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Abstract
Leaded free-cutting steels have been classified as first choice for machining operations due
to their enhanced machinability. Motivated by legal regulations concerning a lead (Pb)
prohibition in steel, new environmental friendly concepts of steels are needed. The
investigated innovative graphitic steel can substitute lead by the formation of graphitic
inclusions in a ferritic matrix. On the one hand graphite inclusions should serve as a solid
lubricant and on the other hand generate shorter breaking chips. The actual effect of
graphite on chip formation processes is investigated in this thesis. The characterisation of
machinability includes turning, drilling, cutting process tribology and quick-stop experiments.
A benchmark of graphitic steel with four other leaded and unleaded steels is undertaken for
all machining investigations. Tribological analysis in orthogonal turning is performed by
application of a cutting process tribometer under near real process conditions, in order to
verify if the graphite inclusions reduce friction during cutting. By performing quick-stop test
in drilling the chip formation is visualised. Two different methods are applied, the classical
metallurgical microsections and the non-destructive micro computer tomography (µCT), in
order to provide a detailed insight into the generated chip roots. Thereby the chip thickness,
the chip compression ratio and corresponding shear angles can be observed precisely and a
direct comparison to reference materials can be undertaken. The high strain rate material
testing is done for the graphitic steel at elevated strain rates and temperatures by applying
compression tests with deformation dilatometry. Additional test at high strain and high
strain rates are performed by using the Split-Hopkinson-Tension-Bar (SHTB) complemented
through Split-Hopkinson-Pressure-Bar (SHPB) measurements. The obtained flow curves
represent the input for material modelling. Based on the Johnson Cook material model the
corresponding parameters are identified and implemented in a 3D thermomechanical Finite
Element Method (FEM) simulation of drilling. The chip shapes from simulations and its cross
sections are validated with experimental chip roots derived by µCT. Further, the developed
evaluation procedure using quick-stop test can be sued as a potential validation-tool, for the
verification of FEM-simulation results of the drilling process. Moreover the influence of
friction coefficient on chip formation and process forces is investigated. The friction-reducing
effect of graphite inclusions in cutting is demonstrated, which explains enhanced
machinability of graphitic steel despite of a higher mechanical strength.
Keywords: graphitic steel, drilling, chip formation, high strain rate material testing,
constitutive modelling, FEM-simulation
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Zusammenfassung
Bleihaltige Automatenstähle werden vorzugsweise
aufgrund Ihrer Zerspanbarkeit
verwendet. Motiviert durch ein bevorstehendes gesetzliches Verbot des Bleis, als
Legierungsbestandteil im Stahl, werden neue umweltfreundliche Stahlkonzepte benötigt.
Beim hier untersuchten innovativen graphithaltigen Stahl wird Blei und Schwefel
funktionsmässig durch die Bildung von Graphitausscheidungen in einer ferritischen Matrix
ersetzt. Einerseits soll das Graphit als Festkörperschmiermittel dienen, andrerseits
kurzbrechende Späne erzeugen. Die tatsächliche Wirkung des Graphites auf den
Spanbildungsprozess wird im Rahmen dieser Arbeit untersucht. Die experimentelle
Charakterisierung der Zerspanbarkeit umfasst Dreh und Bohrversuche, In-Prozess Tribologie
und Spanwurzeluntersuchungen. Dabei wird der graphitische Stahl einem Vergleichstest mit
vier weiteren bleihaltigen und bleifreien Automaten- resp. Vergütungsstählen für die
Zerspanung unterzogen. Mittels tribologischer Untersuchungen im orthogonalen
Drehversuch wird die reibungs- und verschleissmindernde Wirkung der Graphiteinschlüsse
nachgewiesen. Die Spanwurzeluntersuchung basiert auf einem schlagartigen Unterbruch des
Bohrprozesses (Quick-stop), wobei die Späne im Bohrungsgrund haften bleiben und ein
genauerer Einblick in die Spanbildung ermöglicht wird. Zwei Auswertemethoden werden
angewendet, klassische metallurgische Schliffe sowie die zerstörungsfreie MikroComputertomographie (µCT). Dadurch wird die Spandicke, Spanstauchung und Scherwinkel
in Abhängigkeit vom Werkzeugradius ermittelt und mit den ausgewählten
Referenzmaterialien direkt verglichen. Der graphitische Stahl ist einer Materialprüfung mit
hohen Dehnraten unterzogen, wobei Dilatometer Stauchversuche bei erhöhten Dehnraten
und Temperaturen durchgeführt werden. Zusätzliche Tests bei hohen Dehnungen und hohen
Dehnraten werden durch die Verwendung der Split-Hopkinson-Tension-Bar (SHTB)
durchgeführt und durch Split-Hopkinson-Pressure-Bar (SHPB) Messungen ergänzt. Die
erhaltenen Fließkurven stellen die Eingangsgrössen für die Materialmodellierung dar.
Basierend auf dem Johnson Cook Materialmodell werden die entsprechenden Parameter
identifiziert und in einer 3D-thermomechanischen FEM-Simulation des Bohrens angewendet.
Die simulierten Spanformen und deren Querschnitte werden mit den experimentellen
Spanwurzeln verglichen, welche per µCT digitalisierten wurden. Zusätzlich bietet das hier
entwickelte Auswerteverfahren ein Validierungswerkzeug, das für die Überprüfung von FEMZerspanungssimulationen verwendet werden kann. Darüber hinaus wird der Einfluss des
Reibungskoeffizienten auf die Spanbildung und die Prozesskräfte untersucht. Trotz höherer
mechanischer Festigkeit verfügt der untersuchte graphitische Stahl über eine gute
Zerspanbarbeit. Die reibungsmindernde Wirkung des Graphites während des Spanens ist
hierin nachgewiesen.
Schlagwörter: graphitischer Stahl, Bohren, Spanbildung, Materialprüfung mit hohen
Dehnraten, Material-modellierung, FEM-Simulation
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1 Introduction

1. Introduction
Steel is everywhere. This material is part of everyday life and cannot be ignored. New steel
grades enable for instance new lightweight engineering concepts for creating more powerful
designs for the use under extreme conditions. Additionally better processing properties are
provided as improved machinability [96, 119]. Vehicles, for example, should be light, safe,
environmental friendly and above all affordable. The development of stronger and still good
to be processed steels with a good price / performance ratio makes this accessible. Despite
of the increasing trend to use hybrid construction or composite design, on average around
60% of a car is made of steel [90]. Its unique property profile makes steel to the material of
choice for the body, powertrain, suspension and steering components. No other material
has similar properties such as outstanding mechanical and thermal resistance, good
formability, optimum recyclability and with regard to the automobile mass production high
overall economy as well as a unique adaptability to different requirements. Modern cars are
built with new steels that are more powerful vehicles but up to 35% lighter than in the past.
The Fig. 1-1a) shows the typical use of steel in developed countries. It can be seen that the
sectors automotive, mechanical machinery and metal products are represented with a
percentage of over fifty percent. As reported in [96] the global steel use has grown more
than seven-fold since 1950. By 2050, steel use is projected to increase by 1.5 times that of
present levels, to meet the needs of the growing global population. The past and forecast
steel consumption by region is presented in Fig. 1-1b).
a)

b)

Fig. 1-1 a)Typical steel use of steel in developed countries, b)Past and forecast steel consumption by
region [96]

The European steel industry produces around 2500 standardized steels. The designation of
steels in Europe is defined by the standard DIN EN 10027 [30]. Annually about 100 steel
grades are modified in their composition and adapted to the increasing demands. Up to 30
completely new steel grades are added every year. Notable is that approximately 75% of
modern steels have been developed in the past 20 years.
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Steel and iron are the most recycled material world. It is nearly 100% recyclable, which
means it can be reprocessed into the same material of the same quality again and again. In
almost all countries, there are steel plants, returning the discarded steel and iron products
back into the production process. Once steel is produced, its life cycle is potentially endless,
as shown in Fig. 1-2. Nevertheless, some challenging environmental aspects remain
regarding the recycling process, especially when containing alloying elements as the heavy
metal lead (Pb). Since toxic lead fumes may be released from the melt, special equipment of
the steel plants for extraction and separation of the vapours must be used [138].

Fig. 1-2 Steel’s life cycle starting at steel production from mining the ore and steel scrap, over
manufacturing, use and recycling [96]

Leaded steels represent only a small percentage in the total steel consumption is, but they
play an important role in the mass production. For a long time leaded free-cutting steels
have been classified as first choice for machining operations due to their enhanced
machinability reported in [35]. It is assumed that the machining processes can cause up to
60 – 80% of the product costs, depending on the sum of needed machining operation steps.
Therefore, the enhancement of machinability becomes essentially necessary. Although the
harmfulness of lead on environment and its toxicity on human health is known for long time,
the addition of lead was accepted, because of the achieved benefits in machining operations
of free-cutting steels. The EU-directive on End-of-Life Vehicles [136] is the most influencing
current legal regulation and motivation for steel producers for the development of lead-free
free-cutting steel types. According to this, the addition of lead to steels is limited at a
maximum of 0.35wt%. A complete ban of lead as alloying element for steels will probably be
reality in the near future, which becomes a big challenge for the producers and
manufacturing companies.
Hence a new approach is done, in which context this work is embedded. Since lead is
particularly added by reason of its lubricating effects in machining an alternative is needed

2

1 Introduction
therefor. As widely accepted graphite is regarded as a solid lubricant and came thereby into
consideration as shown in [56]. In order to substitute lead in free-cutting steel, the
advancement basically consist of the formation of graphitic inclusions in a ferritic matrix, as
exemplarily shown in Fig. 1-3. In a preliminary thesis of Pollet-Villard [108] some concepts
for substitution of lead were studied. Resulting from these observations and scientific
findings, the project partner within the scope of this work, the Swiss Steel AG, developed
some heats at laboratory scale and produced finally a new graphitic steel at industrial scale,
namely 50SiB8 [120, 121]. In conjunction with the machinability characterisation of 50SiB8,
which is a main topic of this thesis, a performed comparison with selected leaded and
unleaded reference materials makes sense.

Fig. 1-3 Substitution of lead in free-cutting steel, a) Structural analysis of 11SMnPb30 b) lead free
graphitic steel [121]

With regard to machining performance and material behaviour in chip removal processes
some serious problems can occur, which are to be avoided. Especially the drilling, which is
assumed to have a percentage of around 30% in overall machining operations [116] plays an
important key role in cutting. Shown in [71], an increased process reliability as well as a high
quality of the produced parts are important. This continuous machining operation owns a
speciality of cutting speed. It is characterized by a gradient of along the cutting edge, which
is maximal at the outer tool radius and decreases to zero in the drilling centre. Moreover the
cutting geometry is varying over the tool radius coordinate, which depicts the complexity of
the chip formation process. At the outer regions of the cutting edges of a twist drill the
material is cut well and shearing of chips is present. Moving to the drilling centre, where
cutting speed process-related decreases, mainly friction and squeezing processes occur and
the material is rather plastically deformed than sheared to form a chip. Since these low
cutting speeds cannot be avoided in drilling, the material is demanded having a good
machinability performance especially in these regions of cutting speed. This includes the
ability to lower the friction in machining and the support of the shearing processes in chip
formation. Moreover a short chip breakage should be ensured for a better chip removal out
of the drilling hole. Some typical problems in drilling are shown in Fig. 1-4 when the chipping
behaviour is negatively influenced.
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Fig. 1-4 Frequent problems in drilling processes a) snarled tangled chips around drill b) wrapped
ribbon chip c) handicapped chip removal out of drilling hole - tool breakage caused by jammed chips
in helical flute, which leads to torque overload and fracture.

The reasons for an undesirable chip formation in drilling can be caused either by the work
piece material properties, wrong cutting process parameters, an improper tool geometry or
by the tool wear. However, snarled tangled and wrapped ribbon chips are to be avoided in
any case, which tend to wrap the drill. Thereby, on the one hand the workpiece surface
quality can be impaired and on the other hand tool breakage is likely to occur due to torque
overload caused by jammed chips in the helical flute. This shows up the importance of a
good to machine material in a proper combination with cutting parameters and the choice of
tool geometry, influencing the chip formation mechanism. Therefore the material removal
process is to be analysed detailed in this work, in order to enlarge the scientific knowledge in
this field, resulting in practically useful realisation for industrial relevant applications.
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2. Process fundamentals and state of the art
Steel is not equal to steel, reported in [140]. Depending on the application and its
requirements different steel types are used, which justifies the great variety of steel grades.
With increasing requirements of mechanical properties of a steel type the demand on
workability or machinability increases as well. It can be seen as a trade-off. Mostly the
achievements and benefits of newly developed materials with special material properties
are then useful, when they can be machined economically with available technologies shown
in [144]. The main motivation for the development of free-cutting steels was the
improvement of the material removal process in automated production. Although this
special type of steel represents just a small percentage of all steel grades, they play a
significant role and its presence is indispensable in the industry. From scientific point of view
a detailed insight into the chip formation process in drilling is desired. The effective influence
of graphite inclusions in steel on the chipping and frictional behaviour is not investigated yet.

2.1.

Free-cutting steels

Free-cutting steels, in literature sometimes also called free machining steels, are mainly used
in the mass production, especially in the automotive industry for applications like
crankshafts, connection rods, high pressure fuel injector parts as well as for manufacture of
screws, nuts and several kinds of fittings as reported by Essel [35] and Pollet-Villard [108].
Since these types of steel are often machined by automated machine tools like lathes,
milling centres or on multi-spindle machines there are special requirements on the work
piece material. These are particularly improved machining performance, which are better
chip breakage, better surface quality, lower tool wear, lower machining forces and therefore
lower energy consumption of the machine tools. Good chip removal is indispensable for man
less production and automation of the parts manufacture. Therefore, especially the chip
breakage plays a key role in continuous machining operations like turning and drilling.
Particularly when drilling deep holes the demands on chip formation, chip breakage and chip
removal are high, as explained by Tönshoff et al. [135].
Summarized by Luiz [81], motivated by the fact that around 50% [50] of the value of a
machined automotive part is due to machining costs, a lot of metallurgical research was
carried out in the past decades, in order to improve the steel machining performance. On
the one hand machining cycle-time can be reduced by an improved material and thereby
operating time can be saved. And on the other hand the tool life can be increased, which
also results in a saving of tool costs. A third fact is production of satisfying surface quality by
one machining operation, so that following finishing operations can be avoided in optimum
case.
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As described in DIN EN 10087 [31] free-cutting steels are defined as grades that commonly
have a minimal sulphur content at least equal to 0.1wt%. Depending on the material
requirements, free-cutting steels are classified into:
-

-

Low carbon free-cutting steels (e.g. 11SMn30, 11SMnPb30)
Free-cutting case-hardening steels with a low carbon and partially low sulphur
content. These steels are used for case hardening after machining (e.g. 10S20, C15Pb,
16MnCrPb5, 16MnCrS5Pb)
Free-cutting heat treatable steels (quench and tempering) with carbon content over
0.3wt%. The sulphur content is mostly low, in order to avoid substantial impact on
material strength and toughness (e.g. 35S20, C35Pb, C45Pb)

According to DIN EN 10087 some commonly used free-cutting steel types and their chemical
compositions are listed in Table 2-1. It can be seen that the most important achievements
have been obtained using the cheapest routes, such as increasing the sulphur and
manganese content (MnS) and alloying the steel with lead (Pb), as summarized in [108].
Those two routes have been mainly used for decades, and their cumulative effects have
been the core of the low carbon free-cutting steels development.
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Table 2-1 Free-cutting steel types and chemical compositions.

The EU Directive [136] on End of Life Vehicles prohibits the recycling of vehicle components
containing heavy metals, including Pb. There is currently an exemption from the
requirements of this directive for free-cutting steels containing up to 0.35 wt% Pb, until
technical alternatives are available. This motivates mainly the development of alternative
machinability enhancers, in order to substitute the human and environmental harmful lead
additions in free-cutting steels.

2.2.

Influence of alloying elements on machinability

Shown by Murry [89], the Fig. 2-1 presents the effect of some steel alloying elements on
yield strength (YS), ultimate tensile strength (UTS) and hardness (HV). Particularly the
influence of silicon (Si) and manganese (Mn) should be highlighted at this point. While the
content of Si has a much higher influence on yield strength, ultimate tensile strength and the
hardness, the effect of Mn content on these material properties is much lower. Both alloying
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elements are responsible for an increase of the mechanical properties, which automatically
influences the machinability of free-cutting steels.

Fig. 2-1 Effect of steel alloying elements on yield strength (YS), ultimate tensile strength (UTS) and
hardening (HV) [89].

Since each alloying element has particular effect on steel and its behaviour in machining
processes the following chapter will discuss the most important effects on chip formation
and material removal. The development target for innovative free-cutting steels is an
increase of the mechanical properties with guaranteeing a good machinability under
consideration of environmental aspects, as substitution of lead.

2.2.1. Manganese sulphides
It is known that sulphur reacts with manganese, whereby manganese sulphide inclusions
(MnS) are formed, exemplarily shown in Fig. 2-2. by Pollet-Villard [108]. These inclusions are
responsible for the softening of steel during the cutting process at medium cutting speeds
(vc ≈ 150 – 300 m/min), where local temperatures can be higher than 700°C, reported by
Risse [116]. At these temperatures, MnS inclusions are malleable and thus weaker than the
steel matrix, and help the chip breaking caused by shear localisation around these malleable
sulphides. Further, it allows a better surface quality and supports chip breakage which is
important for chip evacuation especially in drilling operations. Thereby an increase of cutting
speed can be realised and tool life can be extended. Thus the productivity is increased.
As described in DIN EN 10087 [31] the content of sulphur in free-cutting steels is around 0.1
– 0.3 wt% and manganese around 0.7 – 1.7wt%. After Wise [146] and Luiz[81] MnS
inclusions are usually weaker than the steel matrix, deforming preferentially and reducing
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thereby the total stress involved in chip formation. Further, this is manifested in reduced
chip thickness and cutting temperatures, as analysed by Akasawa [1]. The presence of this
easily sheared phase also promotes short chipping. The interaction of the free-cutting
additive with the tool material is also an important factor. It is claimed by Jiang [59] that
with carbide tools, a layer of manganese sulphide is formed on the rake face, which acts as a
lubricant, and as a diffusion barrier. This results in a reduction of tool-chip contact area, chip
thickness tool forces and tool temperature. Reported by Reynolds et al. [115] the optimal
enhancement of MnS is reached for medium cutting speeds in the range of vc = 150 –
200m/min. After Jiang [59] MnS can also have marked adverse effect on other properties of
steels, especially the transverse impact toughness and fracture toughness.

Lead
(Pb)
Manganese
sulphide
(MnS)

Fig. 2-2 SEM observation of 11SMnPb30 (Hot rolled and drawn bar, diameter: 25mm) [108]

Hashimura [43] studied the influence of MnS distribution in unleaded free-cutting steels on
the formation of built-up edges. It was found that if MnS particles are very small and
uniformly distributed, as shown in Fig. 2-3b, the effect of stress concentration is small and
the chip separation point is close to the tool face. Thus a small built-up edge remains on the
tool. Moreover Hashimura claimed a better lubricating effect of MnS by homogenizing the
microstructure as much as possible through uniform of fine MnS particles.

Fig. 2-3 Schematic view about relation between MnS on built-up edge (BUE) formation [43].

Murakami et al. [88] developed a Pb-free free-cutting steel with good machinability in a wide
range of cutting speeds, based on crystallisation of large sulphide inclusions and Cr addition.
The content of sulphur is around 0.4 wt%, which leads to a decrease of ductility and the
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material tends to increase brittleness. When the size of the sulphide inclusions became
larger as a result of simultaneously adding and increasing the content of Cr, machined
surface roughness was reduced. Compared to 11SMnPb30 a higher tool life in drilling and
better surface qualities in turning could be achieved. Further claimed is an easy chip
formation by notch effect and embrittlement of the material. An assumption of tool-work
piece interface lubrication was made, because a sulfide film of Cr-Mn-S was observed on the
tool face after cutting, which is claimed to lower the cutting resistance.
Essel [35] summarises the main effects of MnS in cutting as the reduction of process forces,
cutting temperature, the chip thickness and the presence of MnS causes a shift of the cutting
speed range where built-up edges occur towards higher speeds. Shown by Apple [3] the
friction coefficient in the contact zones is reduced due to MnS layer formation. Additionally
presented by Jiang [59] MnS raise the local stresses in the shear zone. The sulphides can be
regarded as voids, which lead to embrittlement of the material and support the initiation of
micro cracks in the primary deformation zone (PDZ). Reported by Kishi [66] flow stress is
reduced subsequently.

2.2.2. Lead
Addition of lead (Pb) to free-cutting steels has been the most important measure for
improving machinability, as reported by Essel [35]. The main benefits of lead addition have
been reported by a multitude of researchers as Apple [3], Bernsmann [12], Klocke [69],
Reynolds [115], Shaw [124] and [146], which can be summarized as follows.
-

Decreasing friction, lower cutting temperatures and reduction of cutting forces and
thus reduction of tool wear.
Enhancement of machining performance at low cutting speeds through reduction of
built-up edge formation towards higher cutting speeds.
Improved surface quality, especially at low cutting speeds.
Formation of strongly curved and short breaking chips.

The Pb contents in free-cutting steels are mainly up to 0.35 wt%, as listed in DIN EN 10087
[31]. Increasing the lead content a strong improvement at low cutting speeds can be
observed, whereby this effect decreases at higher cutting speeds, as reported by Bersch
[13]. Nevertheless, the tool life could be increased, through reduction of tool wear at lower
cutting speeds. Dressler [33] showed that flank wear could be reduced by about 40% at a
9SMnPb23 material when alloying with lead. Since no cutting fluid was used in these
investigations but only the content of lead was changed, the reduction of flank wear can be
correlated to built-up edge formation processes. Analysed by Bersch [13] on the one hand
the dimension of built-up edge formation was significantly smaller, or even suppressed at
lower cutting speeds. On the other hand a temperature reducing effect could be observed.
More recent studies of Arendt [4] on free-cutting case carburising steels 16MnCrS5 and
16MnCrs5Pb confirm these results. Dry cutting experiments with uncoated carbide inserts
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show an increase of machined material volume could be achieved at a cutting speed of
vc = 200m/min, whereby a reduction of 12% was obtained at vc = 340m/min.
In order to explain how lead improves machinability, Pollet-Villard [108] summarises the
following mechanisms have been reported:
The most widely accepted effect of lead on machinability is lubrication, whereby lead
reduces friction on the tool-chip interface. Due to present temperatures above the melting
point of lead, Pb-films are formed on the backside of chips which acts as a lubricant,
reported by Garcia [37] and Simaro [125].
Similar to MnS, Pb-inclusions are more malleable than the steel matrix in machining
processes. They are preferentially deformed and thus the total stress involved in chip
formation is reduced, assumed by Wise [146] and Yaguchi [149], which results in an increase
of the shear angle, in reduced chip thickness and cutting temperatures.
Suggested by Garcia [37] different mechanical properties between the soft additive Pb
particles and the Fe-matrix enhance stress concentration by gap formation and
microcracking at the interface. After Ramanujachar [111] an improved machinability is
thereby given through the reduction in the effective area available to resist to shear stress in
the deformation zone. Due to that, the cutting forces and energy consumption in material
removal is lowered.
Garcia [37] discovered embrittlement of a 11SMnPb30 steel during hot ductility tests in a
temperature range of 200° - 600°C, in which fracture mode changes from relatively ductile
mode, to a brittle mode. In comparison to that an unleaded 11SMn30 steel showed only
ductile fracture. It is concluded that lead is responsible for a weakening of the ferrite grain
boundaries, which can be regarded as a further reason for energy decrease when machining
leaded steels.
After Roelofs [118] liquid metal embrittlement (LME) is the loss of ductility due to the
presence of low melting point phases, which results in crack propagation at a lower stress
level. When a crack is induced in the primary deformation zone, liquid lead flows to the crack
tip and causes reduction of binding energy of the atomic bond. The small nodules of lead (5
μm), dispersed in the matrix, or at the tips of MnS inclusions as illustrated in Fig. 2 2, present
a very low melting point: 327°C. While the temperature in the secondary deformation zone
oversteps the melting point of Pb, it is assumed that LME plays a significant role in reducing
the process forces in the secondary deformation zone. Thereby the machinability as well as
the chip breakage becomes enhanced.
Shown by Bernsmann [12], Garcia [37] and Wise [146] the presence of an easily sheared
phase also supports short chipping behaviour, which is one of the major advantages of freecutting steels. As shown schematically in Fig. 2-4 MnS and MnS-Pb inclusions behave
differently in the shear band. In the case of the Pb-free MnS inclusions, the gaps reweld due
to the high compressive stress and the locally high process temperature. Therefore, the gaps
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do not remain in the chip. In the case of MnS-Pb inclusions, the lead prevents the voids from
rewelding, thus forming the desired small chips. Thus, Pb enhances the effectiveness of MnS
inclusions by either restricting deformation of MnS or weakening the inclusion-matrix
interface, and promotes the chip fracture process, as described by Yaguchi [149].
Pb inclusions are primarily useful in the regime of lower cutting speeds, where the
workpiece material tends to adhere on the tool surface, which forms undesirable built-up
edges (BUE). When machining at very low cutting speeds (vc < 50m/min) unstable BUE tend
to be formed at the rake face near the cutting edge, which are particularly responsible for
rough machined surfaces, reported by Roelofs [118] and Yaguchi [149]. By addition of lead
these unstable BUE can be prevented. The beneficial effect on machinability is mainly given
at low cutting speeds (vc < 100 m/min), as summarised by Pollet-Villard [41].

MnS + Pb

Fig. 2-4 Effect of inclusions on chip formation in machining processes [148].

As reported by Roelofs [118], in the past decade intensive efforts were made to replace
leaded free-cutting steels by more environmental friendly steels. This was motivated by the
toxic effect of Pb and thereby arising recycling and environmental problems shown by
Sander [122]. The toxicity has been known for thousands of years since the time of the
Roman Empire and therefore a lot of information on the harmfulness of lead is available, for
instance provided by Lewis [77], Reynolds [115] and Allum [97]. Similar to most heavy
metals, lead is harmful in very small amounts, claimed by Essel [35]. Special fume cleaning
installations for Pb-fumes should be used in the steel plants, especially at recycling
processes. After dispersal of lead in the environment it is extremely difficult to clean up.
Lead persists in the air, drinking water and in the soil, which is a high toxic danger for
humans. Summarized by Essel [35], once absorbed into the body it combines with certain
enzymes and inhibits their function. Often, severe physiological or neurological
consequences arise.
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2.2.3. Graphite
Reported by Ayel [10], graphite is known as a solid lubricant. Presented in Fig. 2-5 an ABA
stacking of (0001) plans can be seen, where atoms are arranged at the tops of regular
hexagons each having three neighbours. By considering a lamellar hexagonal structure, as a
stacking of graphene plans, a carbon atom is strongly bound by covalent bounding to three
other atoms. Between two plans, the carbon atoms are bound by Van der Waals forces,
shown by Katayama [63]. Since this binding is weak, cleavage fracture occurs at the
interlayer. Hence the plans can easily slide on each other and provide a lubricating effect.

a)

b)

3.
Fig. 2-5 a) Hexagonal cell of graphite, ABA structure [19], b) Covalent binding and Van der Waals
bonding in graphitic structure [63]

The microstructure of medium carbon steels is ferrite and pearlite, the latter a composite of
ferrite (Fe) and cementite (Fe3C), as explained by Pollet-Villard [108]. Hard cementite phase
(1000 - 1200HV) generally limits the cold working properties and is responsible for higher
wear rates of cutting tools, as studied by Katayama [63]. By transforming the ferrite-pearlite
structure to a ferrite-graphite structure, shown in Fig. 2-6, both machinability and cold
forgeability can be improved.
a)

b)

Fig. 2-6 Microstructure evolution of medium carbon steel during the graphitisation treatment at
700°C a) at initial state b) after annealing for several hours (both perpendicular to forging direction)
[108]
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The matrix of a graphitic steel is composed of single ferrite phase, and the maximum
hardness is as low as 120 HV. To reach this goal, long annealing times are required, typically
in the order of magnitude of tens or even hundreds of hours. Thus graphitic steels have not
been developed in the industrial practice yet. Graphitisation occurs at temperatures
between 650°C and 700°C, as shown by Edmonds [34], He [45] and Iwamoto [56]. At higher
temperatures the solubility of carbon in the Fe-matrix increases and less graphite is
segregated. At lower temperatures the segregation-kinetics are slowed and the annealing
time increases significantly, reported by Roelofs [121]. Rizzo and Edmonds [117] published a
graphitic steel with higher Si content and low Mn content, whereby the complete
graphitisation was realised after 3.5h at 680°C, shown in Fig. 2-7.

Fig. 2-7 Formation of graphite inclusions. Composition of steel: C 0.38%, Si 1.82%, Al 1.44%,
Mn 0.07% Left: Time for graphite to appear 0.5h at 680°C. Right: Time for complete graphitisation
3.5h at 680°C [117].

As described by the mentioned authors above, the graphitisation process can be divided into
two steps. First the dissolution of cementite and second the nucleation of graphite. Both
steps are based upon alloying and both approaches are generally combined, summarised in
[108]. Studied by Edmonds [34] silicon (Si) reduces the stability of cementite and accelerates
thereby the graphitisation. Through the addition of silicon content between 0.6 and 1.8 wt%
a complete graphitisation could be observed within 2 – 3 hours. Simultaneously it is known
that high silicon content results in a hardening of the steel matrix, which leads automatically
to higher cutting forces in machining.
Investigated by Hyong [51], Iwamoto [56] and Katayama [63] hexagonal boron nitride (h-BN)
appears to be very effective in nucleating graphite and supports uniform dispersion.
Investigations of He [45] show graphite particles in the size on 5µm in medium-carbon steel
alloyed with Si and Al after annealing of 0.5hours at 680°C. Reported by Katayama [63] and
Luiz [81], and shown in Fig. 2-8, the graphitisation compound boron nitride BN precipitates
in association with the MnS.
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Fig. 2-8 Schematic process of graphitization after transmission electron microscope analysis [81]

Since the 1970s some steel makers have developed iron with the characteristics of freecutting steels, summarized by Luiz [81]. It is well known that materials having graphite
dispersed in the matrix (steel and cast iron) present characteristics of good machinability.
However, they were not considered to be as good as the free-cutting steels, regarding the
machinability for instance as reported Oikawa [101]. These problems could be overcome
through the formation of a uniformly dispersed graphite phase in the matrix. Yokokawa
[150] from Nippon Steel Co. developed and patented first the concept of free-cutting steel in
1977. It has 0.2 – 0.9 wt% of spheroidised graphite, distributed at a rate of more than 50
graphites/mm2 and a varying carbon content from 0.2 – 0.9 wt%. Silicon contents of 1.5 – 2.3
wt% accelerate graphitisation whereby the manganese content is limited to 0.1 – 0.7 wt%
due to its retarding effect on graphitisation. Moreover this patent describes the additionally
needed heat treatment.
More recent studies on this field were performed by Inam [52], who investigated graphite
formation and dispersion in steel in combination of starting microstructures as ferritepearlite, bainite or martensite. Graphite could be observed in all three starting
microstructures already after 30min of annealing. It is shown that the favoured locations for
graphite particle nucleation in ferrite-pearlite starting microstructures are the pearlite
regions and in martensitic structures the grain boundaries. In bainitic microstructures larger
graphite particles (~5 μm) were evident at the bainitic ferrite plate boundaries.
Other patents on the topic substitution of lead in free-cutting steels are published
constantly. A leading position have taken thereby the Asiatic steel works like JFE, POSCO or
Kawasaki Steel Co., exemplarily shown in [49] and [16]. The most important topics are
modifications of sulphide and oxide inclusions as well as the optimisation of the graphite
inclusions in steel. Nevertheless, beside a few graphitic steels produced at laboratory scale,
there is still no steel with graphite inclusions available, which is produced at industrial scale
and which is commercially distributed.
One main objective in development of graphitic steel is the enhancement of machinability.
This can be reached when the hard cementite (Fe3C) is changed to graphite, whereby the
steel is softened. As assumed by several researchers, the machinability is basically improved
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by the lubricating effect of graphite inclusions, which validity needs to be analysed and
proved. Iwamoto et al. [56] investigated graphitic steel 53SiB5 in turning tests. At cutting
speeds of vc = 200 and 250 m/min the tool lifetime of a sintered carbide tool was
significantly increased in comparison to leaded steel 11SMnPb30 (SAE12L14). Studies of
Katayama [63] on machinability performance of graphitic steel show similar results regarding
the tool wear. In comparison to leaded steels a higher tool durability of factor 2.2 could be
observed in drilling with HSS tools. Turning experiments with cemented carbide tools
showed an even 3 – 7 times higher tool durability. It has to be remarked that the turning
experiments were performed at high cutting speeds above vc = 100m/min. In contrast he
benefits of leaded steels are mainly in the region of lower cutting speed, which relativises
the results of this comparison.
Claimed by Roelofs [121], generally the machinability is not only influenced by the quantity
of graphite. Rather the particle size distribution of graphite inclusions is decisive, which is
crucial. Typically as fine dispersion is required to form a lubricating layer in the contact zone
between the tool and the chip. Big inclusions, however, can serve as staring points for crack
initiation. The material behaves more brittle, which results in the formation of thinner chips
and a facilitated chip breakage. The optimal inclusion size is not known. Based on the
experience with manganese sulfide precipitates, it is assumed that a regular distribution of
precipitates with the dimension of 5 – 10µm is advantageous.
It is however unknown whether graphite inclusions are able to suppress BUE formation in a
similar way lead inclusions do. Additional investigations are therefore needed to bring more
light into the machining behaviour of graphitic steels.

2.2.4. Other types of inclusions
As reported by Essel [35], in the past decades the main machinability enhancement was
reached by alloying with lead and the formation of manganese sulphides. More recent
research in substitution of lead in free-cutting steels has been performed by the addition of
Bismuth (Bi), Tin (Sn), hexagonal Boron Nitride (h-BN), Tellerium (Te), Selenium (Se), by
increasing Sulphur (S) content and by formation of graphite inclusions or oxide inclusions
based on Calcium (Ca) for instance, as summarised by Pollet-Villard [108].
Various researches like Roelofs [118], Yaguchi [149] and Simaro [125] showed that bismuth
is a valid alternative to lead in free-cutting steels. The melting temperature of bismuth
(271°C) is even lower than that for lead (327°C). Proved by Cho [24] and Bernsmann [12]
bismuth provides the same effect like lead on machinability by the same mechanisms.
Suggested by Reynolds [115] a bismuth content of 0.1 – 0.15 wt% can substitute lead in freecutting steels. There are also drawbacks with bismuth. Since the availability of bismuth is
very low, which makes it quite expensive, it is not economically to be used as a substitution
for lead, as reported by Sander [122]. According to Roelofs [118] an increase of the market
price of bismuth would be the consequence, if lead would be substituted by bismuth in large
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tonnages. Moreover bismuth is considered as a toxic heavy metal it can be dangerous for
health in the same way lead does, concluded by Sander [122]. Summarised by Pollet-Villard
[108]it can be seen that bismuth is not a reliable alternative to substitute lead at an
industrial scale.
Similar to lead, explained in the section 2.2.2, tin (Sn) has a weakening effect at the ferrite
grain boundaries and is known to segregate at grain boundaries, reported by Deardo [26].
Thereby tin is qualified as a substitute for lead. Garcia et al. [37] developed a tin-added leadfree 11SMn30 steel, called 11SMn30Sn, which contains 0.04 – 0.08 wt% tin, whereby a
thermal treatment is needed in order to concentrate the tin at the grain boundaries. In hot
ductility tests a transition of fraction from ductile to brittle was observed in a temperature
range of 200°C – 600°C, similar to leaded steel, investigated by Deardo [26]. This desired
effect, should result in a decrease of cutting forces and thereby in an improved
machinability. Thus, to avoid this ductility trough, another thermal treatment is needed after
machining, in order to homogenise the tin in the steel. Studies on machinability of tin-added
steel 11SMn30Sn with HSS and carbide tools, investigated by Reynolds [115], show no
improvement in performance of tin-added steel compared to standard lead-free 11SMn30
steel. It was found a lower relative production rate and a higher surface finish quality of
11SMn30Sn. In contrast to that Garcia [37] showed good machining results with HSS tools
regarding the tool wear, especially for milling, drilling and cut-off operations, but a 30%
lower machinability performance in turning. Moreover it is known that tin impairs the hot
rollability, reported by Roelofs [118].
The hexagonal boron nitride (h-BN), corresponding to the graphite structure explained in
section 2.2.3, is the most stable but the softest of BN polymorphs, as summarised by PolletVillard [108]. After Ayel [10] it is known as an effective solid lubricant, whereby its lamellar
structure provides easy shear during friction. According to Tanaka [131] BN is suggested to
be a machinability enhancer. Thereby h-BN was observed with 50 – 80ppm boron and
175ppm nitride, which is segregated quickly on the grain boundaries. Further it was shown
by Katayama [63] that h-BN precipitates on MnS inclusions and influences positively uniform
MnS and graphite distribution in the ferrite matrix. Sekita [123] analysed the flank wear in
turning h-BN steel with carbide tools, with the result that no difference to standard steel
could be observed at a cutting speed of vc = 100m/min. In contrast to that, a significantly
lower carter depth and flank wear rate could be observed for the cutting speed range of v c =
200m/min – 300m/min, but without providing an explanation for this effect. Therefore one
can conclude that h-BN seems to be an effective machinability enhancer at high cutting
speed, but its behaviour at low cutting speed, where the benefit of lead is given, stays an
open question.
After Bernsmann [12] the addition of Tellerium (Te) and Selenium (Se) to free-cutting steels
is basically done to influence the morphology of sulphides, by lowering its plasticity. As
reported by Reynolds [115], an improvement of surface finish could be reached by the
combination of increased sulphur with tellurium. Compared to unleaded 11SMn30 a better
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production rate was observed with 11SMn37Te, but a lower machinability compared to
standard leaded type 11SMn30Pb. Since tellurium forms low melting phases like MnTe or
FeTe or PbTe, they can be found around MnS, which leads to less deformability in hot rolling,
explained by Simaro [125]. Thus hot workability is significantly affected, which explains the
restriction of tellerium addition to below 0.01 wt%, shown by Reynolds [115]. Selenium
influences in a similar way like tellurium. The main difference can be found in the higher
price. MnSe compounds are formed, which helps MnS to stay globular, summarized by
Pollet-Villard [108]. Selenium has to be added in double quantity, in order to obtain the
same effect as with tellurium. Further remarkable is its toxicity, one of the reasons why Te
and Se are not wide spread in steels. Although these two are added to free-cutting steels
they are not considered as substitutes for lead, because no influence on machinability at low
cutting speed is expected.
As reported by Krisch et al. [65] one possibility of improving the machinability can be
reached by decreasing the abrasive nature of oxides by optimizing the steel refining process,
in order to get oxides with low melting points. Thereby, a calcium treatment is usually
carried out in the ladle by designing CaO-Al2O3-SiO2 inclusions. The viscosity of these glassy
inclusions is lower than that of steel, assumed by Ramanujachar [111]. This results in
formation of a lubricating viscous layer at the tool-chip interface, which supports the
shearing mechanism in chip formation, as studied by Subramanian et al. [130]. Since the soft
inclusions deform preferentially in the shear band the total strain in chip formation is
reduced, shown by Mantel [82] in Fig. 2-9.

Fig. 2-9 Structural analysis of stainless steel 1.4301 chip, a) standard b) inclusion engineered [82]

Studies on wear of coated carbide tools, performed by Kirsch [65], have shown a reduction
of wear rates up to 20- 30% with engineered inclusions compared to standard steels. The
cutting speed could be increased in the same rate without increasing tool wear. Further it
was found that the mechanism of machinability of the oxides is similar to that of sulphides.
Oxide inclusions present a higher softening temperature, and are really plastic in the
temperature range of 800-1200°C, or at high strain rate. After Roelofs [118] the major
drawback of engineered oxides can be seen that this type of inclusion does not improve
machinability at low cutting speed (vc < 100m/min). A reason for that are the reached
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temperatures at the tool-chip interface which are often not high enough to soften the
inclusions. Thus these inclusions are not malleable enough.

2.3.

Development and process chain of graphitic steel

Graphitised steels are claimed to perform excellent in machining processes. They therefore
can be considered as environmental friendly alternatives to widely used Pb-alloyed steels.
The vision to substitute lead in free-cutting steels by graphite or sulphide inclusions is shown
in Fig. 2-10. Due to liquid metal embrittlement (LME) and in-situ lubrication, Pb improves
machinability in a narrow tool-chip interface temperature window corresponding to low
machining speeds, shown by Roelofs et al. [118]. Although graphite inclusions are also
supposed to generate in-situ lubrication, the mechanism and the corresponding optimum
working zone is not very clear.

Fig. 2-10 Substitution of lead in free-cutting steel, a) Structural analysis of 11SMnPb30 b) lead free
graphitic steel [121]

Machinability of free-cutting steels is the most important property in mass production, as it
constitutes mainly the part production costs. Widely spread low carbon free-cutting steels
like 11SMn30 exhibit low hardness resulting in low machining forces. Here, addition of
sulphur leads to the formation of manganese sulphides, which protect the cutting tool by insitu layer formation and reduces friction forces in the tool-chip interface. As a consequence
high productivity and long tool lifetimes are achieved. However the ferrite matrix of such
steels is soft and tends to stick on the tool surface if cutting speeds are low. This so called
built-up edge (BUE) formation can be a severe problem for machining small parts or in
machining operations with partially low speeds like cutting-off or drilling. BUE formation can
be efficiently suppressed by adding lead to the steel, shown by Roelofs [118]. Liquid lead
then acts as lubricant in the chip-tool interface. Due to its low melting point this effect
already occurs at low machining speeds. At higher speeds this benefit disappears, which
might be caused by a change in viscosity. Fig. 2-11 shows a direct comparison of 11SMn30
and 11SMnPb30 steel regarding the cutting forces in turning over a wide range of cutting
speeds. The lubricant effect of lead can be clearly seen in the lower regime of cutting speed
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below vc = 80m/min, by decreasing cutting forces. Above vc = 80 m/min, the temperature at
the tool-chip interface is so high that Pb is not viscous enough to provide a lubricant effect,
so the cutting forces increase. It could be noted how similar the cutting forces for both steels
are when the lubrication by lead is not efficient anymore at high cutting speeds (from vc =
200 m/min to vc = 400 m/min), analysed by Pollet-Villard [108].

Fig. 2-11 Cutting forces in turning of 11SMn30 and 11SMnPb30, influence of lead on built up edge
(BUE). Main effect of lead in lower cutting speed regime vc ≤ 80 m/min [108].

According to Roelofs et al. [120], as a rule of thumb considering all kind of machining
conditions productivity of leaded steel 11SMnPb30 is estimated to be 20% higher compared
to the unleaded steel 11SMn30. This explains the popularity of this steel which is consumed
in large quantities in machining workshops all over the world.
Introduced by Iwamoto [56] the concept of using graphite in medium carbon free-cutting
steel is shown schematically in Fig. 2-12. First, the machinability is enhanced by changing
ferrite-cementite to ferrite-graphite. After machining, graphite, which can become a stress
concentrator, is eliminated by heating and quenching process, avoiding deterioration in
fatigue strength. Finally the carbon becomes dissolved into martensite, which improves the
hardenability of the steel, resulting in improved strength. This procedure is suitable for some
parts that require strength, but are difficult to machine, as reported by Pollet-Villard [108]
and Iwamoto [56].
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Process chain of free cutting steel

Hot rolling

as rolled

Graphitizing
Cold forging

graphitized
Fe3C (Cementite)

Machining
Quenching
and tempering
C (Graphite)

final product

Final product

Solute C
(dissolved into martensite)

Fig. 2-12 A concept of utilising graphite in steel to achieve workability together with high strength,
adapted from Iwamoto [56].

Preliminary studies in the development of graphitic steel with improved machinability
performed by Pollet-Villard [108] have suggested the treatment as mentioned below. The
aim of the metallurgical analysis was to promote the nucleation of graphite by the carbon
originating from the decomposition of cementite during heat treatment.
-

Content of carbon of 0.5 wt% provides a sufficient amount of graphite phase to
ensure a good machinability.

-

Graphitisation temperature of 700°C since cast irons show the shortest graphitisation
time by heat treatment with 650 – 700°C in [52]. When the annealing temperature is
lower than 600°C or higher than 700°C, the graphitisation rate is retarded.

Fig. 2-13 shows a Time-Temperature-Transformation diagram for a similar material
composition to the developed graphitic steel. The Graphitisation, or the so called “Edmonds
Process”, is a heat treatment of the material for several hours at 700°C, in order to
transform hard cementite in soft graphite.
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Fig. 2-13 Time-Temperature-Transformation diagram for a graphitic steel 55Si7, Graphitisation
«Edmonds process» [121].

The microstructure after rolling consists of pearlite and a small fraction of ferrite. Only after
a heat treatment at ~ 700°C, the pearlite transforms gradually into graphite. Here, silicon is
weakens the pearlite and accelerates this transformation, while manganese and chromium
stabilize Fe3C but slow down the graphitization. Therefore, segregated zones have a direct
influence on the resulting graphite distribution.
Due to the continuous growth of graphite particles with the annealing time, a compromise
between graphitisation time, mechanical properties and machinability was attempted. Since
Si is a graphite promoting element and Mn an graphite retarding element, the silicon
amount of about 1.8% has been chosen to ensure an acceptable graphitisation time. The
amount of manganese (0.6%) is the minimal content that Swiss Steel could handle at an
industrial scale. This manganese slows down the graphitisation but forms MnS with sulphur.
The Mn-free content is 0.34%, reported by Pollet-Villard [108]. The driving force for
nucleation of the graphite phase has been calculated depending on the content of one of
these alloying elements, see Fig. 2-14. At the initial state, a 0.5 wt% C carbon at 700°C, the
driving force for graphite nucleation is DGM = 2.3 KJ/mol. This driving force depends on the
addition of alloying elements such as Si, Al or Mn. If the addition of one of them increases
the driving force, the graphitisation should be accelerated. In the other hand, if the addition
of an element leads to the diminution of the driving force, the graphitisation would be
decelerated, shown in [108].
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Fig. 2-14 Driving force for graphite nucleation in a 0.5 wt% C steel depending on the Si and Mn
contents at 700°C from [108]

The influence of Mn and Si additions on the metastable state of the system at 700°C is
shown in Fig. 2-15 and an initial state can be defined at the graphitisation temperature. It
could be noticed the ferrite formation effect of Si and the austenite formation effect of Mn.

Fig. 2-15 Domains of coexisting phases in a Fe-Mn-Si-0.5%C system at room temperature, as a
function of Si and Mn [108].

The subject of current research refers to long products melted by Swiss Steel AG. The
production line of the steelworks at Swiss Steel AG is shown schematically in Fig. 2-16. An 80
tons heat of 50SiB8 was produced under regular industrial conditions at Swiss Steel AG. The
steel was molten from scrap in an electric arc furnace and continuously cast into
150x150mm2 billets. In the rolling mill billets were reheated to 1200°C and hot rolled into
Ø65mm bars. The graphitisation was done in a continuous furnace at Deutsche
Edelstahlwerke at a temperature of 700°C.
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Fig. 2-16 Production process of Swiss Steel [108].

2.4.

Machinability of steels

Machinability is a definition of all material properties, which influence the machining
process. It is a general description of the difficulties occurring during cutting a work piece
material, explained by Klocke [69]. After DIN 6583 [29] machinability is always to be
evaluated in combination with
-

the machining operation (e.g. turning, drilling, milling)
the cutting material (e.g. HSS, cemented carbide)
the cutting conditions (e.g. cutting speed, feed, coolant)

The machinability of a material is generally described with the following criteria:
-

cutting forces or cutting torque
geometrical form of the chip
tool wear
surface quality of the machined work piece

Summarized by Paucksch et al. [106] and Tönshoff [134] the cutting forces are most affected
by the composition of the material, its alloy components and the microstructure. Of course,
the heat treatment has a great influence as well. As mechanical characteristics the hardness
or the tensile strength are useful comparative values for the resulting cutting forces.
However, a direct connection of the cutting force with the tensile strength may not always
be assumed. At material removal in machining not only separation processes occur, but also
compressive, shear and friction processes are involved. A difficult to machine material
causes high cutting forces. In order to reduce them, the feed, the cutting, the depth of cut
and sometimes the cutting speed can be lowered, which results in lower productivity.
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The chip form can be a problem for the machining process. According to ISO 3685 [55] the
standard chip forms are listed in Fig. 2-17. Most desirably are the short ones, but not too
fine chips, which are removed easiest. Especially in drilling this is an essential criterion, to
enable chip evacuation through the drill flutes. The longer the chip is, the greater the risk
that it wraps around the work piece or the tool. Hence scratches the surface, disturbs the
cutting process or endanger the machine operator. Certain chip forms can be produced by a
skilled setting of tool approach angle, rake angle and inclination angle. Additionally their
length can be influenced by chip breakers or grooves on the cutting edge. Materials having
higher ductility tend always to long chip forms, especially at high cutting speed. Short
chipping behaviour is one of the important achievements of free-cutting steels.
After Klocke et al. [69] the wear effect of the work piece material on the cutting tool
material is due to adhesion, abrasion, oxidation, diffusion and thermal stresses. This occurs
at elevated temperature and pressure caused mainly by friction processes. By choosing the
cutting material and the cooling lubricant friction behaviour can be influenced. The alloy
components of the material, such as sulphur and lead can reduce friction through formation
of a protecting lubricating layer on the cutting edge. A special type of wear is caused by the
formation of built-up edges and deposits on the rake face. It can be positively influenced by
proper selection of the cutting material and by changing the cutting speed.
Explained by Paucksch [107] grooves and striations are found on the machined surfaces. The
grooves are caused by the shape of cutting insert corner. The striations are caused by
irregularities of the cutting edge. Moreover remains of built-up edges can be found. Ductile
materials flow and harden stronger than brittle or inhomogeneous materials.

Fig. 2-17 Standard chip forms from ISO 3685 [55]
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Nevertheless, as claimed by Essel [35], in some cases these four criteria may not describe the
machinability of a work piece material sufficiently. Thus other criteria like friction coefficient,
cutting temperatures, layer formation, rim zone properties or build-up edge formation have
to be taken into account. Since these criteria are closely linked to the four main evaluation
criteria they have not been considered as separate machinability measures up to now.

2.4.1. Chip formation process in drilling
The motion sequence of a double edged drilling tool is presented in Fig. 2-18. By the
interaction of the cutting motion (rotation) and feed movement the cutting edge moves
along a helix. Under consideration of the cutting conditions (effective cutting speed) the
clearance angle is to be designed that the effective clearance angle is positive. Thereby
"pressing" or "bottoming" of the drill should be avoided. However, an upper limit of the
clearance angle is given by the weakening of the cutting wedge and the tendency to chatter.

Fig. 2-18 Motion sequence of a double edged drilling tool [69].

Fig. 2-19 shows the current kinematic relationships in drilling and the calculation of
undeformed cross-section 𝐴 from the feed per tooth 𝑓𝑧 and the depth of cut 𝑎 𝑝 and from
the undeformed chip thicknes ℎ and the width of undeformed chip 𝑏.
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Fig. 2-19 Kinematic relations in drilling [69].

The feed per tooth 𝑓𝑧 is calculated by

𝑓
𝑓𝑧 =
𝑧

𝛫𝑟 =

𝜎
2

(2.1)

whereby f is the feed in mm/rev and z the amount of tooth. The inclination angle 𝛫𝑟 is
calculated from the point angle 𝜎. The width 𝑏 and high of cut ℎ are calculated by

𝑏=

𝑎𝑝
sin(𝛫𝑟 )

ℎ = 𝑓𝑧 ∗ sin(𝛫𝑟 )

(2.2)

which results in the uncut chip area

𝐴 = 𝑓𝑧 ∗ 𝑎𝑝 = 𝑏 ∗ ℎ

(2.3)

The cross-section of undeformed chip A essentially determines the cutting force during
drilling.
In Fig. 2-20 the chip formation process is shown schematically traced on the basis of a chip
root micrograph (right picture). It can be divided into four areas. The structural orientation in
the workpiece (a) is changed by shearing (shearing area), into the structural orientation in
the chip (b). When machining brittle materials already a slight deformation in the shear
plane can cause material cut-off. However, if the material has a greater deformation
capacity, separation happens just before the cutting edge in the field (e). The tensile load
plus the vertically acting pressure, in conjunction with the prevailing high temperature, lead
to strong deformations in the edge regions of the rake face (c) and the cut surface (d).
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Fig. 2-20 Schematically chip formation process in turning [69].

In the chip formation special boundary conditions are present: Both, high temperatures on
rake face (about 770 - 1700°C) and high strain rates (magnitude: 104 s-1) as reported by
Klocke [68]. As summarised by Astakhov [9] the lower the energy of plastic deformation, the
lower the cutting forces, and the greater the tool life, the better the quality of the machined
surface and the process efficiency. Therefore, the prime objective of the cutting process
design is to reduce this energy to its possible minimum by the proper selection of the tool
geometry, tool material, machining regime and process parameters. In drilling, the reduction
of the plastic deformation of the layer being removed in its transformation into the chip can
be achieved by altering the state of stress in the deformation zone. That is, the so-called
stress triaxiality that is directly correlated with the strain at fracture of the work material.
That means, with the amount of plastic deformation needed to form the chip.
This stress triaxiality, and thus the amount of plastic deformation, can be varied in a wide
range by the tool geometry shown in [9]. As a drilling tool may have parts of the cutting edge
of different geometries (see chapter 4.5.1), the plastic deformation and thus energy spent
on each particular part of the cutting edge should be known accurately. To accomplish the
clear objective of the metal cutting, a reliable measure of this energy should be readily
available to be used at various levels from a research laboratory to the shop floor.
In order to get more insight into the mechanical load along the cutting edge of a twist drill
during the drilling process segmental drilling experiments were performed, as shown
schematically in Fig. 2-21 by Risse [116]. As a result it was possible to identify the regions of
the drill bit that suffer major mechanical demands. The right side of this figure shows the
distribution of feed forces obtained for a tungsten carbide drill with relief of the chisel edge.
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Fig. 2-21 Experimental setup and mechanical load along the cutting edge [71].

2.4.2. Chip compression ratio
There are two characteristics of plastic deformation in metal cutting, chip compression ratio
and the shear strain. The chip compression ratio 𝜆ℎ is the most reliable measure of plastic
deformation in metal cutting, as reported by Astakhov [8, 9].

Fig. 2-22 Simple model of the chip plastic deformation in orthogonal cutting, Astakhov [9].

A model of chip deformation in the simplest case of cutting (orthogonal cutting) is shown in
Fig. 2-22. A flat section a b c d having length L1 and thickness h is distinguished in the layer to
be removed by the cutting tool. Once the distinguished section is deformed on its
transformation into the chip, the section a b c d transforms into section a′ b′ c′ d′. In this
transformation, called plastic deformation, the area of the initial section does not change
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due to conservation of work material volume. However, the dimensions of its sides do
change. Length L1 of side a b becomes length L2 of side a′ b′, while thickness ℎ (uncut chip
thickness) becomes chip thickness ℎ𝑐ℎ .
The chip compression ratio is calculated as follows:

𝜆ℎ =

ℎ𝑐ℎ
>1
ℎ

,

𝜆𝑏 =

𝑏𝑐ℎ
>1
𝑏

,

𝜆𝐴 = 𝜆ℎ ∗ 𝜆𝑏

(2.4)

with:
𝜆ℎ = 𝑐ℎ𝑖𝑝 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜
𝜆𝑏 = 𝑐ℎ𝑖𝑝 𝑤𝑖𝑑𝑡ℎ 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜
𝜆𝐴 = 𝑐ℎ𝑖𝑝 𝑎𝑟𝑒𝑎 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜
The compression factor 𝜆𝐴 (chip area compression ratio) is a measure for reorientation of
the material and thus the deformation energy per unit of volume, which is necessary for the
cutting process, explained by Wegener [143]. Further, the compression factors can be
measured approximately in a simply way and be documented together with the chip shapes
for future investigations.

Fig. 2-23 Influence of rake angle γ, workpiece material and feed f on the compression factor 𝝀 [143].

As shown in Fig. 2-23 the compression increases with decreasing rake angle and as the
material is more ductile. Decreasing rake angle reduces the shear angle and enlarges the
chip thickness, because of compatibility in the shear zone. With increasing feed, i.e.
increasing chip thickness, the shear angle becomes greater and the compression factor
smaller. If the compression factor is known, e.g. by measurement of the chip and compared
with the chip thickness, the location of the shear plane or of the shear angle 𝛷 can be
determined.
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Fig. 2-24 Velocity relations in the chip formation zone [143].

After assuming the orthogonal cutting process, shown in Fig. 2-24, the equation of
Kronenberg [74] can be applied.

𝜆ℎ =

𝑣𝑐ℎ
cos(𝛷 − 𝛾)
=
𝑣𝑐
sin(𝛷)

tan(𝛷) =

cos(𝛾)
𝜆ℎ − sin(𝛾)

(2.5)

(2.6)

The shear strain is another characteristic of plastic deformation in metal cutting. The
distortion angle tan(𝜒) can be calculated with the equation (2.7) from the shear angle 𝛷,
after applying equation (2.6). From the measure of the shearing, the uniaxial effective strain
𝜑 after v. Mises is calculated with equation (2.8). This strain can be used for comparison of
different types of deformation like tension, compression or shearing. It can be equalised to
the true strain, which is used for describing of the material behaviour with flow curves
generated in high strain rate material testing, explained in chapter 5.

𝜒 = tan−1 (tan(Φ − γ) +

𝜑=

1
√3

1
)
tan(𝛷)

tan(𝜒)

(2.7)

(2.8)

It follows the distortion rate, or the effective strain rate:

𝛷 ̇ = (𝑣𝑐

sin(𝛷)
)𝜑
𝑇𝑠

(2.9)

with the thickness of shear zone 𝑇𝑠 , after Oxley [103, 104], calculated by:
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𝑇𝑠 =

ℎ
(10 ∗ sin(𝛷))

(2.10)

Exemplarily, a shear angle of 𝛷 = 25.2° and an effective strain rate of 𝜀̇ = 3.2*105 s-1 in
orthogonal turning can be calculated, whereby vc = 100m/min, γ = 5°, h = 0.12mm; λch = 2.2.
More practical investigations have been performed by Childs et al.[23]. Fig. 2-25 presents
the shear plane variation for some materials in dependency of cutting speed. The shear
plane angles observed in turning a MnS and a Pb-MnS free-cutting low carbon (0.08 to
0.09C) steel were compared with those for a similar non-free-cutting steel. At cutting speeds
between vc=20 m/min and 75 m/min the shear plane angles of the free-cutting materials
were double of those for the non-free cutting steel Moreover it was found that the built-upedge was much smaller and more stable, when turning free-cutting steels. As cutting speed
increases up to 200 m/min for the MnS steel and to 300m/min for the Pb-MnS steel, these
differences between the free- and non-free-cutting steels become insignificant.
40
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Fig. 2-25 Shear plane angle variations for two low carbon free-cutting steels compared with a nonfree-cutting steel, turned by a steel cutting grade of carbide tool (f = 0.1 to 0.15 mm/rev, α = 6º) [23]

The Merchant’s force diagram, shown in Fig. 2-26, consists of three triangles of
corresponding cutting forces, shearing forces and friction forces. Thereby following
assumptions are made:
-

the shear surface is a plane extending upwards from the cutting edge.
the tool is perfectly sharp, no BUE formation
orthogonal 2D cutting, no inclination of tool, uniform velocity relative tool tip.
the friction angle 𝜌 remains constant and is independent of the shear angle 𝛷.

Knowing ⃗⃗⃗
𝐹𝑐 , ⃗⃗⃗
𝐹𝑓 , 𝛾 and 𝛷, all other components can be calculated as:
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⃗⃗⃗⃗
𝐹𝛷 = ⃗⃗⃗
𝐹𝑧 cos(𝛷 + 𝜌 − 𝛾)

(2.11)

⃗⃗⃗
𝐹𝛾 = ⃗⃗⃗
𝐹𝑐 sin 𝛾 + ⃗⃗⃗
𝐹𝑓 cos 𝛾

(2.12)

⃗⃗⃗𝑧 the resultant force and ⃗⃗⃗
whereby ⃗⃗⃗⃗
𝐹𝛷 is the shear force, 𝐹
𝐹𝛾 the frictional force of the
tool acting in the chip formation process.

Tool

Fig. 2-26 Merchant’s force diagram showing relationships between components of cutting, shearing
and friction [69, 84]

2.4.3. Quick-Stop devices
Jaspers [57] showed two different approaches for the examination of chip formation
process. Either in situ measurements can be used or a method that ‘freezes’ the cutting
action. In the in situ measured the polished and etched side of a workpiece is examined
through a microscope, while machining. This method was mostly applied in turning. Due to
the invisible chip formation process in drilling an in situ measurement cannot be realised.
Therefore the second approach was developed, namely the quick-stop device, whereby the
cutting tool is rapidly retracted from workpiece. The fundamental idea was to generate chip
roots by ‘freezing’ the process. Mostly the main challenges thereby are the control of abrupt
tool retraction and generating stable chip roots without influencing the deformation zones.
To realize rapid retraction of the tool often mechanical systems have been used such as stiff
springs. Hastings [44] concluded that they were too slow at higher cutting speeds and used
therefore a explosively operated quick-stop device. The most achievements have been made
for orthogonal turning operations shown in [57]. Presented by Childs et al. [22] in Fig. 2-27
quick-stops can show different results, depending on the adhesion between the chip and the

33

2 Process fundamentals and state of the art
tool. In case of low adhesion a desirable clean separation occurs, see Fig. 2-27a). Coated
tools usually show this behaviour. If there is high adhesion relative to the strength of the
chip or tool, any of the results of Fig. 2-27b) to Fig. 2-27d) can occur.

Chip

Work piece

a)

Tool

c)

b)

d)

Fig. 2-27 Modes of quick-stop separation [22]

However, the developed quick-stop devices made studies on the primary and secondary
deformation zone feasible. Moreover they enabled investigations of important aspects of
the chip formation, like for instance: built-up edge, stagnation point, chip segmentation, etc.
as shown in Fig. 2-28.

Fig. 2-28 Examples of chip roots in turning, obtained with quick-stop device a) Deformation zones of
the chip root [57]b) Presence of BUE and crystal elongation of the primary shear zone in the chip
[20].

Dolnisek [32] and Kopac [73] developed a drilling quick-stop device and analysed the
phenomena of work-hardening of austenitic steels. The chip root was examined by extensive
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metallurgical microsections at different distances from the centre of the drill, shown in Fig.
2-29. Thereby the influence of the chisel edge was identified having around 50% of the total
feed force. Due to higher degree of plastic deformation rather than to shear a hard narrow
chisel edge chip was formed, which acted as a built-up edge in main cutting edge.

Fig. 2-29 Micrographs of the drilling chips at different distances from the centre of the drill [32].

Weinert et al. [145] and Koehler [71] developed a quick-stop device for high speed drilling,
whereby the sample was accelerated along a helical path in order to create stable chip roots.
Cutting speeds up to 700m/min could be successfully applied. Similar to Dolinsek, Koehler
performed metallographic preparation of the chip formation zone along the chisel edge and
the main cutting edge of a Ø13mm tungsten carbide drill. The investigated material was
Ck45. The observed stagnant zone between the tool and the chip has been identified as
built-up edge. Moreover a white layer formation on the chip back side was found.
Biermann et al. [14] analysed the chip formation in C45E of a Ø8.5mm tungsten carbide drill
at a cutting speed of 125m/min. After metallographic sample preparation investigations of
micro hardness have been done to see the influence of different cutting edge shapes. It was
found that more rounded cutting edges caused bigger stagnation zones in front of the tool.
Due to this built-up edges material hardening occurs, which can be detected through an
increase of micro hardness in the chip formation zone. It was concluded that a bigger cutting
edge rounding causes a higher material compression resulting in an increase of hardness.
Moraiti [87] studied chip formation in high speed machining. The chip characteristics are
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measured by a high speed camera placed under the cutting tool during machining. It was
concluded and summarised that
-

smaller values of uncut chip thickness, result in smaller chip compression ratio for all
the cutting speeds tested,
both chip compression ratio and shear plane angle show non-linear behaviour with
respect to cutting speed,
smaller values of uncut chip thickness, result in higher shear plane angle,
both chip compression ratio and shear angle are slightly affected by tool rake angle
increase.

2.4.4. Friction in machining
The friction between tool, chip and work piece directly affects the chip formation and
therefore the tool life, the work piece surface quality and the energy consumption of the
metal cutting process. Thus, in-depth knowledge of tribology in metal cutting is crucial for
progress in metal cutting and especially for modelling of the process, discussed by
Neugebauer et al. [99] and Puls et al. [109]. In order to investigate the tribological
phenomena at these interfaces, researchers use mainly two approaches. The first approach,
used by several researchers consists of using the cutting process itself, summarized by
Markopoulos [83]. Arrazola [5]showed the calculation of friction coefficient from measured
cutting force 𝐹𝑐 and feed force 𝐹𝑓 and the clearance angle 𝛼, which is calculated as

µ=

𝐹𝑓 + 𝐹𝑐 tan 𝛼
𝐹𝑐 − 𝐹𝑓 tan 𝛼

(2.13)

The second approach proposed by Olsson [102], Zemzemi [151], Iraola [53] and Rech [112]
uses frictional laboratory tests, where the investigations are usually based on turning tests of
a tube made of the investigated material, with a cutting tool made of the relevant substrate
and coating. In the past, pin-on-disc tribometer were used, where a pin rubs repeatingly
over a rotating disc to obtain the coefficient of friction and the worn volume. However, as
pointed out by Puls [109], the pin rubs over the same track and neither fulfils the required
contact conditions nor uses a refreshed surface as generated during metal cutting. A better
understanding of the frictional phenomena at the tool-work piece interface can be achieved
by using dedicated tribometers, which are able to simulate similar tribological conditions
(pressure, temperature, and velocity) as those occurring along the tool-work material
interface in cutting, as concluded by Neugebauer [99] and Rech [112].
Olsson [102] modified the pin-on-disc system with a refreshing tool and was able to reach
the relevant sliding velocity and contact temperatures. However, low contact pressures of
around 15MPa are realised compared to some GPa existing during the machining process.
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Zemzemi [152] worked with a refreshed surface of a tubular workpiece and was able to
reach the required contact conditions. However, this experiment does not ensure chemical
purity of the contact surface because the machined surface is still able to react with the
environment before the friction measurement is performed, as commented by Puls [109].
Other approaches are modified pin-on-ring systems by Hedenqvist [46] or Bonnet et al. [11,
15], where a pin rubs over a cylindrical surface in a helical movement. While both designs
cannot completely avoid oxidized surfaces, the design of Bonnet is able to create the
required contact pressures. Recently, Puls [109] presented an experimental setup, which can
be seen as an orthogonal cutting operation on a disc with an extreme negative rake angle.
However, assumed by Rech [113] only a single rotation of the work piece is possible before
rubbing against the already deformed surface, thus limiting the time span of friction
measurements.
As shown by Courbon [25] and Zhao [155], titanium alloys for instance are known for their
strong chemical reactivity with surrounding gas due to their high chemical affinity, especially
in dry machining. After Astakhov [7] it is a strong belief among the metal cutting researchers
that the formation of oxidized, nitrogenized and oxi-nitrogenized films on the contact
surfaces is the result of such reactions. Wyen and Wegener [147] proposed a tungsten
carbide structure of the pin for tribological tests and TiAlN+TiN coating, same as the cutting
insert in titanium machining experiments.
Assumed by Zhang [154] the friction is prevalent under extreme conditions at the tool-chip
interface with pressures about 1 – 2 GPa and temperatures 100 – 500°C. In the past Columbtype models were used, where the frictional stresses on the tool rake face were assumed to
be proportional to the normal stresses with a coefficient of friction, reported in [6]. In
conventional machining at low cutting speeds, the Columb model is found to be effective for
describing the frictional conditions at the tool flank face, but not at the rake face. Usui and
Shirakashi [137] derived an empirical equation for describing the stress characteristics in a
friction model at the tool-chip interface calculated by

𝜏𝑓 = 𝑘[1 − 𝑒 −(µ𝜎𝑛 /𝑘) ]

(2.14)

where 𝑘 is the shear flow stress and µ is the friction coefficient obtained from experiments.
More recent Zemzemi [152] proposed the use of friction models depending on cutting
velocity calculated by (2.15), whereby preliminary measurement of friction coefficient µ is
done and finding of the parameters 𝐴 and 𝐵 based on curve fittings and regression analysis
respectively.

µ = 𝐴(𝑣𝑐 )−𝐵

(2.15)
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Shown by Essel [35] MnS has a highly important influence of friction reduction. It can be
specified, according to Apple [3] as follows. The contact zone between tool rake and chip can
be distinguished into two regions. First the region, close to the cutting edge, which is
characterized by seizure, and second the region on the rake face which is dominated by
sliding. These areas are shown in Fig. 2-30 and the distribution of normal compressive stress
σ and tangential shear stress 𝜏 acting on the rake face of the tool. It can be seen that the
normal stress decreases from its maximum 𝜎𝑚𝑎𝑥 to zero from the cutting edge to that point
where the chip leaves the rake face (A – C).

Fig. 2-30 Distribution of normal and tangential stresses in the tool-chip contact region [3].

By means of the normal stress 𝜎𝑛 and the friction coefficient µ the shear stress 𝜏 can be
calculated in the sliding region (B – C) with

𝜏 = µ ∗ 𝜎𝑛

(2.16)

and in the seized area (A – B) by

𝜏 = 𝜏𝑠

(2.17)

Where 𝜏𝑠 is the flow stress of the chip material, which is reached in the secondary
deformation zone (SDZ) at the bottom of the chip, reported by Apple [3] and Essel [35].
Thus, and according to Thomsen [133], 𝜏 becomes independent of normal stress, feed,
depth of cut and rake angle. After Zinkann [156] the maximum friction coefficient µ𝑚𝑎𝑥 for
the seized region can be calculated by means of the shear flow stress according to von Mises
as
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𝜏𝑠 =

µ𝑚𝑎𝑥 =

𝜎

(2.18)

√3

𝜏𝑠
1
=
= 0.577
𝜎
√3

(2.19)

The total tangential force parallel to the rake is proportional to the area under the 𝜏-x-curve
in Fig. 2-30. By reducing 𝜏 or the seized region respectively the cutting process can be
improved. This can be achieved by MnS inclusion effects in the primary deformation zone,
which reduces the normal stresses and after (2.17) and (2.19) the shear stress 𝜏 as well,
explained by Jiang [59] and Kishi [66]. Moreover the tangential force can also be influenced
through the actions of MnS near the tool-chip interface. By elongation of MnS inclusions
parallel to the rake face in the secondary deformation zone surfaces of weakness can be
formed, which also results in a reduction of flow stress in this region, assumed by Apple [3].
Childs et al. [21] investigated the frictional behaviour of four types of similar low carbon
free-cutting steels having different contents of carbon, manganese and one with lead
addition. The particular steel composition can be seen in the legend of Fig. 2-31. With the
increase of friction in the order steel d, steel c, steel b and steel a, it was found a correlating
increase of chip thickness and a reduction of chip curling. Hence, by performing quick-stop
tests, it was determined a rise of plastic deformation, resulting in a larger accumulated
plastic strain in the chip (getting larger in the order d to a), shown in Fig. 2-31. Moreover it
was summarized that from the viewpoint of machinability assessment, the leaded
resulphurized steel (steel d) was most effective in reducing cutting forces and tool
temperature. The second best was the MnS-based free cutting steel with finer MnS
inclusions (steel c). The primary reason for the better machinability lied in the lubrication
effect of the inclusions claimed in [21].
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a)

b)

c)

d)

Fig. 2-31 Etched cross-sections obtained by quick-stop tests [21]
a) C0.1%, Mn0.4%, P0.025%, S0.019%
b) C0.07%, Mn0.97%, P0.067%, S0.339%
c) C0.07%, Mn0.91%, P0.087%, S0.321%
d) C0.08%, Mn1.3%, P0.07%, S0.323% Pb0.025%

2.5.

High strain rate material tests

After Jaspers [58] and Wedberg et al. [142] chip formation in metal cutting is associated with
large strains and high strain rates, concentrated locally to deformation zones in front of the
tool and beneath the cutting edge. The workpiece material is deformed plastically by the
simultaneous action of large compressive and shearing strains. According to Özel [105]
dissipative plastic work and friction work cause high local temperatures up to 1000°C.
Moreover it is reported that an adequate material model is an important feature for metal
cutting simulation. The requirement is representation of deformation behaviour during low
and high strain rate loading under a wide range of temperatures. Since materials models are
usually calibrated based on experimental data from material testing covering the relevant
range, high strain rate testing procedure becomes indispensable. Reported by Wedberg
[142] the magnitudes of strain and strain rate involved in metal cutting are several orders
higher than those generated from conventional material tension and compression testing.
Guo [41] published an overview of typical strains and strain rates in different manufacturing
processes. According to that the strain 𝜀 and the rate 𝜀 ̇ in machining is in the range 𝜀 = 1 –
10 and 𝜀̇ = 103 – 106s-1 respectively. Lindholm [78] has made an interesting division in
dynamic loading regimes of material tests according to strain rate, as listed in Table 2-2. It
can be seen that conventional hydraulic or screw machines cannot be extended up to high
strain rate testing needed for rapid displacements. Thus, for the strain rate regime of
interest for machining it is necessary to use elastic-plastic or shock wave propagation to
deform the specimens, summarized in [57]
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Table 2-2 Dynamic aspects of mechanical testing [78].

[ s-1 ]

In order to reach these high strain rates special technologies have been developed. One of
the most important apparatus is the Split-Hopkinson-Pressure-Bar (SHPB) and the SplitHopkinson-Tension-Bar (SHTB) test, whereby strain rates of up to 104s-1 can be reached,
reported by Nemat-Nasser [98]. Moreover strains exceeding 100% can be achieved with the
Hopkinson bar method in combination with elevated temperatures. Accordingly to [57, 58],
this method is very suitable for the determination of mechanical behaviour of materials
under conditions similar to those found in machining.

2.5.1. Deformation Dilatometry
Dilatometry is a sensitive experimental measuring device to analyse the length (volume)
changes and the kinetics of solid state phase transformations. Usually, uniaxial compression
testing is applied in order to study the deformation behaviour of materials. Summarized in
[28] a quenching dilatometer can be used for the study of phase transformations under
industrially relevant heating or cooling conditions. During the heating, deformation and
cooling process the dilatation of the specimen is recorded as a function of temperature, time
and true strain. Further this technique allows the determination of flow curves and, if
needed, continuous as well as isothermal time-temperature-transformation (TTT-).
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As reported by Raffalski [110] deformation dilatometers are described for heating,
deforming and cooling a test specimen, as well as for measuring changes in the linear
dimensions of that specimen. A ferrous metal specimen is held between a fixed and a
movable fused silica or quartz platen. First the sample is heated by a high frequency
induction coil and then compressed by hydraulic force to the movable platen. Changes in its
linear dimension are measured by a linear variable differential transformer. The use of fused
silica or quartz platens in deformation dilatometers permits the accurate simulation of steel
compression operations, patented in [110]. The operating range for strain rates in
deformation dilatometry is mostly limited around 𝜀̇ = 20s-1.

2.5.2. Split-Hopkinson-Tension-Bar
Since high strain rates up to 𝜀̇ = 104s-1 and higher temperatures are present in the
machining process itself the materials behaviour needed to be characterised at this
conditions, claimed by Klocke [68]. The Split-Hopkinson-Pressure-Bar, named after
Hopkinson [48], is an apparatus for testing the dynamic stress-strain response of materials. It
was first suggested as a way to measure stress pulse propagation in a metal bar. Kolsky [72]
refined this technique by using two Hopkinson bars in series, known as the Split-Hopkinson
bar in generally. Later modifications provided the option for tensile (SHTB), compression
(SHPB) and torsion testing. Although there are various setups and techniques currently in
use for the Split-Hopkinson bar, the underlying principles for the test and measurement are
the same. The specimen is clamped between the ends of two straight bars, called the
incident bar and the transmitted bar as reported by Gray [40]. The setup is schematically
shown in Fig. 2-32. At the end of the incident bar (some distance away from the specimen,
typically at the far end), a stress wave is created which propagates through the bar toward
the specimen. This wave is referred to as the incident wave, and upon reaching the
specimen, splits into two smaller waves. One of which, the transmitted wave, travels
through the specimen and into the transmitted bar, causing plastic deformation in the
specimen. The other wave, called the reflected wave, is reflected away from the specimen
and travels back down the incident bar, summarised in [91]. The most modern setups use
strain gauges on the bars to measure strains caused by the waves. Gilat [38] assumed a
uniform deformation in the specimen which allows a calculation of stress and strain from the
amplitudes of the incident, transmitted and reflected waves.
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Fig. 2-32 Scheme of experimental setup for SHTB used for the combined high strain rate and
temperatures testing [36].

Explained by Cadoni [17, 18] a semi-conductor strain-gage station is glued on the input bar
at 750mm from the specimen in order to record the deformation 𝜀𝐼 of the bar provoked by
the incident tension pulse during the propagation toward the specimen and the deformation
𝜀𝑅 caused by the part of the incident tension pulse reflected at the interface incident barspecimen, reflection which is correlated with the deformation of the specimen. The distance
of the strain-gauge station from the specimen is chosen in a way to distinguish clearly the
record of the incident pulse from the record of the reflected pulse.
A second semi-conductor strain-gauge station is glued on the output bar at the same
distance from the specimen as the strain-gauge station on the incident bar. This second
strain-gauge station is used to record the deformation 𝜀𝑇 provoked on the bar by the part of
the incident pulse which has been sustained by the specimen and has been therefore
transmitted in the output bar.
One non-filtered record of a dynamic tension test on high strength specimen is shown in
Fig. 2-33 where it is possible to observe:
- clean resolution of incident, reflected and transmitted pulses
- sharp rise time of the incident pulse of the order of 30 microseconds
- nearby constant amplitude of the incident pulse
- characteristic similitude of the record of the transmitted pulse with the stress-time record
of a conventional tension test.
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Fig. 2-33 Typical records of incident, reflected and transmitted pulses measured on the in- and
output bars [17].

On the basis of the record of 𝜀𝐼 , 𝜀𝑅 and 𝜀𝑇 in Fig. 2-33, the consideration of the basic
constitutive equation of the input and output elastic bar material and the one-dimensional
wave propagation theory it is possible to calculate the stress, strain and strain-rate curves by
the following equations:
The engineering stress
𝜎𝑒𝑛𝑔 (𝑡) = 𝐸0

𝐴0
𝜀 (𝑡)
𝐴𝑆 𝑇

(2.20)

The engineering strain
𝑡

2𝐶0
𝜀𝑒𝑛𝑔 (𝑡) = −
∫ 𝜀𝑅 (𝑡)𝑑𝑡
𝐿

(2.21)

0

The strain rate
𝜀̇(𝑡) = −
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2𝐶0
𝜀 (𝑡)
𝐿 𝑅

(2.22)
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where: 𝐸0 is the elastic modulus of the bars; 𝐴0 their cross-sectional area; 𝐴5 is the
specimen cross section area; 𝐿 is the specimen length; 𝐶0 is the wave propagation velocity of
the bar material.
The true stress vs. strain curves must be regarded as significant until the point of maximum
stress where the necking begins. After this point localization and fracture propagation
governs the flow curve, which is no more representative of homogeneous mechanical
properties of the materials.
Cadoni et al. [17] and Forni et al. [36] assume, in this case, beyond the point of ultimate
strength in the engineering stress-strain curve, the one-dimensional true stress-strain curve
should be reconstructed, by calculating the true stress and the true strain using the
Bridgman formulae, which introduces the correction for the triaxial stress state. At fracture
the Bridgman formulae can be written as follows:

𝜎𝑡𝑟𝑢𝑒.𝑓𝑟𝑎𝑐𝑡 =

𝜎𝑒𝑛𝑔.𝑓𝑟𝑎𝑐𝑡
2𝑅
𝑎
(1 + 𝑎 ) ∗ 𝑙𝑛 (1 + 2𝑅 )

𝐷0
𝜀𝑡𝑟𝑢𝑒,𝑓𝑟𝑎𝑐𝑡 = 2 ∗ 𝑙𝑛 ( )
2𝑎

(2.23)

(2.24)

where:
𝑎 is the minimum radius at fracture cross-section, 𝑅 is the meridional profile radius at
fracture neck and 𝐷0 is the initial diameter of the gauge length cross section. For the
complete construction of the true stress-strain curve during the necking deformation phase,
a straight line is drawn between the ultimate tensile strength (uniform strain) point and the
fracture point, the latter determined by application of equations (2.23) and (2.24).

2.5.3. Split-Hopkinson-Pressure-Bar
The measuring principle for Split-Hopkinson-Pressure-Bar (SHPB) is basically the same as it is
for SHTB. The main difference is the opposite loading direction. Explained by Gray [40], to
test the material at high strain rates, the specimen is loaded between the incident and
transmission bars. Next, the striker bar launcher is pressurised with helium or nitrogen
usually. When fired, the launcher releases the gas and propels a striker bar into the end of
the incident bar. Fig. 2-34 presents the experimental setup schematically.
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strain
gauge

strain
gauge

Fig. 2-34 Scheme of experimental setup for SHPB test [86]

The initial velocity of the striker, which was accelerated in a pressure gas launcher was
measured by two sets of diodes and photo detectors coupled to a digital counter, reported
by Kruszka et al. [75, 76]. The collision creates a compression pulse, or stress wave, that
propagates through the bar toward the specimen. The incident wave is recorded by the
incident strain gauge. Once the wave reaches the specimen, it splits into two smaller waves.
The transmitted wave travels through the specimen and into the transmission bar where the
energy is recorded by the transmission strain gauge. The second wave is reflected away from
the specimen and travels back down the incident bar. At the end of the Split-HopkinsonPressure-Bar, a stop bar absorbs the impact of the transmission bar to complete the test.
Both strain gauges measure the strain duration and amplification in the bars. The reflected
(tensile pulse) recorded by the incidence strain gauge is used to calculate strain. The portion
of the compression pulse that continues through the specimen is recorded by the
transmission gauge and is used to calculate stress, as described in [114].
Based on the waveforms recorded by a digital oscilloscope for transmitted 𝜀𝑇 and reflected
𝜀𝑅 waves and the known cross sectional area of the bars 𝐴0 and the specimen 𝐴5 , the speed
of the elastic wave propagation in the material of the bars 𝐶0 and the specimen length 𝐿, it is
possible to determine stress 𝜎(𝑡), strain 𝜀(𝑡) and strain rate 𝜀̇(𝑡) in the specimen using the
equations (2.20) - (2.22) analogue to the SHTB procedure.

2.6.

Material constitutive behaviour

The basic task of a material model is to replicate the real material constitutive behaviour as
accurately as possible. In most cases, however, the material behaviour is too complex to be
represented exactly in a simulation calculation in detail, claimed by Halle [42]. Therefore a
limitation to the key processes is necessary, which characterise the entire process
significantly. Only a successful modelling of material behaviour in conjunction with an
accurate modelling of the structure and its boundary conditions can lead to a satisfactory
result. A compromise accepted by many researches is that the behaviour must not be
represented exactly in detail, it must be able to reproduce only the most important
operations. After Halle [42] a basic distinction is made between the modelling of flow
characteristics and of damage mechanisms.
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2.6.1. Hardening models
Reported by Meyers [85], three different procedures can be distinguished for the modelling
of mechanical material properties such as flow and hardening conditions. These types of
models are divided into empirical, semi-empirical and physical models. Usually empirical
models are mathematical kept very simple, describing the hardening behaviour independent
of temperature or strain rate. The mostly applied very simple empirical constitutive law,
proposed by Ludwik [80]. It describes a relation between plastic deformation 𝜀 and flow
stress 𝜎 under constant strain rate and temperature and can be calculated as
𝜎 = 𝜎0 + 𝐾 ∗ 𝜀 𝑛

(2.25)

whereby it was assumed that strain hardening can be formulated by two constants 𝜎0 and 𝐾
and the hardening exponent 𝑛. Later this equation was modified by several researchers in
order to consider strain rate dependency as well. Since this empirical model didn’t
considered the influence of temperature phenomenological models, or semi-empirical
models have been developed. In addition, these kinds of material models are not able to
represent the complex relationships during machining, explained in [42].
Semi-empirical hardening models are partly based on material-physical basic relationships
such as the thermal activation. All physically based models attempt to predict the real
material behaviour on the basis of physically detectable material parameters. For each
material model-dependent, so-called material parameters have to be determined. Usually
the number of necessary parameters increases from the empirical over the semi-empirical,
to the physically based models, shown in [42]. Hence, models that have prevailed in
numerical simulation practice are using 4 – 7 material parameters. Practice-relevant models
are also characterized typically by a high numerical stability. The parameter identification in
empirical and semi-empirical hardening models is done by iterative determination of
parameter sets based on fittings of real flow curves. Thereby the range of flow curves needs
to cover the range, which is to be described by the strain rate- and temperature-dependent
model. After Meyers [85] the effort for the determination of the model parameters in the
physically based models is much higher. For each parameter specific material properties
have to be determined directly or indirectly that are not accessible partly by simple methods
such as the dislocation density or the mean free path of the dislocations. Moreover, the
determination of the particular constants is very time consuming and costly. This is the
reason why this type of material models is rarely used in commercially available simulation
tools.
Flow stress models are necessary to represent material constitutive behaviour at high strain
rates, which occur in machining processes. Ideally, theoretical relationships derived from the
physical processes at the atomic level should be used to describe the macroscopic flow
behaviour of materials. However, a soundly based theoretical approach of good accuracy is
still some way from being realised, as reported by Jaspers and Dauzenberg [58]. Therefore,
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semi-empirical constitutive models are widely applied in order to describe the constitutive
behaviour of metals. One of the constitutive models was proposed by Johnson and Cook
[60], which explains the yield stress as three terms describing plastic work hardening, strain
rate dependency and thermal softening. It can be written as:

𝜎 = [𝐴 + 𝐵(𝜀 𝑃 )𝑛 ] [1 + 𝐶 𝑙𝑛𝜀̇∗ ] [1 − 𝑇𝐻 ]

(2.26)

𝜀̇ 𝑃
𝜀̇ =
𝜀̇0

(2.27)

∗

𝑇𝐻 =

𝑇 − 𝑇0
𝑇𝑚 − 𝑇0

(2.28)

in which 𝜀 𝑃 is the equivalent plastic strain, 𝜀̇ ∗ is the ration between the equivalent plastic
strain rate 𝜀̇𝑃 and reference strain rate 𝜀̇0 which is a material parameter. The homologous
temperature of 𝑇𝐻 is a function of the melting temperature 𝑇𝑚 and the room temperature
𝑇0 . The five unknown parameters (𝐴, 𝐵, 𝐶, 𝑛 ,𝑚) describe fairly well the response of a
number of metals.
Criticized by Zerilli and Armstrong [153] the Johnson Cook model was only a numeric fit to
test data. Claimed in [153], there would be no justification for relying on the models outside
the limited range of the test data. Generally, no account is taken of grain size although it was
known that this would have a dramatic effect on the strength and ductility of materials.
Therefore Zerilli and Armstrong proposed another approach as a closed model. This model
exists for body-centred cubic (bcc) and for face-centred cubic (fcc) materials. In comparison
to the Johnson Cook model six instead of five material parameters have to be determined
for the Zerilli Armstrong model. These include four material dependent parameters and the
hardening exponent an additional stress component. Based on Taylor [132] impact tests, the
dynamic yield strength is measured from the deformation of cylindrical projectiles fired at a
flat rigid target. In addition, strains of the order of one or more are achieved together with
strain rates of the order of 104 – 106s-1.
Additionally to the before mentioned material models researchers developed similar models
in the past decades. They are mostly applied in the simulation of massive forming processes.
Litonski [79] uses a simple multiplicative approach of three sums and differences with six
parameters, under consideration of strain, strain rate and temperature. Vinh [139] considers
the temperature as an exponential term and not just linear, which comes to the real material
behaviour much closer. Clifton and Klopp [70] proposed a simple multiplicative approach as
well, whereby the influence of the individual parameters strain, strain rate and temperature
are normalized and taken into account by power law. A more recent model was proposed by
Hensel and Spittel [47], wherein both the strain rate and the temperature are taken into
account as exponentially dependent terms.
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Halle [42] performed a comparison of the above mentioned models in FEM simulation of the
turning and milling process in C45E material. He came to the conclusion that the Jonson
Cook and the Zerilli Armstrong model are most suitable for high-speed cutting as they
provide high coefficient of determination (R2) and represent the measured material
properties very well.

2.6.2. Damage models
Beside the models for hardening behaviour models other model types are available, which
allow implementation of material damage behaviour in numerical simulation. Basically there
are several principles to be distinguished, failure and damage behaviour, shown in [42]. The
model parameters for the damage models must also be determined from real experiments.
Therefore often notched tensile specimens are used. In this way a specific multi-axiality of
stress in the sample can be adjusted. In almost all models the multi-axiality is seen as a
characterising parameter. Reported in [100], up to now a lot of crash simulations for
instance do not take the damage behaviour into account, because there is still a lack of
damage modelling. Nevertheless, mostly phenomenological damage models are
implemented in commercial FEM simulation tools. These types of models are easy for
application, but they need a lot of experiments for the determination of their damage
parameters. One of the often used model is based on the Johnson Cook damage equation
[61]. Thereby the damage to an element is defined by
𝐷= ∑

∆𝜀
𝜀𝐹

(2.29)

where ∆𝜀 is the increment of equivalent plastic strain which occurs during an integration
cycle, and 𝜀 𝐹 is the equivalent strain to fracture, under the current conditions of strain rate,
temperature, pressure and equivalent stress. Fracture is the allowed to occur when
𝐷 = 1.0.
After Johnson and Cook [61] the general expression for the strain at fracture is given by
𝜀 𝐹 = (𝐷1 + 𝐷2 𝑒𝑥𝑝 [𝐷3

𝜎𝑚
]) ∗ (1 + 𝐷4 𝑙𝑛𝜀̇) ∗ (1 + 𝐷5 𝑇𝐻 )
𝜎̅

(2.30)

with
1
𝜎̅ = √ [(𝜎1 − 𝜎2 )2 + (𝜎2 − 𝜎3 )2 + (𝜎3 − 𝜎1 )2 ]
2

(2.31)

where 𝜎𝑚 is the average of the three normal stresses, 𝜎̅ is the von Mises equivalent stress,
𝜎1 , 𝜎2 , 𝜎3 are the principal stresses, 𝜀̇ is the strain rate and 𝑇𝐻 the homologous temperature
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analogue to (2.28). The constants 𝐷1 , 𝐷2 , 𝐷3 describe the triaxiality, 𝐷4 describes the strain
rate dependency and 𝐷5 the temperature dependency. These material parameters have to
be determined by specimen tests under different triaxialities. Johnson and Cook expressed
therefore the fracture strains as the ratio of strains from Split-Hopkinson-Tension-Bar tests
divided by quasi-static tensile fracture strains. The Hopkinson bar fracture strains were
approximately determined by measuring the cross-sectional area of the post-tested
specimens as shown in [61]
Since many phenomenological damage models need a lot of experiments they are usually
not realised up to now widely, due to the high costs, reported in [100].
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3. Research gap and objectives
Based on the literature review presented before, following interesting aspects concerning
graphitic steels were found:
Environmental friendly free-cutting steels are needed. The EU Directive on “End-of-Life
Vehicles (ELV)” [136] prohibits the recycling of vehicle components containing heavy metals,
including Pb. There is currently an exemption from the requirements of this directive for
free-cutting steels containing up to 0.35 wt% Pb, until technical alternatives are available.
The EU threatens with a total prohibition of Pb.
Although the idea of graphitic steel is known since years, only few types were produced in
laboratory scale. Several researchers claim the promising potential of such steels as a
substitution for leaded free-cutting steels. Up to now, there is no relevant product available
or distributed on the market, which could be produced economically.
Increasing requirements on free-cutting steels, such as higher strength with simultaneously
enhanced machinability properties, show up the challenging demands on new concepts in
steel development and its characterisation in production field.
For the mass production indispensable benefits of leaded free-cutting steels are mainly the
enhanced machinability, which are an improved chip breakage, better surface qualities,
lower tool wear and lower machining forces. They were designed for supporting the chip
removal and for avoiding built-up edge (BUE) formation at lower cutting speeds. If graphitic
steel can achieve this, a big milestone would be reached. However, it is unknown whether
graphite inclusions are able to suppress BUE formation in a similar way lead inclusions do.
Additional investigations are therefore needed to bring more light into the machining
behaviour of graphitic steels.
Related with lower friction forces and liquid metal embrittlement (LME) low carbon leaded
steels show a characteristic minimum of the cutting force at low cutting speeds. The addition
of manganese sulphides to free-cutting steels also generates a similar positive but less
pronounced effect. Investigations on cutting forces particularly at low cutting speeds didn’t
show a significant improvement caused by graphite inclusions, up to now. It is assumed by
several researchers that graphite inclusions can have lubricating effects in machining, but a
measured prove is still outstanding. Hence there are still open questions about the
effectiveness of graphite as a solid lubricant and having chip breaking effects in free-cutting
steel.
Only a small amount of graphitic steels was analysed in machining processes, particularly
little in drilling. Thus there is a lack of information, whereby the knowledge in chip formation
should be increased. Leaded steels are expected to form thin chips resulting in a low torque,
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good chip breakage and easing the transport of chips out of the drilling hole. It is unknown
whether this can be achieved by graphitic steel. Therefore a suitable investigation method
needs to be developed and applied, based on the analysis of real chip formation in the
drilling process.
Just a few and strongly limited quick-stop tests for drilling have been performed until now,
often with a high effort concerning the sample preparation and metallurgical observation of
the microsections. A much more efficient and reliable non-destructive method, based on
computer tomography for instance, was not realised.
By now the drilling performance of graphitic steel was published only for one type of steel
using HSS tools. Since cemented carbide drills are more established in the industrial mass
production an obvious need of research is given. Investigations on tool life in drilling intend
to find an optimum working zone in dependency of cutting speed and feed for a tool work
piece combination. It has been shown that the addition of lead opens the optimum working
zone. This means that leaded steels are machined well within a large range of cutting
parameters indicating the robustness against process variations. For graphitic steels the
same would be desirable, but it needs to be clarified if the graphitic steel can be machined
well in a narrow or in a wide range of cutting parameters.
Published studies on the topic of graphitic steels are mainly focused on metallographic
investigations, only a few concern its machinability. Regarding the mechanical properties
and the material behaviour at higher deformations in dependency of temperature and under
higher strain rates, which prevail in cutting operations, the scientific knowledge is very
limited. Therefore high strain rate material testing becomes necessary, in order to formulate
constitutive laws for these new materials. Currently no material parameters are available in
any commercially accessible database for graphitic steels. Thus numerical simulations could
not have been suitably performed using this kind of steels up to now.

3.1.

Objectives

Associated to the above mentioned aspects (research gaps) the main focus is placed on the
characterisation of innovative graphitic steels in machining processes, especially in drilling,
and its dynamical behaviour in material testing.
Generally the complex task in developing and characterising an innovative graphitic steel can
be visualised as shown in Fig. 3-1. This optimisation is mainly combined by the steel design,
which includes the right chemical composition as well as proper annealing time, the resulting
machining properties and the utilisation properties. An enhanced machinability can be
achieved by precipitation of graphite, as much as possible, in a soft ferritic matrix.
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Fig. 3-1 Optimisation task for graphitic steel development.

The research in graphitic steel development of the promoting partner in this thesis, the
Swiss Steel AG, is focused on the following two aspects:
-

-

Non-leaded steels are usually characterised by a pronounced tendency of BUE
formation, which particularly occurs at low cutting speeds (vc <100m/min). By an
appropriate combination of manganese sulphides and graphite precipitates the
current ferritic-graphitic steel achieves enhanced machining properties in this region
of cutting speed.
For an improvement of the machinability, the optimal graphite and carbide
distribution in the steel is to be achieved without costly additional heat treatment.

The exploration of the research gap can be subdivided into different tasks resp.
subquestions to be answered. In order to provide appropriate answers the following
investigations need to be done. They can be divided into the characterisation of
machinability, containing turning, drilling, cutting process tribology as well as quick-stop
experiments. Further, high strain rate material testing are needed by applying low, middle
and high strain rates in order to characterise the material behaviour. Finally a constitutive
law needs to be formulated to enable simulation of cutting processes for this new type of
steel.
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Chapter 2 presents the relevant state of the art, which is divided in six sections. It begins
with an introduction to free-cutting steels and explains the influences of alloying elements
on the machinability. Additionally the development of graphitic steel by Swiss Steel AG is
shown. Subsequently an overview of machinability aspects is provided, focused on chip
formation in drilling and the frictional relationship in machining processes. Furthermore high
strain rate material characterisation is presented followed by literature survey in material
constitutive behaviour.
In chapter 4 the material specifications are provided for the graphitic steel 50SiB8, which
includes a brief metallurgical and mechanical analysis. This chapter deals mainly with the
characterisation of machinability, based on real cutting experiments. A benchmark of
graphitic steel with four other steels is undertaken for all machining investigations. The
experiments are focused on turning and drilling.
The turning test shall clarify how the newly developed graphitic steel 50SiB8 behaves when
machined. The tendency of BUE formation is analysed especially at machining conditions at
low cutting speeds. The aim is to prove its ability being an adequate alternative and
substitute for leaded free-cutting steels. Moreover the effect of graphite inclusions
concerning the cutting forces and the chip morphology is to be investigated.
Drilling is one of the most relevant machining operations in industry, where process-related
low cutting speeds are present at the chisel edge in the region of drilling centre. Therefore
the performance of graphitic steel is to be analysed and compared to current reference
materials. This includes the measuring of process forces as well as the definition of an
optimum working zone in order to ensure long tool-life.
Additionally, tribological analysis in orthogonal cutting by turning is done by application of a
cutting process tribometer under realistic process near conditions, in order to prove whether
graphite inclusions reduce friction in cutting. Since a lubricating effect of graphite inclusion
in steel is still not completely evident, friction measurements are required.
By performing quick-stop test in drilling the chip formation is to be visualised. Two different
methods are applied, the classical metallurgical microsections and the non-destructive micro
computer tomography (µCT), in order to provide a detailed insight into the generated chip
roots. Thereby the chip thickness, the chip compression ratio and corresponding shear
angles can be observed precisely and a direct comparison to reference materials can be
undertaken. Moreover the developed evaluating procedure for quick-stop test provides a
potential validation-tool, which can be used for the verification of FEM-simulation results of
the drilling process.
The high strain rate material testing is done in chapter 5. The mechanical behaviour of the
graphitic steel 50SiB8 at elevated strain rates and temperatures is analysed by compression
tests with deformation dilatometry. Additional tests at high strain and high strain rates are
performed by using the Split-Hopkinson-Tension-Bar (SHTB) complemented with Split-
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Hopkinson-Pressure-Bar (SHPB) measurements. Based on the Johnson Cook material model,
the corresponding parameter identification and optimisation is done in chapter 6. From
scientific point of view the machining process consists of a plurality of interdependencies.
Due to little information about mechanical behaviour of graphitic steel, basic analysis of
mechanical properties is required. Especially the knowledge about its performance under
extremely high strain rates at higher temperatures and up to extreme deformations must be
extended. For that reason extensive compression and tension tests are performed. The
obtained flow curves represent the input for material modelling and formulation of several
constitutive laws, respectively.
The increasing importance of the finite element simulation (FEM) and thereby the need for
reliable description of material characteristics show the requirements on high strain rate
material testing. In this work the Johnson Cook (JC) material model is applied. The respective
strain, strain rate and temperature dependent JC-parameters are identified, which are
different for each type of material. After parameter identification and parameter
optimisation the JC model is implemented in a 3D thermomechanical FEM simulation of
drilling in chapter 7. The chip shapes from simulations and its cross sections are compared to
the experimental chip roots obtained from micro CT. Moreover the influence of friction
coefficient on chip formation and process forces is investigated. Finally a conclusion and an
outlook are provided in chapter 8.
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4. Characterisation of machinability
4.1.

Material specifications

As mentioned before in chapter 2, the graphite inclusions grow with annealing time. Fig. 4-1
shows a microsection of the developed and in industrial scale produced graphitic steel
50SiB8 having a diameter of 65 mm. The resulting microstructure consists of a ferritic matrix
with cementite and graphite precipitates. Large graphite inclusions are found along the
ferritic grain boundaries. Since the microstructure after annealing still contains cementite a
complete graphitisation is not reached.

Fig. 4-1 Microsection of 50SiB8 steel rods: Ferrite (white), cementite (grey dotted), large graphite
inclusions (black) having a size of 10 - 20µm.

Examination of the non-metallic inclusion content of steel was performed by using the
imaging software Pixelferber [95]. Thereby the particle lengths and as well as the particle
widths were determined. It is possible that graphite inclusions are mixed with oxides which
cannot be easily distinguished. However, the graphite particles / oxide particles ratio is
relatively large, so that the oxides can be neglected. The investigation of the oxidic inclusions
in the SEM (EDX) showed that Mg, Si and in particular Al-containing oxidic inclusions are
present (probably desoxidation). The analysis result of particle distribution is visualised in
Fig. 4-2. The number of graphite particles/oxides is shown in logarithmic scale over the
relative mean particle diameter in µm. The dimension of observed frequency is mostly in the
range of 2,5 – 17,5µm, concordant to the observation made in Fig. 4-1.
The machining process comes after the graphitisation process itself. It is important to know
that the properties of the surface layer are not directly comparable with core material. As
shown in Fig. 4-3 the depth of surface layer decarbonisation is around 0,3mm.
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Fig. 4-2 Measurement of particle size distribution in graphitic steel 50SiB8.

Fig. 4-3 Graphitic steel 50SiB8: surface layer decarburisation depth 0,3mm.

The profile of microhardness measurement (HV0.5) performed on the unetched cross profile
in embedded state is shown in Fig. 4-4. The HV-course was carried out over the entire crosssection at intervals of 1mm. Due to low test load of 0,5kg and the small-sized Vickers
impression body, very small imprints are generated. It may happen that only one structural
phase or even just one grain is tested. This can cause larger variations of measured hardness.
Additional Brinell hardness measurements (not shown here) performed over a larger
measuring area proved an almost homogenous hardness profile. Furthermore a low drop of
hardness was found in the peripheral region of the steel rod, which can be related to the
decarburisation, shown in Fig. 4-3.
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b)
Hardness HV [kp/mm2]

a)

Surface distance [mm]

Fig. 4-4 a) Imprint, hardness measurement b) Hardness profile of a Ø33mm graphite 50SiB8 steel rod.

The experimental investigations in the following sections will be carried out as a direct
benchmark with some reference materials, of which the mechanical properties are listed in
Table 4-1. Regarding the particular value of Rp0.2 a similar level of yield stress can be
assumed. Due to the needed large amount of silicon for the destabilisation of cementite the
ultimate tensile strength (UTS) of 50SiB8 is higher than of common low carbon free-cutting
steels. As further reference materials unleaded and leaded case-hardening steels were used,
as listed in Table 4-1.
Table 4-1 Mechanical properties of graphitic steel 50SiB8 and of used reference materials. Data
provided by Swiss Steel AG.

Rm [MPa]

Rp0.2 [Mpa]

A5 [%]

16MnCrS5

576

372

27

16MnCrS5Pb

597

358

24.5

11SMnPb37

617

378

13.1

50SiB8

633

371

25

As explained in chapter 2.3 graphitic steel 50SiB8 was developed in order to substitute lead
(Pb) by formation of graphite inclusions in a ferritic matrix. This chapter deals with the
machinability characterisation of this newly produced steel type, which is directly compared
with some selected reference materials, listed in Table 4-1. The performed investigations are
divided into turning and drilling experiments as well as cutting process tribology analysis in
orthogonal turning. Additionally quick-stop experiments are performed and their analysis is
done to reveal the chip formation process in drilling.
As known, due to liquid metal embrittlement (LME) and in-situ lubrication Pb improves
machinability especially at lower machining speeds. Although graphite inclusions are also
supposed to generate in-situ lubrication, the mechanism and the corresponding optimum
application range is not very clear.
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4.2.

Turning experiments

Widely spread low carbon free-cutting steels like 11SMn30 exhibit low hardness resulting in
low machining forces. The alloying with sulphur leads to the formation of manganese
sulphides, which protect the machining tool by in-situ manganese sulphide layer formation
and reduces friction forces in the chip-tool interface. As a consequence high productivity and
long tool lifetimes are reached. However the ferrite matrix of such steels is soft and tends to
stick on the tool surface if cutting speeds are low. This built-up edge formation can be a
severe problem producing small parts or in machining operations with partially low speeds
like cutting-off or drilling. BUE formation can be efficiently suppressed by adding lead to the
steel. Liquid lead then acts as lubricant in the chip-tool interface. Due to its low melting
point this effect already occurs at low machining speeds. At higher speeds this benefit
disappears.
Graphite is known as solid lubricant. It is therefore reasonable to believe that graphite
inclusions might lubricate the chip-tool interface under certain conditions. It is however
unknown whether graphite inclusions are able to suppress BUE formation in a similar way as
lead inclusions do. Additional investigations are therefore needed to gain deeper
understanding of the machining behaviour of graphitic steels.
The experimental setup, used for turning tests, is presented in Fig. 4-5. A piezoelectric
cutting force dynamometer Kistler 9121 is mounted on a Schaublin 42L turning centre, to
measure the cutting forces during turning experiments. The tool is placed on the
dynamometer with a suitable tool holder. Depending on the structure, the forces that arise
are recorded by one or more multi-component force sensors and are available at the
connector of the dynamometer as charge signals. A charge amplifier converts the signals into
currents which are transmitted to the measuring card connected to data acquisition by a
computer.
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Turning centre Schaublin42L TMI-3
Machine
Spindle
• max torque Mmax = 115 Nm
• max power Pmax = 48 kW
• max spindle speed nmax = 6000 min-1
• max feed x = 20 m/min, z = 30 m/min

In-process
tribometer

Coolant condition
Oil, Blaser SwisslubeBlasomill10

Dynamometer Kistler 9121
Measuring range: Fx,y: -3…3 kN, Fz: -6…6 kN
(cutting forces)

Work
piece

Tool

Dynamometer

In-process tribometer (IWF/Kistler)
Measuring range: vc < 400m/min
(friction near turning process)

Fig. 4-5 Experimental setup of turning test on a turning centre Schaublin 42L.

As cutting tool double-sided 80° rhombic inserts (an Iscar CNMG 120408-PP) with a positive
rake angle and sharp, positive-radial edge as shown in Fig. 4-6 are used.
a)

b)

Fig. 4-6 a) Cutting insert used in turning experiments, Iscar CNMG 120408-PP [54] b) tool holder
PCLNR 2020K12 Futuro [94].
Table 4-2 The angles are given by the tool holder PCLNR 2020K12 Futuro

α

γ

λ

κ

5°

-6.5°

95°

-6.5°
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4.2.1. Investigation of chip morphology
The longitudinal turning experiments are performed at varying cutting speeds, starting at
vc = 10m/min up to vc = 400m/min at a feed rate of f = 0.25mm/rev and a depth of cut
ap = 1.5mm in dry cut conditions. Then the generated chips of respective cutting speed test
are collected for a detailed investigation. Fig. 4-7 gives an overview of chips for different
cutting speeds, visualised by reflected-light microscopy. On the one hand a decreasing chip
thickness can be seen with increasing cutting speed, on the other hand an increasing of chip
length can be observed.

Fig. 4-7 Analysis of chips generated at different cutting speeds in turning of graphitic steel 50SiB8.

In order to get insight into the chip microstructure and thereby into the graphite
distribution, the chips are embedded in Bakelite, ground, polished and finally etched for 30
seconds in a 4% Nital solution (4ml HNO3, 96ml ethanol). The metallurgical microsections of
the chips shown in Fig. 4-7 are presented in Fig. 4-8. The structure in the chip is oriented in a
structure-angle, which is not directly the shear angle itself. Remarkable is that the graphite
inclusions are elongated and present along the structure-angle in the chip. It can be inferred
that graphite accumulation facilitates the chip breakage.
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Fig. 4-8 Metallurgical microsections of chips generated in turning of 50SiB8-structure analysis in chip
formation. The right side of each chip is facing the rake face.

The Fig. 4-9 shows SEM micrographs of the back side of a chip generated in turning of 50SiB8
at lower cutting speed vc = 25m/min (Fig. 4-9a) and higher cutting speed vc= 150m/min (Fig.
4-9b). This surface glides over the rake face of cutting insert after the material is removed by
the cutting edge. While the chip back side at higher cutting speed seems to be smooth, the
surface of chips back side at lower cutting speed seems to be cracked or segmented, due to
the lower temperature at low cutting speed. Another explanation could be the adhesion of
material on the cutting edge and formation of built-up edge, which influences the chip
sliding over the rake face.
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50SiB8 back side of chip (facing the rake face)
b)

a)

1mm

vc = 25m/min

vc = 150m/min

500µm

f = 0,25mm
ap = 1.5mm

100µm

100µm

Fig. 4-9 SEM micrographs of the chip back, which is facing the rake face, a) lower cutting speed of
vc = 25m/min and b) higher cutting speed of vc = 150m/min.

In addition to the chip microsections and the chips back side observance, SEM micrographs
of the chip breaking surface are performed. This surface is either the beginning or the end of
a chip before chip breakage occurs, as shown in Fig. 4-10. As mentioned above the graphite
inclusions are elongated in the chip along the shearing angle. In order to verify this, the chip
fracture surface is analysed with regard to presence of graphite inclusions.
For a precise determination of the structural components on the chip fracture surface EDX
analysis is performed, as shown in Fig. 4-11.
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50SiB8 chip fracture surface (SEM)
a)

b)

500µm

vc = 25m/min

vc = 150m/min

500µm

f = 0,25mm
ap = 1.5mm

400µm

400µm

Fig. 4-10 SEM micrographs of chip fracture surface with graphite inclusions, a) lower cutting speed of
vc = 25m/min and b) higher cutting speed of vc = 150m/min.

50SiB8 chip fracture surface (EDX)

a)

C

b)

Fe

Fig. 4-11 EDX analysis of chip fracture surface a) black area: graphite inclusions, small black dots:
cementite b) white area: ferritic microstructure.
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4.2.2. Analysis of cutting forces
As mentioned in chapter 2, alloying of Pb is mainly done to supress the BUE formation. The
Effect of Pb-addition can be seen in Fig. 4-12 on the example of measured cutting forces in
turning of 11SMn30 and 11SMnPb30 respectively. Significant lower cutting forces occur
when cutting the Pb-alloyed steel, especially in the lower regime of cutting speeds below
vc = 60 m/min.

Fig. 4-12 Comparison of cutting force over cutting speed in turning of leaded and non-leaded freecutting steel 11SMnPb30 and 11SMn30 respectively.

A comparison of cutting forces over cutting speed in turning of graphitic steel 50SiB8 and
reference materials 11SMnPb30, 16MnCrS5Pb and its unleaded type 16MnCrS5 is shown in
Fig. 4-13. Due to the lower tensile strength of 11SMnPb30 and the lubricating action of lead,
lower cutting forces are obtained. Turning of the graphite steel 50SiB8 results in slightly
lower cutting forces compared to 16MnCrS5 but somewhat higher cutting forces compared
to 16MnCrS5Pb in the region of cutting speed above vc = 50m/min. Taking a closer look at
the region of lower cutting speed under vc = 50m/min, one can see the advantages of the
three chosen reference steels. Either Pb or manganese sulphides MnS are helping to reduce
cutting forces in this region. These elements help to counteract BUE formation and therefore
reduce the effective load on the tool workpiece interface. Although the graphitic steel has a
comparable performance in turning the cutting forces are higher in this regime.
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Fig. 4-13 Comparison of cutting force over cutting speed in turning of graphitic steel 50SiB8 and
reference materials 11SMnPb30, 16MnCrS5Pb and its non-leaded type 16MnCrS5.

The dependence of cutting forces on the ultimate tensile strength (UTS) is shown. Although
the graphitic steel 50SiB8 has the highest 𝑅𝑚 values, compared to the reference materials,
the cutting forces are not necessarily the highest, as expected. From this point of view
50SiB8 exhibits a good machinability combined with a higher mechanical strength.
Referencing the cutting forces to the corresponding 𝑅𝑚 value the homologous cutting forces
is calculated by
𝐹𝑐 − ℎ𝑜𝑚 =

𝐹𝑐
𝑅𝑚

(4.1)

Regarding the homologous cutting force in Fig. 4-14 it can be seen that the graphitic steel
50SiB8 shows lowest 𝐹𝑐 − ℎ𝑜𝑚 values at cutting speeds above vc = 60m/min. Despite the
highest Rm value it is proven to have a significantly improved machinability in comparison to
the reference material with lower Rm values. In the region of lower cutting speed under
vc =60/min, where build up edge formation likely occurs, the graphitic steel has potential for
improvement.
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Fig. 4-14 Homologous cutting forces of turning experiments for different steels with different UTS.

In the scope of this work the first industrially produced graphitic steel was characterised in
turning test at different annealing times. Thereby the cutting forces are investigated with the
same procedure of cutting speed variation. Fig. 4-15 shows the cutting forces versus cutting
speed for the first industrial cast of graphitic steel with different annealing times in the order
of T1 – T3, whereby T2 = 2xT1 and T3 = 3xT1. Additional experiments to dry cutting are
performed using emulsion as coolant.
950

G-Steel_T1
G-Steel_T1 emulsion
G-Steel_T2
G-Steel_T2 emulsion
G-Steel_T3
G-Steel_T3 emulsion
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Fig. 4-15 Cutting forces versus cutting speed for the first industrial cast of graphitic steel with
different annealing times in the order of T1 – T3. at parameters of ap = 1.5mm and f = 0.25mm/rev.
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With increasing degree of graphitisation (T1 – T3), the strength and hardness of the graphite
steel decreases. This softening of work piece material can be seen in a turning test through a
decrease of cutting forces in dependency of the annealing time, shown in Fig. 4-15.

4.2.3. Conclusion turning
After successful development and production of graphitic steel in industrial size of 80 tons
per charge the machinability is characterised. The cutting speed in turning experiment is
varied from vc = 10m/min to vc = 400m/min in order to investigate a wide region of cutting
speed which is usually applied for machining of such steels. The generated chips are
collected and analysed by preparation of metallurgical microsections using light and SEM
microscopy. It is found that the graphite inclusions are elongated during the shearing
process, which can be retrieved in the chip structure. Furthermore, it is assumed that
present graphite inclusions assist the shearing and have a positive effect on the chip
breakage. Graphite inclusions are found on the chip breaking surface as detected by EDX.
Regarding the cutting forces a comparable behaviour to the utilised reference materials can
be determined. Despite a higher mechanical strength of graphitic steel, the cutting forces
are in an acceptable range. Only in the region of lower cutting speed under vc =50m/min,
where BUE formation likely occurs, the graphitic steel is disadvantageous compared to the
chosen reference materials, since it is more susceptible for BUE formation. It can be
concluded that graphitic steel is not entirely a good substitute to leaded steel for cutting
speeds below 50 m/min. The investigated graphitic steel grades were not hundred percent
graphitised. A decrease of the cutting forces at lower cutting speeds is expected when a
complete graphitisation is reached, whereby the cementite in the microstructure is
transformed entirely to graphite inclusions.
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4.3.

Drilling experiments

Since drilling is one of the most relevant machining operations in manufacturing industry,
the behaviour and performance of graphitic steel is also characterised during drilling. Similar
to the turning experiments a direct comparison is performed with the same reference steels.
Due to different bulk rod-diameters the hole pattern looks different in order to place the
same amount of holes, as shown in Fig. 4-16.

Fig. 4-16 Drilled workpieces, graphitic steel vs. reference materials.

The drilling experiments are performed on a Fehlmann Picomax Versa 825 5-axis machining
centre by using a 6mm, TiAlN coated tungsten carbide twist drill with internal cooling
channels, as presented in Fig. 4-17. The feed was set to f = 0.2mm/rev and the cutting speed
to vc = 100m/min for a drilling depth of 35mm.

Fig. 4-17 Coated Tungsten carbide tool used in drilling tests.

The measuring elements used for the measurement of the forces and torques in the cutting
processes are called Dynamometers and are all based on the piezoelectric measurement
principle. Rotating dynamometers (RCD) are mounted directly into the machine spindle via
the spindle interface, shown in Fig. 4-18. The tool is mounted at the RCD with the aid of a
tool holder. It is used mainly in milling and drilling processes. In contrast to stationary
dynamometers, only one multi-component sensor is installed in each rotating dynamometer.
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In addition to the sensor, the rotor also contains the charge amplifiers, i.e. the electronics
that converts the charge into voltage, and the telemetry electronics. The measurement data
is forwarded to the stationary part of the measuring chain via near-field telemetry, where it
is subsequently made available as analog voltage signals [67].

Fig. 4-18 Rotating 2-Component Dynamometer RCD for Cutting Force Measurement Kistler 9125 [67].

According to equation (4.1) the homologous feed force 𝐹𝑧−ℎ𝑜𝑚 and the homologous drilling
torque 𝑀𝑧−ℎ𝑜𝑚 are calculated for each material. The results of drilling experiments are
shown in Fig. 4-19 and Fig. 4-20. A comparison of measured process forces in drilling is
provided for graphitic steel and different reference steels at vc = 100 m/min and f=0.2
mm/rev. The lowest feed forces occurs when drilling free-cutting steel 11SMnPb30 and
11SMn30 which have lower mechanical strength compared to 50SiB8. The case-hardening
steel 16MnS5 and its Pb-alloyed version 16MnCrS5Pb results in a bit higher feed force than
graphitic steel 50SiB8, although the graphitic steel possesses higher tensile strength. A
similar trend as in the feed force can also be observed in the drilling torque.
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Fig. 4-19 Comparison of measured homologous feed force Fz - hom in drilling for different steels at
vc = 100 m/min and f = 0.2 mm/rev.
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Fig. 4-20 Comparison of measured homologous drilling torque Mz
vc = 100 m/min and f = 0.2 mm/rev.

- hom

for different steels at

Although the case-hardening steels 16MnCrS5Pb and 16MnCrS5 have lower tensile strength
higher drilling torque is present compared to the graphitic steel. This is a first indication of
improved machinability in drilling by graphite inclusions in the ferritic matrix. It can be
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directly derived that lower energy is needed for chip formation and material removal, which
will be explained in detail in chapter 4.5.
The following segmental drilling test was performed for segments having a diameter
difference of each 0.1mm. This means that at first a pilot hole is drilled, followed by drilling
using the final tool diameter. From Fig. 4-21, one can see twenty segments visualised as blue
plot, which indicates the distribution of feed force and drilling torque over the chisel edge.
On the left side, the feed force in N for each segment is presented and on the right side the
respective drilling torque in Nm.
a)
40
30

Feed force [N] per segment
64%

36%

b)

Drilling torque [Nm] per segment

0.08
0.06

20

0.04

10

0.02

0

0
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segment over tool-radius [mm]

segment over tool-radius [mm]

Chisel
edge

Chisel
edge

Main cutting edge

Main cutting edge

Fig. 4-21 Results of segmental drilling tests a) feed force b) drilling torque.

It can be easily seen that 64% of the feed force are distributed over the chisel edge and only
36% over the main cutting edge. Around 71% drilling torque is distributed over the main
cutting edge and only 29% over the chisel edge, which shows a clear division of these two
characteristic regions of drill edge. One can see the transition of chisel edge to the main
cutting edge highlighted by a vertical red dashed line.

4.3.1. Optimum working zone in drilling
This industrial standard test procedure is applied to determine optimum cutting parameters
for various steels. It has been shown that the addition of lead opens the optimum working
zone. This means that leaded steels are machined well within a large range of cutting
parameters indicating the “robustness” against process variations. The question is, if
graphitic steel 50SiB8 can be machined well in a narrow or in a wide range of cutting
parameters.
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In this test Ø4mm holes with a depth of 16 mm are machined with a HSS drill of type Tivoly N
6-5-2. The cutting speed vc and feed rate f are varied. The optimum working zone (OWZ) is
defined by the (vc, f)-range where 1’140 holes can be drilled without any problem. This
corresponds to a total cutting length of 18m. Outside OWZ only a small number of holes can
be machined before tool breakage.
The focus of this test is on the (vc, f)-transition zone between good (>1’140 holes) and bad
(few holes) machinability. In Fig. 4-22 this zone is marked by a white line. The boxes in the
diagrams represent measurements with the respective number of reached holes. The dark
area is the OWZ. Drilling of holes is almost infeasible outside the OWZ. Whereas the OWZ of
16MnCrS5Pb and 50SiB8 are almost identical, the OWZ of 11SMnPb30 is significantly larger.

Fig. 4-22 Optimum working zone (vc, f) in drilling, diagrams of 16MnCrS5Pb, 50SiB8 and 11SMnPb30.

4.3.2. Conclusion drilling
The drilling experiments using one fixed parameter set are performed to provide a direct
comparison of graphitic steel 50SiB8 with case-hardening steels 16MnCrS5 and 16MnCrS5Pb
and with free-cutting steels 11SMnPb30 and 11SMn30 It is seen that, the free-cutting steels
have a better machining performance than the graphitic steel, caused by the lower
mechanical strength. On the other hand despite the higher tensile strength of 50SiB8
graphitic steel lower cutting forces and drilling torque compared to the two types of casehardening steels are observed. This astonishing but pleasant fact confirms the potential of
these lead-free graphitic steels as a substitution for Pb-alloyed steels. Varying the machining
speed from 5 to 150 m/min in drilling with HSS tools, low carbon free-cutting steel
11SMnPb30 shows an outstanding large optimum working zone. The performance of
graphitic steel 50SiB8 is less excellent but matches well with the optimum working zone of
leaded steel 16MnCrS5Pb with comparable hardness.
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4.4.

Cutting process tribometer

While in the section before the influence of graphite on the cutting forces is described from
its effect, which depends on the shear behaviour and friction. In the following the friction
behaviour shall be isolated and discussed. The influence of graphite inclusions in steel on the
tribological properties is yet to be examined. Graphite is generally regarded as a solid
lubricant. To check its validity, the friction coefficient is measured on graphitic steel at
different cutting speeds. In order to represent actual cutting process conditions, a cutting
process tribometer is examined to measure friction during orthogonal turning process at
cutting speeds up to 300m/min.

4.4.1. Specifications of the cutting process tribometer
The tribometer consists of a spring preloaded tungsten carbide pin with spherical tip, which
represents the cutting material. This is mounted behind a cutting edge generating a fresh
metallic surface on which the pin is rubbing. This measuring device was examined to
measure friction during orthogonal turning process on a lathe as shown in Fig. 4-23. Thereby
the friction forces are measured under consideration of process near conditions like realistic
contact pressures and prevalent temperatures and cutting velocities.

Fig. 4-23 Cutting process tribometer: setup of orthogonal cut on a lathe followed by friction
measurement.
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The preloaded tungsten carbide pin with a 3mm spherical tip is mounted behind the cutting
edge and rubs on the freshly generated work piece surface simultaneously to the machining
process. Therefore it is named cutting-process tribometer. The distance between the cutting
edge and pin must be kept as low as possible, in order to avoid reaction of the workpiece
material surface with the environment prior to the contact with the specimen.
In the measurement setup the pin is placed 14mm behind the orthogonal cutting contact
zone as depicted in Fig. 4-24. This ensures that the time interval between the surface
generation by the cutting tool and the measurement of the friction coefficient is kept low.
For example, for vc = 20m/min, the time interval is about 42ms and for vc = 300m/min it is
only 3ms. Fig. 4-25 shows that this time interval was sufficient to prevent the oxidation of
the freshly generated surface. The tungsten carbide structure and the TiAlN+TiN coating of
the pin are the same as the cutting insert.

Fig. 4-24 a) Schematic principle of the cutting process tribometer b) Determination of the tangential
friction force.

Previous cutting force measurements are used to set the pin preload 𝐹𝑛 by a spring, which
corresponds to the feed force 𝐹𝑓 at same cutting conditions. The friction forces on the pin
are measured by a 3D-Dynamometer Kistler 9047C.

The friction coefficient is calculated from
𝜇=

𝐹𝑡
𝐹𝑛

(4.2)
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With the resulting tangential friction force
𝐹𝑡 = √𝐹𝑦 2 + 𝐹𝑧 2

(4.3)

4.4.2. Tribology measurements
Experiments are carried out at cutting speeds between vc = 50 and 300m/min with a feed
rate of f = 0.1mm/rev and a 3mm depth of cut. Although the tribometer has the option of
supplying lubrication, dry cutting conditions are used in this work.
Since graphite is generally regarded as a solid lubricant its validity in machining processes
has to be examined. Additionally to the graphitic steel from industrial scale, 50SiB8, two
developed types of graphitic steel casts at laboratory scale, named G1 and G2, which contain
graphite inclusions in their ferritic matrix, are investigated regarding friction coefficient in
cutting. G1 and G2 differ mainly in the silicon content with 1% and 3% Si respectively. As
reference, leaded 11SMnPb30 free-cutting steel is taken. Further tribological investigations
are performed on leaded steel 16MnCrS5Pb and normalized C45E. In order to understand
the influence of surface oxidation on friction behaviour, supplementary measurements are
carried out with Ti6Al4V. To compare an oxidized surface with a fresh non-oxidized one,
measurements are made without cutting operation. In this case, the pin rubs along a helical
track on the front face of the work piece. For each test, after three repetitions, a new pin is
used in order to estimate the uncertainty and to exclude a possible influence of wear on the
pin surface.
Fig. 4-25 gives an overview on the frictional behaviour of the investigated materials at
different cutting speeds on freshly generated metallic surfaces. The preload F n was set by a
spring at 430N for all experiments. Previous examinations show that Fn has a negligible
influence on the friction coefficient. It is seen that sliding velocity has a much higher
influence on the friction coefficient compared to the contact pressure. Three repetitions of
each experiment are performed, where the average uncertainty in friction measurements is
found to be lower than ± 3%. At lower cutting velocities, friction coefficients μ can vary
significantly (i.e. from μ=0.2 to about μ=0.6) between the different materials. With
increasing the cutting speed these differences are getting smaller and the curves approach a
value of 0.2 in dry conditions, which corresponds to a semi-solid frictional regime as
assumed by Neugebauer [99] and Rech [113].
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Fig. 4-25 Measured friction coefficient at different cutting speeds for different materials. Influence of
oxidized Ti6Al4V surface is shown from [128].

Among all the tested materials graphitic steel G1 with low silicon content exhibits the
highest friction coefficient at vc = 50m/min followed by 16MnCrS5Pb and 11SMnPb30 at the
same speed. For all the tested materials, the friction coefficient decreases with increasing
cutting speed. The lowest values are measured for graphitic steel G2 with high silicon
content at cutting speeds above 150 m/min. For higher cutting velocities at vc = 300m/min,
the friction coefficients for all the steel types are in the same order of magnitude between
µ = 0.2 – 0.25.
Furthermore remarkable is the measured friction coefficient of Ti6Al4V at cutting velocities
of vc = 20 – 100m/min with a feed rate of 0.1mm/rev, as shown in Fig. 4-25. Given by the
distance of 14mm from pin to cutting edge, there is a time delay of 42ms at 20m/min and
8ms at 100m/min between the real cutting process and the measurements. The initial
oxidation of this highly reactive material is minimized as far as possible by this short time
delay. Additionally, measurements are performed during cutting with argon gas flushing. It is
evident that the measured cutting process friction coefficients are very similar for cutting in
air and in argon, which proves that the construction of the tribometer ensures the
measurement of a non-oxidized surface, even at lower cutting speeds for a very reactive
material. The friction coefficients of oxidized surfaces is up to 40% higher in comparison to
fresh titanium surfaces.
The friction coefficient can be modelled as identified by least mean squares, listed in Table
4-3, which can be used for numerical simulation of metal cutting in turning processes. Based
on the measurements shown in Fig. 4-25 the models for each material are derived with the
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character of power functions. Table 4-3 provides the particular equations of friction
coefficient in dependency of the cutting speed, which are determined by exponential curve
fitting. These empirically derived equations are valid within the analysed range of cutting
speed and can be implemented for characterising the frictional material behaviour in FEM
simulation of cutting process.
Table 4-3 Cutting process friction models at dry conditions for investigated materials, where the
normal force against the surface is 𝑭𝒏 = 430N and the cutting speed vc has the unit m/min.

Work material against tungsten carbide
pin with TiAlN+TiN coating

Friction model

Graphitic steel G1

μ = 4.60(vc)-0.528

Graphitic steel G2

μ = 1.76(vc)-0.389

50SiB8

μ = 3.65(vc)-0.516

11SMnPb30

μ = 2.37(vc)-0.378

16MnCrS5Pb

μ = 3.87(vc)-0.48

C45E

μ = 3.15(vc)-0.481

TiAl6V4 (fresh surface)

μ = 0.54(vc)-0.156

TiAl6V4 (oxidised surface)

μ = 0.69(vc)-0.111

The measurement of friction coefficient for the final industrial version graphitic steel 50SiB8
is shown in Fig. 4-26. It can be seen that the measured friction is significantly lower over the
whole range of cutting speed, compared to the chosen reference materials. Only at low
cutting speed at vc = 50m/min the friction coefficient of 11SMnPb30 and C45E is found to be
lower than that of 50SiB8.
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Fig. 4-26 Measured friction coefficient of graphitic steel vs. reference materials.

Fig. 4-27 Imprint track left by tribometer pin on the workpiece surface. 50SiB8, vc=150m/min,
f=0,2mm/rev.

As the tribometer pin rubs over the workpiece during friction measurements, an imprint
having width of about l=770μm, similar to the contact width l of the pin is generated, as
shown in Fig. 4-27. On the other hand, material transfer from workpiece to pin contact area
takes place, which is analysed using scanning electron microscopy (SEM) and energydispersive X-ray spectroscopy (EDX). Fig. 4-28a) shows an example of the analysis of pin after
36s sliding contact with graphitic steel G1. Although the coating is not damaged, there is
some debris on the contact area of the pin. Fig. 4-28b) contains a short summary of EDX
analysis. Apart from clearly visible TiAlN+TiN coating, various elements from the workpiece
alloy are detected. The distribution of the adhered elements is visualised by colours.
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Graphite can be seen as a red stripe on the edge of contact zone. Further detected
adhesions are manganese, sulphur and silicon.

Fig. 4-28 Pin contact area, a) SEM micrographs b) EDX analysis of debris.

While some researchers as Rech [112] measured the heat flux in the pin, for this work, the
temperature is measured on freshly generated workpiece surface. A two-colour-pyrometer,
type Fire 3 WSA RWTH Aachen, is used to observe the surface temperature between cutting
edge and pin. An optic quartz-fibre with a spot size of 0.5 mm is used. A slight increase of
surface temperatures with increasing cutting speed is observed, but the correlation between
these parameters is found to be negligible and therefore not further investigated.

Fig. 4-29 Temperature measurement on freshly generated surface in front of tribometer pin via twocolor-pyrometer FIRE-3.

80

4 Characterisation of machinability
As previously published with the context of this work in [120], the friction behaviour
depends on material hardness. Therefore the hardness effect must be ruled out to verify
whether graphite really lubricates the workpiece-tool interface. To do this various labcast
heats were produced (vaying for example silicon content) and different heat treatments
were applied to get Brinell hardness values between 130HB and 210HB. Fig. 4-30 shows the
friction coefficient results for a cutting speed of vc = 150 m/min. The grey dot at a hardness
of 187HB belongs to the Ø65mm bar of the present investigation in Fig. 4-26. The rest of the
eight graphitic steel variants are either one of the five laboratory casts or one of the first
industrial heats at different annealing times. All of them have different hardness values.
In the considered interval a linear relationship between friction coefficient and hardness is
found. After separating out the contribution of hardness, 11SMnPb30 and 16MnCrS5Pb still
have significantly larger friction coefficients comparing to 50SiB8 confirming the lubrication
by graphite. Below vc = 100m/min, where built-up edge formation is likely to occur, the
sequential order changes and lead starts to become a similar or more efficient lubricant.
These results make clear that graphite is not supposed to be a one to one substitute for lead
in the region of lower cutting speeds.

Fig. 4-30 Friction coefficient at vc=150m/min in dependence of hardness. Comparison of graphitic
steel with 11SMnPb30 and 16MnCrS5Pb.

4.4.3. Conclusion cutting process tribology
A newly developed cutting process tribometer is utilized for quick characterization of friction
coefficient in orthogonal cutting. The friction measurement method is shown to be reliable
and repeatable in actual metal cutting process, where some graphitic steel variants are
compared to 11SMnPb30, 16MnCrS5Pb and C45E. It is observed that for all investigated
materials, the friction coefficient decreases with increasing cutting speed. The obtained
results are consistent with the aforementioned publications. Thus, the conceptualized
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tribometer offers the ability to make cutting process friction measurements on freshly
generated non-oxidized surfaces for longer sample times. The ability to apply a wide range
of cutting speeds and variety of materials facilitates measurements in actual process
conditions such as contact pressure, cutting speed and temperature. It also allows
comparison of friction properties of different coatings or lubrications in quasi-real process
conditions.
According to the assumptions made by Apple [3] and Zinkann [156], shown in section 2.4.4,
the maximum value of friction coefficient for the seized region hence is limited at µmax =
0,577. Comparing this with the maximum measured value of friction coefficient, shown in
Fig. 4-25 and Fig. 4-26, the assertion can be regarded as confirmed. The highest measured
friction coefficient of µ = 0.59 is found for a graphitic steel G1 (having a low hardness) and
µ = 0.56 for 16MnCrS5Pb steel respectively, both at a cutting speed of vc = 50m/min.
Thereby the uncertainty of measurement is in the order of magnitude of ± 3%. The feed is
found to have a negligible effect on friction measurement.
However, the graphitic steel 50SiB8 exhibits a lower friction coefficient than 11SMnPb30 and
16MnCrS5Pb at cutting speeds above 100m/min. The lubrication effect due to graphite
inclusions is verified at cutting speeds vc ≥ 100 m/min.

4.5.

Quick-Stop test

Since drilling as a rotatory machining process in a closed inaccessible area the detailed chip
formation is only hard to visualise. The level of knowledge about the machinability in drilling
of novel graphitic steels should be deepened. In terms of potential for industrial
applications, research and optimization of twist drills especially at high drilling depths are
required. The primary aim is to find a reliable economic drilling process for deep holes in
graphitic steels. From scientific point of view a better understanding of chip formation in the
drilling process is desirable. It contains the different drilling forces, torques, the
determination of corresponding shear angles and chip compression ratio. For generating real
chip roots a quick-stop-device (QSD) is developed. In addition to conventional
metallographic micro sections, a non-destructive method namely micro computer
tomography (µCT) is used for characterization of chip formation based on chip roots.

4.5.1. Experimental setup
The quick-stop-device shown in Fig. 4-31 is set up on a milling centre Willemin 518MT,
consisting of a manually actuated collet chuck which is clamping the sample during the short
drilling process. quick-stop chip roots are realized by interrupting the drilling process
abruptly through sample release and quick spindle stop.
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Fig. 4-31 Experimental setup on a milling centre for quick-stop tests in drilling.

For the experiments, TiAlN coated tungsten carbide drills with ᴓ6mm and S-Profile reduction
of cutting edge are used, as shown in Fig. 4-32. The respective sample size of the examined
materials is defined at Ø8 mm x 10 mm. After a drilling depth of 6 - 7 mm the light-weight
sample is abruptly released from the clamping jaw (collet chuck). The geometry and weight
of the samples were adjusted in previous tests to guarantee that the sample immediately
moves together with the tool after releasing. After carefully removing the tool from the
sample stable chip roots are obtained at two levels of cutting speed, vc = 60 and 150m/min
and a feed of f = 0,2mm/rev in a dry cut.

Fig. 4-32 Drilling tool used in quick-stop tests.

The geometry of the cutting part of a twist drill is shown in Fig. 4-33. Since, according to the
definition, the main cutting edges point in the feed direction the chisel edge is part of it as
well. Due to low or even negative rake angle of the chisel edge material removal occurs
barely. The material is rather plastically deformed and urged to the main cutting edges.
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Fig. 4-33 Geometry of cutting part of a twist drill [69].

For the later analysis of the complex chip formation process in drilling it is necessary to know
the exact tool geometry of the drill bit. Therefore it is measured using a 3D optical
microscope Alicona InfiniteFocus. The focus variation technique used in the microscope
combines the small depth of focus of an optical system with vertical scanning to provide
topographical and colour information from the variation of focus.

Fig. 4-34 Alicona InfiniteFocus microscope [92].

The InfiniteFocus measurement systems measure radius, angle and roughness of cutting
edges. It performs full form measurement of drills, milling cutters and tap tools via 360°
rotation. During the measurement the drill is clamped into the Readl3D Rotation Unit a
motorised rotation axis. The result of measurement is presented in Fig. 4-35.
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Fig. 4-35 Measurement of drill bit by Alicona InfiniteFocus microscope.

The cutting edge geometry on a twist drill is given by the grinding conditions of the flute, the
main chisel edge and the chisel edge. According to that the clearance angle α, wedge angle β
and the rake angle γ are varying in dependence of the drill bit radius. By inserting section
planes through the particular selected point on the cutting edge (tool orthogonal plane) and
perpendicular both to the tool reference plane and the tool cutting edge plane, one can
determine the angles α, β and γ. Fig. 4-36 visualises the tool geometry of drill bit in function
of the radial position. It can be seen that the cutting wedge is thinner in the outer radial
positions and becomes thicker moving to the centre.
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Fig. 4-36 Tool geometry of drill bit in function of the radial position.

The rake angle exhibits an opposite trend. It is increasing in dependency of the radial
position of the drill bit, which is mainly influenced by the groove of the helical flute. For a
convenient cutting process a positive value of rake angle is desirable, especially in the region
of chisel edge where low cutting speeds occur. This is the edge at the end of the web that
connects the major cutting edges.
The clearance angle is needed for reduction of friction during machining. It is necessary to
provide an positive value of clearance angle. On the other hand a compromise must be
found to guarantee a stable enough cutting edge. Therefore the S-Profile reduction of
cutting edge is ground on the drill bit in order to minimise the chisel edge in tool centre. The
favoured result is minimising feed and cutting forces and thereby the effective load on the
tool (see Fig. 4-21), where almost 70% of feed force are distributed over the chisel edge. As
shown in Fig. 4-36 clearance angle is constant in the region of chisel edge, has a light jump in
the transition to the main cutting edge and decreases lightly towards the outer corner.

4.5.2. Metallographic analysis of chip roots
After successfully obtaining stable chip roots in quick-stop (QSD) test, as shown in Fig. 4-37
a, the sample preparation is done for the metallographic analysis. Therefore the QSDsamples are cut using wire-EDM, as shown in Fig. 4-37 b, along well defined working planes
orthogonal to the local cutting edge, to reveal the action of the main cutting edge (MCE) and
chisel edge (CE), presented in Fig. 4-38.
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Fig. 4-37 a) Example of generated chip roots in quick-stop test b) Cross section of quick-stop sample,
cut by W-EDM.

Preparation of chip root samples for each position along the tool radius as well as
microscopic analysis delivers insight into chip formation during drilling. The Fig. 4-38 shows
the difference between the two sections which are main cutting edge (MCE) and chisel edge
(CE). In machining with defined cutting geometries the chip formation process begins with
the penetration of the cutting edge into the workpiece material, whereby this becomes
elastically and plastically deformed. When the maximum material-dependent shear stress is
exceeded material flow begins. Due to a predetermined cutting edge geometry the
deformed material generates a chip which runs off over the rake face of the cutting edge.
b) Tool reference plane
a) Top view of the drill

MCE: Main Cutting Edge

MCE

CE
CE: Chisel Edge

Fig. 4-38 Partition of main cutting edge and chisel edge, a) Top view of the drill b) Tool reference
plane.

The formation of different chip types depends on the material characteristics, such as
formability or tensile strength, of the cutting tool geometry and the process parameters
process is characterised by the following conditions:
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A non-constant cutting speed over the tool radius of the drill bit.
Variable cutting edge over the tool radius and thereby non-constant rake angle and
clearance angle respectively.
Forming or squashing of the material in the area of chisel edge in the centre.
Inhibited chip removal through the flutes.

Fig. 4-39 gives an overview of the chip formation mechanism in drilling in a) region of main
cutting edge and b) in the centre of the chisel edge. The upper pictures show the respective
unetched cross sections. The yellow-rimmed cutting edge of the drill bit stayed fixed into the
generated QSD-sample and was cut together by wire-EDM in order to visualise
supplementary the real chip formation process in drilling. In the bottom pictures of Fig. 4-39
one can see the shear angle in the region of main cutting edge and a chip root shearing-off
on the left side. On the right side the drilling centre is shown schematically. Due to the given
difficulty in this region, as mentioned above, bulge of material and material compression can
be detected.

Fig. 4-39 Overview of the chip formation mechanism in drilling, a) Region of main cutting edge, b)
Region of chisel edge, published in [126].

The uncut chip thickness ℎ and the chip thickness ℎ𝑐ℎ for one radial position of the main
cutting edge are shown exemplarily by means of the QSD cross section in Fig. 4-40 a. Exactly
in the drilling centre, where drilling speed of vc is 0m/min, as shown in Fig. 4-40 b, no real
chip can be detected. Due to the negative rake angle in the centre region of chisel edge and
the given velocity conditions, the material is rather plastically deformed, squashed and
squeezed into the direction of higher cutting speeds to the main cutting edges.
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a)
hch
h

b)

Drilling centre
vc ≈ 0 m/min

Fig. 4-40 Cross sections of chip root in the region of a) main cutting edge, b) chisel edge in the drilling
centre.

The microsections of quick-stop samples for the graphitic steel 50SiB8, orthogonal to the
main cutting edge, are shown in Fig. 4-41. In the left picture the chip root obtained at a
cutting speed of vc = 60m/min and a feed of f = 0,25mm/rev is shown. The right picture
shows the chip root obtained at a cutting speed of vc = 150m/min.
After embedding the samples in Bakelite, the chip roots are grounded such that they can be
examined along the desired respective positions. Next the specimens are polished and
etched for 30 seconds in a 4% Nital solution (4ml HNO3, 96ml ethanol) to show the
microstructure.
It is seen that the chip thickness ℎ𝑐ℎ decreases with increasing cutting speed. Further, the
graphite inclusions are noticeable in the uncut material, visible as black dots in the
dimension on 10 – 20µm in diameter. In the shearing zone they are elongated and can be
retrieved as thin stripes in the formed chip. During the chip formation process these graphite
inclusions take over chip breaking function, which is desirable especially in drilling where
long chips should be avoided, to facilitate better removal out of the drilled hole.
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Fig. 4-41 Microsection of quick-stop sample, orthogonal to the main cutting edge.

A further investigation, regarding the hardness, is made in the observed chip root in the
region of main cutting edge, as presented in Fig. 4-42 and in the drilling centre, shown in Fig.
4-43. The Vickers microhardness test is used, in order to realize measurement of hardness in
tight intervals over the whole chip formation zone. Thereby, a small pyramid is penetrated
into the testing material with a defined test load, which was set at 2N. The quotient of test
load F in N and the permanent surface of the pyramids imprint results into the value of
microhardness HV0,2 in this case.
In order to estimate the influence of the elastic and plastic processes in the chip formation
zone, the following two figures show the values for the microhardness distribution in the
primary shear zone and the secondary shear zone at the rake and flank face. Each coloured
dot represents a hardness measurement. Independent of the chosen feed an increase of
microhardness in the chip can be found. In comparison to the hardness of the undeformed
workpiece material, which is around 380 HV1, the hardness in the chip is around 550 HV0,2
which results in an increase of around 50%. This rise of hardness can be referred to the
strain hardening in material shearing during chip formation. Due to compression load in
front of the primary shear zone and in the secondary shear zone at the clearance face, a
slight increase of hardness is found, in the order of magnitude of around 20%.
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Fig. 4-42 Microhardness in the chip root in the region of main cutting edge.

Since more than 60% of feed force accrues in the region of the chisel edge in the drilling
centre, as shown in Fig. 4-21, material compression occurs particularly here. The
microhardness is measured in the drilling ground at three levels to a depth of 100µm,
presented in Fig. 4-43. Due to material compression by the chisel edge, and thereby effective
strain hardening, the hardness shows an increase of around 35% in the surface layer of the
drilling hole. Going 50µm deeper into the material the hardness is about 25% higher and in a
depth of 100µm still around 20% increased, in comparison to the undeformed workpiece
material.

Fig. 4-43 Microhardnes in the chip root in the drilling centre.
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The metallographic investigations in this chapter facilitate some interesting insights into the
chip formation process. Chip thickness and thereby the chip compression ratio can be
estimated precisely. The present shear angle can be found and analyses of change in
microhardness can be done. A limiting and highly time consuming factor is the preparation
of microsections, which includes QSD sample cutting, grinding, polishing and etching for
each position orthogonal to the cutting edge. As mentioned in chapter 4.5.1, the complex
chip formation process in drilling is varying in dependence of the given cutting edge
geometry and the velocity relations. For obtaining a complete insight into the whole three
dimensional chip root a high number of parallel iteration steps for sample preparation must
be done, orthogonally along the cutting edges, in order to ensure an accurate microscopic
analysis. Therefore an alternative and more efficient method is needed for characterisation
of QSD chip roots, which would be faster, but reliable and reproducible.

4.5.3. Computer Tomographic analysis of chip roots
During the last years, a number of novel X-ray imaging and data processing methods have
been developed. X-ray computed tomography (CT) has become very important as a 3D
imaging and measurement method in materials science. CT is a non-touching, nondestructive method which reveals the complete 3Dgeometry of a specimen including inner
surfaces. For research purposes CT is an excellent tool to support the development of new
materials, new processes and new parts, but it is also used for quality control and failure
analysis shown in [62].
Motivated by the search for an efficient method of precise characterisation of QSD chip
roots, the choice was made for the micro Computer Tomography (µCT) available at Empa
Dübendorf. This non-destructive method ensures a direct digitalisation and visualisation of
chip formation process in drilling of the newly developed graphitic steel, by inspection of
QSD samples. Further a reliable and reproducible comparison and benchmark can be done
with some other reference materials. Moreover the developed method, explained in this
chapter, provides a unique validation tool for FEM simulation results, and facilitates a
possibility for further detail analysis of chip formation process in drilling.
The micro Computer Tomography setup (µCT) is part of the Empa, Center for X-ray Analytics
“Low Energy X-ray Imaging”-group. Because of the modular design the µCT setup can be
flexibly adapted to different measurement requirements as shown in Fig. 4-44. It mainly
consists of a X-ray tube on one side and a flat panel detector on the opposite side. The QSD
specimen is placed and fixed on a rotary table which can be moved by a xyz linear stage.
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Fig. 4-44 Micro computer tomography (µCT) setup at EMPA Dübendorf [64].

The acquisition of the CT data is controlled by an in-house developed Labview©-software
with an integration time of less than a second per projection [64]. The projected images are
corrected for pixel errors, offset and pixel gain (with the help of a dark and flat image). The
3D tomograms are reconstructed using GPU based, flexible in-house software tools which
allow for optimal parameter settings for different materials. The Parameters for µCT data
acquisition are listed in Table 4-4. The resolution of measurement can be highlighted
through the voxel size of circa 7µm which allows a precise and detailed imaging of the chip
root geometry.
Table 4-4 Parameters for data acquisition (µCT).

X-ray Computed-Tomography
CT Scanner

uCT system

X-ray source

Viscom XT9160-TXD

Parameters of X-ray source

140 kV / 70 µA / no filtration

Frame

1400 x 100 pixels

Number of frames averaged

4

Pixel size

ca. 7.3 x 7.3 x 7.3 µm

Integration time [ms]

1100 ms

Beam hardening correction

none
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The reconstructed data-sets are finally processed and converted into .stl data format for
later analysis via CAD software NX7. Fig. 4-45 presents the 3D reconstruction of chip roots,
exemplarily shown for a 16MnCrS5 material, for two levels of cutting speed, namely
vc = 60m/min and vc = 150m/min with a feed f = 0,25mm/rev.

Fig. 4-45 3D reconstruction of chip roots from µCT data. Comparison of chips for two different
cutting speeds a) vc=60m/min b) vc=150m/min illustrated with 16MnCrS5.

For the purpose of a better insight into the chip formation zone in the drilling ground, the
chip roots were exposed from the drilling hole, as shown in Fig. 4-46. Two chips, which ware
generated by two cutting edges of a twist drill, can be seen. These are the desired obtained
chips or chip roots of successfully performed quick-stop drilling test. Most interesting
information is chip thickness ℎ𝑐ℎ , chip compression ratio 𝜆ℎ and shear angle 𝛷 as a detailed
function of drill tool radius-coordinate.
In order to visualise the cross section of the formed chip, and thereby chip thickness ℎ𝑐ℎ , an
additional plane was inserted into the CAD model which cuts the chip at a distance of 0.5mm
above the drilling bottom. This analysed intersection is shown in Fig. 4-46 as a white line and
later visualised in the Fig. 4-47.
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Fig. 4-46 Exposed chip root from µCT-data, analysis of chip intersection via CAD software, from [127].

The quick-stop experiments were performed for the newly developed graphitic steel 50SiB8
and for different reference materials, which are one unleaded case-hardening steel
16MnCrS5 and two leaded steels, namely the case-hardening steel 16MnCrS5Pb and the
free-cutting steel 11SMnPb37. The mechanical properties of the analysed steels are listed in
Table 4-5. It can be seen a similar level of magnitude for the yield strength Rp0.2. The
materials differ lightly in the value for the elongation at rupture A5, which can be considered
as a dimension for toughness, whereby 11SMnPb37 exhibits the lowest value. The most
obvious difference can be seen in the ultimate tensile strength Rm , where the graphitic steel
50SiB8 has the highest value.
Table 4-5 Material properties of analysed steels in quick-stop experiments.

Rm [MPa]

Rp0.2 [Mpa]

A5 [%]

16MnCrS5

576

372

27

16MnCrS5Pb

597

358

24.5

11SMnPb37

617

378

13.1

50SiB8

633

371

25

The Fig. 4-47 depicts the borderlines of the chip-cross-sections which were obtained in
quick-stop test and determined by the subsequent analysis of computer tomography
measurement. The abscissa in the following two figures is the radius-coordinate of one
cutting edge, where the left side represents the drilling centre and the right side the hole
edge. The horizontal buckling in the chip-cross-sections is the transition of chisel edge into
the main cutting edge. A comparison of chip thickness for the four analysed materials is
shown at a cutting speed of vc = 60m/mm and a feed of f = 0.25mm/rev. The thickest chip
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can be easily seen for 16MnCrS5, shown as a red cross-section in Fig. 4-47 followed by its
leaded version 16MnCrS5Pb, shown as an orange cross section. The graphitic steel 50SiB8,
shown as a green cross-section, forms an even thinner chip than 11SMnPb37, blue crosssection. Since the chip thickness is varying over the tool radius the thickness ℎ𝑐ℎ is measured
in intervals of 0.18mm marked vertical with arrows. The result of this measurement is shown
in Fig. 4-49.

Fig. 4-47 Comparison of chip thickness for one cutting edge in different materials at vc=60m/min.

Through increasing the cutting speed up to vc = 150m/min, but at same feed rate of
f = 0.25mm/rev, one can observe thinner chips, as shown in Fig. 4-48. Regarding the chip
thickness a similar trend is found. The thinnest chip is formed by the graphitic steel 50SiB8
followed by 16MnCrS5Pb and 16MnCrS5. In contrast to the previous test at lower cutting
speed 11SMnPb37 forms the thickest chip compared to the rest of analysed materials.

96

4 Characterisation of machinability

Fig. 4-48 Comparison of chip thickness for one cutting edge in different materials at 𝒗c=150m/min.

The Fig. 4-49 presents the progression of chip thickness over the whole cutting edge.
Analogue to the previous figures two regions can be seen the chisel edge and the main
cutting edge. The highest chip thickness and therefore the highest chip compression ratio
can be found in the region of chisel edge, where low cutting speed and small or negative
rake angles occur. A division of the chip thickness ℎ𝑐ℎ by the undeformed chip thickness ℎ
provides the chip compression ratio 𝜆ch. Since ℎ is constant for all respective QSD
experiments the graphs for 𝜆ch would look identical to the graphs in Fig. 4-49.
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Fig. 4-49 Progression of chip thickness over the whole cutting edge.

The tomographic view of chip root along the drill radius for one cutting edge is shown in Fig.
4-50. Moving from the left picture, the drilling centre, to the outer regions of drilling hole,
the evolution in chip formation can be seen. In this specific case, a free-cutting steel SW6,
the drill bit was broken during the quick-stop experiment whereby the tungsten carbide
cutting edge remained in the chip formation zone. It can be seen as white edge which
removes the material.
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Fig. 4-50 Tomographic view of chip root along the drill radius for one cutting edge.

The following graphics presented in Fig. 4-51 and Fig. 4-52 provide a comparison of chip
formation in drilling of different steels at the same cutting speed of vc = 60m/min and
vc = 150m/min respectively. According to the figures of visualised chip cross sections
mentioned above the colours are chosen for the graphitic steel and its reference materials.
Starting from the drilling centre, on the left side, each 0.5mm interval a cross-section is
inserted in order to obtain insight into the sample at the particular radius coordinate. This
view is the tool orthogonal plane which is defined as the plane through the selected point on
the cutting edge and perpendicular both to the tool reference plane and the tool cutting
edge plane.
On the one hand the chip thickness and on the other hand shearing angle can be
determined. Due to cutting edge rounding no ideal sharp cutting edge is present which
allows more a precise estimation of the respective shear angle than an exact measurement
of it. Since the metallographic microstructure and the graphite inclusions are not detected in
this µCT measurement no information about structural orientation can be derived. Rather
the geometric properties and conditions as well as chip curling is visualised accurately.
As shown in Fig. 4-47 the chip thickness of 16MnCrS5 is obviously thicker compared to
16MnCrS5Pb. The same can be seen in Fig. 4-51. Visible as a thin green stripe in this
perspective, graphitic steel 50SiB8 generates lower chip thickness than the free-cutting steel
11SMnPb37 and the two other case-hardening steels. When the chip is curled it appears to
be wider as it is the case for 16MnCrS5 (red row) or it appears that two chips are present, for
11SMnPb37 (blue row). For that reason the chip thickness is analysed near the root, 0.5mm
above the drilling bottom before chip curling begins.
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16MnCrS5Pb

11SMnPb37

50SiB8

Fig. 4-51 Comparison of chip formation in drilling different steels at vc = 60m/min. Tomographic view
of chip root along the drill radius for one cutting edge.

Compared to the lower cutting speed at of vc = 60m/min the chip thickness generally
decreases when increasing the cutting speed up to vc = 150m/min. The thinnest chip is
formed by graphitic steel 50SiB8 followed by 16MnCrS5Pb and 16MnCrS5. During drilling
with these parameters the thickest chip is generated by 11SMnPb37, shown in Fig. 4-52.
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Fig. 4-52 Comparison of chip formation in drilling different steels at vc = 150m/min. Tomographic
view of chip root along the drill radius for one cutting edge.

4.5.4. Conclusion quick-stop test
The chip formation process in drilling is visualised and characterized by classical metallurgical
microsections, in order to obtain the influence of graphite inclusions on material removal in
machining. Additionally an innovative developed method was applied, based on micro
computer tomographic measurements, for determination of the real three dimensional chip
root, which provides a novel insight into the shearing zone in drilling. Thereby a precise and
reliable analysis of chip thickness, chip compression ratio and shear angles is guaranteed.
The uncertainty of µCT measurement is ±7µm and from post processing of .stl file in CAD is
around ±10µm, which results in a total uncertainty of ±17µm.
Regarding the chip compression ratio λch in quick-stop drilling tests following observed
influencing factors can be identified and summarized, as listed in Table 4-6. The compression
ratio decreases with higher values of tensile strength Rm, cutting speed vc and rake angles γ.
When materials ductility A5 and the material dependent coefficient of friction µ increases,
the chip compression ratio increases as well. Further the interdependency of shear angle
and chip compression ratio is found, as described in equation (2.6). The shearing angle 𝛷
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becomes larger when chip compression ratio decreases. Or in other words, a higher chip
compression ratio results in lower shear angles.
Table 4-6 Influencing factors on chip compression ratio.

The newly developed lead-free graphitic steel 50SiB8 is compared to case-hardening and
free-cutting reference steels, having comparable mechanical properties. It can be concluded
that 50SiB8 generates thinner chips than the utilised reference materials, which is desirable
especially in drilling processes where material removal through the drilling flutes is hindered.
Elongated graphite inclusions depict the weakest areas in the work piece material. They
initiate the shearing process in material removal and support the chip breakage. Due to the
low Van der Waals forces, the binding is weak between the graphite plans, and they can
easily slide on each other and provide a lubricating effect. Graphite is found in the
microstructure of chip fracture surface, which underlines the theory that shearing occurs
through the graphic inclusions. From the perspective of chip formation despite a higher
tensile strength, the graphitic steel is equivalent or even better in comparison to the
investigated reference materials.
Based on turning tests and friction coefficient measurements at cutting speeds
vc ≤ 100m/min the graphitic steel 50SiB8 might be supposed to generate thicker chips than
leaded steels. This could not be confirmed. No indication for the occurrence of BUE
problems was found.
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5. High strain rate material testing
For the scientific understanding of the machining process the knowledge about mechanical
behaviour under high strain rates at higher temperatures and high deformations must be
provided. In the last decades a considerable progress was made in high-speed material
testing. The increasing importance of the finite element simulation and thereby the need for
reliable description of material characteristics show the requirements on high strain rate
material testing which results in formulation of constitutive laws and material models.
In this chapter high strain rate measurements for compression are shown, performed by
deformation dilatometer at high strain rates up to 𝜀 ̇ = 20 s-1. The Split-Hopkinson-PressureBar (SHPB) is used to provide compression test at very high strain rates up to 𝜀̇ = 5800 s-1. In
order to get insight into the materials tensional behaviour the Split-Hopkinson-Tension-Bar
(SHTB) is applied for medium and high strain rates up to 𝜀̇ = 1700 s-1. Due to the
experimental complexity the test is performed exclusively for the graphitic steel 50SiB8.
Applying the equations (2.5) - (2.10) an effective strain rate of 𝜑̇ = 3.2*105 s-1 is calculated
for an orthogonal turning process of 50SiB8 at a cutting speed of vc = 100m/min, a rake angle
of γ = 5°, a undeformed chip thickness of ℎ = 0.12mm and a chip compression ratio of
𝜆𝑐ℎ = 2.2.

5.1.

Compression test with deformation dilatometer

In this chapter isothermal uniaxial compression tests were performed using a deformation
dilatometer DIL805D of TA Instruments, for the determination of flow curves of graphitic
steel 50SiB8. The experimental field covers the temperature range of T = 24°C – 800°C at
constant strain rates of 𝜀̇ = 1, 5, 10, 15 and 20 s-1, respectively. Each parameter combination
listed in Table 5-1 was repeated three times, in order to ensure statistical validation. To
minimize the friction during compression process molybdenum disulphide paste is used on
the front faces of the specimen.
The graphitic steel was received as rods with 65mm in diameter. Cylindrical specimens for
compression tests were taken by wire-EDM from the same radius position

𝑟
2

of the rod to

reduce scatter due to non-uniformity of material properties over the radius. As shown in
Fig. 5-1a, the samples were retrieved with a diameter of 5mm and height of 10mm.
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Fig. 5-1 a) preparation of samples by W-EDM b) experimental setup of deformation dilatometer
c) microsection of sample after compression test.

For exact control of heating rate and measuring of the sample temperature a thermocouple
was spot welded in the middle of each specimen as shown in Fig. 5-1b. The Fig. 5-1c shows
exemplarily the microsection of a sample after deformation test.
Table 5-1 Experimental field for compression test by deformation dilatometer.

50SiB8

Experimental field compression tests

Strain-rate [s-1]

1 s-1

5 s-1

10 s-1

15 s-1

20 s-1

Temperature
[°C]

20 °C

200 °C

400 °C

600 °C

800 °C

During the compression tests, the data of force and stroke was recorded automatically and
exported as engineering stress-strain values. Then the load-stroke data was converted to
true stress–true strain data by general correlation between engineering stress-strain and
true stress-strain through
𝜎𝑡𝑟𝑢𝑒 = 𝜎𝐸 (1 + 𝜀𝐸 )

(5.1)

𝜀𝑡𝑟𝑢𝑒 = ln(1 + 𝜀𝐸 )

(5.2)

The experimental true stress versus true plastic strain for different temperatures at strain
rate of a) 1s-1 and a strain rate of b) 5s-1 is shown in Fig. 5-2.
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Fig. 5-2 Experimental true stress versus true plastic strain for different temperatures for 50SiB8 at
a) strain rate of 1s-1 and b) strain rate of 5s-1.

The true stress over true strain at an exemplary temperature of 200°C is shown for different
strain rates in Fig. 5-3. In order to see better the strain rate sensitivity of the material a detail
of diagram is highlighted. Mostly the stress is increased with increasing strain rate, which
cannot be observed from this experiment. Astonishingly the strain rate has a negative effect
on the true stress, which is the so called negative strain rate sensitivity. This can be
particularly seen in Fig. 5-4, where the yield strength is shown in dependency on strain rate
at different temperatures.

Fig. 5-3 Strain rate sensitivity at 200°C of 50SiB8.

The influence of the strain rate on the stress is either negative or nearly constant. Some
irregularities can be seen for the green and red temperature curves of 200°C and 600°C in
Fig. 5-4, where the strain rate first have a negative and later a positive effect.
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Fig. 5-4 Yield strength dependency on strain rate at different temperatures for 50SiB8.

Shown as the experimental overview in Fig. 5-5 the different coloured flow curves represent
the different levels of temperature. The style of line for each colour divides the experiments
into the different levels of strain rate. For room temperature almost no influence of the
investigated strain rates can be detected. With increasing temperature the differences of
flow curves at different strain rates tend to become higher. At 600°C and 800°C the strain
rate sensitivity seems to be positive and more significant.

Fig. 5-5 Flow curves for different strain rates and temperatures for 50SiB8.
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The compression tests were performed with a constant strain rate. The values for the
effective strain rate during the compression process are plotted in Fig. 5-6. It is shown
exemplarily the progression of a strain rate of 𝜀̇ = 10s-1, which can be assumed to be
constant for the time slot of recorded flow curve.

Fig. 5-6 Strain rate run in compression test, using deformation dilatometer.

5.2.

Quasi-static tensile test

In order to evaluate the strain-rate behaviour in SHTB test explained in chapter 5.3, quasistatic tests have been carried out by means of a universal electro-mechanical device using
specimen with the same geometry used in the following high strain rate tests. The
specimens have been tested in tensile quasi-static mode using a strain control with a velocity
of 10-3s-1.
The testing set-up for quasi-static tensile tests is shown in Fig. 5-7. Beginning from the left
side of this figure one can see the progress of tensile test. The middle picture shows the
specimen necking and the fourth picture shows the end of test when fraction happened. In
each quasi-static test a high precision displacement transducer was used to measure the
strain of the specimens.
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Fig. 5-7 Set-up for quasi-static tensile tests and progress until sample fracture.

Fig. 5-8 Results of quasi-static tensile test for 50SiB8. Engineering stress over engineering strain for
three repetitions.

Three repetitions of quasi-static tensile test were performed at room temperature. The
respective engineering stress versus engineering strain curves are plotted in Fig. 5-8,
whereby the determined mean value of yield stress is around Rp0.2 ≈ 380MPa and the
ultimate tensile strength around Rm ≈ 660MPa.
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5.3.

Split-Hopkinson-Tension-Bar test

Because of the limiting strain rate of 𝜀̇ = 20s-1 which was maximally performed in
compression test via deformation dilatometer an alternative test method was needed. Due
to its range of application the choice was made for the Split-Hopkinson-Tension-Bar (SHTB).
The system consists of two circular high strength steel bars, having a diameter of 10 mm,
with a length of 9m and 6m for input and output bar, respectively. The round steel specimen
is screwed to the input and output bars as shown in Fig. 5-9.

Fig. 5-9 Set-up for high strain-rate and high temperature at Dynamat SUPSI Lugano [36].

In order to perform high temperature tests, the system is equipped with a water-cooled
induction heating system, presented in Fig. 5-9. Then the thermocouple is welded in the
middle part of the gauge length of the sample. The input and output bars are instrumented
with semiconductor strain gauges which measure the incident, reflected and transmitted
pulses acting on the cross section of the specimen. As pretension bar is used part of the
input bar.
The test with the SHTB is performed as follows:
• first a hydraulic actuator, of maximum loading capacity of 600kN, is pulling part of the
input bar (6m) as pretension bar with a diameter of 10mm; the pretension stored in this bar
is resisted by the blocking device
• second operation is the rupture of the fragile bolt in the blocking device which gives rise to
a tensile mechanical pulse of 2.4ms duration with linear loading rate during the rise time,
propagating along the input and output bars bringing to fracture the specimen.
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The specimens used for quasi-static tensile test as well as for the high strain rate SHTB test
were prepared by wire-EDM cutting from a steel rod having a diameter of 65mm. In Fig. 5-10
the details of the specimens are shown.

Fig. 5-10 Specimen geometry for SHTB tests.

In order to measure the fracture parameters on the surface of each specimen the gauge
length of 5mm has been marked. The analysis of the specimen has been carried out studying
both the experimental results in terms of engineering and true stress versus strain curves
and fracture. By means of acquisition of two images before and after the failure of the
specimen the characteristics of fracture have been obtained as the reduced area of the
specimen cross section after failure in the necking zone (see Fig. 5-13) as well as the fracture
strain.
The experimental field for SHTB tests, listed in Table 5-2, is consisting of five levels of
temperature starting from room temperature and rising in steps of 200°C up to 800°C at five
levels of strain rate. It can be seen that not every temperature was combined with every
strain rate in order to reduce the experimental outlay. The numbers in the table’s cells
represent test repetitions at this parameter. In this work the strain rates up to 𝜀̇ = 25s-1 are
regarded as medium strain rate and rates above 𝜀̇ = 500s-1 are named as high strain rates.
Table 5-2 Experimental field for SHTB test.

Strain-rate 𝜀 ̇ [s-1]

50SiB8
Temperature 5 s-1
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25 s-1

500 s-1

900 s-1

1700 s-1

20°C

3

3

4

4

4

200°C

-

-

3

3

-

400°C

-

-

3

3

-

600°C

-

-

3

3

-

800°C

-

-

3

3

-
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In order to get a visual insight into the sample deformation during SHTB test high-speed
recordings were performed using a Phantom V12.1 HD slow motion camera, which is able to
perform up to one million frames per second at reduced resolution. When analysing the
extremely short time slot from beginning of the test till sample fracture, one can understand
the challenging requirements on the needed camera system. Disregarding the preparation
time and efforts, the duration of the SHTB experiment at a strain rate of 𝜀̇ = 500s-1 takes not
more than 1ms for the investigated material at room temperature. Increasing the strain rate
up to 𝜀̇ = 1700s-1 the experimental duration becomes reduced down to 0.3ms.

0.6ms
0.7ms
0.9ms
1.0ms

0.8ms

0.4ms
0.5ms

0.3ms

0.2ms Time [ms] 0.1ms

An overview of the sample geometry shift during the SHTB experiment is provided in Fig.
5-11. The progress is shown in steps of 0.1ms, beginning from sample pretension in the top
left picture, then sample elongation followed by necking and finally the sample fracture in
the bottom right picture.

Fig. 5-11 High-speed camera recording of progress in SHTB test until sample fracture, exemplarily
shown at a strain rate of 𝜺̇ = 500s-1 at room temperature. Duration of experiment 1ms until fracture
occurs.

The results of SHTB test at medium strain rate are presented in Fig. 5-12. The Engineering
stress versus engineering strain for three repetitions is shown in a) for 𝜀̇ = 5s-1 and b) for
𝜀̇ = 25s-1. Calculation of true stress over true strain at fracture by applying the Bridgman
correlation (2.23) and (2.24), and completion by linear interpolation from yield point to
breakage is shown in c) and d) respectively.
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Fig. 5-12 a) and b) Results of SHTB test at medium strain rate. Engineering stress over engineering
strain for three repetitions c) and d) Calculation of true stress over true strain by applying the
Bridgman correlation.

The fracture strain was obtained by the microscopy measurement as well as the reduction of
the area 𝑅𝐴 at fracture obtained as:
𝑅𝐴 = (𝐴0 − 𝐴𝐹 )/𝐴0

(5.3)

where A0 is the initial cross-sectional area and AF is the cross-sectional area of the fracture.
Fig. 5-13 gives an overview of photos of SHTB specimens after failure for different strain
rates at three levels of temperatures. The reduction of the area 𝑅𝐴 can be observed in
dependency of the temperature. 𝑅𝐴 is reduced by 55% at 20°C, by 60% at 400°C and by 80%
at 800°C. Hereby the strain rate was found to have a minor influence.
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Fig. 5-13 Photos of SHTB specimens after failure for different strain rates at different temperatures.

The flow curves recorded at high strain rates at 𝜀̇ = 500s-1, 𝜀̇ = 900s-1 and 𝜀̇ = 1700s-1 are
plotted in Fig. 5-14 - Fig. 5-16 respectively. It is shown the respective engineering stress over
engineering strain till the point of specimen failure by fracture in the necking zone. The
different colours represent the various temperature levels starting with blue for room
temperature which have the highest engineering strain values of about Rm = 760MPa at a
strain rate of 𝜀̇ = 500s-1 and Rm = 795MPa for a strain rate of 𝜀̇ = 900s-1. With increasing
temperature the stress decreases, which can be seen easily. A summarized analysis is
provided in Fig. 5-20. The lowest difference in engineering stress was found between 400°C
and 600°C, where even a slight increase of stress can be found for 600°C at a strain rate of
𝜀̇ = 500s-1(see also Fig. 5-20). As mentioned above, three repetitions of SHTB test at a strain
rate of 𝜀̇ = 1700s-1 were performed only at room temperature, wherefore no information
about temperature dependency can be provided for this strain rate level.
The engineering stress rises to the highest point of flow curve, the ultimate tensile strength,
which can be described as the material hardening. After reaching the maximum stress
necking of specimen begins and the material damaging initiates. From this point on the
specimen cross sectional area is reduced until the specimen failure occurs at the highest
measured engineered strain. It can be seen a doubled engineering strain of around 0.8 for
800°C in comparison to the lower test temperatures which have an engineering strain value
of around 0.4, caused by nonlinear temperature material softening.
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Fig. 5-14 Results of SHTB test at a strain rate of 500s-1 for different temperatures. Engineering stress
over engineering strain.

Fig. 5-15 Results of SHTB test at a strain rate of 900s-1 for different temperatures. Engineering stress
over engineering strain.
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Fig. 5-16 Results of SHTB test at a strain rate of 1700s-1 at room temperature. Engineering stress over
engineering strain.

The engineering stress versus engineering strain curves in tension have been transformed in
true stress versus true strain curves, shown in Fig. 5-17 - Fig. 5-19, by application of the
relationship from the equations (5.1) and (5.2) until the point of maximum stress. The true
stress and true strain at fracture the Bridgman equations are applied as formulated in (2.23)
and (2.24). Analog to the tests at medium strain rate for the complete construction of the
true stress-strain curve during the necking deformation phase, a straight line is drawn
between the ultimate tensile strength and the fracture point.
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Fig. 5-17 Calculation of true stress over true strain by applying the Bridgman correlation, at a strain
rate of 500s-1.

Fig. 5-18 Calculation of true stress over true strain by applying the Bridgman correlation, at a strain
rate of 900s-1.
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Fig. 5-19 Calculation of true stress over true strain by applying the Bridgman correlation, at a strain
rate of 1700s-1.

A summarized analysis of the experimental results of SHTB test is plotted in the following
diagram. Each point represents the mean value of three repetitions for the particular
parameter setting. Test performed at a strain rate of 𝜀̇ = 500s-1 are represented by the blue
curve and by the red curve for strain rate of 𝜀̇ = 900s-1. Further the temperature sensitivity
on ultimate tensile strength at two levels of strain rate is shown in Fig. 5-20. A higher test
temperature in SHTB results in lower ultimate tensile stresses with one exception at 600°C,
where the stresses show a build-up for both analysed strain rates. Regarding the strain rate a
slight positive sensitivity can be observed, whereby the higher strain rate results in higher
stresses.
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Fig. 5-20 Temperature sensitivity on ultimate tensile strength at two levels of strain rate.
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5.4.

Split-Hopkinson-Pressure-Bar test

In order to determine high strain rate properties in compression conditions the SplitHopkinson-Pressure-Bar (SHPB) methodology is applied in addition to Split-HopkinsonTension-Bar (SHTB) test. A classical compression SHPB was applied to determine high-strainrate mechanical response of the newly developed graphitic steel 50SiB8.
The apparatus, presented in Fig. 5-21 a, consists mainly of a striker launching system (air
pressure gun), a striker, an input bar, an output bar (bar system), a velocity measuring device
and a computer-controlled high frequency data acquisition system. It was equipped with
incident and transmitter bars 20mm in diameter and 2000mm in length, which were made of
high strength maraging steel. The initial velocity of the striker, which was accelerated in a
pressure gas launcher was measured by two sets of diodes and photo detectors coupled to a
digital counter.

Fig. 5-21 a) Experimental setup SHPB with striker bar at KMIiS - Military University Warsaw b)
clamped specimen berfore deformation c) specimen after deformation.

The used cylindrical specimens, having a size of 10mm in length and Ø5mm in diameter,
were prepared from a Ø65mm steel rod by wire-EDM cutting just as the samples for SHTB.
Fig. 5-21 c shows the test specimens before and after compression test for two levels of
strain rate. All SHPB experiments were performed at room temperature at three levels of
strain rate, which are listed in Table 5-3. It can be seen a much higher achieved strain rate
for compression tests compared to the tension tests in SHTB.
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Table 5-3 Resulting compression strain rate in dependency of preload in the striker launching system.

Preload striker launching
system
1bar
2bar
3bar

Compression strain rate
𝜺̇ max
1600s-1
4030s-1
5800s-1

The results of SHPB test are presented in Fig. 5-22. Flow curves are plotted for three
variations of strain rate performed at room temperature. Due to higher compression rate on
the one hand an increase of engineering strain is obvious. On the other hand the engineering
stress shows a significant increase as well. At a preload of 1bar, which corresponds to a
strain rate of 𝜀̇ = 1600s-1, a maximum stress of around 𝜎𝑒𝑛𝑔 = 900MPa is measured.
Compressing with strain rates of 𝜀̇ = 4030s-1 and 𝜀̇ = 5800s-1 the measured maximum
engineering stress becomes 𝜎𝑒𝑛𝑔 =1400MPa and 𝜎𝑒𝑛𝑔 = 1800MPa respectively.

Fig. 5-22 Flow curves from SHPB compression test at three different strain rates at room
temperature.

A direct comparison of the strain rate characteristics in SHTB and SHPB at a nearly similar
level of strain rates is shown in Fig. 5-23. The interesting region is the constant section where
the strain rate curve is nearly horizontally. This short segment seems to be in a sufficient
acceptable compliance for proceeded measurement comparison of these two contrarious
uniaxial material tests, shown in Fig. 5-24.
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Fig. 5-23 Comparison of strain rate characteristics in SHTB vs. SHPB at similar level.

Presented in Fig. 5-24 the flow curves from SHTB and SHPB measurements are compared.
The coloured curves represent SHPB measurements and the black/grey curves come from
SHTB test. At first sight the elastic region seems to be in a good accordance for both
measuring directions, the compression and tension. On the one hand it can be seen a
difference in the yield stress of around 180MPa, whereby the tension tests have the higher
values. On the other hand the engineering strain is doubled for the tension test compared to
compression. A further remarkable point is the given difference in the specimen geometry
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Fig. 5-24 Comparison of flow curves from SHTB and SHPB tests at similar strain rates.
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6. Material modelling
Material flow and chip formation are indispensable in understanding the machining
performance. In numerical analysis of manufacturing processes, especially material flow and
chip formation, constitutive modelling and considering correct material parameters plays a
key role in simulating the reality. This chapter is based mainly on the content already
published in [2], which includes the results of an internal interdisciplinary collaboration at
IWF, the institute of machine tools and manufacturing.
The plastic deformation of materials at high strain rates is often described by constitutive
equations. Thereby the stresses is expressed as a function of the strain 𝜀, the strain rate 𝜀̇
and the temperature 𝑇, which can be written as
𝜎 = 𝑓(𝜀, 𝜀̇, 𝑇)

(6.1)

For the most steel types two general observations can be done. First, the yield stress
increases with the strain rate. Second, the increase of yield stress with strain rate is more
marked at lower temperatures, as reported by Meyers [85]. A successful constitutive model
should be able to describe the flow curves from high strain rate material testing, as provided
in chapter 5, in a single equation. Furthermore it should have the capability of extrapolation
and interpolation. In this chapter an established empirical method of constitutive modelling
will be undertaken, namely the Johnson Cook material modelling, which is widely used in the
scientific practice of FEM simulation. This kind of constitutive law considers the influence of
strain, strain rate and temperature sufficiently and the challenge consists mainly of
parameter determination, which has to be done for each work piece material separately.
When going more in detail on this topic one need to investigate the mechanisms by which
materials deform plastically at high strain rates, which are dislocations, deformation twins,
phase transformations and their interactions.

6.1.

Johnson Cook Hardening Parameters

As described in section 2.6.1. the Johnson Cook equation is a highly useful and successful
constitutive model. One of the problems with this equation is that all parameters are
coupled by being multiplied by each other. Nevertheless, the Johnson Cook equation
remains the one of the mostly applied equations for material modelling in FEM simulation
tools. . It can be written as:

𝜎 = [𝐴 + 𝐵(𝜀 𝑃 )𝑛 ] [1 + 𝐶 𝑙𝑛𝜀̇∗ ] [1 − 𝑇𝐻 ]
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𝜀̇ 𝑃
𝜀̇ =
𝜀̇0
∗

𝑇𝐻 =

𝑇 − 𝑇0
𝑇𝑚 − 𝑇0

(6.3)

(6.4)

in which 𝜀 𝑃 is the equivalent plastic strain, 𝜀̇ ∗ is the ration between the equivalent plastic
strain rate 𝜀̇𝑃 and reference strain rate 𝜀̇0 which is a material parameter. The homologous
temperature of 𝑇𝐻 is a function of the melting temperature 𝑇𝑚 and the room temperature
𝑇0 . The five unknown parameters (𝐴, 𝐵, 𝐶, 𝑛 ,𝑚) describe fairly well the response of a
number of metals.

6.1.1. Initial optimization from material tests
The Johnson Cook parameters are identified from high strain rate compression tests
performed at strain rates up to 20s-1 and temperatures up to 800°C, see chapter 5.2. The
response of this material, graphitic steel 50SiB8, is not reported in literature yet. Material
parameters of this free-cutting steel type are derived from two different numerical methods
and are compared. The first approach is based on finding the minimum of the sum of
squares of the differences between the calculated stresses from the Johnson Cook hardening
equation and the corresponding measured stresses from experiment. The results of this first
optimization are used as initial values for the inverse material modelling, which is based on
multi-case polynomial metamodel optimization and finite element method, as detailed
explained in [2].
The overall procedure of the optimization is first of all, performing compression tests in
different strain rates for samples which are preheated in different temperatures. The
outputs of these experiments are the flow curves, the tables for displacement versus
operation time as well as the tables of the displacement versus forces of the Dilatometer
rum. Then based on the flow curves, the initial optimizations are performed and initial
values of the Johnson Cook parameters are derived. Initial optimization is carried out in
Matlab® to calculate the first guess of Johnson Cook parameters, in order to reduce the
computation time of the finite element inverse parameter identification. This optimization
step is based on finding the minimum of the sum of squares of the differences between the
calculated stresses from the Johnson Cook hardening equation and the corresponding
measured stresses from experiment, shown in Fig. 6-1. The results of the initial optimization
of the Johnson Cook parameters are listed in Table 6-1.
Finding the minimum of the sum of squares of the differences between the calculated
stresses from the Johnson Cook hardening equation and the corresponding measured
stresses from experiment is done by an interior-point algorithm. The applied method solves
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a sequence of approximate minimization problems which is sequence of equality
constrained problems and is easier to solve than the inequality-constrained problem, as
discussed in [2].

Fig. 6-1 Experimental true stress versus true plastic strain for different strain rates and temperatures.

Table 6-1 Results of the initial optimization of the Johnson Cook parameters that are used as initial
guess for the inverse material identification in section 6.1.2.
A
[MPa]
70

B
[MPa]
1210

C

n

m

0

0.0059

0.2392

0.9827

[1/s]
1.0

6.1.2. Inverse material parameter identification
The results of initial optimization, explained in chapter 6.1.1, are used in next step of inverse
material modelling as initial guess, to reduce the size of the computations. Fig. 6-2 shows a
flowchart, which provides an overview of the following inverse Johnson Cook material
parameter identification.
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Fig. 6-2 Flowchart of the inverse Johnson Cook (JC) material parameters identification. [2].

After defining the values of Table 6-1, as initial guess in the second step in the flowchart in
Fig. 6-2, and considering an upper and lower limit for them, the optimization loop starts. The
stage matrix which is mentioned in the second step has the dimension of the number of
parameters to be identified, multiplied to the number of different material response curves
as shown in Fig. 6-1 coming from the different tests with different strain rates and
temperatures of the experimental field, listed in Table 5-1. The stage matrix gives an
overview of the parameters defined in each stage. The sampling for the five Johnson Cook
parameters is carried out in a third step with Monte-Carlo point selection, in order to cover
the nonlinear shape of the Johnson-Cook hardening in compression test.
In step four, finite element simulations for all performed experiments are carried out. For
each of these strain rates and temperatures a set of simulations with different parameters as
defined in steps one, two and three is performed. For instance Fig. 6-3 shows the output of
the first iteration of the optimization for one case study. Thereby the coloured curves
represent the force-displacement results for variation of the parameter n, which is indicated
by the colour scale on the right side.
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n

Fig. 6-3 Influence of parameter n. Force-displacement results in the first iteration of the optimization
for the experiment at 200 °C and strain rate of 𝜺̇ = 𝟏𝒔−𝟏 . The experimental results are shown in
black color.

To reduce the computation time, a quarter of the specimen is considered with axisymmetric
and symmetric planes in y and x planes respectively. The material model from equation
(2.26) is used for the specimen in a 2D thermomechanical model. As a simplification and
ignoring the temperature dependence, a constant Young’s modulus of 213.583GPa is
measured and calculated from the tensile test. Further input parameters are listed in Table
6-2.

Table 6-2 The input parameters for simulation of free-cutting steel, from [2, 141]
ρ[kg/m3]
7850

G [GPa]
80

cp [J/kgK]
466

λ [W/mK]
16.3

Whereby, ρ is the mass density, G the shear modulus, cp the heat capacity and λ the thermal
conductivity. The sensitivity of the results on friction coefficient is analysed and at the end,
automatic surface to surface contact with a coulomb friction coefficient of µ = 0.2 is
considered between the ram and the workpiece. Implicit time integration for shell elements
with hourglass control is considered. The force-displacement of the ram of the compression
test in different strain rates and temperatures are simulated in a 2D coupled
thermomechanical model as shown in Fig. 6-4. Time versus displacement curves for different
strain rates and temperatures in the experimental setups are the input to the different
simulations.
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Fig. 6-4 FEM simulation setup, showing the location of axisymmetric and symmetric planes. The
results are related to temperature field in K for strain rate of 𝛆̇ = 𝟏𝐬−𝟏 and room temperature. The
hottest point is in the middle of the rod and the coolest point is in contact with the ram.

In the fifth step, the polynomial metamodel based on the settings (step 3) is built up with
linear history approximation. Curve matching composites with algorithm of mean square
error, ordinate-based, are defined in step 6, in order to compare the output of the forcedisplacement simulations with experiments. Subsequently Sobol’s [129] global sensitivity
analysis based on analysis of the variances is applied to consider the significance of each
variable in the optimization in step 7. In step 8 the non-domination concept for comparing
different individuals which was proposed by Goldberg [39] is used. Therefore, the overall
procedure of optimizations depicted in the flow chart in Fig. 6-2 is making trials with Monte
Carlo, then enhancing by Genetic algorithm to come closer to the global minimum and then
staring with a gradient method. In step 9 the tolerances that are required for termination
are specified.
In case of unsatisfying results at least in one of the mentioned termination criteria, in step 12
the metamodel-based optimization is automated by strategy of strategy of successive
response surface method (SRSM), with domain reduction. In step 12, the new points for the
Johnson Cook parameters are located within the upper and lower bounds that are the
subregion of the design space. These new points are the goal is the final optimal points and
not the global exploration of the design. Then the new loop of optimization starts again in
step 2.
In case of satisfying all these three criteria in step 9, the results of the optimization are
verified in step 10 and the optimization finishes. The verification run of the predicted
optimal value or Pareto optimal solutions value is based on discrete Space Filling algorithm.
The Space Filling algorithm maximizes the minimum distance between experimental design
points.
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The Table 6-3 shows the final converged results of the optimization with multi-case
polynomial metamodel-based optimization and FEM. The output of the two sets of
parameters from Table 6-1 and Table 6-3 are compared with experimental results in Fig. 6-5,
in which the importance of reverse material modelling is shown.
Table 6-3 Final results of the inverse Johnson Cook parameters identification.
A
[MPa]

374.6

B
[MPa]

4536

C

n

m

0

[1/s]

-0.00318

0.897

0.9198

3.177

Fig. 6-5 The force-displacement results from compression test are related to the setup with initial
temperature of 200 °C and strain rate of 1s-1. “Final optimization” and “Initial Optimization” are
related to the parameters in Table 6-3. The validated material parameters of free-cutting steel
50SiB8 with graphite inclusions are compared with CK45.

In order to get a better understanding of the response of the present developed free-cutting
steel with graphite inclusions, the results of the optimizations are compared with the
response of common steel CK45 in the same experimental setup. The material parameters of
CK45 are derived from [141]. The results prove that the misfit between the initial
optimization (up to 12%) and experimental results is improved by the proposed inverse
material modelling (max 1%). This improvement of the parameters of the Johnson Cook
equation is important in the next phases of chip formation analysis in FEM simulations. The
accurate material parameters are important for simulation of cutting, in order to reduce the
uncertainty of the material behaviour in simulation that affects the results of cutting
simulations.
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6.2.

Johnson Cook Damage Parameters

The Johnson Cook fracture model is similar to the flow stress model, with three terms
combined in a multiplicative manner to include the effects of the stress triaxiality, the effect
of the strain rate as well as the effect of the thermal softening, as mentioned in section
2.6.2. With the available experimental data, obtained from SHTB test in chapter 5.3, it is
possible to obtain the parameters 𝐷4 and 𝐷5 which describes the strain rate and the
temperature influence respectively. The first term of the Johnson Cook fracture model could
be solved (𝐷1 , 𝐷2 and 𝐷3 ) by performing tests with different sample geometries.

𝜀 𝐹 = (𝐷1 + 𝐷2 𝑒𝑥𝑝 [𝐷3

𝜎𝑚
]) ∗ (1 + 𝐷4 𝑙𝑛𝜀̇) ∗ (1 + 𝐷5 𝑇𝐻 )
𝜎̅

(6.5)

The parameter identification in phenomenological models is done by iterative determination
of parameter sets based on fittings of real measurements flow curves. From experimental
data obtained Johnson Cook damage parameters are identified as
Table 6-4 Johnson Cook damage parameters for 50SiB8 from SHTB tests

(𝐷1 + 𝐷2 𝑒𝑥𝑝 [𝐷3
[-]
0.47

𝑃
𝜎𝑒𝑓𝑓

])

𝐷4

𝐷5

(6.6)

[1/s]
[°C]
- 0.0089 0.52

The validity of the Johnson Cook damage model is thereby given within the tested range of
strain, strain rates and temperatures. A misfit of up to 5% is given between the stress-strain
measurements and calculated stress-strain curves. For an extrapolation a wider range of
testing conditions becomes necessary and the parameters 𝐷1 …𝐷5 need to be identified
accordingly.
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7. FEM simulation of drilling 50SiB8
In order to prove the optimised Johnson Cook parameters those are applied in a 3D
thermomechanical analysis of drilling. The simulation is performed for some different cases,
which enables the validation of the material model and the comparison of chip roots by
means of real QSD experiments. The material of the workpiece is 50SiB8 and all material
properties are derived from [2]. The influence of two different Johnson Cook hardening
material models is analysed, shown in simulation B. Thereby the initial parameter
optimization from chapter 6 is compared to the final parameter optimization. Output
information from the simulation is the chip shape, the process forces, effective strains,
maximum stresses and temperatures, shown in simulation A. The final geometries of the
simulated drilled workpiece and the chips are exported into a .stl file. The chip cross section
generated from the simulation can be directly compared to the QSD results from the
experiment determined by using micro CT discussed in chapter 4.5. Furthermore, the
influence of friction models and friction parameters is investigated with simulations C.
The geometry of the drilling tool used in the simulation is shown in chapter 4.3. The drill bit
consists of tungsten carbide. It is simulated as rigid with thermal degrees of freedom and
with material properties from [93]. About the boundary conditions, the drill bit rotates with
the defined feed rates and cutting speeds. About the thermal boundary condition of the
tool, the top surface of the drill bit is considered as 250 °C. The surface of the drill bit has
heat exchange with environment with degrees of 20 °C. The structural boundary condition of
the workpiece is fixing all the degrees of the freedom of the outer diameter of the
workpiece. About the thermal boundary condition of the workpiece, all the surfaces of the
workpiece have heat exchange with the environment and also thermal conduction with the
drill bit. The FEM setups are divided into three simulation groups:

-

Simulation A:
Validation of final material parameters by means of chip shape and process forces.
Process forces
A1: vc = 100m/min, f = 0.2mm/rev
Chip shape
A2: vc = 150m/min , f = 0.25mm/rev
hybrid friction model, A1) µ=0.35; A2) µ=0.25 for Coulomb friction and m = 0.8 for
shear friction.

-

Simulation B:
Comparison of JC parameters after the first and after the final optimisation.
First parameters
B1
Final JC parameters B2
vc = 150m/min, f = 0.25mm/rev, µ = 0.35 (Coulomb friction model)
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-

Simulations C:
Influence of friction coefficient on chip formation.
vc = 150m/min, f = 0.25mm/rev, µ = C1) 0.25 C2) 0.35 C3)0.45 (Coulomb friction
model)

Following exemplarily the detailed results of simulation A are shown. The Fig. 7-1 presents
the drilling simulation A after a drilling depth of 1mm. The cutting force in the Z direction is
shown in Fig. 7-2. In the same time, effective strain is plotted. It can be seen that high strain
causes separation of the chip in the cutting region. The average value of the feed force is
around 800N, which comes close to the values observed in the experiment with a magnitude
of around 750N.

Simulation2.1

a)

50SiB8
vc = 150m/min
f = 0.25mm
hybrid friction model
(µ=0.25 and shear friction 0.8)

Fig. 7-1 Simulation A1: effective strain

Fig. 7-2 Simulation A1 : feed force Fz versus Z movement of the drill
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In order to get a better insight into the chip root region the tool was hidden. Fig. 7-3a)
visualises the effective strain and Fig. 7-3b) the maximum principal stress field. Especially in
the region of the chisel edge, where high plastic deformation occurs, strains up to 14 and
stresses up to 6000MPa are observed.

Simulation A (1)

a)

Effective strain

b)

Maximum principal stress field

Fig. 7-3 Simulation A1: a) Effective strain b) Maximum principal stress field.

Simulation A (1)

The temperature field of the chip root is shown in Fig. 7-4. The highest temperature of
around 620°C is found to be in the chip separation area along the main cutting edges.
Temperature field

Fig. 7-4 Simulation A1: Temperature field.

7.1.

Validation and analysis of FEM simulations

Following, the simulation result of the drilling process is compared to the real chip root from
quick-stop experiment. Therefore both geometries are exported into .stl files, which enable
a detailed post processing and analysis of chip geometry. By using CAD software the chip
cross section can be precisely determined. Moreover this allows a direct and reliable
validation of simulated chip shapes. Fig. 7-5a) shows the calculated chip from the simulation
A and Fig. 7-5b) shows the chip root observed from real QSD experiment via micro CT
reconstruction.
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Simulation A7 FEM
(1)simulation of drilling 50SiB8
a) Simulation

b) QSD experiment

Fig. 7-5 Comparison of drilling chips a) calculated chip from simulation A1, b) experimental QSD chip
root micro CT reconstructed.

Analysing the chip thickness in function of the tool radius, according to chapter 4.5, the chip
roots are cut to observe the chip cross sections. The comparison is highlighted in Fig. 7-7. On
the top of this figure the experimental chip root is drawn, coloured in green. The chip cross
sections of the simulations A, B1 and B2 are given below. The result of simulation A comes
closest to the real chip cross section. In this case a hybrid friction model is used, as shown in
Fig. 7-6. The chip thickness is much higher in simulation B1 and B2, whereby a Coulomb
friction model is used, without shear friction.

Coulomb Friction

Shear Friction

Hybrid Friction

Simulation C1, C2, C3
µ = 0.25, 0.35, 0.45
Simulation B1, B2
µ = 0.35

Simulation A
Coulomb: µ = 0.35
Shear friction: m = 0.8

Fig. 7-6 Definition of Coulomb, shear and hybrid friction according to [27]
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Tool radius 3mm

50SiB8

QSD Experimental chip root
vc=150m/min f=0.25mm
Simulation A2
final JC parameters
vc=150m/min f=0.25mm
hybrid friction
Coulomb friction: µ=0.25
Shear friction: m=0.8
Simulation B1
initial JC parameters
vc=150m/min f=0.25mm
Coulomb friction: µ=0.35

Simulation B2
final JC parameters
vc=150m/min f=0.25mm
Coulomb friction: µ=0.35

Chisel edge

Main cutting edge

Fig. 7-7 Chip cross sections. Comparison of chip thickness of different simulation setups and
experimental QSD chip root.

In simulation A2 the cutting speed and the feed are set higher than in simulation A1, which
results in a reduction of the chip cross section, visualised in Fig. 7-8. As explained in chapter
6 the JC hardening parameters are optimised in subroutines. The influence of the final JC
parameter optimisation is shown in Fig. 7-9. Two chip root cross sections from Simulation B1
and B2 are merged. A significant reduction of chip thickness can be seen by applying the final
parameters. Due to the assumption of Coulomb friction model and unconsidered shear
friction the chip cross sections are thicker than the experimental observed.
Simulation A1 vs A2

A2
vc = 150m/min
f = 0.25mm/rev
A1
vc = 100m/min
f = 0.2mm/rev

Fig. 7-8 Comparison of chip cross sections from simulation A1 and A2
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Simulation B1 vs B2
Final optimised
JC parameters

First JC parameters

Fig. 7-9 Chip cross sections from simulation B1 and B2. Comparison of chip thickness for first and
final optimised JC parameters.
Table 7-1 Comparison of initial and final JC hardening parameters
n

m

0

A
[MPa]

B
[MPa]

C

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝐽𝐶 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠

70

1210

0.0059

𝑓𝑖𝑛𝑎𝑙 𝐽𝐶 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠

374.6

4536

-0.0031 0.897 0.920 3.177

[1/s]
0.239 0.983

1.0

Results of Simulation C
The influence of different friction coefficient on chip thickness is investigated within the
simulation C. Three simulations C1, C2 and C3 are performed with Coulomb friction model
having values of µ = 0.25; 0.35 and 0.45. The chip cross section of each simulation is
provided in Fig. 7-10. It is a significant increase of chip thickness observed with increasing
the friction coefficient. Fig. 7-11a) shows all three chip cross sections from simulation C of
corresponding friction coefficient merged in one picture, whereby the chip thickening can be
seen directly.
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Tool radius 3mm

Simulation C1
µ = 0.25

Simulation C2
µ = 0.35

Simulation C3
µ = 0.45

Fig. 7-10 Simulation C, chip cross sections. Comparison of chip thickness for different friction
coefficients.

Moreover the simulated feed forces are plotted in Fig. 7-11b). Correlating to the increase of
chip thickness an increase of the feed force is observed in simulation C1 to C3. Changing the
friction coefficient from µ = 0.25 to a value of µ = 0.45 results in a significant increase of feed
force of about 65%, which shows the important effect of friction coefficient on process
forces.

a)

b)
Simulation C
µ = 0.25
µ = 0.35
µ = 0.45

Fig. 7-11 Influence of friction coefficient variation on: a) simulated chip thickness and b) simulated
feed forces.

When using the real measured friction coefficient from cutting process tribometer, as
Coulomb friction in a hybrid friction model, the chip shapes comes closest to reality. When
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the shear friction is disregarded and just Coulomb friction used the chip thickness becomes
larger. Therefore the combined friction model is recommended. The influence of the two JC
parameter sets shows a significant improvement through the final optimisation, whereby
the final chip cross section come closer to the experimentally observed one. Applying
increased friction coefficients generally results in the increase of chip thickness and the
process forces. As a conclusion the following modification is recommended in order to come
closer to the experimental chip cross section. The cutting speed is variable over the cutting
radius, vc= 150m/min at outer diameter and vc = 0m/min in the centre. Therefore a variable
friction coefficient should be considered.
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8. Conclusion and Outlook
Motivated by legal regulations, which intend the prohibition of lead in steels, a new
environmental-friendly free-cutting steel with graphite inclusions was developed as an
alternative to leaded steels. The aim of this work was to provide answers to questions
coming from the machinability analysis of graphitic steel 50SiB8. In the beginning five casts
at laboratory scale were produced by the project partner Ugitech. Thereby the influencing
factors for graphite formation have been identified. These discoveries were transferred into
industrial scale production by Swiss Steel AG and two casts have been produced each 80t.
The first industrial cast was heat treated with different duration of annealing, whereby the
growth of graphite inclusions and their influence in machining was observed. The second
industrial cast, called 50SiB8, has an improved chemical composition, which allows much
lower annealing times for nearly complete graphitisation.
The material removal process was to be analysed detailed in this work, in order to enlarge
the scientific knowledge in this field, resulting in practically useful realisation for industrial
relevant applications. Therefore the characterisation of machinability is focused in turning,
drilling, cutting process tribology as well as quick-stop experiments. High strain rate material
testing is needed by applying low, middle and high strain rates and temperatures, in order to
characterise the material behaviour at cutting-like conditions. Finally, using the Johnson
Cook equation, the corresponding parameters are identified. This provides a useful material
model and enables, first the simulation of cutting processes for this new type of graphitic
steel, and second the comparison with materials to be replaced potentially.
In the scope of this thesis a benchmark of graphitic steel 50SiB8 is undertaken for all
mentioned machining investigations. The four reference materials were two types of freecutting and case-hardening steels with and without lead. The experiments are focused on
turning and drilling operations. The cutting speed in turning experiment is varied from
vc = 10m/min to vc = 400m/min in order to investigate a wide region of cutting speed. The
generated chips are collected and analysed by preparation of metallurgical microsections
using light microscopy and SEM microscopy. Elongated graphite inclusions depict the
weakest areas in the work piece material. They initiate the shearing process in material
removal and support the chip breakage. Due to weak binding forces between the graphite
plans, they easily slide on each other and provide a lubricating effect. Graphite is found in
the microstructure of chip fracture surface, which underlines the theory that shearing occurs
through the graphic inclusions. From the perspective of chip formation despite a higher
tensile strength, the graphitic steel is equivalent or even better in comparison to the
investigated reference materials. 50SiB8 exhibits a good machinability combined with a
higher mechanical strength. Regarding the homologous cutting force it is observed that the
graphitic steel 50SiB8 shows lowest 𝐹𝑐 − ℎ𝑜𝑚 values at cutting speeds above vc = 60m/min.
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Despite the highest Rm value it is proven to have a significantly improved machinability in
comparison to the reference material with lower Rm values. Only in the region of lower
cutting speed under vc =50/min, where build up edge formation likely occurs, the graphitic
steel has potential for improvement.
From drilling experiments it is seen that, the free-cutting steels have a better machining
performance than the graphitic steel, caused by their lower mechanical strength. On the
other hand despite the higher tensile strength of 50SiB8 graphitic steel lower cutting forces
and drilling torque are observed compared to the two types of case-hardening steels. The
drilling performance of graphitic steel 50SiB8 is found to match well with the optimum
working zone of leaded steel 16MnCrS5Pb with comparable hardness. This confirms the
potential of these lead-free graphitic steels as a substitution for Pb-alloyed steels.
A newly developed cutting process tribometer is utilized for quick measurement of friction
coefficients. Under consideration of the real cutting parameters a freshly cut surface is
generated, on which a coated pin slides and measures the friction forces. The results are
different when performing friction measurements at oxidised and non-oxidised surfaces.
Additionally, the influence of friction, in dependency of cutting speed is evaluated. The
friction measurement method is shown to be reliable and repeatable in actual metal cutting
process, where three graphitic steels are compared to 11SMnPb30, 16MnCrS5Pb and C45E.
It is observed that for all investigated materials, the friction coefficient decreases with
increasing cutting speed. However, the graphitic steel 50SiB8 exhibits a lower friction
coefficient than 11SMnPb30 and 16MnCrS5Pb at cutting speeds above 100m/min. The
lubrication effect due to graphite inclusions is verified at cutting speeds vc ≥ 100 m/min.
In order to obtain the influence of graphite inclusions on material removal in machining,
quick-stop tests are performed to analyse the thereby generated chip roots. The chip
formation process in drilling is visualised and characterized by classical metallurgical
microsections. Additionally an innovative developed method is applied, based on micro
computer tomographic measurements, for determination of the real three dimensional chip
root, which provides a novel insight into the shearing zone in drilling. This procedure was
developed and published in the context of this thesis for the first time. Thereby a precise and
reliable analysis of chip thickness, chip compression ratio and shear angle is guaranteed and
the influencing factors are identified. It can be concluded that 50SiB8 generates thinner
chips than the utilised reference materials. This is especially desirable in drilling processes
where material removal through the drilling flutes is hindered. Graphite inclusions are
elongated during the shearing process in material removal and can be seen in the
microstructure of the shearing zone, which supports chip breakage. From the perspective of
chip formation despite a higher tensile strength, the graphitic steel is equivalent or even
better in comparison to the investigated reference materials. Based on turning tests and
friction coefficient measurements at cutting speeds vc ≤ 100m/min the graphitic steel 50SiB8
was supposed to generate thicker chips than leaded steels. But this could not be confirmed.
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No indication for the occurrence of BUE problems was found for 50SiB8 at vc = 60m/min,
which proves the lubricating effect of graphite inclusions.
For the scientific understanding of the machining process, knowledge about mechanical
behaviour of 50SiB8 under high strain rates and high deformations at higher temperatures is
provided.
Stress-strain measurements for compression are shown, performed by
deformation dilatometry at high strain rates up to 𝜀 ̇ = 20 s-1. The material tensional
behaviour is analysed using the Split-Hopkinson-Tension-Bar (SHTB) for medium and high
strain rates up to 𝜀̇ = 1700 s-1. The Split-Hopkinson-Pressure-Bar (SHPB) is used to provide
compression test at very high strain rates up to 𝜀̇ = 5800 s-1. Resulting from the measured
flow curves material constitutive behaviour is formulated. Using the Johnson Cook equations
the hardening parameters are identified and optimised, which in future can enable cutting
simulations of graphitic steel. Given by the limitations from the experimental setup and due
to a high experimental effort in SHTB tests, only one uniaxial sample geometry could be
analysed. As a result the tiaxiality cannot be considered for the Johnson Cook damage
parameter identification. In order to find the three geometry-dependent damage
parameters additional experiments are needed with different sample geometries. More
precisely measurements could be provided by application of triaxial shearing tests.
Using the Johnson Cook model with the identified material parameters a 3D FEM simulation
is performed to calculate numerically and visualise thereby the chip formation in drilling. The
outcome of the FEM simulations is validated by means of the real chip root from quick-stop
test, which is digitalised by using micro CT and brought geometrically well defined, with a
high resolution (voxel size 7.3µm3) into a practical CAD file format. Intersections of the chip
root can be thereby done from any perspective. In contrast to classical metallographic
sample preparation, the non-destructive method opens more possibilities for geometrical
observation of chip formation and shearing zone. This shows the potential of the applied
QSD-evaluation method for chip roots as a useful validation-tool for further simulation
results. Using a hybrid friction model, considering both shear and coulomb friction
coefficients from the cutting process, chip shapes closers to the reality can be
predicted/simulated. By increasing just the Coulomb friction coefficient a significant increase
of chip thickness and process forces is observed. This shows the important effect of friction
in cutting and the advantage of the lubricating effect caused by graphite inclusions.
The phenomenological Johnson Cook hardening material model is validated within the
experimental field, for which real stress-strain measurements are available. The deviation of
chip thickness from simulation can be caused by extrapolation uncertainties of the JC
hardening model. Therefore the parameters need to be optimised iteratively, called inverse
material modelling. The same is valid for Johnson Cook damage material model. In order to
consider triaxiality, effects extensive tests with different sample geometries are required,
which are costly and time-consuming. More details on yield strength at high strain rates
could be observed additionally by using Taylor impact tests, which were not accessible for
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this thesis. Thereby strains of 𝜀 ≥ 1 could be achieved together with strain rates of the order
of 𝜀̇ = 104 – 106s-1.
From the viewpoint of the material behaviour in cutting processes, the graphitic steel 50SiB8
has reduced cutting forces, but not for all regions of cutting speed and feed. Its performance
can be improved especially at low cutting speeds. The graphite inclusions could not
absolutely lower the cutting forces as lead does. It is shown that cutting forces decrease with
increasing annealing time. This can be attributed to the growing size and a good distribution
of the graphite inclusions. Probably an optimum size and distribution of graphite can provide
even better cutting results, than presented in this work. For economic reasons this should be
achieved with short annealing times. Nevertheless, this concept of steel can be regarded as
an alternative for leaded free-cutting steels and even for case-hardening steels. Since the
graphite inclusions can be dissolved into martensite by austenitisation and quenching after
the machining operation, the final mechanical properties are comparable to hardened steels.
Moreover the machinability enhancer graphite disappears after quenching compared to the
harmful lead.

141

Bibliography
[1]

Akasawa, T., Sakurai, H., Nakamura, M., Tanaka, T., Takano, K., 2003,
Effects of Free-Cutting Additives on the Machinability of Austenitic
Stainless Steels Journal of Materials Processing Technology, 143-144: p.
66 - 71.
[2] Akbari, M., Smolenicki, D., Roelofs H., Wegener, K., 2017, Inverse
material modelling and optimization of free cutting steel with graphite
inclusions. The International Journal of Advanced Manufacturing
Technology (in preparation).
[3] Apple, C.A., 1989, The Relationship between Inclusions and the
Machinability of Steel. Mechanical Working and Steel Processing
Conference, Proceedings: p. 415 – 426.
[4] Arendt, C., 2004, Angepasste Stähle zur effektiven und umweltgerechten
Drehbearbeitung. Dissertation, Universität Hannover.
[5] Arrazola, P.J.,Özel, T., 2010, Investigations on the effects of friction
modeling in finite element simulation of machining. International Journal
of Mechanical Sciences, 52(1): p. 31-42.
[6] Arrazola, P.J., Özel, T., Umbrello, D., Davies, M., Jawahir, I.S., 2013,
Recent advances in modelling of metal machining processes. CIRP Annals
- Manufacturing Technology, 62(2): p. 695-718.
[7] Astakhov, V., Tribology of the tool-chip and tool-workpiece interfaces,
Chapter 3, in Tribology and Interface Engineering Series. Elsevier, 2006.
p. 124-219.
[8] Astakhov, V., Geometry and Design Components, in Drills, Science and
Technology of Advanced Operations: Twist and Straight-Flute Drills. CRC
Press, 2008. p. 259 - 356.
[9] Astakhov, V., Axial Force, Torque, and Power in Drilling Operations,
Appendix A in Drills, Science and Technology of Advanced Operations:
Twist and Straight-Flute Drills. CRC Press, 2008. p. 735 - 746.
[10] Ayel, J., 1997, Lubrifiants, Constitutions. Techniques de l’Ingénieur,
BM5341.
[11] Ben Abdelali, H., Claudin, C., Rech, J., Ben Salem, W., Kapsa, P., Dogui, A.,
2012, Experimental characterization of friction coefficient at the tool–
chip–workpiece interface during dry cutting of AISI 1045. Wear, 286-287:
p. 108-115.
[12] Bernsmann, G., Bleymehl, M., Ehl, R., Hassler, A., 2001, The making of
free cutting steels with additions of lead, bismuth, tellurium, selenium
and tin. Stahl und Eisen, 121(2): p. 87-92.

142

[13] Bersch, B., 1971, Wirkung von Blei auf die Zerspanbarkeit von
Automatenstahl. Dissertation, RWTH Aachen.
[14] Biermann, D.,Terwey, I., 2009, Spanbildungsprozess_beim_Bohren. dihw
– Diamant Hochleistungswerkzeuge, 1 (2009) 2: p. 8-11.
[15] Bonnet, C., Valiorgue, F., Rech, J., Claudin, C., Hamdi, H., Bergheau, J.M.,
Gilles, P., 2008, Identification of a friction model—Application to the
context of dry cutting of an AISI 316L austenitic stainless steel with a TiN
coated carbide tool. International Journal of Machine Tools and
Manufacture, 48(11): p. 1211-1223.
[16] Brusso, J.A., 1995, Graphitic steel compositions, U.S. Patent 5,478,523.
[17] Cadoni, E., Dotta, M., Forni, D., Spätig, P., 2011, Strain-rate behavior in
tension of the tempered martensitic reduced activation steel Eurofer97.
Journal of nuclear materials, 414(3): p. 360-366.
[18] Cadoni, E., Dotta, M., Forni, D., Tesio, N., Albertini, C., 2013, Mechanical
behaviour of quenched and self-tempered reinforcing steel in tension
under high strain rate. Materials & Design, 49: p. 657-666.
[19] Charlier, J.C.,Michenaud, J.P., 1991, Tight-binding model for the
electronic properties of simple hexagonal graphite. Physical Review B,
44(Nr 24): p. 237-249.
[20] Chern, G.L., 2005, Development of a new and simple quick-stop device for
the study on chip formation. International Journal of Machine Tools and
Manufacture, 45(7-8): p. 789-794.
[21] Childs, T.H.C., Maekawa, K., Obikawa, T., Yamane, Y., Machinability
analysis of free cutting steels, in Metal machining: theory and
applications. Arnold Publishers, 2000: London, UK. p. 95-97.
[22] Childs, T.H.C., Maekawa, K., Obikawa, T., Yamane, Y., Experimental
methods, in Metal machining: theory and applications. Arnold Publishers,
2000: London, UK. p. 137-138.
[23] Childs, T.H.C., Maekawa, K., Obikawa, T., Yamane, Y., Work material
characteristics in machining, in Metal machining: theory and
applications. Arnold Publishers, 2000: London, UK. p. 95-97.
[24] Cho, S.,Lee, Y., 2000, Machinability of Bi-S and Pb-S-Treated FreeMachining Steels. 42th MWSP Conf. Proc., Vol. 38: p. 351 - 363.
[25] Courbon, C., Pusavec, F., Dumont, F., Rech, J., Kopac, J., 2013,
Tribological behaviour of Ti6Al4V and Inconel718 under dry and cryogenic
conditions—Application to the context of machining with carbide tools.
Tribology International, 66: p. 72-82.
[26] Deardo, A.J., 1999, Tin-bearing Free-Machining Steel, Patent WO
99/25891.
[27] DEFORM, 2016, Manual v.11 - Inter-object Data Definition p. 6 - 15.

143

[28] Department Physical Metallurgy and Materials Testing, U.L. Quenchingand
Deformation
Dilatometer.
Available
from:
http://materials.unileoben.ac.at/en/1638/, [25.05.2016].
[29] DIN 6583, 1981, Begriffe der Zerspantechnik, Standbegriffe,
Zerspanbarkeit.
[30] DIN EN 10027, 2015, Bezeichnungssysteme für Stähle.
[31] DIN EN 10087, 1998, Free-cutting steels, Technical delivery conditions for
semi-finished products, hot-rolled bars and rods.
[32] Dolinšek, S., 2003, Work-hardening in the drilling of austenitic stainless
steels. Journal of Materials Processing Technology, 133(1): p. 63-70.
[33] Dressler, H.W., 1964, Einflussgrößen auf die Zerspanbarkeit von
Automatenstahl. Dissertation, RWTH Aachen.
[34] Edmonds, D.V.,He, K., 2005, Acceleration of Graphitisation in Carbon
Steels to Improve Machinability. Institute for Materials Research,
University of Leeds, LS2 9JT.
[35] Essel, I., 2006, Machinability Enhancement of non-leaded free cutting
steels. Dissertation RWTH Aachen.
[36] Forni, D., Chiaia, B., Cadoni, E., 2016, High strain rate response of S355 at
high temperatures. Materials & Design, 94: p. 467-478.
[37] Garcia, C.I., Hua, M.J., Miller, M.K., Deardo, A.J., 2003, Application of
Grain Boundary Engineering in Lead-Free “Green Steel”. ISIJ International,
43(N°12): p. 2023-2027.
[38] Gilat, A.,Pao, H., 1988, High-Rate Decremental-Strain-Rate Test.
Experimental Mechanics, 28: p. 322-325.
[39] Goldberg, D., Genetic algorithms in search, optimization, and machine
learning. Addison Wesley series in artificial intelligence. Reading,
Massachusetts [etc.] : Addison-Wesley,, 1989.
[40] Gray, G.T., 1999, Classic Split Hopkinson Pressure Bar Technique. ASM
Mechanical Testing, 8: p. 17-20.
[41] Guo, Y.B., 2003, An integral method to determine the mechanical
behavior of materials in metal cutting. Journal of Materials Processing
Technology, 142(1): p. 72-81.
[42] Halle, T., 2005, Zusammenhänge zwischen Spanvorgängen und dem
mechanischen
Werkstoffverhalten
bei
hohen
Dehnungsgeschwindigkeiten. Dissertation TU Chemnitz.
[43] Hashimura, M., Mitzuno, A., Miyanishi, K., 2007, Development of LowCarbon Lead-Free Free-Cutting Steel Friendly to Environment. NIPPON
STEEL TECHNICAL REPORT No. 96.
[44] Hastings, W.F., 1967, A new quick-stop device and grid technique for
metal cutting research. Annals of the CIRP, 15: p. 109-116.

144

[45] He, K., Daniels, H.R., Brown, A., Brydson, R., Edmonds, D.V., 2007, An
electron microscopic study of spheroidal graphite nodules formed in a
medium-carbon steel by annealing. Acta Materialia, 55(9): p. 2919-2927.
[46] Hedenqvist, P.,Olsson, M., 1991, Sliding wear testing of coated cutting
tool materials. Tribol Int 24: p. 143–150.
[47] Hensel, A., Lehnert, W., Spittel, T., Spittel, M., Technologie der
Metallformung - Eisen- und Nichteisenwerkstoffe. Leipzig Deutscher
Verlag f¨ur Grundstoffindustrie, 1990. 19-64.
[48] Hopkinson, B., 1914, A Method of Measuring the Pressure Produced in
the Detonation of High Explosives or by the Impact of Bullets. Philos.
Trans. R. Soc. (London) A, 213: p. 437-456.
[49] Hoshino, T., 1997, Graphite steel for machine structural use exhibiting
excellent free cutting characteristic, cold forging characteristic and posthardening/tempering fatigue resistance, U.S. Patent 5,648,044 A.
[50] Huchtelmann, B., Engineer, S., Schüler, V., 1993, Zum Einfluss von
Schwefel, Calcium und Tellur auf die Spanbarkeit und die mechanischtechnologischen Eigenschaften von Edelbaustählen. DGM-FortbildungsSeminar,
Institut
für
Fertigungstechnik
und
spanende
Werkzeugmaschinen, Hannover.
[51] Hyong, L., 2009, Effect of Boron and Silicon on the Formation of Graphite
Particles in Medium Carbon Steels. Wire Journal International: p. 194197.
[52] Inam, A., Brydson, R., Edmonds, D.V., 2015, Effect of starting
microstructure upon the nucleation sites and distribution of graphite
particles during a graphitising anneal of an experimental medium-carbon
machining steel. Materials Characterization, 106: p. 86-92.
[53] Iraola, J., Rech, J., Valiorgue, F., Arrazola, P.J., 2012, Characterisation of
friction coefficient and heat partition between an austenitic steel
AISI304Land a TiN-coated carbide cutting tool. Machining Science and
Technology, 16(2): p. 189-204.
[54] Iscar. Catalog Cutting Tools, Inserts. 2015; Available from:
www.iscar.com/eCatalog, [20.04.2015].
[55] ISO 3685, 1993, Tool-life testing with single-point turning tools.
[56] Iwamoto T., M.T., 2004, Bar and Wire Steels for Gears and Valves of
Automobiles Eco-friendly Free Cutting Steel without lead addition. JFE
TECHNICAL REPORT No. 4.
[57] Jaspers, S., 1999, Metal cutting mechanics and material behaviour.
Dissertation, Eindhoven University.
[58] Jaspers, S.P.F.C.,Dautzenberg, J.H., 2002, Material behaviour in
conditions similar to metal cutting: flow stress in the primary shear zone.
Journal of Materials Processing Technology, 122(2-3): p. 322-330.

145

[59] Jiang, L., Cui, K., Hänninen, H., 1996, Effect of the Composition, Shape
Factor and Area Fraction of Sulphide Inclusions on the Machinability of
Re-Sulphurized Free-Machining Steel. Journal of Materials Processing
Technology, 58: p. 160-165.
[60] Johnson, G.R.,Cook, W.H. 1983, A constitutive model and data for metals
subjected to large strains, high strain rates and high temperatures in
Proceedings of the Seventh International Symposium on Ballistics. The
Hague
[61] Johnson, G.R.,Cook, W.H., 1985, Fracture characteristics of three metals
subjected to various strains, strain rates, temperatures and pressures.
Engineering Fracture Mechanics, 21(1): p. 31-48.
[62] Kastner, J., Plank, B., Heinzl, C. 2015, Advanced X-ray computed
tomography methods: High resolution CT, quantitative CT, 4DCT and
phase contrast CT in Digital Industrial Radiology and Computed
Tomography. Wels, Austria
[63] Katayama, S.,Todab, M., 1996, Machinability of medium carbon graphitic
steel. Journal of Materials Processing Technology, 62: p. 358-362.
[64] Kaufmann, R. EMPA μCT (micro Computer Tomography), Setup and
Processing. Available from: https://www.empa.ch/web/s499/mct,
[27.04.2016].
[65] Kirsch-Racine, A., Bomont-Arzur, A., Confente, M., 2007, Calcium
Treatment of Medium Carbon Steel Grades for Machinability
Enhancement from the Theory to Industrial Practice. La Revue de
Métallurgie-CIT, (591-597).
[66] Kishi, K.,Eda, H., 1976, The lubrication and deformation mechanism of
MnTe, MnS, MnSe and Pb inclusions in various steels during wear and
cutting processes. Wear, 38: p. 29 – 42.
[67] Kistler, Product Catalog, Sensors and solutions for Cutting Force
Measurement. 2015.
[68] Klocke, F., 2008, Finite Element Simulation of Cutting Processes.
Vorlesungunterlagen WZL, RWTH Aachen.
[69] Klocke, F.,König, W., Fertigungsverfahren, Band 1: Drehen, Fräsen,
Bohren. 8.Auflage. Berlin Springer, 2008.
[70] Klopp, R.W., Clifton, R.J., Shawki, T.G., 1985, Pressure-shear impact and
the dynamic viscoplastic response of metals. Mechanics of Materials, 4:
p. 375-385.
[71] Koehler, W., 2008, Analysis of the High Performance Drilling Process:
Influence of Shape and Profile of the Cutting Edge of Twist Drills. Journal
of Manufacturing Science and Engineering, 130(5): p. 051001.

146

[72] Kolsky, H., 1949, An Investigation of the Mechanical Properties of
Materials at Very High Rates of Loading. Proc. Phys. Soc. London, B62: p.
676.
[73] Kopač, J., Dolinšek, S., 1996, Advantages of experimental research over
theoretical models in the field of metal cutting. Experimental Techniques,
20.3: p. 24-28.
[74] Kronenberg, M., 1945, A new approach to some relationships in the
Theory of Metal Cutting. Journal of applied Physics, 6.
[75] Kruszka, L.,Janiszewski, J., Experimental analysis and constitutive
modelling of steel of A-IIIN strength class in DYMAT2015. Lugano
[76] Kruszka, L., Mocko, W., Fenu, L., Cadoni, E., Comparative experimental
study of dynamic compressive strength of mortar with glass and basalt
fibres in DYMAT2015. Lugano
[77] Lewis, K.G., 2006, U.S. Environmental Protection Agency - Lead Poisoning:
A Historical Perspective. EPA Journal, 3(24 - 56).
[78] Lindholm, U.S., High strain rate tests, Part 1 Measurement of mechanical
properties, in Techniques of Metals Research. Wiley&Sons, 1971: New
York.
[79] Litonski, J., 1977, Plastic flow of a tube under adiabatic torsion. Bulletin
de L’Academie Polonaise des Sciences, 25(1): p. 1-8.
[80] Ludwik, P., 1909, Über den Einfluß der Deformationsgeschwindigkeit bei
bleibenden Deformationen mit besonderer Berücksichtigung der
Nachwirkungserscheinungen. Physikalische Zeitschrift 12(411-417).
[81] Luiz, N.E.,Machado, Á.R., 2008, Development trends and review of freemachining steels. Proceedings of the Institution of Mechanical Engineers,
Part B: Journal of Engineering Manufacture, 222(2): p. 347-360.
[82] Mantel, M.,Vachey, C., 2006, Formage à Grande Vitesse, Détermination
d’une Loi de Comportement. Techniques de l’Ingénieur, M3025.
[83] Markopoulos, A.P., Cutting Mechanics and Analytical Modeling, Chapter
2, in Finite Element Method in Machining Processes. Springer Link, 2013.
p. 11-27.
[84] Merchant, M.E., 1945, Mechanics of the Metal Cutting Process. I.
Orthogonal Cutting and a Type 2 Chip. Journal of applied Physics,
16(267).
[85] Meyers, M.A., Dynamic Behavior of Materials Wiley, 2007. p. 323 - 327.
[86] Mohr, D., Script Dynamic behavior of materials and structures, Lecture #2
IVP ETH Zürich, 2016. p. 44 - 45.
[87] Moraiti, M., Belis, T., Pappa, M., Kyratsis, P., Maravelakis, E., Antoniadis,
A., 2014, Chip formation characteristics in high speed machining utilizing
high speed microvideography. Academic Journal of Manufacturing
Engineering, 12(6-13).

147

[88] Murakami, T., Tomita, K., Shiraga, T., 2010, Development of Free Cutting
Steel without Lead Addition to replace AISI12L14. JFE TECHNICAL REPORT
No. 15 (May 2010).
[89] Murry, G., 1993, Aciers. Généralités. Techniques de l’Ingénieur, M300: p.
267 - 274.
[90] N.N. Stahl für nachhaltige Mobilität. Available from: http://www.stahlonline.de, [12.06.2016].
[91] N.N.
Split-Hopkinson-Pressure-Bar.
Available
from:
https://en.wikipedia.org/wiki/Split-Hopkinson_pressure_bar,
[06.06.2016].
[92] N.N.
Alicona,
InfiniteFocus
microscope.
Available
from:
http://www.alicona.com/, [07.04.2015].
[93] N.N., Scientific Forming Technologies Corporation, Documentation of
Deform 3D Version 11.1. 2016.
[94] N.N.
Produktkatalog
Futuro.
Available
from:
https://www.brw.ch/1/BRW-ToolShop/1/Werkzeughalter-PCLNRFUTURO, [25.10.2016].
[95] N.N. PixelFerber - imaging software. Available from: www.pixelferber.de,
[25.10.2016].
[96] N.N. Sustainable Steel - At the core of a green economy. Available from:
www.worldsteel.org/steel-by-topic/sustainable-steel, [10.06.2016].
[97] N.N. ALLUM - das Informationsangebot zu Allergie, Umwelt und
Gesundheit.
2016;
Available
from:
http://www.allum.de/index.php?mod=noxe&n_id=75, [20.05.2016].
[98] Nemat-Nasser, S., Introduction to high strain rate testing Mechanical
Testing and Evaluation (ASMHandbook) ASM International, 2000. Vol. 8.
[99] Neugebauer, R., Bouzakis, K.D., Denkena, B., Klocke, F., Sterzing, A.,
Tekkaya, A.E., Wertheim, R., 2011, Velocity effects in metal forming and
machining processes. CIRP Annals - Manufacturing Technology, 60(2): p.
627-650.
[100] Ockewitz, A.,Sun, D.-Z., 2006, Damage Modelling of Automobile
Components of Aluminium Materials under Crash Loading. 5. LS-DYNA
Anwenderforum, 2: p. 1-11.
[101] Oikawa, K., Abe, T., Sumi, S., 2001, Medium-carbon steel having
dispersed fine graphite structure and method for the manufacture
thereof, U.S. Patent 6,174,384.
[102] Olsson, M., Söderberg, S., Jacobson, S., S., H., 1989, Simulation of cutting
tool wear by a modified pin-on disc test. Int. Journal of Machinetools and
Manufacture, 29(3): p. 377-390.
[103] Oxley, P.L.B.,Hastings, W.F., 1977, Predicting the strain-rate in the zone
of intense shear in which the chip is formed in machining from the

148

[104]
[105]

[106]

[107]
[108]
[109]

[110]
[111]
[112]

[113]

[114]
[115]

[116]

[117]

dynamic flow stress properties of the work material and the cutting
conditions. Proc. R. Soc. Lond., A356: p. 395 - 410.
Oxley, P.L.B., The Mechanics of Machining: An Analytical Approach to
Assessing Machinability E. Horwood: Chichester, England, 1989. 98 - 104.
Özel, T.,Zeren, E., 2006, A methodology to determine work material flow
stress and tool-chip interfacial friction properties by using analysis of
machining. Journal of Manufacturing Science and EngineeringTransactions of the Asme, 128(1): p. 119-129.
Paucksch, E., Holsten, S., Linß, M., Tikal, F., 2008, Prinzipien der
Spanbildung und Zerspanbarkeit. Zerspantechnik: Prozesse, Werkzeuge,
Technologien, Vieweg, 2008.
Pauksch, E., 1996, Zerspantechnik. Vieweg.
Pollet-Villard, A., 2006, Substitution of lead in free-cutting steels.
Dissertation Uni Grenoble.
Puls, H., Klocke, F., Lung, D., 2012, A new experimental methodology to
analyse the friction behaviour at the tool-chip interface in metal cutting.
Production Engineering, 6(4-5): p. 349-354.
Raffalski, K.H., 1987, Deformation dilatometer platens, U.S. Patent
4,687,343 A.
Ramanujachar, K.,Subramanian, S.V., 1996, Micromechanisms of Tool
Wear in Machining Free-Cutting Steels. Wear, 197: p. 45-55.
Rech, J., Claudin, C., D’Eramo, E., 2009, Identification of a friction
model—Application to the context of dry cutting of an AISI 1045
annealed steel with a TiN-coated carbide tool. Tribology International,
42(5): p. 738-744.
Rech, J., Arrazola, P.J., Claudin, C., Courbon, C., Pusavec, F., Kopac, J.,
2013, Characterisation of friction and heat partition coefficients at the
tool-work material interface in cutting. CIRP Annals - Manufacturing
Technology, 62(1): p. 79-82.
Relinc. Split Hopkinson Pressure Bar_Brochure, High Strain Rate Material
Testing. Available from: http://www.relinc.net, [18.05.2015].
Reynolds, P., Rocher, M., D'Eramo, E., Langner, H., Hockauf, W., Essel, I.,
Fritsch, R., Beutle, R., Block, V., Elvira, R., 2005, Technically and
Commercially Viable Alternatives to Lead as Machinability Enhancers in
Steel Used for Automotive Components Manufacture. Final Report EUR
21912, published by European commission , Luxembourg.
Risse, K., 2006, Einflüsse von Werkzeugdurchmesser und
Schneidkantenverrundung beim Bohren mit Wendelbohrern in Stahl.
Dissertation RWTH Aachen.
Rizzo, F.C., Edmonds, D.V., He, K., Speer, J.G., Matlock, D.K., Clarke, A.,
2005, Carbon enrichment of austenite and carbide precipitation during

149

[118]

[119]

[120]

[121]

[122]

[123]

[124]
[125]

[126]

[127]

[128]

150

the Quenching and Partitioning (Q&P) process. Proceedings of an
International Conference on Solid-Solid Phase Transformations in
Inorganic Materials, 1: p. 535-544.
Roelofs, H., Boeira, A., Margot, R., Gomes, J.T., Eglin, M., 2008,
Machinability of inclusion engineered free cutting steel under built-up
edge conditions. 8th Int. Conf. On Advanced Manufacturing Systems and
Technology, Udine.
Roelofs, H., Lembke, M., Smolenicki, D., Boos, J., Kuster, F. 2014
Continuously cooled bainitic steels with improved machinability. in 1st
European Steel Technology & Application Days & 31st Journées
Sidérurgiques Internationales. Paris, France.
Roelofs, H., Renaudot, N., Smolenicki, D., Boos, J., Kuster, F. 2016, The
behaviour of graphitized steels in machining processes in THERMEC 2016,
Int. Conference on Processing & Manufacturing of Advanced Materials.
Graz, 29. Mai – 03. Juni (2016)
Roelofs, H.,Smolenicki, D., May 2015, New environmental-friendly freecutting steel with graphite inclusions as an alternative to leaded steels.
Final Report, CTI-Project 13983.2 PFIW-IW.
Sander, K., Lohse, J., Wirts, M., 2001, Heavy Metals in Vehicles II, Report
compiled for the directorate General Environment. Nuclear Safety and
civil Protection of the Commission of the European Communities.
Sekita, T., Kaneto, S., Hasuno, S., Sato, A., Ogawa, T., Ogura, K., 2004,
Materials and Technologies for Automotive Use. JFE Technical Report Nr
2.
Shaw, M.C., Usui, E., Smith, P.A., 1961, Free Machining Steel I-III: Cutting
Forces, Surface Finish and Chip Formation. Trans ASME, 83.
Simaro, O.E.,Dutari, L.E., 2003, The Production of Free-Cutting and
Improved Machinability Steels, with and without Lead Additions, at
Acindar’s Steelmaking Shop. ISSTech Conference Proceedings: p. 10351044.
Smolenicki, D., Boos, J., Kuster, F., Wegener, K., 2012, Analysis of The
Chip Formation of Bainitic Steel in Drilling Processes. Procedia CIRP, 1: p.
683-684.
Smolenicki, D., Roelofs, H., Boos, J., Kuster, F., Olschewski, G., Pigat, D.,
Ein tiefer Blick ins Bohrloch - Tiefbohren in bainitischen Stahl. Spezial:
Bohren, Reiben, Gewinden. Werkstatt + Betrieb Carl Hanser Verlag
München, 2012. Vol. 06. 56-58.
Smolenicki, D., Boos, J., Kuster, F., Roelofs, H., Wyen, C.F., 2014, Inprocess measurement of friction coefficient in orthogonal cutting. CIRP
Annals - Manufacturing Technology, 63(1): p. 97-100.

[129] Sobol, I.M., Sensitivity Estimates for Nonlinear Mathematical Models., in
MMCE (Mathematical Modeling and Computer Experiments). John Wiley
and Sons, 1993. p. 407-414.
[130] Subramanian, S.V., Gekonde, H.O., Zhu, G., Zhang, X., Urlau, U., Roelofs,
H., 2004, Inclusion engineering of steel to prevent chemical tool wear.
Ironmaking & Steelmaking, 31(3): p. 249-257.
[131] Tanaka, R., Yamane, Y., Sekiya, K., Narutaki, N., Shiraga, T., 2007,
Machinability of BN Free-Machining Steel in Turning. International
Journal of Machine Tools and Manufacture, 47: p. 1971-1977.
[132] Taylor, G.I., 1946, The testing of materials at high rates of loading.
Journal of the Institution of Civil Engineers, 26(8): p. 486-519.
[133] Thomsen, E.G., Schaller, E., H.G., D., 1963, Anwendung der
Plastizitätsmechanik auf den Zerspanvorgang. Industrie-Anzeiger, 46: p.
967 – 974.
[134] Tönshoff, H.K.,Warnecke, G., 1978, Über die Zerspanbarkeit von Stahl.
VDI-Z 120, (Nr. 7): p. 311 – 318.
[135] Tönshoff, H.K., Spintig, W., König, W., Neises, A., 1994, Machining of
Holes Developments in Drilling Technology. CIRP Annals - Manufacturing
Technology, 43(2): p. 551-561.
[136] Union, A.d.E., 30.03.2011, L.85, Richtlinie 2011/37/EU.
[137] Usui, E.,Shirakashi, T., 1982, Mechanics of Machining – From Descriptive
to Predictive Theory in on the Art of Cutting Metals - 75 years later. ASME
Publication PED, 7: p. 13-35.
[138] Vetsch, R. Materialarchiv - Automatenstahl. Available from:
http://www.materialarchiv.ch/detail/727/Automatenstahl, [01.06.2016].
[139] Vinh, T., Afzali, M., Roche, A., 1979, Fast fracture of some usual metals at
combined high strain and high strain rate. Proceedings of ICM3, 2: p.
633-642.
[140] Vollrath, K. Stahl ist nicht gleich Stahl. Available from:
http://www.massivumformung.de, [01.04.2016].
[141] Warlimont, H., Spittel, M., Spittel, T., Metal forming data, vol subvol. C.
Numerical data and functional relationships in science and technology /
Landolt Börnstein. New series. Group 8, Advanced materials and
technologies. Vol. 2, Materials. Berlin : Springer, 2009.
[142] Wedberg, D., Svoboda, A., Lindgren, L.E., 2012, Modelling high strain rate
phenomena in metal cutting simulation. Modelling and Simulation in
Materials Science and Engineering, 20(8): p. 965-393.
[143] Wegener, K., Hora, P., Kuster, F., Skript Ferigungstechnik_Wahlfach IWF
ETH Zürich, 2012. p. 164 - 165.
[144] Wegener, K., Kuster, F., Weikert, S., Weiss, L., Stirnimann, J., 2016,
Success Story Cutting. Procedia CIRP, 46: p. 512-524.

151

[145] Weinert, K., Koehler, W., Bach, F.W., Schäperkötter, M., 2005, Analyse
der Wirkzusammenhänge beim Bohren mit hohen Geschwindigkeiten.
Hochgeschwindigkeitsspanen metallischer Werkstoffe: p. 229-254.
[146] Wise, M.,Milovic, R., 1988, Ranges of Applications of Free-Cutting Steels
and Recommended Tool Materials. Materials Science and Technology, 4:
p. 933-943.
[147] Wyen, C.F.,Wegener, K., 2010, Influence of cutting edge radius on cutting
forces in machining titanium. CIRP Annals - Manufacturing Technology,
59(1): p. 93-96.
[148] Yaguchi, H., 1986, Effect of MnS inclusion size on machinabilty of lowcarbon, leaded, resulfurized free-machining steel. Journal of Applied
Metalworking, 4(3): p. 214-225.
[149] Yaguchi, H., 1989, Effect of Soft Additives (Pb/Bi) on Machinability of Low
Carbon Resulphurised Free Machining Steels. Materials Science and
Technology, Vol. 5: p. 255-267.
[150] Yokokawa, T., Kanazawa, S., Otoguro, Y., 1997, Free-cutting graphitic
steel, U.S. Patent 4,061,494.
[151] Zemzemi, F., Bensalem, W., Rech, J., Dogui, A., Kapsa, P., 2008, New
tribometer designed for the characterisation of the friction properties at
the tool/chip/workpiece interfaces in machining. Tribotest, 14(1): p. 1125.
[152] Zemzemi, F., Rech, J., Ben Salem, W., Dogui, A., Kapsa, P., 2009,
Identification of a friction model at tool/chip/workpiece interfaces in dry
machining of AISI4142 treated steels. Journal of Materials Processing
Technology, 209(8): p. 3978-3990.
[153] Zerilli, F.J.,Armstrong, R.W., 1987, Dislocation-mechanics-based
constitutive relations for material dynamic calculations. Journal of
applied Physics, 61: p. 1816-1825.
[154] Zhang, Q., Mahfouf, M., Yates, J.R., Pinna, C., Panoutsos, G., Boumaiza,
S., Greene, R.J., de Leon, L., 2011, Modeling and Optimal Design of
Machining-Induced Residual Stresses in Aluminium Alloys Using a Fast
Hierarchical
Multiobjective
Optimization
Algorithm.
Materials&Manufacturing Processes, 26(3): p. 508–520.
[155] Zhao, W., He, N., Li, L., 2011, Friction and Wear Properties of WC-Co
Cemented Carbide Sliding against Ti6Al4V Alloy in Nitrogen Gas.
Advanced Materials Research, 188: p. 49-54.
[156] Zinkann, V., 1999, Der Spanbildungsvorgang als Acoustic Emission-Quelle.
Dissertation, RWTH Aachen.

152

List of Publications
Gerstgrasser, M., Smolenicki, D., Akbari, M., Roelofs, H., Cadoni, E., Wegener, K., Forward
and backward calibrations of original and modified Johnson-Cook fracture strain constitutive
equation for free cutting steel with graphite inclusion 50SiB8, 2017 (in preparation)

Akbari, M., Smolenicki, D., Roelofs H., Wegener, K., Inverse material modelling and
optimization of free cutting steel with graphite inclusions. The International Journal of
Advanced Manufacturing Technology, 2017 (in press).

Roelofs, H., Renaudot, N., Smolenicki, D., Boos, J., Kuster, F., The behaviour of graphitized
steels in machining processes, in THERMEC 2016, Int. Conference on Processing &
Manufacturing of Advanced Materials. 29. May – 03. June (2016): Graz, Austria.

Smolenicki, D., Boos, J., Kuster, F., Roelofs, H., Wyen, C.F., In-process measurement of friction
coefficient in orthogonal cutting. CIRP Annals - Manufacturing Technology, 2014. 63(1):
p. 97-100.

Roelofs, H., Lembke, M., Smolenicki, D., Boos, J., Kuster, F. Continuously cooled bainitic steels
with improved machinability. in 1st European Steel Technology & Application Days & 31st
Journées Sidérurgiques Internationales. 2014. Paris, France.

Smolenicki, D., Roelofs, H., Boos, J., Kuster, F., Olschewski, G., Pigat, D., Ein tiefer Blick ins
Bohrloch - Tiefbohren in bainitischen Stahl. Spezial: Bohren, Reiben, Gewinden. Werkstatt +
Betrieb: Carl Hanser Verlag München,2012. Vol. 06. 56-58.

Smolenicki, D., Boos, J., Kuster, F., Wegener, K., Analysis of The Chip Formation of Bainitic
Steel in Drilling Processes. Procedia CIRP, 2012. 1: p. 683-684.

153

154

Curriculum vitae
Name

Darko Smolenicki
Dipl.-Ing.
born on April 07th 1983, Vukovar, Croatia (HR)
married since 08.2004, one daughter

Nationality

Croatian, German

Languages

German, English, Croatian, Serbian, Czech and French

School

1989 – 1994 Primary school Vukovar (HR) and Hann. Münden (D)
1995 – 2000 Secondary school in Hann. Münden (D)

Apprenticeship

2001 – 2004 Motor vehicle mechanic at Mercedes Benz Kassel (D)
2004 – 2005 Technical college Max-Eyth, mechanical engineering
(first s.c.l. after 37years of school history)

Stipend

2005 – 2010 Scholarship holder of Evang. Studienwerk Villigst e.V.

Studies

2005 – 2009 University Kassel, Mechanical Engineering (Dipl.-Ing) (D)
2008 – 2009 Internship and diploma thesis at Daimler AG, axle factory
Kassel (D). “Process optimization in the field of gear
manufacturing for truck rear axles.”
2009 – 2010 Masterthesis, ETH Zürich, LAV Aerothermochemistry and
Combustion Systems Laboratory, (CH)
“Characterisation of an eight hole Diesel Piezo-injector”

Doctorate

2010 – 2016 Scientific assistant IWF, ETH Zürich. Machinability analysis
of machining operations with defined cutting edges (CH)
Dissertation title: “Chip formation analysis of innovative
graphitic steel in drilling processes” (Dr. sc. ETH Zürich).
CTI Projects
2010 – 2012 “Analysis of the machining behaviour of bainitic steel in
the drilling process“ (Swiss Steel AG, Steeltec AG, Mikron
Tool SA, Blaser Swisslube AG, EMPA)
2012 – 2015 “New environmental-friendly free-cutting steel with
graphite inclusions as an alternative to leaded steels”
(Swiss Steel AG, Steeltec AG, Ugitech, EMPA)

Industry

since 2017

Senior Project Manager, ProGrit GmbH (CH)
Innovative Production Technology, Powder Metallurgy
Reference Clamping and Measurement Systems

155

156

