advanced
Engineering Transmission Production at Scania CV, Sodertilje,
Sweden. The work has been part of projects which was focused on the
influence of non-metallic inclusions and microstructure on the
machinability of carburising steel grades for soft and hard machining.
The first project was conducted within the Member Research
Consortium Materials in Machining at Swerea KIMAB. The second
part was conducted within a VINNOVA funded project within the
national Strategic Innovation Program - National Action for Metallic
Materials. Participating companies were Sandvik Materials
Technology, Sandvik Coromant, Ovako Hofors, Outokumpu Stainless,
Uddeholm Tooling and Seco Tools. The final study was part of a
process development project at Scania CV.

I thank the Axel Hultgren, the Gustav Jansson, the Gerhard Von
Hofsten and the Hugo Carlsson foundations for their financial
support.

This thesis will in particular discuss the following challenges:

e Some metallurgical aspects of modification and control of
non-metallic inclusions to improve the machinability of steel.

e The effect of inclusion composition, size, morphology, and
number on the tool wear mechanisms during machining of
carburised steel. Non-metallic inclusions were characterised
after observations in both 2D and 3D.



e The effect of grain size and micro hardness on the tool wear
during soft machining of clean steel.

e The possibilities to differentiate the machinability of similar
carburising steel grades by using different methods.

e The characteristics of different non-metallic inclusions in high
performance steels to improve the combined performance of
mechanical strength and machinability.

In this thesis, six papers are appended, as listed below. They will be
referred to as Paper I-VI throughout the text. One conference
proceeding is included in this thesis since it adds important results
and discussions to the overall work. Another conference proceeding,
describing important findings is also listed, but not included in this
thesis. Also, as a milestone a licentiate thesis was written to summarise
some of the initial findings of my graduate studies.

I hope that this thesis will give the reader a better understanding about
non-metallic inclusions and their characteristics which needs to be
considered in order to control the mechanical strength and
machinability of high performance steel grades.

Niclas Anmark
Stockholm, June 2016
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List of abbreviations

Vs

Kr

wC

PCBN

NMI

deq

Na

CE

Flank wear. One cutting tool wear measure that is used
to decide a cutting tool’s service life time.

Crater depth. The other frequently used tool wear
measure. Together they indicate the balance of the
active wear mechanisms.

A measure that describes the roughness of a surface. It
is the average deviation from the center line of a
scanned surface. R, was used in this thesis to
characterise the machined surfaces.

Tungsten carbide. Cutting tools that are made for soft
machining of steel are primarily composed of WC
grains that are glued together by a metallic binder.

Polycrystalline cubic boron nitride. Cutting tools that
are made for hard part turning are primarily composed
of CBN grains that are glued together by a ceramic
binder.

Non-metallic inclusions.

Equivalent circular diameter. A parameter that is used
to describe the size of non-metallic inclusions.

Number of non-metallic inclusions per unit area.

Grain size. A parameter that is used to describe the
microstructure of a steel grade.

Carbon equivalent. A concept that converts the content
of alloying elements other than carbon to their
equivalent carbon percentage.



HV

LOM

CLM

SEM

SE

BSE

EDS

EBSD

EE

Hardness Vickers. A method that uses a pyramid-
shaped indenter to approximate the hardness of steel.
The method was used in this thesis to quantify the
surface hardness and the profile of carburised steel.

Light optical microscopy. A method that was used to
observe the cutting tool wear and the steel
microstructure.

Confocal laser microscopy. A microscopy technique
that allows a large depth of field. Thus, CLM was used
to quantify the depth of the PCBN rake face crater wear.

Scanning electron microscopy. A microscopy technique
that allows imaging at a higher resolution than LOM.

Secondary electrons. Was detected and used to image
the tool wear of used cutting tools.

Backscattered electrons. Was detected and used to
image the tool wear of used cutting tools.

Energy dispersive spectroscopy. A feature of the SEM
that allows for chemical analysis. EDS was used to
analyse the tested steels and the used cutting tools.

Electron backscatter diffraction. A feature of the SEM
that allows for a crystallographic characterisation of
any crystalline material. In this thesis, SEM-EBSD was
used to estimate the average grain size of carbon steel.

Electrolytic extraction. An extraction technique that
together with the SEM allows for a three dimensional
characterisation of non-metallic inclusions.
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CHAPTER 1

INTRODUCTION

Developments in steel production since the 1970’s have resulted in
steel grades with a reduced content of impurities. More specifically, so
called “high cleanliness” steels have been introduced by the
steelmakers around the world'-8. 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 extremely low levels 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., gearbox
components for heavy trucks, bars for demanding construction and
tubes for highly corrosive atmospheres.

Although the new clean and ultra-clean steels have an improved
mechanical strength and/or an exceptional corrosion resistance, these
advantages have come at the expense of a more difficult chip breaking
and in a reduced cutting tool lifev-1°. 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.
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1.1. Research objectives

The vision of this thesis is to allow optimised workpieces at metal
cutting processes during an industrial production. With emphasis on
the workpiece, it should be possible to have a robust manufacturing
process.

This thesis is based on six papers (Fig. 1.1) and it aims to increase the
understanding between steel characteristics and their link to chip
breaking and tool wear in metal cutting. Within that scope, a literature
review (Paper I) was conducted to summarise the effect of different
non-metallic inclusions (NMI) and their characteristics on the
machinability of various steels. Therefore, a comparison between
different machining tests and their ability to differentiate the
machinability between similar steel grades was conducted (Paper II).
Moreover, the correlation between steel and inclusion composition on
the tool life and tool wear mechanisms were evaluated during both soft
and hard part turning (Paper I1I-V) on a lab scale. Also, some features
of microstructure and mechanical properties were covered. Finally, a
focused field study on the effect of the steel composition on the hard
machining of gearbox products was conducted to verify that the
findings in Paper IV,V can be transferred to an industrial production
(Paper VI).

Paper Il
NMI, Soft part tuming,
laboratory scale

Paper | Paper Il Paper VI
Review, NMI, Machinability Methods, Soft part turning, NMI, Hard part turning,
laboratory scale Production

Paper IV,V

NMI, Hard part tuming,
laboratory scale

Fig. 1.1 Overview of the structure and the link between the appended papers.
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An overview of the supplements and their objectives are summarised
in Table 1.1.

Table 1.1 Overview of the main topics that are discussed in the thesis.

Paper Study Objective Approach Parameters

1 The effect of Overview the Literature review Steel and inclusion

different NMI on characteristics of of previous work composition, deq,

the machinability NMI and their link Na, Nv, fv, AR, Vs,
of steels to machinability Kr
I The effect of steel Methods that can Soft part turning of Tool life, tool wear,

cleanliness on the differentiate the a standard, a clean chip formation,
machinability of machinability of and an ultra-clean steel composition
carburizing steel similar steels steel
111 The influence of Correlations  Soft part turning of CE, Dg, HVo.sg, fv,
microstructure and between a standard, a clean AR, tool life

NMI on the microstructure and and an ultra-clean

machinability of content of NMI to steel
clean steels  the cutting tool life
v The effect of Link inclusion = Hard part turning Steel and inclusion
inclusion characteristicsto  of astandard,a  composition, deq,
composition on PCBN cutting tool =~ Ca-treated, and Na, Vs, Kr
tool wear wear and tool life  two clean steels
\Y% Effect of different  Linkinclusion = Hard part turning Steel and inclusion

inclusions on characteristicsto  of astandard,a  composition, deq,

machinability of PCBN cutting tool Ca-treated and a Na, Vg, Kr
20NiCrMo steels wear and tool life clean steel
VI Steel Link steel Hard part turning Steel and inclusion

characteristics and composition to the of a standard and a composition, tool
their link to tool PCBN cutting tool Ca-treated steel life, Vs, Kr, Ra
wear in hard part life at industrial ~ grade at gearbox

turning production production
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CHAPTER 2

BACKGROUND

2.1. 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 hydrogen!!. Steel cleanliness can also be defined by a low content
of non-metallic inclusions where foremost oxides, sulfides, nitrides
and carbides are consideredo'. Since 1970, the level of impurities in
steel has decreased from about 100 ppm to less than 10 ppm
(Fig. 2.1)112,

0.1
0.01
C P
8 © N
g‘ 0.001
S
H
1 ppm
0.0001 PP
0.00001 t } t t
1970 1975 1980 1985 1990 1995
Year

Fig. 2.1 Advances in steelmaking technology has enabled cleaner steel over time?.
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The technology of clean steel is strongly linked to the concept of
inclusion engineering and inclusion control!3-15. From the view point
of a steel 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 refining
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. Thus, it is a challenging task 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
inclusionsi¢-18, 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.

2.2. Non-metallic inclusions

Non-metallic inclusions can have various physical properties and
different influences 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 steelmaking industry for a
correction and control of the characteristics of non-metallic
inclusions. Based on an overview of present publications?9, it can be
concluded that to improve the machinability, there are four common
techniques: (1) Increasing the sulfur content in the molten metal for a
larger volume fraction of sulfide inclusions, (2) Modifying the existing
sulfide inclusions (MnS) by a Ca-treatment of the molten steel or by
additions of other 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 (ALO5, ALLO5-MgO, SiO.) and (4) Adding rare elements
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(Se, Te, B) to alter the properties of both the MnS and Al.O5 inclusions.
The purpose of sulfur additions is to increase the amount of impurities
that act as stress-raisers in the primary shear zone at the tool
edge-chip interface during machining. A Ca-treatment aims primarily
to alter the inclusion composition and shape with the objective to form
globular and glassy complexes, which typically are composed of
(A1, Mg)O-(Mn,Ca)S, which are softer than pure oxides. Thus, they are
believed to be less detrimental for the cutting tool wear.

Characterisation of non-metallic inclusions are usually done in 2D by
using SEM analyses on a cut-out cross-section from a steel piece2°.
This technique is limited by the fact that the precise composition and
shape of the evaluated inclusions cannot be determined. Furthermore,
developments of newer techniques to treat samples such as electrolytic
extraction allows for SEM observation of non-metallic inclusions in
3D21, Characterisation of impurities in 3D are believed to be more
accurate, especially when it comes to the size, composition and the
morphology of inclusions. One of the main advantages of electrolytic
extraction is that very fine inclusions of sizes as small as 0.05 um can
be observed, which is not possible in 2D characterisation or by using
chemical extraction with methanol alcohol or acids (HCI,
HNO3,H,S0,)22-23.

2.3. Carburising steel processing

Conventional billet manufacturing includes a wide variety of
processes, ranging from melting scrap to billet grinding (Fig. 2.2).
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 activity24-26. Thereafter, the slag that was formed
during deoxidation is skimmed off. As the vessel enters the ladle
furnace station, a synthetic top slag based on CaO and Al,O; is added
onto the liquid steel2”. The top slag serves as a protection against
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reoxidation whilst it simultaneously promotes a removal of
non-metallic inclusions. Thereafter, the steel melt is deoxidised and
desulfurised before the ladle is transported to a vacuum degassing
station. At the degassing station, 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.

\ ("‘a w ] ¥
) o

Deslagging

Billet Rolling, Stand 1 Fit fumace

Scrap

Oxygene

Ingo
Scarfing o

Teeming

: ®

Billet Rolling, Sta Heavy Bar to Hallefors Billets for Tube

Billet Rolling, Stand 2 and Ring Production

Fig. 2.2 A schematic illustration of the steel billet manufacturing at Ovako Hofors ABo.

2.4. Heat treatment

Heat treatment of steels is a critical process, because it strongly
influences the final material properties. Case hardening steels are
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usually annealed prior to soft machining to make the workpiece
easy-to-cut and to form it into its desired shape. After soft machining,
steels for automotive applications are usually carburised in order to
obtain a hardened surface layer. Still, the core material is tough and of
a more ductile character. Typically, the carburised layer has a
hardness of 60+2 HRC and a 1 mm thickness. The high surface
hardness of carburised steel offers an attractive ability to withstand
contact fatigue, which makes the material suitable for load-bearing
applications such as transmission products. The carburising operation
is a heat treatment that takes place in a furnace at an elevated
temperature of about 850-950°C under an atmospheric pressure rich
in carbon monoxide (CO), nitrogen (N.) and hydrogen (H.).
Subsequent processes to carburising are quenching and tempering
(Fig. 2.3). The steel component hardens during quenching as the
austenite part in the carburised layer is transformed into martensite.

1000
900 - Carburising
800 A
700 A
600 -
500 A
400 A
300 A
200 A
100 A

0

Quenching

Temperature (°C)

Tempering

0 2 4 6 8 10 12
Time (h)

Fig. 2.3 A typical heat treatment cycle for a carburising operation of a case hardening
steel2s.

Steels with a content of 0.1-0.3 wt-% carbon are typically carburised=s.
The component is made up of a hard surface, which is beneficial for
the fatigue strength. The core is somewhat softer, yet with a
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significantly increased toughness that is required to withstand
mechanical shocks.

Hardenability improving elements are mainly Ni, Mn, Cr and Mo and
they allow a higher phase transformation rate of austenite to
martensite during quenching29. The carbon content at the surface can
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.

Case hardening steel grades are frequently used for an industrial
production, since they are easy to machine and have a high mechanical
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 level is balanced by the risk for inclusion
induced fatigue and machinability.

2) Clean steels of a superior mechanical strength, by the
minimum content of impuritest*!2, which may be as low as 20
ppm.

3) Machinability improved steel grades. Historically, such steel
grades were made by additions of lead (Pb) or sulfur
(600-1000 ppm)303.. These steels are often referred to as
free-cutting steels. Nowadays, the improved machinability of
structural steels is obtained by calcium deoxidation of molten
steel to contents of 15-40 ppm Ca. However, for the
Ca-treatment to be successful, it requires a sulfur content of
about 200-400 ppm, in order to form oxy-sulfide impurites.
A calcium deoxidation turns alumina into Ca-aluminatest12,
which has a lower melting temperature than the pure oxides.

10
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Thus, Ca-aluminates are associated with a lower risk for an
abrasion of the cutting tool during machinings2-33, which can
increase the cutting tool life. Simultaneously, (Mn,Ca)S
inclusions are formed due to the Ca-treatment and they have
a higher hardness than the pure MnS inclusions3234,

2.5 Metal cutting

Metal cutting refers to the numerous manufacturing processes which
are used to produce components for e.g. the automotive and the
construction industries. 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 the turning and the milling operations.
Other common machining processes include drilling, broaching and
shaping. The mutual factor is that an insert is used for a metal removal
in order to shape the workpiece and to produce a specified surface.

Deformed

Cutting tool chip thickness

rake angle Cutting tool

\ secondary

rake face __,
\ shear zone

Chip

clearance face gggglg primary, shear zone
________ o
feed, f, "
______ 4 ""'""n'"5"'""""" :gHI RIoRReES -
clearante tertiary shear zone—" p
angle
cutting speed, v, cutting speed, v,

Work piece Work piece
Fig. 2.4 Schematic illustrations of the chip formation process and the three shear zones
in metal cutting3s.

The chip formation can be considered the main concept to describe the
interaction between a cutting tool and a workpiece in metal cutting
(Fig. 2.4). During a chip formation the workpiece rotates with a certain

11
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rate which is called the cutting speed (v., m/min). At the same time,
the cutting edge travels a specified distance through the part according
to its feed rate (f,, mm/rev). Thus, this produces 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. Therefore, it is necessary to use a
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 angle'.
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 zone3¢. 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.

2.6. Machinability

Machinability is a complex concept, which has several definitions. For
example, it can be defined as follows:

“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”37

The complexity is caused by the fact that each machining practitioner
interprets the 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
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or process. Therefore, the machinability concept can be divided into
five sub-groups, i.e., a chip formation, a cutting tool wear, a cutting
force, a power consumption, a surface integrity of the machined part,
and an impact on the environment, as shown in Fig. 2.5.

MACHINABILITY
Chip formation Cutting tool wear Cutting force
« Type » Mechanisms « Power consumption
« Segmentation « Abrasion » Workpiece deformation
* Form » Adhesion » Clamping stability
* Hardness « Diffusion and chemical * Process stability
* Geometry » Plastic deformation
Surface integrity Environmental impact

« Topography « Dust generation

* Residual stresses « Allergic reactions

« Structure « Cutting fluids

« Composition « Sound level

Fig. 2.5 The traditional view on the machinability concept including its sub-groups4.

The cutting tool life is one of the most common machinability indexes,
because it is closely related to production economy. Therefore, it has
been selected as the criterion in most of the papers in this thesis.
Furthermore, machining processes are strongly related to the
manufacturing costs. Specifically, Tonshoff and Stanske found that
more than 40% of the total manufacturing cost to produce an
automotive component comes from machining operations38. Hence,
an improved machinability can significantly reduce the total
manufacturing cost.

In all machining operations, non-metallic inclusions can play an
important role as they have the ability to ease a chip formation. A
detailed explanation was published by Kiessling39, 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 (1, see
Fig. 2.4) between the chip and the cutting tool is reduced.
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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.

2.7. Cutting tools

Advances in cutting tool manufacturing since the beginning of the 19t
century has led to new grades and new coating technologies, which
offers a higher wear resistance, a higher toughness and a 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 the 1950’s, followed by synthetic diamond in the late 1950’s
and coated carbide in the 1970’s4°. Research developments during the
last decades have resulted in ceramic cutting tools based on
poly-crystalline cubic boron nitride (PCBN). This has provided new
possibilities to further increase the industrial productivity and to
improve the quality of the machined part as well as to reduce the cost.
PCBN has been successfully introduced in hard part turning
operations. Among others, it offers versatility less machine time and a
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 consisting of
cobalt or nickel. The volume fraction of the carbide phase ranges from
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0.6 t0 0.95. Hence, the volume fraction of metallic binder ranges from
0.05 to 0.4. Overall, 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 levels higher than those of steel
even though the hardness decrease with increasing temperature. The
hardness and the toughness of the cemented carbide are highly
dependent on composition and grain size. Therefore, they can be
adjusted 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. If necessary, it is possible
to modify the surface properties of a cutting tool by deposition of
ceramic coatings. Here, chemical vapour deposition (CVD) is used on
the vast majority of cutting tools for turning. Examples of coatings are
Al,O,, AICrN, TiN, TiC, TiCN, TiAlIN, and ZrN. These ceramic coatings
can serve to protect the cutting tool from a rapid tool degradation.

PCBN cutting tools are composed of about 50 to 90 vol% cubic boron
nitride (CBN), which depends on the machining application4:. The
other part is made of a metallic binder such as cobalt or nickel, or by a
ceramic binder, for instance titanium nitride4243. A reduced CBN
content of the PCBN prolongs the cutting tool life43 and promotes a
finer surface roughness in metal cutting. Furthermore, the advantage
of PCBN compared to cemented carbides is its ability to maintain its
properties at elevated temperatures. The maintained hot-hardness,
toughness and resistance to thermal shock44.45 explains why PCBN is
suitable for hard part machining.

2.8. Tool wear

Wear mechanisms are in general of abrasive 45-5!, adhesive49-5! or
chemical43.45.50-52 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. A 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.

Common wear patterns of a used cutting tool are a crater, a flank and
a notch wear (Fig. 2.6). 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 an 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 solely linked to wear mechanisms, but also to
high compressive stresses acting on the cutting edgest. Many
parameters influences how the cutting tool is worn, for example the
selected cutting data, the properties of the machined workpiece and
the properties of the selected inserts3.54.

Crater wear

Rake face

Flank

Notch wear

Flank wear

hiopi
Flank face  Flank wear Moo wigar Edge chipping

Fig. 2.6 Typical wear morphologies in metal cutting processes due to an abrasion, an
adhesion, a chemical wear or a heavy load9:3s.
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EXPERIMENTAL

3.1. Workpieces

Six steel grades were evaluated in this thesis. Their batch
compositions, their delivery state and the used designations in this
study are given in Table 3.1. Specifically, soft annealed (spheroidised)
bars of 90 mm in diameter and a 500 mm length were used to
differentiate the machinability between similar steel grades during
soft part turning (Paper II, ITI). Furthermore, carburised workpieces
of 90 mm in diameter and 250 mm in length were used to study the
active tool wear mechanisms during hard part turning (Paper IV,V).
In addition, carburised middle cones of 170 mm in diameter (see
Fig. 3.1) were used for studies of the machinability of the transmission
parts at Scania (Paper VI). The steel grades R, M, C and UC were
evaluated using laboratory scale experiments whilst the structural
steel grades 280R and 280M were evaluated during industrial
production.

The reference steel grades R? and RP are regular steels, which mean
that they are typically used in automotive applications. The M-steels
are treated to a calcium content of 20-60 ppm whilst having a sulfur
level of 280-340 ppm, in order to improve the machinability. The
clean steel grades C (20-40 ppm S) and UC ( < 20 ppm S) contain a
low amount of impurities which enables the extreme mechanical
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strength that is of high importance in transmission components such
as gears and crown wheels. Here, the rotating bending fatigue strength
of a standard and a clean steel are compared in Fig. 3.2. Further details
regarding heat treatments are specified in the experimental section of

each paper.

Table 3.1 Chemical composition of the steels investigated, in wt-%, Fe balanced.

Grade Condition Inpaper C Si Mn Cr Ni S* O0O* Ca*
Ra Soft annealed IL III 0.21 0.24 0.88 0.56 0.50 280 9 -
Ca Soft annealed IL III 0.20 0.24 0.60 0.53 1.69 30 5 -
UCa Soft annealed IL III o0.17 0.32 0.78 113 135 20 4 -
Rb Carburised IVV. 0.22 0.22 0.84 056 052 410 9 2
Mb Carburised IV,V. o0.22 0.25 0.86 055 043 340 19 26
Cb Carburised IV,V. 0.20 0.24 0.57 0.52 168 40 5 2
uce Carburised IV,V. 0.8 0.34 0.75 114 140 10 4 10
280R Carburised VI 0.23 0.33 156 0.18 0.13 260 11 11
280M  Carburised VI 0.18 0.32 144 0.38 0.13 280 16 53

* Contents of S, O and Ca are given in ppm.
aWorkpieces used during the laboratory experiments for a soft machining.
b Workpieces used during the laboratory experiments for a hard machining.

2170 mm

1
Fig. 3.1 A schematic of the carburised middle cones made of 280R and 280Ms5.
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1000

900 -

800 -

700 -

Fatigue limit (MPa)

600 -

500
Longitudinal Transverse

m Standard 80 ppm S O Clean 10 ppm S

Fig. 3.2 A comparison of the fatigue limits between an ultra-clean grade and a steel
comparable with an ultra-clean grade, but with a sulfur level of 80 ppm. Data are given
for both the longitudinal and transverse directionst©.

3.2. Cutting tools

Three different cutting tools were used in this thesis (Table 3.2). A
Sandvik Coromant cemented carbide -cutting tool of type
CNMG120408PM GC4325 was used to determine the machinability of
carburising steel grades for soft operational conditions (Paper II, III).
In addition, a PCBN tool which was composed of 50 vol% of CBN and
containing a binder consisting of TiCN and Al,O; (made by Sandvik
Coromant), was used during a hard part turning of carburised bars
from the laboratory experiments (Paper IV, V). It has a 30° chamfer of
a 0.2 mm width, cp. Fig. 3.3. Finally, a SECO PCBN cutting tool with
the designation CCGW09T308S-01030, CBN 150 was used to study
the tool wear for a gearbox production of synchronising rings
(Paper VI). The grade is composed of 45 vol% CBN along with a
ceramic binder of TiCN and Al,Os. It has a 30° chamfer of a 0.1 mm
width. Figure 3.3 illustrates the key terms for the tool wear studies.

Table 3.2 Test matrix used for interrupted cutting tests.

Substrate In paper Binder Macro geometry Grade

wC 11, III Co-based CNMG120408PM GC4325
PCBN v,V 50 vol% TiCN, Al.O; CNGA120408S-02030 CB7014
PCBN VI 55vol% TiCN, Al.O; CCGW09T308S-01030 CBN150
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Fig. 3.3 Overview of the a) PCBN cutting tool used in paper IV,V and b) typical tool wear
patternsto.

3.3. Machinability studies

The purpose of the machinability studies was to determine the
influence of the microstructure and non-metallic inclusions on the
cutting tool wear rate of carburising steel grades during soft and hard
part turning. The approach was to employ simple machining tests and
to use quantitative characterisation techniques to evaluate the
underlying factors. The test series can be divided into three categories,
namely chip mapping, tool life tests and interrupted tests. Most
attention was paid to the tool life and the interrupted tests since the
following analysis of the used cutting tools revealed important
information about the active tool wear mechanisms.

3.3.1. Chip mapping

The chip mapping test was conducted to study the chip formation
process of carburising steel grades under soft operational conditions.
In addition, dry longitudinal turning of steel bars was performed at
the cutting speeds of 200 and 300 m/min by using a Fischer CNC
(computer numerically controlled) turning lathe at Sandvik
Coromant. The combinations of depths of cut (0.5-5 mm) and feed
rates (0.15-5 mm/rev) were used to produce chip maps with the
purpose to facilitate the interpretation of the transition point from
good to poor chip breakage. The Sandvik Coromant CNMG120408PM
GC4325 cutting tool was used for these tests.
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3.3.2. Tool life

The first tool life test was conducted to study the effect of the grain
size, carbon equivalent, micro hardness, composition, size,
morphology and content of non-metallic inclusions on the cemented
carbide cutting tool life during soft machining (Paper II, III). A
GILDEMEISTER CNC machine was used for the face turning of soft
annealed bars made of steel R, C and UC. A blend made of a 5%
emulsion was used as cooling media. Moreover, a feed rate of 0.3
mm/rev and cutting speeds between 280-560 m/min were used. Due
to the anisotropic material properties of the investigated steel bars, the
depth of cut was varied in two steps during a machining operation,
namely in one cut from 2-3 mm and in the next from 3-2 mm. This
procedure was repeated until a desired flank wear equal to or greater
than 0.3 mm was reached or the insert was damaged by an edge
fracture or a chipping. Furthermore, the machining rate that would
give a 15 minute (v,5) of cutting tool service life was estimated by using
the well-established Taylor’s equation:

v T =y )

where ar is a constant that describes the derivative of the logarithmic
line in the Taylor plot whilst Cr refers to the extended line that crosses
the x-axis, which makes it possible to estimate the theoretical cutting
speed that would give 1 min tool life. Extended versions of this
equation have been developeds®-59, but this equation was used to get a
quick indication on the machinability difference of similar grades.

The second tool life test was conducted to study the effect of the
inclusion composition on the tool wear and material transfer from the
chip flow to the PCBN cutting tool rake face at hard part turning
(Paper IV,V). Dry longitudinal turning of bars made of steel R, M, C
and UC were conducted in a CNC OKUMA LB 300-M turning lathe.
The cutting data were kept constant and a feed rate of 0.1 mm/rev, a
radial depth of cut of 0.1 mm and a cutting speed of 170 m/min were
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used in all tests. The test was considered ended when the cutting tool
reached a flank wear equal to or greater than 0.15 mm or got damaged
by an edge fracture or chippings. Previous work43.6¢ have showed that
a continuous machining process are characterised by a predictable
tool wear progression and has a standard deviation (o) value below
5%. Although additional tests were performed at a 150 and a 190
m/min rate to support the findings, here, we focus only on the tests
which were performed at the given cutting data.

A third tool life test was conducted at the production site of Scania
with the same approach as was used in the second tool life test. It
focused on the effect of the inclusion composition on tool wear and
material transfer from the chip flow to the PCBN cutting tool rake face
during hard part turning. The idea was to verify that the findings in
Paper IV,V can be transferred to an industrial production. Therefore,
an EMAG turning lathe was used to dry machine carburised middle
cones made of the steel grades 280R and 280M at a feed rate of 0.24
mm/rev, a radial depth of cut of 0.15 mm, and at cutting speeds of
166-300 m/min. The tool life limiting condition in industrial
production is often the generated surface roughness of the machined
component rather than a defined level of flank wear. Therefore, the
used tool life criterion in this test was a surface roughness of R, = 0.7
um of the machined middle cones or at a cutting edge failure. A
compilation of the performed tool life tests are given in Table 3.3.

Table 3.3 Tool life tests of the investigated steel grades.

Steel grade Condition In paper Ve fu ap Tool life
(m/min) (mm/rev) (mm) Criterion*

R,C,UC Soft annealed 11, 111 280-560 0.30 2-3 Vp= 0.30 mm
R,M,C,UC Carburised IVAY 170 0.10 0.10 V= 0.15 mm
280R, 280M  Carburised VI 166-300 0.24 0.15 Ra=0.70 pum

“ or got damaged by chippings or edge fracture
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3.3.3. Interrupted tests

Machining tests with an interruption prior to the end of life were
conducted for studying the initial wear mechanisms during hard part
turning. The interrupted cutting tests from Paper IV,V were evaluated
after the machining times of t;=3 min and t,=12 minutes,
respectively (Table 3.4). In addition, the M-steel was tested at a higher
rate of 300 m/min. The test series during an industrial production
(Paper VI) were interrupted at t=7.5 and 16 minutes for 280R and
280M, respectively, which corresponds to about 1/12 of their
respective tool life.

Table 3.4 Test matrix used for interrupted cutting tests.

Steel grade ap fa Ve t L to |5
(mm) (mm/rev) (m/min) (min) (m) (min) (m)
R,M,C, UC 0.10 0.10 170 3.0 510 12.0 2040
M 0.10 0.10 300 1.7 510 6.8 2040
280R 0.15 0.24 166 7.5 1230 - -
280M 0.15 0.24 166 16.0 2590 - -

3.4. Characterisation

The properties of impurities and microstructure of metals can be
characterised by using different types of microscopes. Today,
techniques as light optical microscopy (LOM), confocal laser
microscopy (CLM), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) are frequently used in
scientific research to visualise material features at a macro to nano
level. The most suitable technique to use depends on the requested
resolution and the depth of field. Resolution, or resolving power, can
be described as the instrument’s ability to characterise the distribution
of sample inhomogeneities®! in the lateral direction, whilst the depth
of field is the span of spatial positions of the sample where the image
remains sharp6s62,
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3.4.1. Light optical microscopy

Light optical microscopy is a technique that uses the visible light and
a number of lenses to map the image. Therefore, the resolution and
depth of field is in the same order of magnitude as the wavelength of
light, which is about 600 nm®3.

For metallic materials and cutting tools made of cemented carbide and
polycrystalline boron nitride, the overall microstructure and tool wear
can be observed with a LOM, respectively. However, a detailed
analysis of, for instance, the wear of the coatings on top of the tool
substrate require another microscope with a higher ability to resolve
details. In this work, light optical microscopy was primarily used for
flank wear measurements of the used cutting tools (SS-ISO 3685%4),
chip mappings and to characterise microstructural features of the
investigated steel grades.

3.4.2. Scanning electron microscopy

The scanning electron microscope (SEM) has a higher resolution and
greater depth of the field than that of a LOM. Therefore, studies of
cutting tool wear mechanisms and damage as well as material transfer
have been carried out by using SEM. Moreover, the SEM uses an
electron gun to beam electrons onto the sample surface which forces
the electrons to interact with the surface. In turn, signals are generated
in form of secondary electrons, backscattered electrons and elemental
X-rays, from different depths of the sample. The typical limits of each
signal in terms of resolution and depths of field are given in Table 3.5
and the information depths are compared in Fig. 3.4.

Surface analyse of used cutting tools (tool wear) have been a major
part of this work and the technique has been used in Paper II-VI in
this thesis. A SEM equipped with detectors for backscattered electrons
(BSE), secondary electrons (SE), energy dispersive spectroscopy
(EDS) and electron backscatter diffraction (EBSD) was used. In
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addition, microstructural features as grain size and non-metallic
inclusions were characterised with the same SEM techniques. For
instance, by using SEM-EDS, the inclusion particle size distributions
(PSD) were investigated in two dimensions (2D) on the polished
surfaces of steel specimens. The investigated non-metallic inclusions
were quantified automatically by using a combination of the SEM-EDS
technique with the Inca Feature software and by setting the
magnification to 500x. Although impurities larger than 60 um were
quantified, the set up was adjusted for small-sized impurities with an
equivalent diameter of 3 to 15 microns.

Table 3.5 Different signals generated by an electron gun and their limitations in
resolution and depth of field, afterss6.

Detected signal Information Lateral resolution Depth of field

Secondary electrons Surface topography, 5-100 nm 5-50 nm
compositional contrast
Backscattered Compositional contrast, 50 nm — 1 pm 30-1000 nm
electrons surface topography,
crystal orientation
Elemental X-rays Elemental composition, 0.5-2 um 0.1-1 ym

Elemental distribution

‘ <+—|ncident beam

— 1 +— Secondary electrons

«+——— Backscattered electrons

<+— X-rays

Fig. 3.4 The information depths for an incident beam, image from?os:6.
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The electrolytic extraction technique allows for three dimensional
(3D) observations of non-metallic inclusions2167.¢8, During electrolytic
extraction, the cathode (-) attracts positively charged metal ions whilst
the metal ions collect electrons from the cathode (reduction) and are
discharged as metal atoms. At the same time, the anode (+) attracts
negatively charged non-metal ions which, in turn, lose their electrons
to the anode (oxidation) and are discharged as non-metal atoms.
These non-metal atoms can be collected on a film filter and be
observed by using a SEM (see Fig. 3.5).

Step 1 - extraction Step 2 - filtration Step 3 - observation

+ -

Metal piece

Electrolyte

Inclusions

OO0

Fig. 3.5 EE-SEM allows for studying non-metallic inclusions in 3D.

In this thesis, electrolytic extraction (EE) of steel metal samples were
conducted by dissolving metal samples with a 10% AA electrolyte (10%
acetylacetone-1% tetramethyl-ammonium chloride-methanol) and
using an electric current of 40-60 mA. During the extraction process,
the weight of the dissolved steel matrix varied between 0.12 and
0.25 g. The impurities, which were not dissolved during the EE, were
collected on a filter after a filtration of the solution. More specifically,
a film filter with an open pore size of 0.05 to 0.4 um was used.
Thereafter, the collected inclusions were investigated on the filter
surface by using a SEM-EDS. In addition, the volume fraction (Nv) of
impurities in the analysed steel samples was calculated according to
Eq. 2:

A
Ny =n-—L.Ltm 2
v Aobs Wais ( )
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where n refers to the total count of analysed inclusions in the selected
size range, Ar is the analysed film filter area after a filtration of the
undissolved impurities. The parameter Agps corresponds to the area of
the observed steel specimen and pn, is the density of the steel metal
piece whilst Wais refers to the weight of the dissolved metal matrix
during the electrolytic extraction. Also, the size of an inclusion can be
described by the diameter of a spherical inclusion. For non-spherical
inclusions, the equivalent diameter (deq) was calculated in accordance
to Eq. 3:

gy = mmemmex 3)
where Lmax and Wy are the maximum length and width of the
investigated non-metallic inclusion, respectively.

3.4.3. Confocal laser microscopy

Similarly to SEM, confocal laser microscopy (CLM) builds up an image
pixel-by-pixel. The technique uses a pinhole camera with an aperture
and a monochromatic light source, which can by optical sectioning
through the selected depths of a sample acquire the maximum
intensity for each depth. In turn, this allows for a high depth of field
analysis, which makes it possible to quantify the surface profile of a
sample. An Olympus OLS 3000 equipped with a 408 nm blue laser
was used in this thesis to quantify the crater wear depth (Kr) of the
used PCBN cutting tools (Paper IV).

3.4.4. Surface roughness

The roughness of a surface plays an important role in describing how
an object, like a component in a gearbox, will interact with its
surrounding parts. A rough surface is associated with large friction
forces, which will cause a faster wear on its surrounding compared to
smooth surfaces. In metal cutting, the generated surface roughness of
a machined component is determined by the interaction between the
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cutting tool edge and the microstructure of the workpiece at the
tool-workpiece interface. Gearbox components are exposed to
extreme mechanical load during its service life time. Therefore, it is
essential that the surface roughness of the machined components in a
gearbox meets the specified tolerances. The roughness of a surface is
usually characterised by using a probe to scan a specified length of a
surface. The average value of the ordinates (yi, y2,...yn) in relation to
the center line, R, (um), is perhaps the most common roughness value
(Fig. 3.6) and can be expressed as%:

o =1 [ylyldx (um) @)

where 1 is the length of the evaluated surface and is expressed as the
x-axis in the Cartesian coordinate system.

/\AA/\A7§T/\/\

R I - \

IV VVVEARV,

Length of evaluated surface, |

Fig. 3.6 The method to determine the roughness values of R, and Ry.

Another common roughness value is the maximum profile height (Ry)
which is the distance between the highest peak and the lowest valley
of a scanned surface. In this thesis, the surface roughness (Ra) of the
machined middle cones at the gearbox production of Scania was
measured by using a Mahr Perthometer S2 (Paper VI).

3.4.5. Vickers hardness

The hardness of a metallic material can be described as its ability to
withstand plastic deformation when an external force is applied.
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Although hardness itself is not a material property it is a result from a
defined test method and it is closely related to the material properties
of the evaluated sample, such as the tensile strength. Hardness testing
occurs by a standard procedure in accordance to the Vickers (HV),
Rockwell (HR) or the Brinell (HB) method7°-72. The core of a metallic
material is usually measured by the Vickers or the Brinell method
whilst the case hardening depth is measured by the Vickers method.
In the Vickers hardness test, an indenter of a pyramid shape with an
apex angle of 136°7° is used to apply force at a specimen (Fig. 3.7). Due
to historical reasons, the load is given in kiloponds (kp). When the
indenter is removed after indentation, both the quadratic indentations
are measured and the hardness is calculated. The HV value is
calculated as follows:

. . . 136°
indentation force 2-Fsin——

=0.102 -

HV = constant - ——— 2
area of indentation da

(5)
where F is the applied force given in Newtons, the parameter d is the
mean values of the indentation’s diagonals and 0.102 is a constant, a
conversion factor from kp to N (1/9.81). In this thesis, Vickers
hardness (HV5, HV1) measurements were conducted in order to
characterise the core hardness of soft annealed steel grades, and the
surface hardness and case hardening depth of carburised steel.

F

136°

d

Fig. 3.7 Hardness testing according to the standard Vickers procedure2s.

1
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Inclusion modification and control

A review on today’s standard systems of non-metallic inclusions in
steels and the techniques for modifying them with respect to
machinability and physical properties was conducted to understand
their characteristics and behaviour during machining?9. It was found
that an improvement of the machinability by sulfur additions is
perhaps the most traditional approach. Such steels are widely known
as free-cutting steels73-77. 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 formation78. Dependent
on the machining conditions, the main purposes of the modification
process of MnS inclusions are usually to:

—  Modify the composition and physical properties of sulfides.

—  Alter the sulfide shape from rod-like to spherical inclusions.

—  Decrease the sulfide size.

— Distribute the formed sulfides homogenously in the metal
matrix.

As were aforementioned in Chapter 2, additions of strong sulfide
formers like Ca, REM or Zr are common steelmaking praxis to modify
MnS inclusions. For the Ca-treatment, it should be noted that the CaS
and MnS inclusions are completely soluble with each other at the
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temperatures of molten metal79. Thus, it allows the formation of mixed
(Mn,Ca)S inclusions in the liquid steel during a Ca-treatment.
Consequently, the proportions of Ca:Mn and Ca:S in the steels
influences the outcome of a modification and control of MnS
inclusions.

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 between the cutting tool and
the workpiece?2. The Ca-treatment can also alter the characteristics of
oxide-based inclusions of, for instance, silica (SiO.), alumina (Al,O)
and magnesia (MgO), which in turn influences on the mechanical
properties of a given steel gradese. The purpose of a Ca-treatment for
oxide-rich inclusions in the molten metal can be to:

— Form the relatively soft calcium-enriched alumina or silica
inclusions, which can act as natural lubricants at the
contacting surface between the cutting tool edge and the chip
flow. Consequently, the lubricating effect may increase the
cutting tool service life time.

— Form the globular calcium silicate or calcium aluminate
inclusions.

— Avoid clogged nozzles during casting of steel due to the
formation of alumina-rich clusters in the liquid melt3.81,

— Avoid the presence of silica inclusions, which are susceptible
to plastic deformation also at temperatures above 1000°C.
Thus, they can increase the anisotropy of the mechanical
properties of steel.

A steel grade that has 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 diagrams2,
illustrated in Fig. 4.1. In addition, pure oxides like alumina and silica
are extremely hard and may fracture into small fragments during
rolling. The remaining yet extremely hard fragments have a decisive
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impact on the mechanical strength of the steel grades. By adding
calcium to the liquid steel, the composition of the inclusions moves
toward zones III and IV, respectively in Fig. 4.1. Such inclusions are
softer and have the advantages of having lower melting temperatures,
namely about 1400-1500°C. Furthermore, they have a globular shape
and improved machinability properties. Thus, calcium aluminates
form instead of alumina inclusions in Al-deoxidised steels. Moreover,
in Si-deoxidised steels, mullite transforms into gehlenite or anorthite®.

X
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wollastonite
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Ca02A;0;  “Cad-5AL03 A1203

Fig. 4.1 Compositions of different oxide inclusions precipitated in aluminium (A) and
silicon (B) deoxidised steel gradess=.
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4.2. Non-metallic inclusions in carburising steels

An important issue that influences the tool edge-chip contact is the
presence of non-metallic inclusions in the primary shear zone.
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Non-metallic inclusions can ease the chip formation process and be
transferred to the rake face of the cutting tool and form a protective
layer, which has a lubricating effect during machining. Therefore, the
presence of non-metallic inclusions will control the cutting tool life.
This is especially important at hard machining processes, where the
cutting tools are expensive. The characteristics of non-metallic
inclusions were studied in 2D (Paper IV) and 3D (Paper 111, V, VI) to
obtain an increased understanding of the underlying factors that have
an influence on the machinability properties of carburising steels.

4.2.1. 2D investigations

It was found that the Ca-treated steels (modified M) were composed
of Ca-aluminate based oxy-sulfides (55 - 70% Al.O5, 20 — 30% CaO
and 5 — 12% S) of an equivalent circular diameter (deq) of up to 30
um?°, The Ca-treated steels also contained fine (Mn,Ca)S inclusions
which were smaller than 15 um. Typically, the (Mn,Ca)S inclusions
were composed of 5 - 10% Ca, 50% Mn and 40 - 45% St°. The standard
steel grade R contained the characteristic MnS inclusions, which were
elongated to lengths greater than 150 microns. Also, the R-steel
contained fine Al,O5 inclusions. The clean steel C contained MnS
inclusions that were elongated to sizes larger than 50 um.
Furthermore, it contained a low count of (Al,Ca,Mg)O inclusions with
deq values below 20 um. Finally, it was found that the ultra-clean UC
steel contained many CaS and (Al,Ca,Mg)O inclusions which were
smaller than 20 um and of a spherical shape.

The particle size distributions of sulfides, oxy-sulfides, and oxides
from the evaluated steel samples from the R, M, C and UC grades were
analysed to clarify the differences between the steels (Figs. 4.2-4.4).
The results show that the R-steel contained a large amount of sulfides
whilst the M-steel contained a large amount of sulfides and
oxy-sulfides, in comparison to the clean steels C and UC. In addition,
the content of oxides was low in all the samples (< 1 count/mm?2).
Furthermore, the quantified contents are given in Table 4.1.
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Table 4.1 Number of non-metallic inclusions, Ny, in the tested steels.

Heat Total Sulfides Oxy-Sulfides Oxides
(count/mm?2) (count/mm?2) (count/mm?2) (count/mm?2)

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 (o} 0.1

4.2.2. 3D investigations

The SEM observations of the collected non-metallic inclusions, after
EE identified the characteristics of the different types of inclusions in
3D (Table 4.2). The MnS inclusions were very thin and elongated,
which indicates on a soft and ductile characteristic. Although such
inclusions were most common in the resulfurised standard steel
grades, they were also found in the steel samples from the Ca-treated
steel grades. In addition, the plate-like (Mn,Ca)S-(Al,Mg)O inclusion
type was found in the standard steels (R, 280R) and in the Ca-treated
steels (M, 280M) together with the globular (ALMg)O-MnS
inclusions. On the contrary, the clean steel C did not contain any
Ca-enriched inclusions. Instead, it contained elongated MnS and
globular (ALLMg)O inclusions, which were observed both as single and
mixed particles. In addition, the globular CaS and the pure
(Al1,Mg,Ca)O inclusions were found in the UC-steel. Overall, the MnS
inclusions were found to have an elongated shape and having lengths
of more than 150 pum. The Ca-enriched oxy-sulfides were less
elongated and often of a more globular shape, whilst the pure oxides
had the most spherical appearance of all the observed inclusions.
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Fig. 4.2 Particle size distributions of the sulfides of the investigated steels83.
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Fig. 4.3 Particle size distributions of the oxy-sulfides of the investigated steelsss.
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Fig. 4.4 Particle size distributions of the oxides of the investigated steelsss.
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Table 4.2 Typical non-metallic inclusions observed in the investigated steels.

Inclusions 3D observation in the SEM Schematic illustration

MnS
5-300 um
CaS
3-10pm
(Mn,Ca)s
(Mn,Ca)s
(Mn,Ca)S-(ALMg)O \,/.
5-60 um (AL Mg)0o
(AL Mg)O
MnS
(ALLMg)O-MnS
5-20um
(AL,Mg)O (AN
(BLCaMa]0 (Al,Ca,Mg)O
(AL,Ca,Mg)O ~f
2-8 um <
(ALMg)o  *
(ALMg)O

(ALMg)O

1-7 um
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4.3. Microstructural features of carburising steel

The microstructure of carburising steel grades are typically consisting
of a ferritic-perlitic structure84-86, sometimes with islands of bainite?7,
as is exemplified in Fig 4.5. The microstructure of the soft annealed
carburising steels was investigated (Paper II, III) to enable a
correlation to their behaviour during soft machining. It was found that
the spheroidised cementite (Fe;C) was precipitated inside the ferrite
(a-Fe) grains (Fig. 4.6). In addition, the crystallographic orientation
and size of the same steels were characterised by using EBSD
(Fig. 4.7). The grain size of the investigated samples varied from about
8 to 11 um, where the clean steels C and UC had the smaller grain sizes.

!1_: 4

‘Bainite

Fig.4.6 Spheroidised Fe;C particles in the metal matrix of carburising steels.
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Fig.4.7 Typical orientation and size of the grains in the investigated steel grades.

The results show that the corresponding hardness at the position of
the half radius of the reference grade R (149 HV) had a 10-15% lower
hardness value than the clean steels C (165 HV) and UC (171 HV), as
given in Table 4.3. Since the hardness is closely related to the energy
needed to produce chips during metal cutting, one can expect a longer
cutting tool life time of the standard steels compared to the clean steels
during soft machining.

Table 4.3. Microstructural characteristics of carburising steel grades for operational soft
conditions.

Steel Carbon content Average grain size, Hardness at 2 radius,
grade (wt-%) Dg (um) HVo.5R (HV5)

R 0.21 11.0 £ 0.3 149 £ 4

C 0.20 9.4+ 0.5 165 + 6

ucC 0.17 8.2+0.3 171+1

4.4. The machinability of carburising steels in soft condition

The ability of the R, C and UC grades to form chips during soft part
turning was studied (Paper II) for the cutting speeds of 200 and 300
m/min. The results show that the standard steel R was able to form
acceptable (short and arc-like) chips for a wider range of cutting data
combinations (feed rate and depth of cut) than the clean steels, as
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indicated by the section of good chip formation in Figs. 4.8 and 4.9.
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Fig. 4.8 Chip map diagrams after soft machining of R (a), C (b) and UC (c) steel grades,
at a speed of 200 m/min.
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Fig. 4.9 Chip map diagrams after soft machining of R (a), C (b) and UC (c) steel grades,
at a speed of 300 m/min.

Only minor differences between the chip breakability of the steel
grades C and UC was found. Overall, the method can be used for
machinability differentiation of similar steel grades. Here, chip
mapping is a conventional method that has been frequently used to
evaluate the chip formation process during metal cutting8889.

Although it is not a new method, it has been proven to be useful in this
work.
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In the same study9°, the cutting tool life of the tested steel grades R, C
and UC was evaluated during soft part turning. The study showed that
the reference steel grade generated a longer service life time of the
cutting tool compared to the clean steels. In addition, the estimated
cutting speed that results in 15 minutes of tool life (vi5) was 436, 376
and 353 m/min for R, C and UC, respectively (cp. Fig. 4.10). Beside
the lower vy5 value of UC, the large scatter of the obtained tool life
values for the different cutting speeds indicate a reduced
machinability compared to the steel grades R and C. The low scatter of
the tool life values of R indicate on a more robust machining process,
which is of high importance during an industrial production.

81

N
B\

Tool life (min)
© a

353 376 436
250 625

Cutting speed (m/min)
Fig. 4.10. Taylor diagram of the investigated steels at f,.=0.3 mm/rev and a,=2-3 mmo°.

The obtained cutting tool life values were empirically correlated to the
average grain size of the steels and it was found that the tool life
increased with an increased average grain size (Fig. 4.11). It can be
explained by the fact that a small average grain size is associated with
a high tensile strength, in accordance to the Hall-Petch relation9:-93,
see Eq. 6, where oy represents the contribution of friction-free stress
from grain boundaries and ky is a material dependent constant whilst
Dg is the average grain size of the steel grades. Therefore, a steel grade
with a small average grain size consumes a larger amount of energy
during machining. Thus, this leads to a reduced tool life.
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Fig. 4.11 The link between the average grain size and the cutting tool lifes4.

Also, it was found that the cemented carbide cutting tool life depends
on the volume fraction of non-metallic inclusions of the carburising
steel grades (Fig. 4.12). It was also found that the tool life increased
with increased sulfur contents. This result was expected as published
work have reported on similar findings%. An increased content of
impurities leads to an increased amount of stress-raising particles at
the tool-chip interface which eases the chip formations3s.
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Fig. 4.12 The link between the volume fraction of inclusions and the cutting tool lifes.
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4.5. The machinability of carburising steels in hard condition

Hard part turning of carburised steel was conducted at a laboratory
and an industrial scale to study the PCBN tool wear and the material
transfer from the workpiece to the rake face of a cutting tool
(Paper IV-VI).

The results show that the machinability was improved, specifically,
Ca-treated steel show a superior machinability (longer tool life) in
comparison to the standard and the clean steels. A doubled tool life
(102 min) was obtained compared to the standard steel (49 min) and
an about tripled tool life was obtained compared to the clean steels
(32-39 min), as shown in Fig. 4.13. The standard steel grade (R) failed
because of an edge fracture whilst the other steel grades met the tool
life criterion of a 0.15 mm flank wear.
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Fig. 4.13 Cutting tool service life time of the investigated steel grades. (f. = 0.1 mm/rev,
ap = 0.1 mm and Ve = 170 m/min)°.

The tested PCBN edges display a balanced wear pattern of a flank and
a crater wear at the end of tool life, as seen in Fig. 4.14. This was true
except for the reference steel grade R which caused edge fractures
(Fig. 4.14a). The steel grades C and UC resulted in a larger crater wear
than the high sulfur steels R and M, and the corresponding crater
depth at the end of tool life of the used PCBN edges was 36, 11, 48 and
40 pm for the R, M, C and the UC steel, respectively. Note the very
small crater wear of the M-steel in Fig. 4.14b. Furthermore, a ridge
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formation was detected in the PCBN crater after hard part turning the
modified Ca-treated steel (Fig. 4.14b) whilst the clean steels generated
edge chippings (see Figs. 4.14c and d). The flank wear developed faster
for the C and UC grades in comparison to the R and M grades, as seen
in Fig. 4.15. Although the tendencies were not as pronounced as those
at tool life, the results indicated that the clean steels caused a more
severe crater wear and a more frequent edge chipping also on the used
cutting tools from the interrupted tests (Paper IV).

Chipping Chipping

Bar =25
Fig. 4.14 The PCBN edges imaged by SEM at their tool life. a) R (t=49 min) b) M
(t=102 min) ¢) C (t=39 min) and d) UC (t=32 min)w.
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Fig. 4.15 Flank wear measured during the tool life tests (f. = 0.1 mm/rev, a,= 0.1 mm
and v = 170 m/min)t°,
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The machinability of the Ca-treated M-steel was as superior during the
industrial production as well as in the laboratory experiments. The
results show that the M-steel (280M) had a more than doubled cutting
tool life (38 min) compared to the reference steel 280R (18 min) at a
cutting speed of 166 m/min (Fig. 4.16). Moreover, the tool life criterion
of R, 2 0.7 um was met for the R-steel whilst the M-steel caused
distortions of the machined parts and tool edge chippings due to its
extended service life time. From the surface roughness measurements,
it can be observed that the R, value of 280M levels out below 0.6 um
whilst the R, value from the 280R-steel increases continuously until it
reaches the tool life criterion of 0.7 um (Fig. 4.17).
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Fig. 4.16. Tool life of 280R and 280M. (f,=0.24 mm/rev, a,=0.15 mm, vc=166 m,/min)ss.
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Fig. 4.17 The generated surface roughness during industrial production of transmission
products. (fa=0.24 mm/rev, a,=0.15 mm and v.=166 m/min)ss.

The tool life tested PCBN edges from the industrial production
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indicates on similar wear mechanisms as those which were observed
during the laboratory tests. Both the R and M steels developed a
balanced wear mode consisting of a flank and a crater wear (Fig. 4.18),
even though edge chippings also were detected. It is important to point
out the more pronounced PCBN flank wear after cutting in the
M-steel, which corresponds to its prolonged service life. Also, during
the laboratory tests, a characteristic ridge formation was developed in
the chip-exit area of the rake face crater after a completed hard turning
of the M-steel (see Fig. 4. 14b). The same wear pattern was observed
in the PCBN rake face rater after machining the R (280R) and M
(280M) steels during an industrial production, cp. Fig. 4.18. Overall,
industrial production trials verified that the M-steel has a superior
machinability compared to the standard steel (R).

a) 280R

Ridges —» = | Ridges ——
Chipping AR é Chipping

Sy

Fig. 4.18. The PCBN edges n{aged at the end f the tool life time. aS 280R (t=18 min),
b) 280M (t=38 min). (SEM-SE)s5.

4.6. Material transfer during hard part turning

The material transfer from the chip flow to the rake face of the used
PCBN cutting tools were studied in order to understand the role of
non-metallic inclusions on the tool wear during hard part turning
(Paper IV-VI). The focus was on the link between the inclusion
composition of carburising steel grades and the active wear modes. It
was found that a layer of workpiece material (Fe) was transferred to
the PCBN cutting edge after turning of the clean steels. The transferred
layers were enriched at the exit region between the chip flow and the
PCBN crater (Fig. 4.19). Furthermore, the edges that travelled through
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the M-steels showed very little transfer of workpiece material
(Fig. 4. 19b), whilst the reference steel R generated a burr-like
formation of steel remnants along the cutting edge (Fig. 4.19a).

EDS analyses of the M-steel rake face crater detected deposits
enriched in Mn, Ca and S as is exemplified in Fig. 4.20. The zone
enriched in Mn and S had a characteristic elongated shape, which were
located at the depth of the crater in parallel to the cutting edge.
Furthermore, the EDS revealed that a low concentration of calcium
was distributed rather uniform in the rake face crater, as seen in
Fig. 4.20. Although some deposits enriched in Mn, Ca and S were
detected, this tendency could not be clearly observed after a machining
of the reference steels. Moreover, a hard part turning of the M-steels
generate enrichments of Al, O, Ca, Mn and S, which were observed in
the ridge formations of the PCBN rake face crater, see Fig. 4.21.
Correspondingly, it is suggested that the formation of PCBN ridges is
the result of a contact between the PCBN rake face, and the deposited
slag layers of (Mn,Ca)S and (Ca,Al)(O,S). From the inclusion studies
of Paper IV, it was found that the slag composition correlates to the
inclusion content of the M-steels, which were composed of (Mn,Ca)S
inclusions (5-10% Ca, 50% Mn and 40-45% S) and Ca-aluminate rich
oxy-sulfide inclusions (55-70% Al,O5; and 20-30% CaO and 5-12% S).

Except from very small enrichments, no slag layers could be seen on
the PCBN rake face after turning the standard and the clean steels.
Thus, it is established that the transferred layers enriched in (Mn,Ca)S
are formed by a Ca-treatment. These layers are believed to be relatively
stable. Thus, they are able to protect the contacting surface of the
PCBN edge from the chip flow. Furthermore, a Ca-treatment of molten
steel promotes the formation of less elongated (Mn,Ca)S
inclusions3378:96, which is supported by the findings in this study
(Table 4.2.). Ca-rich sulfides have a higher hot-hardness than pure
MnS inclusions?7. Thus, it is believed that pure MnS inclusions are not
stable enough to form protective layers at elevated temperatures.
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W% TN,
100 ym

Fig. 4.19 EDS-maps of Fe in the crater and edge area after turning tests interrupted at a
2040 m cutting distance, obtained from the edges shown in Fig. 4.14°.

Fig. 4.20 EDS-maps of Mn, S and Ca, respectively in the crater and edge area of the
M-steel after the cutting tests were interrupted at a 2040 m distancer®.
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ANt h

b,

Fig. 4.21 Electron micrograph (a) and EDS-maps of Al, O, Ca, Mn and S, respectively,
on the tool edge after cutting tests using the M-steel and using a 300 m/min rate°.

Steel from the chip flow tends to adhere and to accumulate at surface
irregularities. If the temperature becomes high enough at the tool
edge-chip interface, layers of workpiece metal or protective deposits
can be transferred to the cutting tool. In this study, it was found that
the steel constituents were transferred into different zones of the
cutting edge (Fig. 4.22). Along the cutting edge (Zone A), remnants
from the chip flow was detected (Fe and O) whilst Ca-enriched
deposits were found near the crater depth (Zone B) and in the upper
part of the rake face crater (Zone C). Similar findings were presented
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by Brion et al. which supports the current resultss.

Fig. 4.22 Schematic drawing of the tool edge-chip contact zone and the distribution of
the transferred Fe, O, Al, Mn, Ca, and S from the workpiecess98.

4.7. The role of non-metallic inclusions

This thesis has shown that the superior machinability of the
Ca-treated, machinability improved steels (Figs. 4.13 and 4.16) is
linked to the formation as well as the stability of protective slag layers
that are built up on the contacting surface of the PCBN edge (Figs. 4.20
and 4.21). It is proposed that the presence of slag layers composed of
workpiece atoms are essential to minimise the chemical degradation
of the tool edge due to a contact with the chip. During this process,
sulfur minimises the material transfer from the chip flow, whilst
Ca-treated impurities have a stabilising effect on the protective
deposits of slag layers. Without a protection, cutting tool edges are
exposed to adhesive Fe-rich features that attack and penetrate through
the PCBN contact surface and cause a depletion of the CBN grains9.

Overall, the M-steels generated an about doubled to tripled cutting
tool service life time compared to the standard and the clean steels,
respectively. Also, the reduced wear rate of the M-steel can be used for
increased metal removal rates, which is of high importance for
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industrial production where cycle time of machining processes is an
everlasting challenge. The quantified machinability differences
between the steel grades in hard part turning are similar to what have
been reported in previous studies of M-steels2:00. For example,
Viinola et al. highlighted the machinability of steel grades comparable
to those of the R-steel and the M-steel for a soft condition. In that
study, it was found that an about 40% higher cutting speed could be
used for the M-steel to get the same tool life as for the R-steelto,

The studies of non-metallic inclusions which were summarised in
Paper ITI-VI made it possible to detect correlations between inclusion
characteristics and machinability. It was found that the volume
fraction of non-metallic inclusions of the Ca-treated steels (M) was
about 30% lower than that of the standard steels (R), whilst the
inclusion morphology and size ranges were comparable. Thus, the
underlying effect of the machinability improved M-steels is linked to
the inclusion composition rather than the content and size of
non-metallic inclusions. Still, although the clean steels C and UC had
a content of non-metallic inclusions which were about 95% lower than
the standard steels, machining C and UC only resulted in a 20-40%
reduced tool life.

4.8. Comparison between standard steels and clean steels

It has been clarified that the clean steels generate a rapid tool wear
degradation and a worse chip formation compared to the standard
steel grades. The poor machinability of the clean steels is linked to
their low content of non-metallic inclusions. A low content of
non-metallic inclusions increases the risk for tool wear degradation
due to abrasion, adhesion and diffusion-induced chemical depletions.

The major difference in terms of generated tool wear pattern among
the machined steel grades is the significantly more advanced crater
wear of the clean steels compared to the standard steel grades
(Paper IV-VI). It is caused by the transfer of workpiece material (Fe)
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from the chip flow to the rake face crater of the cutting tool. The
transferred workpiece material (Fe) has a strong affinity to CBN and
can by diffusion penetrate through the tool edge surface and deplete
the CBN grains. This phenomenon is promoted by a high temperature,
which is common during machining of hardened steelsot. Angseryd et
al. reported that the material transfer of Fe-rich compounds increased
with a decreased sulfur content, which corresponds to the findings in
this thesis.

4.9. The business case of the M-steel

The improved machinability of the M-steels offers an attractive
potential in saving money. Therefore, a cost-save calculation was
conducted to exemplify the cost-saving potential of M-steels. The
annual production volume of middle cones for synchromesh
gearboxes is roughly 200 000 parts and the tooling cost per piece is
about 42 Euro. If it is assumed that an about doubled tool life of the
M-steel as compared to the reference steel was obtained, it would lead
to an annual tooling cost-saving of 50% (Fig. 4.23). Thus, the M-steel
has the potential to further reduce the manufacturing cost per
produced piece during industrial production. However, before
implementing an M-steel, its behaviour through the complete
manufacturing route must be mapped to avoid unexpected downtime.

Annual tooling cost (EUR)

60 000
42000
40 000
-50%
21000
20000
0

R M

Fig. 4.23 A cost-save calculation based on the prolonged service life of the M-steelss.
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CONCLUDING DISCUSSION

A review was conducted (Paper I) in order to map the most common
impurities that can be found in various steel grades. Most attention
was paid to the characteristics of different non-metallic inclusions and
their behaviour in the primary shear zone during metal cutting. In
addition, the possibilities for a modification and control of
non-metallic inclusions were investigated as it links to the quality of
the final steel piece such as transmission components of a gearbox.
The study resulted in an overview and a general description of the
physical behaviour of different non-metallic inclusions. Overall, the
results highlighted the possibilities and challenges to modify existing
steel grades for an improved machinability. Thereby, the limitations
and expectations of the following machinability studies of carburising
steel grades could be defined. Moreover, the results can be used as
information for metallurgical considerations during the modification
of current steel grades and the development of new steel grades.

Previous, it was uncertain if it was even possible to differentiate
between the machinability of similar steel grades, having only minor
differences in microstructure and steel composition. Therefore, the
conventional tool life and chip mapping tests were conducted
(Paper II) by using three similar carburising steel grades to investigate
their differences in tool wear and chip formation during soft part
turning. The results show that the used methods are able to

53



Concluding discussion

differentiate the machinability between these steels. This verification
allowed for further machinability evaluations of steel grades that are
composed of different contents and types of impurities. In addition,
the obtained results show that the investigated steel grades are able to
correlate its microstructural features and content of non-metallic
inclusions to its machinability properties (Paper II-V). For instance,
empirical relations between the grain size, micro hardness and volume
fraction of non-metallic inclusions to the machinability was found.
Overall, the results highlight information that can play an important
role during steelmaking.

Previous work have evaluated the characteristics of transferred layers
of workpiece material to the cutting edge during soft and hard
machining operations3233.96.102, However, the effects of the steel
cleanliness and the inclusion composition on the tool wear
mechanisms during hard part turning have not been clarified. In this
study (Paper IV, V), the characteristics of the non-metallic inclusions
of a standard, a Ca-treated and two clean steels were evaluated and
linked to the active degradation mechanisms of cutting tools. The
results show that Ca-treated steels alloyed with sulfur are able to form
protective  slag  deposits composed of (Mn,Ca)S and
(A1,Mg)O-(Mn,Ca)S. Such inclusions are believed to have a lubricating
effect at the tool edge-chip interface. As a result, hard machining
Ca-treated steels generated a less pronounced rake face crater. This
corresponds to an increased tool life in the order of 100-200% as
compared to the standard and the clean steels. Overall, the content
and the composition of non-metallic inclusions were found to play a
vital role during hard machining of carburised steel grades. These
findings were verified during the industrial production of
transmission products at Scania (Paper VI). The improved
machinability of Ca-treated steels are applicable for a wide range of
steel components, where inclusion induced fatigue is a low risk. The
increased service life time of the cutting tools is due to Ca-treatment
of steels which allows for significant cost-savings in terms of tooling
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costs and productivity. Therefore, to implement Ca-treated steel
grades at the automotive production of Scania would have a great
economic impact, both locally and globally. Finally, a summary of the
conducted studies are given in Table 5.1.

Table 5.1 Overview of the main topics that are discussed in the thesis.

Paper Study Results Application
I The effect of different General description of Metallurgical
non-metallic inclusions on  the behaviour, and possibilities to modify
the machinability of steels characteristics of existing steel grades for
non-metallic inclusions  desired machinability
I The effect of steel Methods to differentiate Laboratory scale
cleanliness on the the machinability of experiments and
machinability of similar steels during soft development of
carburizing steel machining industrial production
111 The influence of Correlations between  Input to metallurgical

VI

microstructure and NMI on microstructural features aspects for consideration

the machinability of clean and inclusion during steel the
steels characteristics to development of steel
machinability measures grades
The effect of inclusion Correlations between = Development of cutting

composition on tool wear inclusion characteristics tool and steel grades and
in 2D and the tool wear for optimisation of the
during hard part turning industrial production
Effect of different Correlations between  Development of cutting
inclusions on machinability inclusion characteristics tool and steel grades and
of 20NiCrMo steels in 3D and the tool wear for optimisation of the
during hard part turning industrial production
Steel characteristics and  Correlations between Cost-save analyse for
their link to tool wear in ~ steel characteristics and  optimised industrial
hard part turning cutting tool life during  production, locally and
industrial production of globally

transmission products
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CHAPTER 6

CONCLUSIONS

The vision of this thesis is to study how it is possible to obtain
optimised workpieces in metal cutting processes during industrial
production. Specifically, the work aimed to increase the
understanding between the steel characteristics and their link to the
chip breaking and tool wear during metal cutting. Since there is an
everlasting need to increase the production rate, whilst maintaining a
high quality of the finished parts, the future production will continue
to require extreme demands on the quality of workpieces. If the
emphasis is focused on the workpiece, it should be possible to obtain
a robust manufacturing. Therefore, the challenge for future steel
metallurgists is to develop high performance grades with optimised
combined properties of an excellent machinability together with an
outstanding mechanical strength.

From the work summarised in this thesis, the following conclusions
can be made:

I.  The machinability of a standard carburising steel grade for a
hard condition is significantly improved by a Ca-treatment
(M-treated). Also, the improved machinability of the M-steels
offers an attractive potential in saving money. Specifically, the
field study at Scania showed that it is possible to reduce the
annual tooling cost with about 50% for some transmission
products.
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The superior machinability of the M-steel is linked to the
formation of lubricating slag layers of (Mn,Ca)S and
(Ca,Al)(0O,S) inclusions, which are formed on the rake face
during the machining operation.

It is proposed that the presence of slag layers composed of
atoms from the workpiece are essential to minimise the
chemical degradation of the PCBN tool edge due to a contact
with the chip. During this process, sulfur minimises the
material transfer from the chip flow, whilst Ca-treated
impurities are believed to have a stabilising effect on the
protective deposits of slag layers. Without a protection, the
PCBN edges are exposed to adhesive Fe-rich features that
attack and penetrate through the PCBN contact surfaces and
cause a depletion of the CBN grains.

A more advanced crater wear was caused by the clean steels
compared to the standard steel grades. It is explained by the
increased degree of workpiece material transfer (Fe) from the
chip flow to the rake face crater of the cutting tool. The
transferred workpiece material (Fe) has a strong affinity to
CBN and can by diffusion penetrate through the tool edge
surface and deplete the CBN grains.

Steel from the chip flow tends to adhere and to accumulate at
surface irregularities. If the temperature becomes high
enough at the tool edge chip interface, layers of workpiece
metal or protective deposits can be transferred to the cutting
tool. It was shown that the steel constituents were transferred
into different zones of the cutting edge. Along the cutting
edge, remnants from the chip flow was detected (Fe and O),
whilst Ca-enriched deposits were enriched near the crater
depth and in the upper part of the crater.

It was possible to differentiate between the machinability of
similar steel grades by using the conventional machinability
tests of chip mapping, tool life and Taylor diagrams (v;5). Even
though there were only small differences in microstructural



VII.

VIIL

IX.

Chapter 6

features, it was possible to separate the machinability
performances for the studied steel grades. In comparison, the
chip map test is the quicker method whilst the tool life test and
to generate Taylor curves are more accurate.

Non-metallic inclusions can be modified in order to alter the
physical properties of steel. With emphasis on machinability,
the purpose is to ease the chip formation and to form slag
layers that protects the cutting tool from degradation during
machining. For this purpose, the most common steelmaking
praxis is to add sulfur, calcium or rare earth metals to improve
the machinability properties.

It was possible to determine the 3D characteristics of
non-metallic inclusions based on the SEM observations after
electrolytic extraction of steel samples. MnS inclusions were
elongated to lengths more than 150 um, whilst fine (< 10 um)
CaS inclusions were found to have a globular shape.
Furthermore, (Mn,Ca)S-(Al,Mg)O inclusions were observed
as plates which could be up to 60 um in length. The globular
(ALMg)O-MnS inclusions consisted of a oxidic core, which
was surrounded by a thin rim of MnS. Finally, the pure oxides
were usually found to be very small (<10 um) and to have a
globular shape.

Overall, the empirical findings showed that the cutting tool
life increased with an increased average grain size and volume
fraction of non-metallic inclusions.
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CHAPTER 7

FUTURE WORK

The overall performance of a steel grade is associated to its content of
defects and impurities. Recent efforts have led to the development of
new steel grades with very low levels of non-metallic inclusions. These
so called clean steels are characterised by an extreme fatigue strength
and impact toughness. However, clean steels are often correlated with
a poor chip breakability and a rapid degradation of cutting tools, which
make them less attractive for manufacturing industries. Therefore, the
challenge of future metallurgy is to develop high performance steels
with an improved and balanced combination of properties of a high
mechanical strength and a high machinability, as is illustrated in

Fig.7.1.

Fatigue limit

Std. Machinabilty
steel improved steel

steel

-
Content of non-metallic inclusions

Cutting tool life

Fig. 7.1 A schematic diagram that illustrates that the challenge of future metallurgy is to

develop high performance steels with improved combined properties.
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One way to approach this metallurgical challenge may be to transform
a small amount of large non-metallic inclusions into many but small
ones, which have a desired composition and shape. Specifically, their
composition should be similar to those of the (Mn,Ca)S and
(A1,Mg)O-(Mn,Ca)S inclusions that were observed in this work. For
this purpose, alloying additions of rare-earth metals (REM) of a
carburising steel with a low content of non-metallic inclusions is
suggested. For example, a 20NiCrMo?7 steel could be used to control
the size, shape and hardness of its non-metallic inclusions. The
objective is to provide tougher steels that has optimised machinability
properties. Thus, they may enable lighter constructions and thereby
meet the environmental demands of the future. From the perspective
of the end-user industries, it is important that the mind set allows for
a serious testing and an implementation of new steel grades to take an
advantage of the optimised workpieces.

This thesis has proven that Ca-treated, machinability improved (M)
steel grades have a superior machinability compared to the standard
steels and the clean steels. However, the conclusions are based on
turning of workpieces for soft and hardened conditions. To fully
approve the M-steels in an industrial production, its machinability
must be mapped throughout the complete manufacturing route. More
specifically, its behaviour during other machining processes such as
milling, honing, shaping, drilling and grinding must be evaluated. In
addition, its behaviour during a number of heat treatments must be
clarified to ensure that it represents a more beneficial steel than that
which is used today. Some steel grades are more prone than others to
cause distortions, which must be compensated for during machining
of industrial products. However, distortions can not only be linked to
the alloying elements of steel but also to many other parameters, such
as method of casting, distribution of alloying elements in the
workpiece, how the workpieces are positioned in the heat furnace, the
size of each part that needs to be heat treated, and the temperature
and time of the heat treatment.
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