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Abstract
Steel produced in different batches generally have similar macro-mechanical prop-
erties due to small variations in the alloying elements – within the standard spec-
ifications – and stringent control on post-process treatments such as rolling and
subsequent heat treatments. Despite the small variations in macro-mechanical prop-
erties, the variations in type, amount, and size distribution of non-metallic inclu-
sions (NMIs) present within the steel can lead to inconsistent behaviour of material
batches during machining. Thus, process planners face a big challenge in achiev-
ing a high quality of machined components at low costs due to such production
disturbances.
This study examines the tool wear during the semi-finishing operation of 5 different
batches of crankshafts. Initially, the influence of NMIs and microstructural differ-
ences on machinability of different steels reported in the literature was reviewed.
Later, an in-depth metallographic analysis was performed on one crankshaft from
each batch using optical and electron microscopy to determine the composition,
distribution, morphology, size, and type of NMIs along with microstructural differ-
ences. Cutting tool inserts from each batch were analysed to determine the wear
and layer formation on the cutting surfaces of the inserts.
MnS inclusions were the most prominent inclusions followed by complex oxy-sulphide
inclusions in smaller numbers with varying morphologies, size, and distribution.
The inserts exhibited small differences in the flank and nose wear. However, the
topography of the worn surfaces on the rake face was different in some cases. This
perhaps indicates the beneficial protective and lubricative effects of layers formed on
the tool surfaces due to the presence of soft and chemico-physically stable inclusions.

Keywords: Machinability, Flank wear, Nose wear, Scanning electron microscopy,
Non-Metallic Inclusions (NMIs), Crankshaft.
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Abbreviation List

Al2O3 Alumina or Corundum
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CAS Calcia-Alumina-Silicate
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HV Hardness Vickers
LOM Light Optical Microscopy
MnS Manganese Sulphide
NMI Non-Metallic Inclusion
PCBN Polycrystalline Cubic Boron Nitride
REM Rare Earth Metals
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TiC Titanium Carbide
VBBMax Flank Wear
VBC Nose Wear
VCC Volvo Car Corporation
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1
Introduction

Machinability can be defined as the ease of material removal during machining to
attain a particular fit, form, and/or function. In metals, there are 6 ISO standard
material groups with different material properties, thus having different machinabil-
ity (Sandvik, 2017). Machinability can be quantified using various parameters such
as tool life, tool wear, material removal rate during the metal cutting process. The
metal cutting process is governed by various cutting parameters, the most impor-
tant ones being cutting speed, depth of cut, and feed. For specific metals belonging
to particular ISO standard material group, the machinability should be identical in
terms of tool life and tool wear for constant cutting parameters. Therefore, data
regarding tool life and tool wear is readily available from tool suppliers for specific
cutting conditions for specific ISO material groups.
Crankshafts are an integral component of every automobile with an Internal Com-
bustion (IC) engine. The crankshafts are usually manufactured from steel (ISO
P) which is forged and subsequently machined using different metal cutting opera-
tions. Crankshafts are components with high volume batch production and hence
production planners use the data from tool suppliers to plan and schedule machin-
ing activities on the production line such as batch sizes, machine maintenance, tool
changeovers, etc. Thus, the material arrives in different batches as per the produc-
tion plans. However, when a material batch is changed, it has been observed that
while the physical and chemical properties of the different batches of materials re-
main practically unchanged, there can be a drastic change in the machinability of the
material, leading to deviation of the tool wear behaviour from general specifications.
This leads to unplanned downtime with increased machining times, thereby increas-
ing the overall costs of production. Such batch-to-batch material variations affecting
the machinability of crankshafts at the Engine Plant of Volvo Car Corporations in
Skövde have been the focus of this study.

1.1 Goals
The aim of this thesis is to investigate the influence of inclusions within the mate-
rials which cause the batch-to-batch variations, thereby influencing the tool perfor-
mance while machining crankshaft steel. Since the material batches conform to the
prevalent manufacturing standards with consistent macro-mechanical properties for
different batches, the basic process monitoring methods would not always provide
timely indications for tool change, which poses a big challenge for process planners
to maintain the high quality of machined parts. Thus, the main focus of the the-
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1. Introduction

sis would thus be to identify the differences in the type, distribution, and size of
the inclusions by material characterization. The results of this investigation will be
used to correlate the cutting parameters such as tool wear to the material properties
for the semi-finishing turning operation performed on crankshaft steel using coated
cutting tools.
To conduct this investigation efficiently, two major questions need to be answered:

1. What does the literature say about the relation of inclusions and
machinability of different steels? Which properties of inclusions are worth
investigating?

2. Can the method developed in this thesis be used to correlate the tool
wear to the inclusion type, size, distribution within the different batches?

1.2 Limitations
The investigations were conducted on the crankshaft and tools from one machining
process only i.e. Operation 30 or semi-finishing operation using the V shaped insert
with tool grade 4315 (Sandvik Coromant). The total number of material batches in-
vestigated were limited to 5 batches i.e. 2 to 4 inserts per batch and 1 crankshaft per
batch. In total, 14 inserts and 5 crankshafts from 5 different batches were provided
by Volvo Car Corporation (VCC). The crankshaft material and insert samples were
obtained from a regular production process, without any special setup for dedicated
tool life tests. However, it should be noted that one crankshaft sample was delivered
in the fully finished condition along with surface hardening. The level of investi-
gation was decided at Chalmers University of Technology based on the available
time and resources such as Light Optical Microscopy (LOM) and Scanning Electron
Microscopy (SEM) along with EDS. If a batch performed inconsistently in terms of
tool life after the first 5 batches had been delivered, the tools and crankshaft could
have been sent for characterisation at Chalmers University of Technology. This ad-
ditional possibility did not occur during the time period of investigation. Thus, the
investigations were limited to 5 material batches. Due to the confidential nature of
this thesis work, certain specific details about the material specifications, chemical
certificates, and supplier information cannot be disclosed without the approval of
Volvo Car Corporation.
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2
Background

This section contains background information that will be useful in understanding
concepts such as machinability, material composition, etc.

2.1 Steelmaking practices

Some knowledge about the different steel making practices is required to understand
the origin and possible sources of different inclusions. The steel making practices
are only described briefly to get an overview of the different steel making processes.
The different alloying elements in steel have different effects on the final properties
of steel (Bryson, 2015) (Mandal, 2015). Table 2.1. shows the effect of the different
alloying elements of steel.

Table 2.1: Alloying elements affecting steel characteristics. Modified from (Bryson,
2005)

Alloying Elements Effects
Aluminium (Al) Used as a deoxidizer in steelmaking. Restricts grain growth

and promotes a finer grain structure in steels.
Boron (B) Increases hardenability in low-carbon steels.
Calcium (Ca) Improves machinability and does not dissolve in the steel

melt. It may form stringers, voids, and inclusions which
enhance machinability but reduce the overall strength of
the steel.

Carbon (C) Addition of C to Iron leads to the formation of steel. Higher
C content is linked to higher hardness and wear resistance
of steel.

Chromium (Cr) Can form chromium carbides when iron and carbon are
present. Increases wear resistance, toughness, and corro-
sion resistance.

Cobalt (Co) Forms cobalt carbide and improves heat resistance proper-
ties of steel.

Lead (Pb) Improves machinability but may form voids on the surface
of steel during heat treatment. Environmental issues limit
the use of Lead.

3



2. Background

Manganese (Mn) Increases hardenability and improves steel transformation
phases. It may form stringers, voids, and inclusions which
enhance machinability but reduce the overall strength.

Molybdenum (Mo) Forms molybdenum carbide when the right amount of car-
bon is present. Improves corrosion and wear resistance and
adds hardenability and heat resistance.

Nickel (Ni) Adds strength, toughness, and wear resistance while de-
creasing hardenability.

Niobium (Nb) Restricts/reduces grain growth and promotes a fine grain
structure while decreasing hardenability. Improves creep
resistance at higher operating temperatures.

Phosphorous (P) Does not dissolve in the steel melt but improves machin-
ability. It may form stringers, voids, and inclusions which
enhance machinability but reduce the overall strength.

Silicon (Si) Used as a deoxidizer in steel making. Improves the strength
and toughness but decreases machinability and surface
roughness of the steel when present in higher concentra-
tions.

Sulphur (S) It does not dissolve in the steel melt but improves machin-
ability. It may form stringers, voids, and inclusions which
enhance machinability but reduce the overall strength.

Titanium (Ti) Forms titanium carbide (TiC) but may not improve hard-
enability. Reduces grain growth and can be used as a de-
oxidizer.

Tungsten (W) Adds wear resistance.
Vanadium (V) Forms vanadium carbide. Leads to a finer grain structure

in steel and restricts grain growth. Improves hardenability
of steel.

Zirconium (Zr) Used as a deoxidizer. Inhibits grain growth.

Steel making involves melting, treatment or purification, and alloying of the metal to
obtain the desired properties of the steel. These particular processes can either take
place simultaneously, interfering with other processes, or in a sequence, depending on
the manufacturer of the steel (Wente et al., 2017). The processes involved in steel
making from raw material to finished steel are: Primary Steelmaking, Secondary
Steelmaking, Continuous Casting, and Finishing Operations (NPTEL, 2011). The
knowledge of these processes may enable better understanding discussions related to
non-metallic inclusions and have been described in detail by Wente et al (2017) as
well as in the notes available on NPTEL (2011). Usually, the Secondary Steelmaking
process is used to control the alloying elements and to reduce the impurities within
the steels (Mandal, 2015). Of particular interest are the slag modification, oxidation
reactions and removal of elements such as sulphur, carbon, and oxygen, resulting
in cleaner steels with improved performance. For example, rimmed steel, killed
steel, and semi-killed steel along with the solidification processes such as vacuum
arc remelting (VAR) and electroslag remelting (ESR) are of interest to understand
the formation of non-metallic inclusion formations in steel, from a wider perspective.
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2. Background

2.2 Non-Metallic Inclusions (NMIs) and Carbides
NMIs are non-metallic phases within the steel matrix which influence the behaviour
of steel due to their type, size, and distribution in the steel matrix (Silva, 2018). The
Non-Metallic Inclusions (NMIs) and their influence on the properties of steel have
been studied extensively by Kiessling and Lange (1964). The knowledge of various
processes within steel making can provide a good understanding about the proper-
ties and origins of NMIs during various manufacturing operations such as machining,
forming, welding, etc (Silva, 2018) (Ånmark, Karasev and Jönsson, 2015) (Kiessling
and Lange, 1964). Carbides are chemical compounds formed by the combination of
metallic or semi-metallic elements with carbon (Zumdahl, 2009), usually when the
carbon content exceeds 0.025 % (Mandal, 2015). Sometimes, the carbides are inten-
tionally produced in the steel to increase the wear resistance of the steel (Mandal,
2015). However, carbides can also exist in the form of inclusions within the steel
matrix. Elements such as iron, chromium, titanium, vanadium can form different
carbides, with iron carbides being considered as important constituents within the
steel.

2.3 Microstructure
Steels have a variety of microstructures due to different solid-state transformations
and processing operations which enables steels to exhibit a variety of properties
(Bhadeshia and Honeycombe, 2017). For example, forging operations can reduce
grain sizes while the heat treatment will determine the final microstructure of the
material (Hagberg and Malm, 2010). Additionally, different steel specimens with the
same chemical properties can have different microstructures and thereby different
mechanical properties (Dovebro, 2012). Thus, it becomes useful to understand the
behaviour of iron, iron-carbon alloys, and the various alloying elements. The effect
of the different alloying elements in steel have already been described in Table 1.
The most common crankshaft material in cars is forged medium-carbon or micro-
alloyed steel due to their superior mechanical properties (Alessandro and Millefanti,
2017). Generally, such steels with ferritic-pearlitic microstructure give a good com-
bination of toughness and strength, fulfilling the design requirements of the high
performance IC engines. Additional surface treatments e.g. induction hardening
would be necessary to improve the wear resistance and fatigue properties (Scurria
et al., 2017).

2.4 Machining processes and machinability
The final shape in almost all metallic components is achieved by the means of a
machining process (Hagberg and Malm, 2010). Thus, the forged or rolled steels
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are further expected to meet acceptable surface finish requirements and dimensional
tolerances as per the design and assembly specifications. These specifications are
achieved by means of various machining processes such as turning, milling, drilling,
grinding, and polishing. Hence machining is considered as a very important process
within manufacturing, which influences the overall functionality, quality, and cost
of the manufactured products (Malazikadi et al., 2019).
Machinability depends on these main factors: Workpiece material, tool material,
cutting parameters, and tool geometry (Klocke, 2011). Machinability can also be
classified using three factors i.e. tool life, chip breakability, and geometrical accu-
racy (Hashimura et al., 2009). Within geometrical accuracy, surface roughness of a
finished component is considered as the most significant property as it influences the
joints and sliding contacts with other components in order to ensure proper func-
tionality (Hashimura et al., 2008), especially in a component such as a crankshaft.
Depending on the workpiece material, a particular tool grade and tool geometry is
chosen for the turning operation. The most important cutting parameters in turn-
ing operation are the cutting speed, feed, and depth of cut (Sandvik, 2017) (Klocke,
2011) which are influenced by the workpiece material and the cutting tools. The
productivity of turning operations depend on the cutting parameters and can be
measured using different parameters such as material removal rate, specific material
removal rate, tool life, and tool wear (Klocke, 2011) (Sandvik, 2017). The tool life
is the time taken by the tool from the first cut until it becomes unusable under spe-
cific tool life criterion such as a width of flank wear or unacceptable surface finish
on the final component during machining conditions (Klocke, 2011). The tool life is
related to the tool wear and is the most significant parameter used to characterize
the machinability of the material (Klocke, 2011). The different wear on the flank
and rake surfaces of the tool as shown in Figure 2.1, are used as an indicator to
characterize the tool life until a specific tool life criterion has been reached (Klocke,
2011). Sometimes the surface finish of machined component is also used as a tool life
criterion wherein the geometrical tolerances and surface finish requirements govern
the acceptable or allowable tool life limits (ASM Handbook, 1990).
The tool life is given by the Taylor equation VTn= C, where V is the cutting speed,
T is the tool life, and n and C are constants which depend on the cutting param-
eters, workpiece materials and tool wear criterion (Sinha, 2011). Figure 2.2 shows
the effect of cutting speed on the flank wear for a tool life criterion of 0.5 mm flank
wear. According to the ISO standard (ISO 3685), an average flank wear width be-
tween 0.3 mm to maximum of 0.6 mm is recommended as tool life criterion during
machining tests.
The workpiece material and its complexity governs the type and number of ma-
chining operations required to complete a given part (“Machining Success,” n.d.).
For example, given that the same crankshaft is produced in the entire batch, the
workpiece material, tool material, tool geometry, and cutting parameters remain
unchanged throughout the machining operations. Thus, theoretically, the cutting
forces and the tool wear/tool life should remain constant. However, it has been com-
monly noticed that the tool life reduces drastically for a specific batch of crankshaft
material. This reduction in tool life occurs in all the machines which are performing
different processes such as turning and milling. The reduction in tool life leads to
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an addition of extra tools which increases the indexing and tool change times, thus
longer overall production time and higher costs (“Machining Success,” n.d.).

Figure 2.1: Worn cutting tools with simplified wear locations. Adapted from
(Sinha, 2011)

Figure 2.2: Effect of cutting speed for tool life criterion of 0.5mm flank wear.
Adapted from (Sinha, 2011)

7



2. Background

2.5 Batch variations
The standards for the chemical composition of steel such as the USN and EN stan-
dards, allow a wide range of alloying elements which enables different steel manu-
facturers to produce steel conforming to these standards (“CHEMICAL COMPO-
SITION,” n.d.). Thus, different batches of steel with the same chemical properties
but containing some variations in alloying elements can still be certified as a specific
grade of steel. Such grades of steel are then used for different purposes which may
include operations such as forging, machining, welding, etc. The variations in such
alloying elements do not necessarily affect the macro-mechanical properties but will
behave inconsistently from batch-to-batch during machining or welding (“CHEM-
ICAL COMPOSITION,” n.d.). Various machine operators have also reported un-
usual vibrations and noises from the machines while machining different batches of
the same materials (Jamshidi et al., 2014) in addition to increased or faster tool
wear and reduced chip breakability (Surreddi et al., 2013). Such batch-to-batch
inconsistency makes it difficult for process planners to standardize the machining
process leading to a non-robust process and unplanned downtime due to additional
setup time from readjusting of the machine, thereby leading to an overall loss of
productivity (Surreddi et al., 2013).

2.6 Crankshaft
The crankshaft is an integral component in the transmission system of an internal
combustion automobile. An image of a machined and finished crankshaft is shown
in Figure 2.3.

Figure 2.3: A fully machined crankshaft. (Copyright © Volvo Car Corporation)

8



2. Background

The crankshaft converts the linear motion of a piston into rotational motion(torque),
which in turn is used to power the wheels by a series of different mechanical con-
nections. The bearing surfaces on the crankshaft act as an interface for components
such as the piston rod and the crankshaft. These bearing surfaces ensure that the
linear motion of the pistons are efficiently converted into the rotational motion of
the crankshaft. Moreover, certain cylindrical surfaces on the crankshaft may have
an eccentric centre of rotation which makes it a complex component for machining.
It can also be observed from Figure 2.3 that the front part of the crankshaft has
splines. Thus, the finished crankshaft components have very tight requirements on
the surface roughness and tolerances, which are achieved through a series of ma-
chining processes.
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3
Methodology

The methodology followed in this thesis is mentioned in Figure 3.1 below. Since
one of the main goals of the thesis was to find out the most relevant and interesting
properties of NMIs, the thesis began with a literature study to give an overview of the
NMIs present in steels. As mentioned earlier, the experimental study was limited to
5 batches of crankshafts. Thus, one crankshaft and between 2 to 4 inserts from each
batch were delivered by VCC for experimental studies. Further, the inserts were
examined at low magnification using Scanning Electron Microscopy (SEM) to get
an overview on the rake and flank face of the inserts. A few minor differences were
observed among the inserts, in terms of the topography on the rake face and the wear
on the flank face of the inserts. Based on these observations, the material from each
batch was examined to determine the inclusion composition, distribution, size, type,
and morphology, as well as the microstructure and hardness of the steel at different
depths from the cutting surface. A few differences were observed in the properties
of the NMIs between different batches. Subsequently, high magnification imaging
and analysis of the inserts was performed using SEM to identify and understand the
wear patterns and layer formation on the inserts from different batches.

Figure 3.1: Methodology used in the thesis
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4
Literature Study

4.1 Inclusion systems

The concept of “Clean Steels” which are free of inclusions or having very less amount
of inclusions are assumed to be the most ideal steels (Nordberg and Sandström,
1981). However, the concept of cleanness as the preferred quality in steel depends
on the functionality or the operations performed on the steel according to Nordberg
and Sandström (1981). For example, a clean steel which is considered good for metal
forming operations may not be considered as a good steel for machining operations.
While many of the high cleanliness steels have good macro-mechanical properties
and corrosion resistance, they exhibit lower machinability in terms of difficult chip
breaking and reduced tool life, and are also associated with higher machining costs,
higher energy consumptions and increased tool wear (Ånmark, Karasev and Jönsson,
2015). Thus, certain inclusions are necessary within the steel to ensure good machin-
ability properties while maintaining high performance macro-mechanical properties
of steel (Ånmark, Karasev and Jönsson, 2015). The modification of inclusion prop-
erties within steels to obtain desirable properties of steel for different purposes is
known as “Inclusion Engineering” (Hoier et al., 2019). For example, microalloying
stainless steel with Tellurium or Zirconium significantly modifies MnS inclusions for
improved machinability while maintaining mechanical properties of the material as
per the standards (Mahmutović et al. 2017).
The various inclusion systems were studied by Kiessling and Lange and published
from 1964 to 1978 in the 4-part series of books called Non-metallic inclusions in
steel (Kiessling and Lange, 1978). These studies give a good overview of the dif-
ferent types on inclusions with steel. The studies focused primarily on the follow-
ing inclusion systems: MnO-SiO2-Al2O3, FexMn1-xO-SiO2-Al2O3, MgO-SiO2-Al2O3,
CaO-SiO2-Al2O3, oxide inclusions with Rare Earth Metals (REM) and transition
metals, sulphide inclusions, and iron oxides. The type of steel, method of steel-
making, casting and deoxidation all have an effect on the type, size, number, and
distribution of the inclusions in steel (Kiessling and Lange, 1964). Experimental
methods were used for the microscopic study of the samples to derive these inclu-
sion systems.
Inclusions can enter from indigenous or exogenous sources (Kiessling and Lange,
1964) (Silva, 2018). The correct identification and comparison of the inclusion com-
position to the chemical composition of the steel can give a good estimate about
the origin of the inclusions. This is necessary for inclusion control. For example,
Al2O3 or corundum as an inclusion should be avoided as they are usually hard
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inclusions which lead to abrasion between the material and the tool edges (Nord-
berg and Sandström, 1981). Since aluminium is used for deoxidation of steel, such
aluminium acts as a source of corundum (Kiessling and Lange, 1964). Thus, if
corundum was identified in the steels- with low concentration of aluminium in the
liquid steel and in the absence of aluminium deoxidation- it would be beneficial
to investigate the source of corundum such as the slag or refractory materials. In
case of MgO, magnesium compounds are a part of the refractories and hence act
as a major source of MgO (Kiessling and Lange, 1966). In modern steels, it is also
possible that Mg is added as a deoxidant or to modify certain inclusions (Verma et
al., 2012) (Jung et al., 2004). The temperature transformations make it difficult to
identify the exact phases of (MgO.SiO) and hence a direct phase analysis is required
for such identification (Kiessling and Lange, 1966). The phase analysis and precise
chemical composition of the inclusions are often necessary for understanding the in-
clusion formation mechanisms (Thunman, 2009). Pure (Al,Mg)O inclusions- which
are believed to be extremely hard, have also been found in carburized steel which
increase the tool wear during machining due to abrasion (Ånmark, Karasev and
Jönsson, 2016). Calcium is not soluble in iron and hence in most cases the calcium
inclusions are considered as exogenous especially if MgO is detected in the inclusion
(Kiessling and Lange, 1966). Note that in modern steels, Ca may be added to mod-
ify the properties of Al2O3 oxides, this process is called Calcium Treatment of steels
(Ånmark and Björk, 2016) (Ruppi et al., 1998) (Nordberg and Sandström, 1981).
Oxides such as CaO and MgO are relatively softer and globular in shape compared
to pure Al2O3 inclusions which are hard, brittle, and irregularly shaped thereby
adversely affecting machinability (Mandal, 2015). Anorthite and gehlenite which
are Calcia-Alumina-Silicate (CAS) inclusions are of metallurgical interest especially
during the calcium treatment of steels and can enter the steel as reaction products
from slags and refractories(Kiessling and Lange, 1966) (Nordberg and Sandström,
1981). Titanium and zirconium are of interest as deoxidizers because titanium and
zirconium are present in refractories and slag which can form oxide inclusions. Mod-
ifications of inclusions using zirconium and tellurium in stainless steel have shown
to improve the machinability by about 25% in comparison to unmodified stainless
steel (Mahmutović et al. 2017).
Sulphur has low solubility in the solid steel phase but is soluble in liquid steel and
therefore forms sulphide inclusions in the steel. However, the presence of sulphur
in steel also leads to hot-shortness (Silva, 2018) (Kiessling and Lange, 1966). Hot
shortness is the phenomenon in which sulphur forms FeS, which is a low melting
point constituent along the grain boundaries. When the steel is being worked at
higher temperatures, the FeS melts and may cause transgranular fracture due to
decohesion of grain boundaries (Silva, 2018) (Mandal, 2015). This can be avoided
by the formation of MnS inclusions which have a higher melting point that FeS
(Mandal, 2015) The sulphides such as MnS increase the machinability of steel be-
cause they precipitate out during the solidification of liquid steel (Ånmark, Karasev
and Jönsson, 2015) thus forming voids and/or lubricating layers between the mate-
rials and the cutting tools. It has been observed that elements with low solubility
in iron and REMs, form sulphides at the molten steel temperatures (Silva, 2018).
According to Kiessling and Lange (1966), those regions in the steel ingots which are
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rich in sulphur tend to form oxide inclusions containing an outer rim of sulphide.
Furthermore, the sulphide inclusions in rimmed steels are often observed at the cen-
tre of the steel ingots whereas in killed steels, the sulphide inclusions are generally
concentrated in the outer regions near the surface of the ingot. This is because of
the inherent differences in rimming and killing methods applied during steelmaking
process (Kiessling and Lange, 1966). While Metal-sulphur systems can have great
number of intermediate phases with varying homogeneity, a knowledge of sulphide
inclusions would be necessary to assess the deformation mechanisms of sulphides
under e.g. shear loading. The formability of inclusions would potentially influence
the tool wear and chip breakability when machining, and thus the machinability of
steel (Kiessling and Lange, 1966).
Kiessling and Lange (1966) observed that FeS exists in the grain boundaries of oxide
scales on steels. If such steel is not completely freed from oxide scales, the oxide
scales may get worked into the steel during forging or rolling which would lead to
exogenous inclusions in the steel containing iron oxides, FeS and Fayalite-Fe2SiO4
(Kiessling and Lange, 1966). The MnS sulphide phases may be described as type-I,
type-II, and type-III sulphides respectively, all of which differ in their shape and size.
Type-I sulphides are usually globular, duplex with oxygen compounds (i.e. oxide
inclusions), and are common in rimmed or semi-killed steel where silicon has been
used as a deoxidant (Kiessling and Lange, 1966). Type-II sulphides are dendritic and
spread in the form of chains or as thin precipitates within the grain boundaries and
are more likely to be found in aluminium deoxidized killed steels. Since aluminium
is used as deoxidizer, corundum is also formed which acts as a nucleus for the sul-
phide phase but is always found as a separate phase (Kiessling and Lange, 1966).
Type-III sulphides are similar to type-I sulphides except that they are monophase
inclusions which are irregular, randomly distributed, and found in deoxidized steels
with excess of aluminum as deoxidant (Kiessling and Lange, 1966). Additions of
aluminium can promote the formation of type-I and type-III sulphides and are also
known to affect the MnS morphology, changing type-II sulphides to either type-I or
type-III sulphides (Brandaleze et al., 2013).
REM additions to steels change the morphology of the sulphide inclusions from elon-
gated strings to globular and shorter sulphide inclusions in worked steels (Ånmark,
Karasev and Jönsson, 2015) (Kiessling and Lange, 1966). The addition of such REM
to steel have been reported to increase the machinability of steel. MnS inclusions
are good for machinability as they act as inner lubrication during machining due to
their plasticity (Ånmark, Karasev and Jönsson, 2015). However, different amounts
and types of metal (M:Ti,V,Cr,Fe,Co,Ni) in solid solutions can influence the plastic
properties of (M,Mn)S, which makes it complex to understand the exact influence
of sulphide inclusions on the machinability of steel (Kiessling and Lange, 1966).
Among REM, Lanthanides(La, Ce, Lu, and Y) are of special interest in steelmaking
due to their high affinity for oxygen and sulphur. For example, the addition of lan-
thanum to steels causes the α-MnS sulphides to change from type-II and type-III
inclusions to type-I inclusions. This type of sulphide is globular and smaller in size,
thus improving the machinability of steel (Kiessling and Lange, 1966). MgS and
CaS have a wide range of mutual solid solubility with MnS and sulphides contain-
ing different amounts of Ca, Mg, and Mn found in steels. These mixed sulphides
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generally have lower formability that MnS (Kiessling and Lange, 1966), thus might
have different influence on the machinability of steels.
Inclusions which are large are considered harmful for machinability, however the
size of the inclusion at which it becomes harmful is not exactly known (Nordberg
and Sandström, 1981). For example, the shape, composition, and distribution of
sulphide inclusions are very important in free machining steels with a major differ-
ence being observed in the behaviour of such steels for different oxide and sulphide
inclusions (Kiessling and Lange, 1966). Machinability changes depending on the in-
clusion shape especially with MnS inclusions (Mahmutović et al. 2017). In addition
to shape, size, and distribution of inclusions (Xia et al., 2015), the chemical and
mechanical properties of the inclusions can exhibit detrimental properties on the
materials too (Mahmutović et al. 2017).

4.2 Inclusion aspects of batch variations
Much of the literature on the influence of inclusions on machinability is focussed
towards the machinability of free-machining or free-cutting steels. Free machin-
ing steels have additions of elements such as sulphur, phosphorous, lead, calcium,
etc. which improve the cutting characteristics of the steel (Xia et al., 2015). The
presence of sulphur in free machining steels thus leads to the formation of MnS in-
clusions which are known to improve the machinability by forming lubricating layers
and protective slag deposits on the cutting tool edges, thereby reducing the flank
wear and crater wear rate (Ånmark, Karasev and Jönsson, 2016) (Xia et al., 2015).
Various types of sulphur inclusions such as (Mn,Ca)S and oxy-sulphide inclusions
such as (Al,Mg)O-(Mn,Ca)S - not to be confused with pure (Al,Mg)O inclusions,
can protect the cutting tool at the cutting edge-chip interface by forming protective
layers (Ånmark, Karasev and Jönsson, 2016) (Helle, 1995). Ideally, such protective
layers formed by non-metallic inclusions should completely prevent crater wear on
the rake face and reduce the flank wear (Helle, 1995).
The distribution and shape of MnS inclusions affect the surface roughness of ma-
chined surfaces (Hashimura et al., 2009). The deformability of sulphide inclusions
depends on the composition of the inclusions and thus directly affects the behaviour
of such inclusions during machining. With higher deformability of MnS inclusions,
the cutting forces required are lower (Jiang et al., 1996). Such deformability of
sulphide inclusions also leads to the formation of microcracks and microvoids in the
steel matrix, which is believed to reduce the flank wear on the cutting tools (Jiang
et al., 1996). While deformable inclusions are certainly good for machinability, cer-
tain inclusions with relatively low formability such as Ca-inclusions would also form
protective layers on the cutting tool surface, thus protecting the cutting edge when
machining (Helle, 1995). It is not exactly clear why only certain inclusions form pro-
tective layers though. Additionally, a few machinability studies performed on Boron
Nitride (BN) free cutting steels (Chen et al., 2016) (Chen et al., 2014) (Tanaka et
al., 2007) demonstrated the beneficial properties of BN inclusions in steel. The BN
and MnS inclusions tend to envelop the harder inclusions such as Al2O3 and TiN,
thereby reducing the abrasive wear on the cutting tools during metal cutting (Wang
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et al., 2014).
The tool life and tool wear during machining depends on the volume fraction and
the aspect (length to width) ratio of non-metallic inclusions (Ånmark, Karasev and
Jönsson, 2016). Liu and Chen (2012) showed that an increase in the oxygen content
upto 0.0105 wt % of SAE 1215 steel reduces the aspect ratio of MnS inclusions with-
out affecting the volume fraction, thereby improving the machinability. Helle (1995)
also found that NMIs (e.g. oxides) with the right composition and in small quanti-
ties would be needed for the formation of protective layers on the tool surfaces. The
chip breakability of different steel grades has also been correlated to the chemical
composition of the steel and thereby to the content of non-metallic inclusions in the
steel (Ånmark, Lövquist et al., 2015). The proportion of Rare Earth Metals to the
sulphur compositions has an effect on the deformability of sulphide inclusions with
increasing REM:S ratio leading to reduced flank wear (Jiang et al., 1996).
In a study on the machinability of low carbon free cutting steels, Hashimura et al.
(2009) found that with coarse MnS inclusions and non-homogeneous distribution of
such inclusions, the chips broke away at a location away from the tool-chip interface
leading to the formation of a built-up edge, a similar result also being reported by
Helle (1995). It was also found that the smaller and homogeneously distributed
MnS inclusions led to a very small built-up edge on the tool which enabled a better
surface roughness on the machined surface compared to the steel having coarser and
non-homogeneously distributed inclusions (Hashimura et al., 2009). Zhang et al.
(2009) found that bigger sulphide inclusions led to a bigger built-up edge at rela-
tively low cutting speeds leading to higher surface roughness in free cutting steels
while spindle shaped inclusions led to lesser tool wear. However, while studying the
effect of MnS inclusion size on low-carbon, leaded, re-sulfurized free-machining steel,
it was found that an increase in the size of sulphide inclusions led to a decrease in
the built-up edge size in addition to a decrease in the heat generation at a given
cutting speed (Yaguchi, 1986). In a study on free-machining steels, Jiang et al.
(1996) showed that increasing the area fraction (dependent on the spacing between
sulphide inclusions) and shape factor of sulphide inclusions led to a decrease in the
cutting forces. The flank wear of the cutting tools was also reduced by increasing
the area fraction of the sulphide inclusions but with a decreased shape factor (Jiang
et al., 1996). Thus, even though it is known that the presence of MnS improves
the machinability of steels, there is still no consensus on the mechanism with which
the sulphide inclusions improve the machinability (Yaguchi, 1986) (ASM Handbook,
1990).
An increase in oxygen content, especially above 0.0125 wt % drastically deteriorates
the machinability of steel due to the formation of harder and larger oxide inclusions
which may also be wrapped around by the MnS inclusions (Liu and Chen, 2012).
Some of the oxide inclusions reported with increasing oxygen content are as follows:
MnO-Al2O3, MnO-SiO and 2MnO-SiO. These oxide inclusions lead to faster tool
wear and thus the improved machinability is obtained only when the increase in
total oxygen content is less than 0.0105 wt % of the steel.
Xia et al. (2015) has shown that the machinability of low carbon resulfurized free
cutting steel improves when Mn:S ratio increases, with the best machinability ob-
tained at a Mn:S ratio of 3.33:1. This ratio of Mn:S also reduced the main cutting
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force in the steel along with improving the surface roughness for values below 3.33:1
(Xia et al., 2015). Another study also found that increasing the sulphur content in
steel from 0.02-0.04% to 0.3% led to the formation of MnS inclusions rather than
hard silicate inclusions (Helle, 1995). The MnS inclusions tend to form protective
layers whereas the silicate and alumina inclusions promote crater wear on the tool
rake surface (Helle, 1995). The iron in solid solution is also known to influence the
type of sulphide inclusions as follows: MnS type I is formed with 21% Fe, type II
with 93% Fe, and type III with 84% Fe (Brandaleze et al., 2013). In a separate inves-
tigation on the effect of non-metallic inclusions on hard part turning of carburizing
steels using PCBN cutting tools, it was reported that the calcium-treated carburized
steels exhibited better machinability than clean carburized steels (Ånmark, Björk
et al., 2015). The findings of this investigation were that the composition of inclu-
sions and the number and size of inclusions are equally important for an improved
machinability. Larger inclusions tend to be detrimental for machinability (Nord-
berg and Sandström, 1981) (Helle, 1995), while smaller inclusions seem to be more
favourable to form protective layers on the tools thereby reducing tool wear and
improving machinability (Helle, 1995). However, as mentioned before, the compo-
sition of these inclusions do play an important role for the formation of the stable
protective layer on the cutting edge.
The presence of transferred materials from the steel, especially Fe, on the cutting
tools is an indication of the absence of NMIs associated with sulphur, which min-
imizes material transfer tendency (Ånmark, Lövquist et al., 2015). Additionally,
during the hard turning of steels it was found that a lower content of non-metallic
inclusions in clean and ultra clean steel led to a transfer of iron (Fe) onto the tools
from the workpiece materials (Ånmark and Björk, 2016), believed to be a sign
of chemical degradation of the tools while machining. This material transfer con-
tributes to diffusion induced wear on the tool rake surface. Ånmark and Björk (2016)
also found that the presence of calcium enriched non-metallic inclusions formed a
lubricating layer on the tool-workpiece interface, thereby reducing the abrasive wear
on the cutting edges of the PCBN tool during hard turning. During the turning
operation test of different carburizing steels, it was found that the calcium-rich in-
clusion depositions on the PCBN tool surface reduced the chemical induced wear on
the PCBN tool from the passing steel (Ånmark, Björk et al., 2015).
Helle (1995) found that the coatings on the tool played an important part in how
non-metallic inclusions affected the tool wear in the machining of steel. For exam-
ple, carbide tools with 20 % TiC showed better layer formation than carbide tools
containing only 8 % TiC. Additionally, some oxide inclusions had a tendency to
react with the Al2O3 coatings while the CaS inclusions showed a tendency to inter-
act with the TiC coatings thereby changing the wear characteristics of the cutting
tools (Helle, 1995). Certain tool coatings also reduced the chip-tool contact surfaces
thereby reducing the heat generated on the tool surface wherein a relation was also
found between the cutting temperature and the optimum inclusion melting point
which enabled a longer tool life (Helle, 1995). However, small differences in the
compositions of inclusions led to layer formation in one case but an absence in the
layer formation in another case (Helle, 1995). Helle (1995) also found that layer
formation on the tools would not be possible if oxidation happened in phases which
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were not stable with respect to the FeO or high concentration solute elements in the
steel. The absence of such protective/lubricating layers may also lead to the Fe-rich
compounds penetrating the tool surface, thereby leading to premature tool chipping
(Ånmark and Björk, 2016).

4.3 Microstructure aspects of batch variations
Despite having the same chemical compositions of steel as per standards, vary-
ing phase constituents and phase distributions can be utilised to obtain different
microstructures (Surreddi et al., 2013). For example, Doverbro (2012) examined
crankshafts from two different suppliers which, ideally should have had a ferritic-
pearlitic microstructure. Small variations in the quantity and distribution of inclu-
sions within the two samples were found despite having a similar chemical compo-
sition. However, the microstructure of the crankshafts from different suppliers were
quite similar except for minor differences in the impurity distribution (Dovebro,
2012).
In an investigation of different steel grades, Ånmark, Karasev and Jönsson (2016)
found that the carbon equivalent of the steel can be used to determine the grain
size and the number of grains, which in turn affect the surface area of grain bound-
aries. The higher strength and ductility imparted by finer grains - which have
higher boundary areas, may be considered bad for machinability, due to difficulties
in chip breakability (Mandal, 2015). The hardenability of a steel grade improved
with a higher equivalent carbon content, thereby reducing the machinability of such
steel grades due to higher hardness values (Ånmark, Karasev and Jönsson, 2016).
Steels with lower average grain size values exhibited relatively poor machinability
attributed to grain boundary strengthening, thereby requiring higher critical stresses
to cause grain fracture during machining (Ånmark, Karasev and Jönsson, 2016).
During the machining of superalloy Inconel 718, it was found that smaller grains
resulted in increased hardness and also increased surface stresses in the material
which causes surface defects in the machined components (Jamshidi et al., 2014).
Another study by (Ånmark, Lövquist et al., 2015) found that the microhardness of
steels influences the machinability especially in carburized steel where a decrease
in the microhardness increases the soft part machinability. Such decrease in micro-
hardness is attributed to the lower fraction of pearlitic phase in the ferritic-pearlitic
microstructure (Ånmark, Lövquist et al., 2015). Pearlite which is harder than ferrite
increases the tool wear especially when the pearlite spacing is low (ASM Handbook,
1990). Surreddi et al. (2013) reports that machinability improves when the mi-
crostructure contains equal proportions of ferrite and pearlite as opposed to steel
exhibiting either larger amounts of ferritic or pearlitic microstructure. A larger
pearlite nodular structure in case hardened steels increases the chip breakability
but also increases the tool wear (Surreddi et al., 2013).
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5
Experimental Methods

This section provides an overview of the methods used during the thesis to per-
form the experimental work such as characterization of the crankshaft material and
cutting inserts, along with the analyses performed to generate the results.

5.1 Machining
The crankshafts used in this study are delivered to VCC by the same supplier.
The crankshafts are forged from continuous cast steel. The material composition of
these crankshafts corresponds to medium-carbon steel exhibiting a pearlitic-ferritic
microstructure, according to the Volvo VCC Standard. These forged crankshafts
undergo a series of machining and subsequent hardening processes to achieve the
final fit, form, and function at the engine plant of Volvo Car Corporation in Skövde.
The manufacturing operations on the crankshafts remains identical regardless of the
different material batches.
As mentioned in the limitations earlier, only the semi-finishing operation has been
considered for this study to maintain consistency in the results. The semi-finishing
process is a part of the turning operation performed on the cylindrical portions of
the crankshaft. The main reason for choosing the semi-finishing operation in this
study is due to the close control on the cutting parameters such as depth of cut
and feed when compared to the rough machining operations. It should be noted
that all the analysed inserts reached their intended tool life of a specific number
of machined crankshafts per insert. Additionally, no difficulties were encountered
during the machining of these crankshafts.
The 5 different batches of crankshafts manufactured on different dates had the fol-
lowing notations: G8, P8, S8, W2, and Z2. The material composition and mechan-
ical properties were reported in a chemical certificate for each batch based on the
Volvo VCS Standard. The front portion of the crankshafts were the focus of the
thesis study. The samples of the crankshafts and related cutting tool inserts were
obtained from the semi-finishing operation also known as operation 30 at VCC. The
crankshafts from batches G8, P8, S8, and W2 were delivered in the semi-finished
condition while the crankshaft from batch Z2 was delivered in the surface hardened
condition. 4 inserts each were delivered from batches G8 and P8 respectively, while
2 inserts each were delivered from S8, W2, and Z2 respectively. Since the semi-
finishing operation takes place before the surface hardening process, the inserts for
Z2 were delivered from the same process as the remaining batches, thereby ensuring
consistency. The inserts from each batch are denoted with batch name followed by a
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number such as 30:1 or 30:2 where, 30 stands for Operation 30 while 1 and 2 repre-
sent machine 1 and machine 2 respectively. For example, S8 30:1 would correspond
to an insert from batch S8, Operation 30, Machine 1. While batches S8, W2, and
Z2 had 1 insert delivered from each machine, batches G8 and P8 had 2 inserts each,
delivered from machine 1 and machine 2 respectively. Thus, the notations of inserts
for batch G8 and P8 have an additional number. For example, G8 30:1-1 would
indicate an insert from batch G8, Operation 30, Machine 1, Insert number 1.

5.2 Sample preparation

5.2.1 Inserts

V shaped inserts of type 4315 (Sandvik Coromant grade) were used in the semi-
finishing operation. The worn-out inserts were collectively submerged in an acetone
solution and placed in an ultrasonic bath for 10 minutes. Subsequently, each insert
was cleaned under flowing water by thoroughly rubbing the cutting surfaces of the
inserts. This was followed by cleaning the inserts with isopropanol, and finally
ethanol. The inserts were then placed on mounting pins for examination in the
scanning electron microscope (SEM).

5.2.2 Crankshaft

5.2.2.1 Sectioning

The samples of interest were extracted from the front end of the crankshaft as shown
in Figure 5.1. The front end was cut off from the crankshaft using a combination
of Wire-EDM and a semi-automatic bandsaw. The front end was further sectioned
into a disc of 12 ±1 mm thickness using consumable abrasive cutting on a Struers
Discotom 2 with a resin-bound consumable Al2O3 abrasive disc. The cut of samples
was further sectioned in the radial as well as transverse direction as shown in Fig-
ure 5.2, according to the minimum surface area requirement for inclusion mapping
given in ASTM E45-18a standard. Five radial and five transverse cross-sections
corresponding to each batch of material were obtained.

5.2.2.2 Mounting

The cross-section of the specimen was mounted using polyfast as a resin on a Struers
Citopress- 20 machine. Each cross-section was mounted individually using the 30
mm mount and 20 ml of polyfast, with a pre-set heating time of 3 minutes and
cooling time of 2 minutes.
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Figure 5.1: Simplified views of the front end of the crankshaft

Figure 5.2: Cross-section of crankshafts for metallography

5.2.2.3 Grinding and polishing

The mounted specimens were prepared for microscopy using the standard proce-
dures for mechanical grinding and polishing of alloyed carbon steels on a Struers
Tegraforce-5 machine. Grinding was performed using grit sizes #120, #320, and
#800 in the same order as mentioned. Fine grinding and polishing were performed
in 3 steps using 9 µm MD-Largo fine grinding, 3 µm DP-Dac and 1 µm Nap polish-
ing discs in the same order as mentioned. The 3 µm and 1 µm polishing steps were
repeated on the etched samples to prepare the materials for hardness testing. After
each polishing step, the samples were cleaned with ethanol to prevent oxidation of
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the material. Certain phases of sulphide inclusions may disintegrate on reaction with
water; thus, ethanol should be used during the grinding and polishing operations for
preparation of microsections (Kiessling and Lange, 1966). The fully polished sam-
ples after the 1µm step were immersed in isopropanol and placed in an ultrasonic
bath for 10 minutes and were subsequently cleaned with ethanol and cotton swabs to
obtain the highly reflective mirror finish required for optical and electron microscopy.

5.3 Scanning Electron Microscopy
The crankshaft material and inserts were examined using a Philips XL-30 Environ-
mental Scanning Electron Microscope (SEM) equipped with an Oxford INCA En-
ergy Dispersive X-ray Spectroscopy (EDS) system. Both secondary electron (SE)
and backscattered electron (BSE) imaging were used to obtain images with differ-
ent properties. SE images were used to obtain topographic images of the inserts as
well as a few non-metallic inclusions. BSE images were used to obtain elemental
contrasts which enabled easy identification of the wear and layer formations on the
inserts as well as to acquire images required for quantitative analysis of inclusions
in steels.
SE and BSE images of the inserts were obtained from the top view (rake) and the
isometric view showing the primary cutting edge (rake and flank surfaces and tool
nose). Only BSE images were obtained for the side view (primary flank) and the
front view (nose). EDS elemental mapping was performed on the rake face of all
inserts along with several point analyses on the flank face.
The images of the inclusions in the crankshaft samples were obtained according to
ASTM E45-18a standard for determination of inclusions in steel. BSE imaging was
used to obtain 25 images of each sample at 500X magnification in both the radial
and transverse directions. The location of the 25 images was based on the pattern
shown in Figure 5.3, corresponding to an equivalent sampling area of 6.0492 mm2

which is greater than the total area of 4mm2 recommended in ASTM E45-18a.

Figure 5.3: Pattern for inclusion mapping of 25 zones
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The first image, regardless of the sample orientation (radial/transverse) was always
captured at the centre end and the last image was always at the surface end. The
BSE micrographs of the inclusions were further analysed using the open-source im-
age processing software Image-J. EDS elemental mapping was performed on 20 most
interesting NMIs per batch, identified visually, in the radial samples only. The same
pattern of inclusion mapping shown in Figure 5.3 was used to find these NMIs to
avoid mapping the same inclusion again.

5.4 Image analysis
The image analysis was performed using the open source software Image J, to obtain
statistics about the inclusion type, numbers, distribution, and the area fraction. The
image threshold was adjusted individually for each image regardless of the sample
orientation (radial/transverse). The analysis, however, was performed using differ-
ent settings available in Image-J, for the radial and transverse samples. For example,
each image from the radial sample was analysed individually while the images from
the transverse samples were analysed as a sequence of images. The different settings
were used to avoid/eliminate the noise in the images.

5.5 Light Optical Microscopy
Only the radial crankshaft samples were etched using 3 % Nital for approximately
5 seconds. These samples were then examined using a Leica LEITZ DMRX opti-
cal microscope equipped with a Zeiss AxioCam MRc 5 to get an overview of the
microstructure of the samples. Images at 10X, 20X, 50X, and 100X magnifications
were obtained for each sample from the centre end and the surface end and were
processed using the AxioVision image processing software.

5.6 Hardness testing
The hardness testing was done using a Struers DuraScan-70 G5 hardness testing
instrument. The etched radial samples were re-polished using 3 µm and 1 µm pol-
ishing steps to prepare the samples based on the ASTM E92 standard for Vickers
Hardness of Metallic Materials. All the samples had three rows of 15 indents each
under a load of 1kgf, in the pattern shown in Figure 5.4. The first indent in each
row was always made on the surface end of the sample, and the distance between in-
dents was set at 10 times the length of the diagonal impression. Automatic settings
available on the hardness testing instrument were used to maintain the pattern of
indents by user specified spacing of 10 times the diagonal length of the indent. The
loading time and diagonal measurement was performed using the automatic settings.

25



5. Experimental Methods

Figure 5.4: Hardness pattern with 45 (15 X 3) indents
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6
Results

This section contains brief discussion of the results obtained from the experimental
methods.

6.1 Inserts
As mentioned in section 3, low magnification imaging using SEM provided an
overview of the topography and wear on all the inserts. The results have been
briefly discussed below.

6.1.1 Topography
The topography of the inserts was obtained primarily by using low magnification
SE imaging at 12 kV accelerating voltage. The representative topographic images
of the worn-out tools are shown in Figure 6.1 and Figure 6.2.

Figure 6.1: W2 30:2, SE 65X, isometric view

27



6. Results

As it can be observed in Figure 6.1 and Figure 6.2, a pattern (higher contrast re-
gions) exists on the surfaces of all the inserts. The same pattern is observed on all
the cutting inserts (see also APPENDIX A).

Figure 6.2: Z2 30:2, SE 65X, top view

A similar pattern on the inserts was also observed by (Gassner et al., 2019) who
suggested the presence of a crack network between the TiCN layer and Al2O3 layer of
the tool coating on the insert. However, this layer as shown in the high magnification
image in Figure 6.3 below, was not observed in BSE images shown in Figure 6.3b,
and both the EDS map and point analysis indicate the strong intensities for Al
and O existing in the alumina coating. Thus, it is not possible to determine the
reasons for occurrence of these patterns on the tool rake surface using the SEM/EDS
characterisation techniques followed in the present study. Two possible reasons for
occurring of such patterns on the rake face of the tool can be given:

1. The coating comprises of a very thin Al2O3 layer – perhaps with different
properties and functions, deposited on the main thicker alumina layer. In this
case, determination of this layer using elemental contrast e.g. BSE and/or EDS
analysis would not be possible, see Figure 6.3b. Thus, the patterns shown in
Figure 6.3a are perhaps the network of cracks of this top thin coated layer.

2. A very thin layer of calcium and silicon is deposited on the rake face during
the machining process. Note the EDS point analysis occasionally indicates the
presence of small amounts of Ca and Si in the high contrast regions of Figure
6.3a apart from Al and O coming from the coating. However, due to very weak
EDS intensities associated with the low resolution of the adopted technique,
it is not possible to utterly confirm the presence of such tribo-layers.
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(a) SE, top view, 2000X

(b) BSE, top view, 2000X

Figure 6.3: P8 30:1-2, High magnification SE/BSE images of a zone within the
pattern
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6.1.2 Flank wear and nose wear
The flank wear on the primary cutting edge has been documented by measuring the
wear for all the inserts from the BSE micrographs, a summary of which is shown
in Figure 6.4. The average flank wear (VBBMax) for the batches are: G8= 40.4 µm,
P8= 41.6 µm, S8= 45.7µm, W2= 50.7µm, and Z2=39.7 µm. Similarly, the wear
on the nose of the insert has also been documented for all the inserts, a summary
of which is shown in 6.5. The average nose wear (VBC) for the batches are: G8=
89.7 µm, P8= 93 µm, S8= 82.3 µm (only one measurement), W2= 94.8 µm, and
Z2=85.3 µm. It should be noted that both the values for batch Z2 shown in 6.5 are
the same.

Figure 6.4: Flank wear VBBMax for different batches in µm

Figure 6.5: Nose wear VBC for different batches in µm
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Since the images of the flank and nose wear look identical only a few representative
images are shown in Figure 6.6 and Figure 6.7 (see also Appendix B). An unused
cutting edge has also been shown in Figure 6.8 for reference.

Figure 6.6: Nose wear for G8 30:2-1, VBC=84µm

The flank wear on the inserts is quite low compared to the flank wear criteria men-
tioned in ISO 3685 standard for tool life tests during turning. The inserts from
batch W2 exhibited the highest flank wear while inserts from Z2 exhibited the low-
est flank wear. The difference between the average maximum and minimum flank
wear was approximately 11 µm. However, this minor difference in the wear is un-
derstandable since the current wear criterion at VCC is the surface roughness of the
machined component. Thus, the tools are changed on a predefined schedule before
the machined surfaces are damaged due to excessive tool wear. Moreover, the edge
radius of the unused inserts, as can be seen in Figure 6.8, was approximately 25
µm. Thus, the actual flank wear progression is much lower than the absolute values
shown in Figure 6.4 and Figure 6.5. The nose wear, however, was relatively larger
than the flank wear. This observation was consistent with the tool path during the
semi-finishing operation since the nose of the insert was probably engaged longer
during the machining process and performed the major part of the cutting. Again,
inserts from different batches exhibited minor differences in the nose wear. The dif-
ference between the average maximum and minimum nose wear was approximately
12.3 µm.
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Figure 6.7: Flank wear for S8 30:1, VBBMax= 49.6 µm VBC=82.3µm

Figure 6.8: Cutting edge of an unused insert, edge preparation= 28 µm
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Note that the depth of cut slightly varied during the machining experiments due
to the dimensional tolerances allowed from previous machining operations. This
variation is random in nature and could not be monitored during an automated
machining operation. Thus, these small differences between the flank and nose wear
among the inserts of different batches cannot be solely related to the variations in
the micro-properties of the work material and could be a result of changes in cutting
process itself.

6.2 Crankshaft
As mentioned in section 3, the crankshafts were examined after observing the wear on
the inserts. Each batch of the crankshaft was examined to determine the size, type,
composition, and morphology of the inclusions. These results have been discussed
in this subsection.

6.2.1 Inclusion maps
Inclusion mapping were performed for both the radial cross-section as well as the
transverse cross-section of the crankshafts. An example each from the inclusion
maps of the radial and transverse cross-sections have been shown in Figure 6.9 and
Figure 6.10.

Figure 6.9: An inclusion map zone within P8-Radial
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A visible difference can be observed in the size/length of the MnS inclusions be-
tween the radial and transverse position in all the batches. This is because the
softer inclusions which are elongated along the rolling and forging direction- i.e.
transverse direction in this case, would be larger in size and resulting in higher area
fractions. As per the recommendations in ASTM E45-18a, the inclusion distribution
in terms of area fraction and size, should be calculated/approximated from a sample
extracted from a plane parallel to the rolling direction. In this case, the transverse
direction is the rolling direction and hence the results for the area fraction of inclu-
sions have been displayed for samples from the transverse cross section.
The different contrasts as seen in Figure 6.9 and Figure 6.10 indicate the different
type of inclusions. For example, the darker and relatively circular inclusions are
usually oxide inclusions, while the lighter and elongated inclusions are sulphides.
The oxide inclusions found in the different batches are undeformed in the rolling di-
rection and hence their appearance and size in the radial and transverse directions
are the usually the same.

Figure 6.10: An inclusion map zone within P8-Transverse

The basic type (sulphide or oxide) of NMI was identified based on visual identi-
fication of the inclusions based on the image contrast generated by BSE imaging.
The images obtained at 25 locations on each sample were analysed in ImageJ, and
subsequently certain statistics of the inclusion size and distribution were generated
as shown graphically in Figure 6.11 and Figure 6.12 (see also Appendix E).
A summary of the NMI distribution, area fraction, and basic NMI types identified
in the crankshafts are shown graphically in Figure 6.11. It can be observed that the
total number of inclusions per mm2 is different for each batch. However, when doc-
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umenting the effect of NMIs, both their number per unit area and the area fraction
of inclusions should be analysed to provide a better understanding of their effects.
For example, although batch S8 has the highest number of inclusions per mm2 as
shown in Figure 6.11a , the batch W2 has the highest area fraction of sulphide in-
clusions as observed in Figure 6.11b. This is because the size/area of the inclusions
are different for different batches.
Since oxide-rich inclusions could be considered detrimental for machinability (de-
pending on their type: hardness and formability), the results of the size distribution
of only oxide-rich inclusions per batch of the transverse samples are shown in Figure
6.12. However, the total size distribution of the NMIs and the normal distribution
of NMIs based on size are also shown in Appendix E. The maximum size of the
oxide-rich inclusions identified among all the 120 inclusions identified, exceeded 13
µm in the largest dimension only once.

(a) Total NMI (oxides and sulphides)
distribution in different batches- Transverse

(b) Area fraction of sulphide
inclusions in different batches-

Transverse

(c) Area fraction of oxide
inclusions in different batches-

Transverse

Figure 6.11: Inclusion distribution in different batches
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(a) G8 (b) P8

(c) S8 (d) W2

(e) Z2

Figure 6.12: Area distribution of oxide inclusions in different batches- Transverse
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The oxide-rich inclusions in batch G8 had relatively larger sizes as shown in Figure
6.12a, while the oxide-rich inclusions in S8 had smaller sizes despite being in higher
numbers as shown in Figure 6.12c. Thus, the area fraction of the oxide-rich inclu-
sions for G8 was relatively higher than that of the other batches. The batch W2
on the other hand had relatively lower number and smaller oxide-rich inclusions as
shown in Figure 6.12d, thereby having a smaller area fraction of oxide inclusions.
It should be noted that since the inclusions are mapped using the pattern already
described in section 5.3, the area fraction, distribution, and size of NMIs are depen-
dent on the probability of finding inclusions at that particular mapping location.
Thus, the results shown in Figure 6.11 and Figure 6.12 are representative of only
one inclusion map of 25 images per batch. It should also be noted that inclusions
are not affected by heat treatment and thus the influence of the surface hardened
condition of the crankshaft from batch Z2 can be ignored for inclusion mapping.

6.2.2 Inclusion type, composition, and morphology
A total of 20 oxide-rich inclusions per batch were mapped using EDS to determine
the composition of the NMIs. The total number of a particular type of inclusion
within the oxide-rich NMI per batch are shown in Figure 6.13 as well as summarized
in Table 6.1 (see also Appendix F for graphical representations).

Figure 6.13: Composition of oxides among 20 inclusions per Batch

The different types of combinations of oxide-rich inclusions for each batch are shown
in Figure 6.14, wherein the nomenclature A, B, C, D, E, and F are the same as
those in Figure 6.13. Thus, the inclusions could be a combination of any type
of these compounds. For example, the most frequent type of inclusion found in
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batch G8 was a complex oxide containing (Al,Mg)O+(Al, Ca, Si)O+(Mn,Ca)S.
However, as Figure 6.13 and Figure 6.14 indicate, a complex compound contain-
ing (Al,Mg)O+(Al,Ca,Si)O+(Ca,Si)O+(Mn,Ca)S was also observed. The sulphide
compounds in these inclusions surrounds the oxide-rich inclusions (MnS Type-I) and
should not be confused with individual sulphide (MnS Type-III) inclusions.

Figure 6.14: Approximate chemical composition of NMIs (Oxides)

Table 6.1: Composition of 20 oxide-rich inclusions per Batch

The chemical composition of the NMIs mentioned earlier in this section, including
the majority inclusion type (sulphides) were initially confirmed using EDS point
analysis. After a few point analyses, the inclusions which differed from pure sul-
phides i.e. the oxide-rich inclusions, were identified using the elemental contrast of
BSE imaging. Thus, every new oxide-rich inclusion was identified by mapping the
samples as mentioned in section 5.3 earlier. The composition of these oxide inclu-
sions was then approximated using EDS mapping. A few interesting and relevant
EDS inclusion maps are shown in Figure 6.15 to Figure 6.18. The morphology and
topographic appearance of a few oxide based inclusions per batch are also shown in
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Appendix G.
Figure 6.15 shows the most frequent type of oxide-rich inclusion found in batches
G8 and W2, with the major difference being the size and number of the inclusions
as shown earlier in Figure 6.12. The approximate composition of the inclusion is
[(Al,Mg)O+(Al,Ca,Si)O+(Mn,Ca)S]. This composition shown in Figure 6.15 is fur-
ther confirmed by doing an EDS point analysis, which indicates that an Aluminium-
Magnesium rich oxide, perhaps spinel, is formed independently, surrounded by
Calcia-Alumina-Silicate (CAS) and a sulphide. Similarly, Figure 6.16 shows the
most frequent oxide-rich inclusion [(Al,Mg)O+ (Al,Ca,Si)O+ MnS+ CaS] identi-
fied in P8, Figure 6.17 shows the most frequent oxide-rich inclusion [(Al,Mg)O+
(Al,Ca,Si)O+ MnS] identified in S8, and Figure 6.18 shows the most frequent oxide-
rich inclusion [(Al,Mg)O+ MnS] identified in Z2.
In the case of inclusions identified in Z2, it can be observed that all the oxide-rich in-
clusions are composed of one Aluminium-Magnesium rich oxide surrounded by some
sulphide. This is the biggest difference observed between the inclusions observed in
Z2 and the different batches- wherein the other batches have complex oxide-rich
inclusions containing at least two types of oxides surrounded by some sulphides.
Additionally, the second oxide is usually a CAS inclusion in all the batches except
batch Z2.

Figure 6.15: EDS Map of the most frequent type of oxy-sulphide inclusion in G8
and W2 batches. Current EDS Map from G8 batch.
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Figure 6.16: EDS map of the most frequent type of oxy-sulphide inclusion in P8
batch.
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Figure 6.17: EDS map of the most frequent type of oxy-sulphide inclusion in S8
batch.

Figure 6.18: EDS map of the most frequent type of oxy-sulphide inclusion in Z2
batch.
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6.3 Microstructure

The microstructure of the radial specimens was examined using Light Optical Mi-
croscopy (LOM) to assess if there are significant microstructure variations between
different batches near the machined surfaces. The microstructure identified from the
crankshaft samples is ferritic-pearlitic, as also mentioned in the material certificate
for each batch. The microstructure of all the batches are shown in Figure 6.19.

(a) Microstructure of G8 (b) Microstructure of P8

(c) Microstructure of S8 (d) Microstructure of W2

(e) Microstructure of Z2 (3mm
below the surface

Figure 6.19: Microstructure of the different batches near the machined surface.
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The differences between the microstructures of different batches are observed and
compared only by visual comparison. Since no significant qualitative (visual) dif-
ferences between samples was observed and due to the fact that the flank and nose
wear of the inserts is low with minor differences between the wear of inserts from
different batches, the microstructural characteristics such as the grain sizes and the
pearlite-ferrite fractions were not analysed in the quantitative manner.
From Figure 6.19, it can be observed that S8 (Fig. 6.19c) and Z2 (Fig. 6.19e) have
a slightly finer microstructure when compared to batch G8, P8, and S8 close to
the machined surface. However, it should be noted that since the crankshaft from
batch Z2 was delivered in the hardened condition, the image has been obtained at
a position 3mm away from the machined surface due to the presence of martensite.

6.4 Hardness testing
Vickers Hardness test with a pyramid shaped indenter was performed on all the
radial samples of the crankshaft. A total of 45 indents were made in each radial
crankshaft specimen in the pattern mentioned in Figure 5.3. The values for hardness
indentation have been shown as a trend for each batch in Figure 6.20 and Figure 6.21.

(a) G8 hardness trend

(b) P8 hardness trend

Figure 6.20: Hardness results for G8 and P8 batches- radial
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(a) S8 hardness trend

(b) W2 hardness trend

(c) Z2 hardness trend

Figure 6.21: Hardness results for S8, W2 and Z2 batches- radial

The average hardness values for the batches are as follows: G8= 232 HV, P8= 238
HV, S8= 232 HV, W2= 236 HV, and Z2= 249 HV. The hardness values were con-
sistent with the material certificates for each batch wherein the reported hardness
range for Z2 was slightly higher than the remaining batches. The few hardness
values that are inconsistent with the average hardness values can be considered as
scatter in the measurements.
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6.5 Layer formation and plastic deformation of
coatings on inserts

Different layers of NMIs were detected on the rake face of the inserts in addition to
the plastic deformation of the Al2O3 coatings of the inserts. The layer formations
and chipping of the cutting edge are shown as representative BSE images in Figure
6.22. The elements within these layers were further identified using EDS. From
the contrast in each image, it can be observed that batches G8, P8, S8, and W2
had very similar layer formations as shown in Figure 6.22. However, the batch Z2
exhibited a slightly different/less layer formation as seen in Figure 6.22e. Thus,
higher resolution imaging was performed to identify the differences in wear on the
rake face. The indications for plastic deformation of the coatings on the inserts
became visible at higher magnifications. The inserts from batches G8, P8, S8, and
W2 exhibited similar layer formations and plastic deformation on the rake face while
the inserts from batch Z2 exhibit slightly different layer formations when compared
to the other batches at higher resolutions. Hence, only a few representative images
of inserts from batches P8 and Z2 have been shown in Figure 6.23 and Figure 6.24
with images from batch W2 shown in Appendix C. Inserts from batch P8 were
chosen for the comparison because:

1. These inserts had only a few chipped edges.
2. Steel from batch P8 had a relatively high total area fraction of inclusions in

both, radial and transverse samples.
Inserts from batch W2 were chosen because the crankshaft samples from W2 showed
the highest area fraction of MnS inclusions and the lowest area fraction of oxide-
rich inclusions in both, radial and transverse crankshaft samples, with the type of
inclusions being nearly the same as those in batch G8. The inserts from batch Z2
were of interest due to the different type of oxide-rich inclusions when compared to
all the other batches. As can be seen, a few inserts had chipped-out edges. Chip
jamming during exit of the chips or variations in mechanical loads on the inserts
due to changes in the depth of cut could be possible explanations for the chipping
of the inserts.
It was observed that apart from the adhered iron, inclusions from the machined
crankshaft material were transferred onto the insert surfaces. The brighter con-
trast on the images shown from Figure 6.22 to Figure 6.23 indicate oxide-rich and
MnS-rich layers that have been deposited from the crankshaft onto the insert rake
faces. It should be noted that the images shown in Figure 6.23 and Figure 6.24 are
obtained from approximately the same locations on the inserts. Clear differences
can be observed in the formation of layers. For example, if the nose of the insert
of batch P8 shown in Figure 6.23c is compared with that of batch Z2 as shown in
Figure 6.24c, it can be observed that while the insert from batch P8 shows signs
of superficial plastic deformation of the Al2O3 coating layer while the insert from
batch Z2 shows a clearly different wear pattern due to perhaps the abrasive action
on the Al2O3 coating. Similarly, the area between the nose and the chip-breaker, as
shown in Figure 6.23b shows a protective layer of MnS for the insert from batch P8
while the insert from batch Z2 shows a worn-out layer of Al2O3 at the same location
as shown in Figure 6.24b and Figure 6.25.
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(a) G8 30:1-1 (b) P8 30:1-1

(c) S8 30:1 (d) W2 30:2

(e) Z2 30:1

Figure 6.22: Top view, 65X, BSE imaging of one insert from each batch showing
the presence of transferred material from the steel onto the rake face of the inserts.
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(a) P8 30:1-1, top view, between flank
and chip-breaker, 200X, BSE

(b) P8 30:2-2, top view, between nose
and chip-breaker, 500X, BSE

(c) P8 30:1-2, top view, nose, 500X, BSE

Figure 6.23: Layer formation and plastic deformation on the rake face of inserts
from P8 batch
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(a) Z2 30:2, top view, between flank
and chip-breaker, 200X, BSE

(b) Z2 30:1, top view, between nose
and chip-breaker, 500X, BSE

(c) Z2 30:1, top view, nose, 500X, BSE

Figure 6.24: Layer formation and plastic deformation on the rake face of inserts
from Z2 batch

Figure 6.25: Z2 30:1, 1000X, BSE, Top View, Between Nose and Chip Breaker
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These differences were further analysed using EDS. To provide a brief overview, the
different layers between the nose and chip-breaker that were analysed using EDS
mapping are shown in Figure 6.26 to Figure 6.28. (The results of the layers on other
parts of the inserts are shown in Appendix C). As mentioned earlier, the results
shown in the images are from one representative insert from the batches P8, W2,
and Z2.

Figure 6.26: EDS map for P8 30:2-1, 250X, SE/BSE, between nose and chip
breaker.

As it can be observed from Figure 6.26 and Figure 6.27, the batches P8 and W2
predominantly show the presence of MnS layer in the region between the nose and
the chip-breaker, which is the region analysed in the images. Additionally, it can
also be observed from Figure 6.22 shown earlier, that the thickness of the MnS layer
is much larger in the region between the nose and the chip-breaker than in the pri-
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mary cutting edge/ flank side of the insert.
On the contrary, it can be observed from Figure 6.28 that the insert from Z2 shows
a relatively less MnS layer formation in the same region as analysed for the inserts
from the other batches. Moreover, it can also be observed that the Al2O3 coating
layer has been abraded because the EDS map shows the presence of TiC-which is
the coating layer beneath the Al2O3 layer, in those specific regions. This wear on
the rake face was observed on both the inserts of batch Z2, and on the same location
of the insert, which is understandable since the process parameters and the process
itself such as the tool path and cutting edge engagement remains the same for all
inserts.

Figure 6.27: EDS map for W2 30:2, 250X SE/BSE, between nose and chip
breaker.
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Figure 6.28: EDS map for Z2 30:2, 250X SE/BSE, between nose and chip
breaker.
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Discussion

The inserts that were analysed in this study were obtained from the regular high
volume production line of crankshafts. While no significant differences in the flank
and nose wear are noted between batches, the inserts from batch Z2 exhibit slightly
lower wear compared to the other inserts. Ånmark et al. (2016) reported that oxy-
sulphides such as (Al,Mg)O-(Mn,Ca)S can protect the insert edges at the edge-chip
interface. (Al,Mg)O-(Mn,Ca)S inclusions are the most frequently identified oxide-
rich inclusions in batch Z2. Moreover, both the inserts from batch Z2 showed an
absence/reduced amount of MnS layers on the rake surface in addition to an abrad-
ed/worn out layer of the Al2O3 coating.
Based on these observations, it may be concluded that the slightly lower flank and
nose wear measured on these inserts are due to the lower hardness of inclusions.
However, as mentioned earlier, the depth of cut varies within specific range in pro-
duction line under the operational condition. This variation comes from the al-
lowable dimensional tolerances of the previous operations. Hence, the differences
observed regarding the flank and nose wear are not solely dependent on the amount
and properties of the micro-constituents in the steel, but they may also be the re-
flection of the process variation itself. According to Kiessling and Lange (1966),
(Al,Mg)O inclusions have room temperature hardness of about 24 GPa, and are
poorly deformable. The hardness of these complex inclusions as such depends on
their stichometry, so depending on the Al and Mg content of the oxides, their hard-
ness varies between Al2O3 (about 25-30 GPa) and MgO (about 10 GPa), see Table
7.1. Hence, they may play the abrasive and protective roles depending on their
stoichiometries. In this study, on the contrary to the results presented by Ånmark
et al. (2016), the (Al,Mg)O inclusions did not act as formable protective layers, see
the SEM images in Figure 6.24 and Figure 6.28. Seemingly, their hardness is also
within the range or less than that of Al2O3 coating, so they have a mild contribution
to the abrasive wear.
A layer of NMIs, predominantly MnS, can be observed on the rake face of the inserts.
It is well-known that MnS inclusions have a protective role, which often increases
when mixed (Mn,Ca)S or (Mn,Mg)S sulphides are formed during the steelmaking
process. Additionally, the wear observed on the rake face of inserts from batch Z2 is
missing on all the inserts from the other batches. This could also indicate that the
MnS layer may be providing protection from mechanically induced and thermally
induced wear on the Al2O3 coating layer.
Since the machining of the crankshafts took place during regular production, it
makes sense that the total number of parts machined per inserts would have been
determined based on a safety buffer so that the tool does not fail prematurely, even
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though the tool may be good enough to machine many more components. Thus, a
dedicated tool life test on each batch would have given a much clear understanding
about the flank wear progression and the influence of NMIs, perhaps even leading
to catastrophic failure of an insert.
Coming to the crankshaft and NMIs present within the material, it should be noted
that the MnS inclusions in the transverse direction were highly elongated with some
inclusions being longer than 100 µm. Nordberg and Sandström (1981) have pre-
viously suggested that inclusions above a particular size become detrimental to
machinability, but the size at which they become harmful is not known. The size of
these inclusions is based on 2-dimensional examination in the rolling direction. The
actual real size of the inclusions examined using 3-dimensional measurement meth-
ods would be much different, usually larger than that observed by 2-dimensional
examination (Du, 2016).
It should also be noted that oxide-rich NMIs have identical sizes in the radial and
transverse samples, as they do not get deformed upon rolling or forging. Thus, a
higher area fraction of oxide-rich NMIs in a particular batch indicate that the ox-
ides are either higher in numbers or larger in size compared to the other batches.
However, very few oxide-rich inclusions were found to have their largest dimension
above 12 µm which can also be observed from the morphology of the oxide-rich
inclusions shown in Appendix F. With most of the oxide-rich inclusions being very
small, the area fraction also depends on the probability of finding these inclusions
during inclusion mapping. As with any statistical data, a higher number of sampling
points such as with the inclusion maps, will provide a better representation of the
size, distribution, and type of NMIs within a material sample.
It can also be noted that the majority of oxide-rich inclusions are actually oxy-
sulphides, i.e. the inclusions have an oxide core surrounded by sulphides. Addition-
ally, a large proportion of these oxides are complex oxides with spinel and CAS as the
major constituents. As the literature study pointed out, calcium treatment of steel
is known to reduce the hardness of the pure oxides by forming softer calcium-based
oxides, thereby reducing the wear during machining. Ånmark, Karasev et al. (2015)
also pointed out that anorthite and gehlenite, which are CAS compounds formed
by calcium treatment, improve the machinability of steel due to their lower melting
temperatures of approximately 1400 °C and 1500 °C for anorthite and gehlenite
respectively, which makes these inclusions much softer and malleable. The same
study also found that CaS inclusions would slightly increase the tool wear when
compared to the improved machinability gained by pure MnS inclusions. However,
the latter observation is not always the case and it is found to depend on the cutting
speed and the tool material. For instance, Kiessling and Lange (1978) reviewed the
data in literature and reported an increase in tool life when (Mn,Ca)S were present,
compared to the cases where only MnS was found in the steels. Comparing Figure
6.11b and Figure 6.11c, it can be observed that the batch S8 and batch Z2 have
quite similar area fractions of inclusions for both the sulphides as well as oxide in-
clusions. The size distribution of the inclusions between these two batches is quite
similar as well, as observed in Figure 6.12c and Figure 6.12e. The main differen-
tiating factor between these two batches is the absence of CAS inclusions in batch
Z2. The hardness and melting point of a few oxide inclusions are compiled in Table
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7.1. In general, higher melting points and higher hardness values of the NMI lead to
more detrimental effects during machinability of the steel. Hence, the difference in
the wear patterns on the rake face of the inserts between batches P8-W2 and batch
Z2 are most probably associated with the presence of deformable CAS inclusions in
batches P8-W2 and the absence of CAS inclusions in batch Z2, while still having
the presence of harder and non-deformable (Al,Mg)O inclusions.

Table 7.1: Approximate hardness and melting temperature of a few NMIs
[23][29][51]

Inclusion Hardness (Kg/mm2) Melting temperature (°C)
Al2O3 3000 2050

(Al,Mg)O 2100-2400 2135
SiO2 1600 1720

CAS- Gehlenite 1200 1310-1590
CAS- Anorthite 850 1170-1550

MnS <57.1 1655

Of special interest are the oxide-rich inclusions containing Magnesium, Calcium and
Silicon. Du (2016) pointed out that the type of oxides and sulphides depends on
the calcium content in the steel. A few other literature studies have explained the
benefits of calcium treatment of steel as mentioned in section 4. However, the el-
ements Ca, Mg, and O required to determine the type of inclusions have not been
mentioned in the material certificates neither in the VCC standard. Additionally,
certain available literature on the study of inclusion characteristics mention that
the chemical composition of a material can provide a good understanding about the
origin and type of inclusions present in steel. For example, calcium-based inclusions
are generally exogenous since calcium is not soluble in the steel melt. Magnesium-
based inclusions are also considered as exogenous in most cases. The most probable
sources of calcium and magnesium are the refractories and ladles used during casting
and secondary steel-making. However, in some modern steels, Ca and Mg are added
as deoxidants to modify the inclusion properties. For example, Thunman (2009)
mentions the presence of calcium aluminate inclusions formed from the ladle refin-
ing process during ladle treatment. The oxygen in the oxide-rich inclusions probably
comes in from the air and reacts with the other elements during the steel-making
process. The sources of these inclusions can only be traced by a detailed study. The
absence of the composition of these elements in the material certificates makes it
extremely difficult to predict the type, size, and/or morphology of NMIs that can
be expected in the material, especially the oxide-rich NMIs.
Another important point is that the detection of NMIs within the steel without mi-
croscopic characterisation techniques is very challenging. Although, it is possible to
detect larger inclusions by using non-destructive testing (NDT), they are not very
accurate due to the available resolution (Silva, 2019). At the most, these methods
would be useful only to detect the clustering of the inclusions and their sizes but
would be unable to determine the inclusion distribution and type.
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8
Conclusion

There is extensive literature on the effects of non-metallic inclusions but most of
it is focused towards free machining steel and/or a comparison between different
types of manufactured steels. While the effect of different inclusions on machin-
ability has been established, there are very few studies that focus on improving the
machinability from a production point of view such as predictability of the material
behaviour and so on. These studies focus more towards material/steel development
using inclusion engineering. Accordingly, the most prominent NMIs found in steel
are sulphide and oxides wherein the NMIs with higher hardness and higher melting
temperatures are considered detrimental for machinability. The formation of these
inclusions in the steel and their subsequent properties are influenced by the process
parameters involved in steelmaking. Sulphide inclusions such as MnS, CaS, and
(Mn,Ca)S are considered good for machinability as they form protective layers on
the different cutting surfaces of the tool, thereby reducing tool wear. On the other
hand, oxide inclusions are considered detrimental for machinability (due to higher
hardness or chemical affinity with the coating). However, these oxide inclusions
can be modified to form different complex oxy-sulphide inclusions, which are softer
than the pure oxides and as a consequence can be less detrimental to machinability
and may even improve machinability in some cases such as when Calcium-Alumina-
Silicates (CAS) are formed, as suggested by some studies.
In this study, a difference in the wear patterns on the cutting edges of the inserts was
observed with each changing batch, although the actual differences in wear among
the different inserts were within the allowances for depth of cut variations. This can
be attributed to the fact that these inserts were obtained from a regular production
process where surface roughness of the machined crankshaft was the criterion for
tool change. In terms of the crankshaft materials, the key difference between the
batches was that the area fraction of the inclusions was different for each batch,
with the exception of batch S8 and Z2 having quite similar area fractions. The
key difference between batch Z2 and S8 (even other batches), was that the CAS
inclusions were missing in the batch Z2. Thus, the rake surface of inserts from Z2
exhibited lesser NMI layer deposition on all the inserts of Z2, thereby exhibiting
a significantly different wear of the Al2O3 coating wherein the Al2O3 coating layer
was eroded/damaged. On the other hand, all the inserts from other batches had
the presence of CAS inclusions and exhibited the presence of a protective layer on
the rake surface of the inserts at the same location where the inserts from batch
Z2 showed a damaged Al2O3 coating layer. This perhaps indicates the beneficial
protective and lubricative effects of layers formed on the tool surfaces due to pres-
ence of soft and chemico-physically stable inclusions. This observation also validates
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the conclusions of some previous studies which highlight the importance of certain
inclusions in protecting the cutting tools during machining.
The majority of the analysed oxide-rich NMIs were complex oxy-sulphides with an
oxide core which was surrounded by sulphides. The elements Ca and Mg which
were not reported in the material certificate of any batch, formed most of the oxide-
rich NMIs. Almost all the complex oxides identified in this study had the presence
of a magnesium-aluminum based oxide constituent followed by a calcium-silicon-
aluminum based oxide, except for batch Z2 which had no calcium-silicon-aluminum
based oxide constituent. Elements such as calcium, magnesium and oxygen were
not reported in the chemical certificates of the material. Moreover, the current
VCC standard does not require the material manufacturer to report these elements
(Ca, Mg, and O) in the chemical certificates. Additionally, the microstructure of
the material and the tested hardness is consistent with the material certificate for
each batch. This indicates that there are batch variations occurring with respect to
the presence of different non-metallic inclusions within the steel. And as observed
with the layer formation on the cutting tools from different batches, these batch
variations influence the type of wear occurring on the surface of the cutting tools.
Thus, the current results indicate the presence of batch variations which affect the
cutting tools differently based on the type of NMIs present in the crankshaft mate-
rial. However, prediction of the material behaviour and tool wear during machining
would require additional work.

8.1 Future work and recommendations
• The surface of the inserts below the MnS inclusion layers should be examined

by removing the MnS layer. This would provide a good understanding of the
condition of the Al2O3 coating layer below the inclusion layer.

• The interlamellar spacing among the pearlite colonies should be measured
to examine if there are any differences between the batches as some studies
indicate that the lamellar spacing affects the strength of the material which
may also affect machinability.

• The current EDS analysis on its own is inadequate to understand the ex-
act composition of the NMIs. Thus, additional experimentation such as elec-
trolytic extraction and Auger Electron Spectroscopy (AES) could be performed
to understand and confirm the composition and morphology of the NMIs. The
composition of the NMIs can give a rough indicator on where to concentrate
the improvement efforts, for example, material development or machining pro-
cess optimisation.

• Dedicated tool life tests with flank wear as a wear criterion would enable an
easier comparison and understanding of the actual effects of NMIs on the tool
life.
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A
Topographic images of inserts

Figure A.1: G8- Left: 30:1-2 Isometric View, Right: 30:2-1 top view

Figure A.2: P8- Left: 30:1-2 isometric view, Right: 30:2-2 top view
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A. Topographic images of inserts

Figure A.3: S8- Left: 30:2 isometric view, Right: S8 30:1 top view

Figure A.4: Left: Z2-30:1 isometric view, Right: W2-30:1 top view
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B
Images for flank and nose wear on

inserts

Figure B.1: Flank wear- Left: W2 30:1, VBBMax= 52.9 µm VBC=97µm. Right:
Z2 30:1, VBBMax= 37.5 µm VBC=85.2µm

Figure B.2: Nose wear for P8 30:1-1, VBC=98µm
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B. Images for flank and nose wear on inserts
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C
Layer formation and plastic

deformation on the rake surface of
inserts

Figure C.1: W2- 500X BSE. Left: 30:2 top view, nose. Right: 30:1 top view,
between nose and chip breaker.

Figure C.2: W2- 200X, BSE, 30:1 top view, between flank and chip-breaker

V



C. Layer formation and plastic deformation on the rake surface of inserts

Figure C.3: EDS map for P8 30:2-1, 250X SE/BSE, between flank and chip
breaker
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C. Layer formation and plastic deformation on the rake surface of inserts

Figure C.4: EDS map for W2 30:2, 250X SE/BSE, between flank and chip
breaker
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C. Layer formation and plastic deformation on the rake surface of inserts

Figure C.5: EDS map for Z2 30:2, 250X SE/BSE, between flank and chip breaker
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D
Inclusion mapping

Figure D.1: Z2 inclusion map- Left: Radial cross-section, Right: Transverse
cross-section

Figure D.2: Total count of inclusions in different batches
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D. Inclusion mapping

X



E
Normal distribution of inclusions

based on area

Figure E.1: Distribution of inclusions for transverse samples. Left: G8, Right: P8

Figure E.2: Distribution of inclusions for transverse samples. Left: S8, Right:
W2
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E. Normal distribution of inclusions based on area

Figure E.3: Distribution of inclusions for transverse sample. Z2

Figure E.4: Normal distribution of inclusions for transverse samples. Left: G8,
Right P8

Figure E.5: Normal distribution of inclusions for transverse samples. Left: S8,
Right W2
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E. Normal distribution of inclusions based on area

Figure E.6: Normal distribution of inclusions for transverse sample. Z2

Figure E.7: Normal distribution of inclusions for radial samples. Left: G8, Right
P8

Figure E.8: Normal distribution of inclusions for radial samples. Left: S8, Right
W2
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E. Normal distribution of inclusions based on area

Figure E.9: Normal distribution of inclusions for radial sample. Z2
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F
Composition of oxy-sulphide

inclusions

Figure F.1: Amount and type of oxy-sulphides in all batches combined
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F. Composition of oxy-sulphide inclusions

Figure F.2: Amount and type of oxy-sulphides in G8

Figure F.3: Amount and type of oxy-sulphides in P8
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F. Composition of oxy-sulphide inclusions

Figure F.4: Amount and type of oxy-sulphides in S8

Figure F.5: Amount and type of oxy-sulphides in W2
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F. Composition of oxy-sulphide inclusions

Figure F.6: Amount and type of oxy-sulphides in Z2
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G
Morphology of inclusions from

different batches

 

Figure G.1: BSE(left)/SE(right) micrographs of oxy-sulphide inclusions from G8
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G. Morphology of inclusions from different batches

 
 

Figure G.2: BSE(left)/SE(right) micrographs of oxy-sulphide inclusions from P8
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G. Morphology of inclusions from different batches

 

Figure G.3: BSE(left)/SE(right) micrographs of oxy-sulphide inclusions from S8
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G. Morphology of inclusions from different batches

 

Figure G.4: BSE(left)/SE(right) micrographs of oxy-sulphide inclusions from W2
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G. Morphology of inclusions from different batches

 

Figure G.5: BSE(left)/SE(right) micrographs of oxy-sulphide inclusions from Z2
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