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Abstract

In the field of mechanical engineering, the optimization of machining processes, such as milling,
is a critical factor for industrial efficiency and product quality. To this end, accurate tool life
models allow for the identification of machining parameters that minimize wear and extend tool
life, leading to significant improvements in process efficiency, which can lead to lowered costs,
higher product quality, and more sustainable manufacturing processes. Additionally, the use of
newer materials, such as compacted graphite iron (CGI), a cast iron with superior mechanical
properties, opens new possibilities for the manufacturing industry.

This thesis therefore investigates the possibility of using the Colding tool model as a tool in
predicting the tool life of cemented carbide cutting tools during the milling of compacted graphite
iron (CGI). The methodology involves a series of controlled milling experiments, observing tool
wear over time and the application of the Colding model to predict tool life under these conditions.

The results of the study confirm that the Colding model of tool life prediction can be successfully
adapted to the unique geometries found in milling, and that it can be used to predict tool life
during the machining of compacted graphite iron. The findings of this research also provide
valuable insights into the behaviour of cemented carbide tools in the milling of compacted
graphite iron, highlighting the importance of understanding the specific cutting process, and
selecting appropriate machining parameters and tool materials.
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1 Introduction

This chapter provides an introduction of the overall context of this thesis, and delineates the aim of the
research.

1.1 Background

The Cambridge dictionary defines machining as “the activity of cutting or shaping metal on a
machine”[1]. While with the increased prevalence of additive manufacturing, the term subtractive
manufacturing has been gaining popularity in recent years as a synonym for machining [2], that better
contrasts it from the additive counterpart, in terms of scale, machining remains the dominant production
method for many applications. This is due to a number of properties of machining operations, such as
producing higher surface quality, and being able to create more complex structures more easily,
compared to additive methods. Therefore, a better understanding of, and improvements to machining
operations can directly lead to more efficient, and thereby also more sustainable production processes.
One example of parts whose production strongly relies on the possibilities of machining operations, are
engine blocks. Requiring accurate tolerancing, excellent surface quality, and with complex form factors,
their production is dependent on machining.

The cost of manufacturing internal combustion engines furthermore remains, in spite of the prevalence
of greener methods of transportation relevant: While the light duty vehicle market has seen an
exponential growth of new electric vehicles (EV) [3], more than 95% of commercial heavy duty
vehicles globally are relying on diesel engines for propulsion [4]. And while the EV market for trucks
itself has in recent years also been steadily increasing [5], with 2024 being the first time that an EV
truck has won the “International Truck of the Year” award, having been awarded to the Volvo’s FH
Electric [6], it is nevertheless to be expected that diesel engines will remain common in the heavy duty
vehicle market in the foreseeable future.

Hence, the development of better solutions for engines has also been continuing: Gray Cast Iron, has
traditionally been the material of choice for these engines, owing to its high durability, low cost, and
overall good material properties. However, in recent years, manufacturers have been looking into
improved material options for use in their engines, and while not being a new material Compacted
Graphite Iron (CGI), a cast iron with superior mechanical properties, has only recently been finding
increased use [7]. While CGI is now used in the production of approximately 500.000 diesel engines
per year [8], challenges remain surrounding its use, due to its lower machinability, which owes to its
particular material properties compared to other types of cast iron. As however the demand for improved
efficiency, less weight and lowered production cost, remains high when it comes to diesel engines,
especially with increasing demands related to emissions, and increasing competition from EV options,
there is a demand for gaining a better understanding of the machining of CGI products.

As CGI behaves differently than traditional cast irons, which are generally known for their high
machinability and predictable behaviour, further need arises for the development of predictive models
of machining operations of CGI, and for an understanding of the economics of using various tool
materials and cutting parameters to optimise its use. In machining processes, a deciding factor is often
tool life, as it connects both machine, and operator time, to the often-high costs of the cutting tools
itself. One such model is the Colding model of tool life. While the Colding model has been tested and
verified in turning operations, and is used in the industry as a reliable model of tool life in turning, its
validity in milling has only begun to be studied, with only initial studies in the field, leaving room for
further research, which could open up the possibility of optimising machining in terms of environmental
sustainability and economic efficiency. In this regard, the Colding model has not been tested before for
milling operations in cast iron, which leads to the aim of this research.
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1.2 Previous Research

With the economical importance of optimizing machining operations of Compacted Graphite Iron,
research has been conducted towards improving and validating existing models that aim to predict tool
life. Citing the increased prevalence of CGI over LGI in the production of engines past research has
investigated the milling compacted graphite, comparing cemented carbide and ceramics tools in terms
of tool life [9]. Nevertheless, previous research on tool life that utilised tool life models has mostly been
focused on turning or used older models such as Taylor, with limited attention given to the possibility
of using the Colding model in milling operations, studying the milling of C 45E, a medium carbon steel
[10]. This leaves the possibility of applying the Colding model for milling operations of CGI, an
increasingly important material, untested, which puts it into the focus of this research.

1.3 Aim

The aim of this project is to study the relationship of cutting conditions and tool life, when machining
CGI with Cemented Carbide milling tools, and based on the gathered empirical data form a Colding
equation for each of the tool-workpiece combinations. This will be based on empirical data based on
milling operations.

This thesis research is also designed as a first step of a larger research comparing the performance of
different tool materials when cutting cast irons with different grades including CGI content and
microstructure and researching the possibility of using Colding models for those.

In this context, the questions this thesis aims to answer are:
Q1: To what extent is the Colding Model applicable in milling operations?
Q2: What are the factors affecting outcomes when milling CGI?

Q3: How do cemented carbide inserts behave when milling CGI?
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2 Theoretical Framework

This section describes the theory behind this research. This includes aspects of material science and
metallurgy concerning the workpiece materials, metal cutting processes and associated equations, and
finally models of predicting tool life together with their use in industrial economy.

2.1 Cast Irons

Cast irons are a class of iron-carbon ferrous alloys, generally characterised and differentiated from steels
by their higher carbon content, higher than 2%, and a silicon content of 1%-4% [11]. Together with
other alloying elements, and process control during solidification, cast iron can be given a broad variety
of properties, making it a versatile material [12]. While cast irons are usually of lower strength
compared to steels, their lower melting point makes their production cheaper, and together with their
excellent fluidity in liquid form [12], lends itself to their better formability, which makes them the
material of choice in many applications.

2.1.1 Iron-Carbon System

The amount of carbon in a ferrous alloy, and its structure and distribution within it, both have a large
impact on the properties of the alloy. The Iron-Carbon system, a section of which ranging up to 5%
carbon by weight, hence covering both steels and cast irons is shown in the phase diagram in Figure 1
below. While the stable forms of carbon within an iron-carbon alloy are as graphite, and as carbon
dissolved within the iron matrix of ferrite, several other meta-stable phases exist. While some of these
occur during normal cooling processes, most commonly cementite, and pearlite which itself is a
compound of alternating layers of cementite and ferrite, some are created through controlled cooling or
quenching processes, or stabilized through heat treatments, or additions of other alloys, including
martensite and austenite [11].

Carbon % by atoms
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Fig 1. Iron-Carbon Phase diagram [13].
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Due to their high carbon content, which cannot be dissolved in a singular iron-carbon phase, cast irons
are by their nature heterogeneous alloys [11]. Due to the many meta-stable phases which can occur in
the iron-carbon system, the cooling rate of cast irons during solidification has a significant impact on
the resulting microstructures and their distribution, and the cooling process itself can lead to different
properties at the skin and core of the material [14]. Cast irons are also therefore separated into their five
main groups, based on the form and distribution of this excess carbon within them; namely white iron,
malleable iron, gray iron, compacted graphite iron, and ductile iron [11], which will be discussed later
in this section.

2.1.2 Phases in Cast Iron

2.1.2.1 Graphite

Graphite is the stable allotrope of carbon at normal conditions. As carbon is the main alloying element
in cast iron, graphite is almost universally present in cast irons, and influences both the mechanical
properties and appearance of the material, which gives cast irons their recognizable dark colour, with
one exception being white cast iron, in which carbon is bound in other forms [11].

Graphite is made up of stacked layers of carbon atoms, arranged in a repeating hexagonal pattern. As
the attraction forces between these layers is weak, the layers can slide over each other. These layered
sheets can act as lubricant in alloys, which is both relevant in some use cases, but also affects the
machinability of such alloys as it can also act as a lubricant in those processes [11]. Due to their low
hardness, the shape of graphite structures affects the mechanical properties of the surrounding iron
matrix, which is why importance has been given to what is called graphite morphology.

2.1.2.2 Ferrite, Cementite, and Pearlite

Ferrite, or alpha iron (0-Fe), is a relatively soft, ductile, and magnetic phase of iron. As its body-centered
cubic (BCC) crystal structure is unable to dissolve larger amounts of carbon, most of it forms other
structures within ferrous alloys. While graphite is the stable form of carbon, usually during
solidification, most carbon is unable to form graphite, and instead is fully bound in carbides, forming a
metastable structure of Fe3C [15]. As cementite is 6.67wt% Carbon, in ferrous alloys with less carbon
than that, cementite is usually found together with ferrite, which together can form a special layered
structure called pearlite, named after its appearance, as shown in Figure 2 below. Pearlite is also an
important element in CGI, as it increases both hardness and tensile strength [16].

Fig 2. Pearlite structure in a steel [15].

2.1.3 Alloying Elements

2.1.3.1 Silicon

Alongside carbon, in cast irons, silicon (Si) plays a second important role, mostly due to its effect on
the phases formed by the carbon. Silicon replaces the dissolved carbon in ferrite phases, causing it to
form iron carbide instead, and thereby stabilizing cementite phases. This occurs by lowering the
solubility of carbon in austenite, which during cooling transforms into ferrite, silicon acts as a strong
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graphitizer or graphite stabilizer in cast irons, and promotes ferrite formation [11]. Silicon hence moves
the eutectic composition to a lower carbon content, which lowers the melting point, easing casting.

2.1.3.2  Magnesium, Sulphur, and Manganese

Magnesium is another important element in cast irons, as its presence has a large impact on the graphite
morphology. Small amounts of magnesium can cause graphite to form spheroidal graphite such as in
ductile iron, or compacted graphite, such as in compacted graphite iron (CGI) [9].

In the production of ferrous alloys, sulphur is often found unintentionally due to its presence in fuels,
and raw materials, in addition to sometimes intentionally being added. The role of sulphur depends on
the type of iron alloy being produced, as for instance, in the production of ductile iron, a very low
sulphur content is essential due to sulphur reacting with magnesium, reducing its availability for
spheroidization, while conversely, in the manufacture of grey cast irons, a higher sulphur content aids
in graphite nucleation [11].

Because to the strong effect of sulphur on ferrous alloys, manganese is often used as a regulator due to
the interactions between sulphur and manganese: While in the absence of manganese, sulphur forms
iron sulphide (FeS), when sufficient manganese is present, manganese sulphide (MnS) is formed
instead. Whereas iron sulphide diffuses into grain boundaries, and intercellular areas, manganese
sulphide is uniformly distributed, due to the complete solid solubility of iron and manganese [11].

As sulphur inhibits the formation of the desired vermicular graphite structures, in the production of
compacted graphite iron, magnesium (Mg) is added due to it being a strong sulphide former. A side
effect of this is that the formation of magnesium sulphide (MgS) being preferential over manganese
sulphide (MnS), inhibits the formation of manganese sulphide in CGI, which can lead to lower
machinability: During the machining of grey cast iron, manganese sulphide (MnS) has been found to
play a role in forming a protective layer on the cutting edge, which has been associated with increased
tool life, an effect which has not been observed in the machining of CGI, which has been attributed to
the lowered tool life [17].

2.1.3.3  Pearlite stabilizers

Another important class of alloying elements in cast irons are pearlite stabilizers. This includes copper,
which is the most commonly used one, in addition to other options, such as tin, nickel, manganese, and
antimony. Their selection often depends on balancing their other effects on the structure and material
properties, and while many of them can act as pearlite stabilizers, they can be unwanted due to other
reasons, for example antimony [18].

2.1.4 Graphite Morphology

As the physical shape and structure of graphite phases has a major effect on the material properties of
cast irons, methods of classification and identification have been made for a standardised system of
categorization, with the ASTM A247 standard, which establishes a test method to differentiate between
seven main structure types [19]. These seven types are shown in Figure 3 below.

Fig 3. Different graphite morphologies according to ASTM A 247[18]

These seven types of which type I, type IV, and type VII, will be discussed in more detail below are:
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L Spheroidal graphite V. Crab graphite

II. Imperfect spheroidal graphite VL Exploded graphite
I1I. Temper graphite VII.  Flake graphite

Iv. Compacted graphite

2.1.4.1 Type I: Spheroidal Graphite

Spheroidal graphite, commonly found in ductile iron, features graphite particles in a spherical form, a
structure that provides high strength and ductility. This morphology is achieved through the addition of
magnesium or cerium, which causes the carbon to solidify in a nodular shape rather than the flaky or
compacted forms seen in other types. In ductile iron, this shape minimizes the stress concentration
points within the iron matrix, which is key its unique properties [18].

2.1.4.2 Type IV: Compacted Graphite

Compacted graphite, also known as vermicular, and characteristic of Compacted Graphite Iron, these
more rounded particles significantly improve the toughness and ductility of the cast iron, and occur in
the presence of low magnesium[11]. This morphology is highly desirable for applications requiring a
good balance of strength and ductility. As it also has higher thermal conductivity than ductile iron, this
morphology makes CGI suited for applications such as engine parts [18].

2.1.4.3 Type VII: Flake Graphite

Also known as lamellar graphite, this morphology is found in gray cast irons, and consists of graphite
particles in a flake-like shape. While the flake-like shape of the graphite creates points of weakness in
the cast iron, leading to reduced tensile strength and ductility compared to spheroidal or compacted
graphite irons, it also leads to better machinability due to better chipping behaviour. Additionally, the
presence of flake graphite provides excellent damping properties and thermal conductivity [18].

2.1.5 Classification of Cast Irons

Cast irons are some of the oldest and most commonly used metallic materials, both due to their easier
machining, but also due to their castability, and versatility [11]. Due to the nomenclature having arisen
through time and use, terms surrounding types of cast iron are often overlapping, and some definitions
might vary, additionally, because their alloying element ranges can overlap cast irons cannot be defined
by them, in comparison to steels [11]. While different terms and abbreviations exist, such as according
to EN1560, which uses the Swedish term for cast iron “gjutjdrn” in its abbreviations [20], in this
research, nomenclature based on graphite morphology is used.

As the morphology of graphite structures has significant effects on the physical properties of cast irons,
it is also used to classify cast irons into three main groups: Lamellar graphite iron (LGI), compacted
graphite iron (CGI), and spheroidal graphite iron (SGI) [21], with their structure defining their general
properties, as shown in Table 1 below. It should be noted that white, and malleable cast iron are separate
categories not part of these three types which differ based on graphite morphology.

Table 1. Classification of LGI, CGI, and SGI.

Lamellar Graphite Iron Compacted  Graphite | Spheroidal
(Grey Cast Iron) Iron Graphite Iron
Abbreviation based on | LGI (GCI) CGI SGI
graphite structure
EN1560 abbreviation EN-GJL EN-GJV EN-GIJS
Graphite Morphology 3D Lamellas Coral-like structure Spheroidal
Graphite Morphology 2D Type VII: Flake Type IV: Compacted Spheroidal
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2.1.6 Lamellar, Compacted, and Spheroidal Graphite Iron

LGI, CGl, and SGI, while similar chemically, vary substantially in their physical properties, which can
mostly be attributed to their microstructures, as can be seen in Figure 4 and Figure 5 below. While their
properties align with their aforementioned morphologies, they will be summarised here.

b

Fig 4. 3D Cast iron graphite morphology after etching (Left to right: LGI, CGI, SGI) [17].

The graphite structure of LGI in form of randomly oriented flakes with sharp edges, while allowing the
induction of cracks, also improves the chipping behaviour of LGI, making it easier to machine. The
more rounded of ends of the compacted structure of graphite in CGI, which often also called vermicular,
or worm-like reduces this effects CGI, both inhibiting crack growth, and due to the irregular surface
causing a stronger adhesion between the graphite and iron phases [22], in turn making machining
considerably more difficult while in turn improving strength and ductility. Previous studies [23] found
that when milled, CGI produced longer chips than gray cast iron, which was attributed to the vermicular
structure of graphite in CGI, inhibited the crack forming characteristic of the flake graphite in gray cast
iron. The resulting longer contact between chip and tool was hypothesised to result in higher
temperatures in the contact zone, and therefore cause the increased wear which was found in the tools
used to machine CGI, compared to the ones used with gray cast iron [23]. SGI, with its spheroidal
graphite, has in turn the highest ductility of the three [18].
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Fig 5. 2D Cast iron graphite morphology after etching (Left to right: LGI, CGI, SGI) [16].

The use of CGI, in addition to its worse machinability is made difficult due to its production: As CGI
is an intermediate between LGI, and SGI, with compacted graphite requiring a fine balance between
nodular and flake graphite, precise process control is important in the production process. This is
exacerbated by the significant effect of small changes in alloying composition affecting the resultant
graphite morphology [21], which is partly due to the narrow range in which CGI forms [16], [21].

In fact, CGI was initially developed as a side product of SGI or ductile iron development, as SGI being
about twice as strong as CGI and with a five times larger stable production range made it the option of
choice [16]. While initially disregarded due to the difficulties surrounding its machining, CGI has been
finding increasing use in diesel engines of trucks, due to its favourable properties of high strength and
stiffness [8]. Another factor making the use of CGI more difficult is that due to recycling, current CGI
often contains traces of alloying metals used in the past, for example while in the past, Titanium (Ti)
was added to CGI to extent this range, this is now avoided due to the detrimental effects on
machinability [16].

16



2.2 Milling

Milling is a versatile cutting operation which compared to turning, where a rotating workpiece is
machined by a stationary tool, utilises a rotating cutter working on a generally stationary workpiece.
While this results in the cutting operation being intermittent and causes varying chip thickness [24], it
also allows for the creation of a wide variety of features.

2.2.1 Types of Milling Operations

As the term milling covers a broad spectrum of processes, the exact details of millings operations vary
based on the desired feature, with some types shown below in Figure 6, which are described here [25]:

e Face milling uses a cutter with cutting edges on the periphery and face to remove material
primarily from the surface of the workpiece to produce a flat surface.

¢ Slot milling involves the creation of slots or grooves in the workpiece, with the cutter moving
along the workpiece to cut the desired slot width and depth.

e Shoulder milling is used to produce a vertical surface on the periphery of the workpiece
adjacent and requires cutters with side cutting edges.

¢ Plunge milling removes material by plunging the cutter in the workpiece, similar to drilling.

e Ramp milling involves moving the cutter into the workpiece at an angle or along a slope.

o Ball end milling uses a cutter with a hemispherical end to produce contoured surfaces.

Face milling Slot _"Dhi lling Shoulder milling Plunge milling Ramp milling Ball end milling
- o -
e, » Pl W /",.f,‘.—-\
~ - S
L& Fék% S8 2:"’; j (R
H N~ X3~ e
XF N Ny vl \4:,/

4 =2 2 @ & g
h - & AT 8

Fig 6. Various milling operations after [24].

Specialised milling cutters can also be used for more complicated features, without the need for more
complicated operations, for example by using a T-slot cutter as shown in Figure 7 in T-slot milling.
Other specialised milling operations include operations such as turn milling, in which the workpiece is
rotated instead of feeding the milling cutter, and thread milling, to produce threading [26]. Finally,
while some milling cutters are single, solid tools, milling cutters also include options with indexable,
and replaceable inserts, allowing them to be used for longer without replacing the complete tool [27].
While generally tools are used with the maximum number of inserts, as this maximises the efficacy of
the process, it has been found that a lower number of inserts can lead to longer tool life in face milling,
when comparing equivalent conditions of feed per tooth [28].

Fig 7. A Specialised milling cutter with indexable inserts used for T-slots. Source: Seco Tools.
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2.2.2 Milling Equipment

Similar to the broad range of process, and tool options, the range of equipment available for milling is
very broad, ranging from basic stations, to multi-axis CNC machining centres, such as shown in Figure
8 below. Being a complex operation, due to presence of at least two concurrent movements, its outcome
is highly dependent on the quality, and condition of equipment used [25]. A milling operation includes,
in addition to the tool, workpiece, and machine, other factors that can affect the quality of the outcome,

such as fixturing equipment, which can have an impact on the stability or the damping of the operation
[29].
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Fig 8. A Bridgeport XR 1270 CNC Milling Center equivalent to the one used in this research [30]

2.2.3 Parameters and Cutting Geometry in Milling

The cutting geometry in milling is defined by the main cutting parameters, which are cutting speed v,,
feed per tooth f,, axial depth of cut a, and radial width of cut a. [26]. While a, and a, can be
independently chosen, cutting speed in m/min is calculated as shown in Eq. 2.1, where D is the total
tool diameter in mm, and # rotational speed of the tool in RPM [25]:

1]_1T-D-n Eq. 2.1
€7 1000

Feed per tooth, f, on the other hand, describes the distance of linear translation of the tool corresponding
to a single cutting edge, which can be derived from table or feed speed vy in m/min, number of cutting
edges z, and the rotational speed n in RPM [25], as shown in Eq. 2.2:

_Yr Eq.2.2
fz_z-n

2.2.4 Up and Down Milling

Up milling and down milling are two common methods used in milling operations, differing in the
direction of the cutter rotation relative to the feed direction of the workpiece. While down milling is
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generally preferred wherever possible, each method has its own advantages and disadvantages, and the
choice between them depends on various factors including the workpiece, tool configuration, and the
desired surface finish [25].

2.2.4.1 Up Milling (Conventional Milling)

In up milling, as shown in Figure 9 below, also known as conventional milling, the direction of the
cutter rotation is opposite to the feed direction of the workpiece. As the milling cutter rotates, the cutting
action begins with zero thickness and gradually increases to the maximum thickness of the cut. This
means that the cutting force starts at zero and increases to its maximum. It also can cause the cutting
tool to rub the surface of the workpiece, and leads to forces that can lift the workpiece off the table,
which needs to be considered during fixturing [29].

Fig 9. Up Milling after [29].

2.2.4.2  Down Milling (Climb Milling)

In down milling, as shown in Figure 10 below, also known as climb milling, the cutter rotation direction
is the same as the feed direction of the workpiece. The cutting action initiates with the maximum chip
thickness and ends at zero thickness. This approach tends to pull the workpiece into the cutter, which
can result in a more stable operation with certain setups [29].

Gl @

Fig 10. Down milling after [29].

2.3 Cutting Tool Materials

Cutting tools for machining operations are made from a variety of different tool materials, which span
not only the realm of metals and their alloys, but also include options such as cemented carbides and
ceramics, but also more advanced materials such as Cermets, which are composites of ceramics and
metals, polycrystalline diamond, and ¢cBN [31].

For example, the common tool material known as High Speed Steel, HSS, named in the early 20th
century for its then superior properties when it came to machining ferrous materials, compared to the
then common carbon steel tools. The superior properties of HSS mostly stemmed from its ability to
maintain a stable cutting edge at higher temperatures without a major reduction in hardness, hence the
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naming. HSS has however widely been replaced in industrial applications by newer materials, which in
turn excel through being able to be used at even higher speeds [31].

During modern machining processes, due to the forces and subsequentially, temperatures present, the
cutting process not only depends on physical properties and geometry, but also chemical interactions
and stability. The choice of appropriate tools is therefore not only dependent on factors such as hardness,
and cost, but also chemical composition, and if present the coating used [31].

But in addition to newer materials requiring more advanced tools, better tool materials can also aid in
improving efficiency in machining more traditional workpiece materials, by requiring fewer tool
changes, and maintaining good surface finish quality for longer. One example of such an application is
cast iron, which has historically been machined using HSS tools, but which is now being replaced by
cemented carbide, ceramic, and ¢cBN tools.

2.3.1 Cemented Carbide Tools

As a tool material, cemented carbide refers to a class of materials made up of carbide particles held by
together by a phase of a metal binder material. Produced through powder metallurgy, their constituent
carbides consists of mainly tungsten carbide (WC), while often including combinations of other
carbides, nitrides, or carbonitrides, with the binder usually being Cobalt (Co) or Nickel (Ni) [31].

Their production involves two phases steps, the powder preparation, and the processing of the tool itself:
First, the desired mixture of carbides is prepared and mixed with binder material, which is then pressed,
and sintered into a rough shape, after which the roughly shaped pieces are grinded into their final shape,
in addition to their cutting edges being prepared, followed by a coating process [31].

While generally known for their combined hardness, and toughness, as a result of their matrix structure,
as they are produced from a powder mixture, and coated, their specific properties can be adjusted to
any various specific application, which makes them a highly versatile tool material [31].

2.3.2 Ceramic Tools

Ceramic tools have high hardness and are resistant to elevated temperatures. They are however
comparatively brittle, which limits the range of possible cutting speeds they can be used at. They are
most commonly made of AlO; (Alumina) or SizsNs (Silicon Nitride), both of which have some
advantages and disadvantages [31].

AlOs, while being very is also very brittle, which is why it is often found reinforced with SiC (Silicon
carbide) whiskers. This structural reinforcement highly increases the toughness of the brittle Al,O3
matrix, which in this combination is used for the machining of Nickel-based alloys. Si3Ns cutting tools
on the other hand, which have less brittle are often used for the machining of cast irons, where the
higher toughness of the material is beneficial [31].

2.3.3 c¢BN Tools / Polycrystalline cubic Boron Nitride

cBN refers to cutting tools made out of polycrystalline cubic Boron Nitride (PCBN), which is an
extremely hard material, being second only to diamond. However, in its use as a cutting tool material,
it excels in comparison to diamond due to both its inertness to iron, and its ability to maintain hardness
at high temperatures [31]. As it is purely human-made and not present in nature [31], it has to be
specifically manufactured for its use in cutting tools.

This is done by subjecting powdered hexagonal boron nitride (hBN) to high pressures and temperatures,
under which it forms particles of cubic boron nitride (cBN) [31], assuming a crystal structure analogous
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to that of diamond [32]. This cBN is then further processed by being mixed with a binding material,
and afterwards again being subjected to the high pressure and temperature environment, to form PCBN
[31]. The resultant structural similarity of ¢cBN to diamond, which results in comparable physical
properties [32], while being inert to ferrous alloys and resistant to higher temperatures, makes PCBN a
relevant tool material, which has been finding use in machining, among other materials, cast irons [31].

2.4 Tool Wear and Tool Life

Tool wear refers to the collection of physical or chemical change that affect the performance of a cutting
tool during machining. This is a result of the physical contact and impacts between the surface of the
tool and of the workpiece. Tool wear can encompass various types, the most commonly considered ones
being rake wear, and flank wear, referring to the two sides of the tool engaged in the cutting process.
Other types of tool wear include notching, chipping, adhesive wear, thermal cracking, and plastic
deformation [31]. These types also differ in their growth or development patterns, with some kinds of
tool wear being more progressive and consistent, and other being stochastic.

While tool wear as a term encompasses different types of wear which are mostly categorized by the
topology their formation, there are different mechanisms of wear formation, or load factors, which can
act individually or in unison to cause tool wear. The main mechanisms of tool wear formation include
mechanical loads, abrasive loads, thermal loads, and chemical loads [25].

2.4.1 Flank Wear

Flank wear, which appears on the flank side, which supports the tool on the workpiece generally follows
a pattern of three distinct phases: In the first phase, the tool wear VB experiences an initial spike, as the
sharp edge of the tool is worn off, before stabilizing. This is followed by the second phase which
exhibits a more linear wear development. In the third region wear increases rapidly as VB approaches
a critical limit, an example of which is shown in Figure 11 below [24].

Fig 11. Image showing flank wear on a cemented carbide insert.

Flank wear causes the clearance angle to be worn down, increasing the contact length on the flank of
the tool and thus the mechanical load and cutting resistance [31]. Therefore the cutting forces
experienced by the cutting tool also increase with increased VB [31].

2.4.2 Crater Wear

Crater wear refers to a specific type of wear mainly observed on the rake side of tools used in machining
operations and is characterized by the formation of a depression or "crater" on the surface of the cutting
tool, as shown in Figure 12 below. Its extent is generally measured is based on crater depth, K7. Crater
wear occurs due to the intense heat and pressure generated during the cutting process, which together
with chemical effects, and repeated material adhesion and removal can lead to material being removed
from the tool itself. This effect usually begins close to but not at the cutting edge, although the crater
can reach the cutting edge, particularly in short chipping material [31].

21



Fig 12. Image showing crater wear on a cemented carbide insert.

Crater wear is a critical element in machining as it can weaken the cutting edge by reducing the wedge
angle. Hence it directly affects the tool life and the quality of the machined surface. As this effect also
increases the rake angle, crater wear can lead to a small reduction of cutting forces [31].

2.4.3 Tool Life

Tool wear is an important consideration as its type and degree affect the cutting process a given tool is
used in. This effect can be in form of increased vibration, lower surface quality, increased workpiece
temperature due to worse chipping behaviour, or higher energy use [31]. The period of time that is
considered productive time for a given tool is hence called the tool life [25].

Tool life therefore refers to the time a given tool maintains its function within a certain operation, i.e.
before tool failure. This is to be differentiated from the wear criterion, which is the accepted limit of
tool wear until which a tool is used before replacing, with a margin of safety considering the risk of tool
failure [31]. In the case of flank wear, this limit is based on the distance of the wear line to the cutting
edge, VB, and in case of cratering, it is based on crater depth, K7. In the case of tools with an edge
radius, the contact length on the flank face can be represented by the sum of the edge radius rg and the
flank wear VB [31].

As the wear criterion is a choice made for a given application, it therefore also depends on the purpose
of the operation, for example differing between roughing and finishing operations, i.e.: a milling tool
can likely be used for longer in a roughing operation, compared to a finishing cut, due to the lower
demands on surface quality. Therefore, the wear criterion in roughing is often closer to tool life [31].

Tool wear measurement can be conducted using methods that analyse the propagation of wear and by
establishing relationships between it and the tool material and cutting conditions. This is based on
regular measurements of tool wear development, and covers method such as using the Taylor equation,
or the Colding model, which is used in this research. A second method instead relies on sensor
measurements during a cutting operation, by observing patterns and changes in things such as vibration,
cutting forces, or acoustic emissions [33].

2.5 Machinability

The concept of machinability describes how easy or difficult it is to shape or cut a certain material, in
this context mostly referring to metals, in an intended manner. As several factors and material properties
determine this ease or difficulty of machining different materials, all with their own challenges,
machinability is generally not seen as a single variable, but rather a multidimensional property, covering
aspects such as hardness, or thermal properties [34].

One model covering machinability is the polar diagram by Stédhl and Andersson [34], with an example
given in Figure 13 below. This model uses the effects of abrasiveness, adhesion or ductility, strain
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hardening, thermal conductivity, and hardness, as five factors representing machining difficulty. These
are represented as five points on a pentagonal polar diagram, which shows their level, relative to the
low alloy steel SS2244, which is used as reference material, with its values being set at 5. In general,
therefore, a material that is easier to machine will have a smaller overall distribution than a material
that is more difficult to machine. It should be noted that in case of thermal conductivity, a higher value,
represents lower thermal conductivity, as heat buildup reduces machinability.

Adhesion/
ductility

Abrasivepe

Hardness conductivity

Fig 13. Polar diagram showing the potential machinability of SS 2244, the reference material used in
Stahl’s and Andersson’s model [34].

Due to its multidimensional breakdown of machinability, the model allows differentiation between
materials which are difficult to machine due to a single property, and materials which instead are
difficult to machine to a combination of factors. Hence a highly adhesive material as shown in the
example in Figure 14 below, will have a graph tending towards that particular side [34].
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Fig 14. “lllustration of a polar machinability diagram for a highly adhesive material” [34].

By visualising machinability this way, the polar diagram model intents to connect machinability
parameters to tool selection, in terms of both the cutting tool material, and also tool geometry, in
addition to allowing to better evaluate the effects of different cutting conditions [34].

2.6 Economic Modelling in Manufacturing

The ability to predict manufacturing costs of a given part accurately ahead of production is invaluable
to companies. However, due to the large number of variable factors, many of which are hard or
impossible to predict, such as unscheduled downtimes, quality issues, or tool failures, it has generally
been easier to accurately calculate part cost retroactively, compared to advance prediction [35].
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2.6.1 Tool Life in Cost Models

Models such as Stahl’s cost model for metal cutting [35] therefore aim to approximate part costs based
on statistical approximations of variable costs, together with known costs, such as material, wages, or
machine costs, and due to its importance in machining, also aim to use tool life as a factor in their
model. This both adds another set of uncertainty, due to difficulties around predicting tool life, in
addition to more choices that are needed, in regards the choice of a wear criterion, as for example a
higher wear criterion might trade increased tool life, for lower surface quality.

With the need to balance time-based costs such as operator and machine time, with costs such as tooling
time, and tool replacement cost itself, tool wear is therefore both useful as a criterion, in order to find
the most economical cutting conditions for a given process, but also as a variable within the cutting
conditions itself, as with increased tool wear, a cutting process might continuously deteriorate [35]. To
fully model costs and to calculate the most economical production conditions therefore, it is essential
to also be able to model tool life.

2.6.2 Material Removal Rate

Another tool that is used for aid in evaluating and comparing cutting and process data in machining
operations from an economic perspective is material removal rate (MRR). MRR is a measure which
refers to the amount of material removed from a workpiece over a certain amount of time, which in case
of machining is equivalent to chip flow, and can be calculated as shown in Eq. 2.3 [31]:

Volume Removed dV Eq.2.3

MRR = =~ . f.
Time ac fve

The importance of MRR lies, in addition to comparing cutting conditions, in its use when calculating
part costs, as a high MRR will generally lead to shorter tool life, and hence more tool changes and
tooling time, while a low MRR will lead to worse utilization of operator and machine time, with the
optimal cutting conditions laying in between, as shown in Figure 15 below.

As it is not dependent on the tool itself, MRR has therefore also been used to compare different cutting
tool materials from a production cost perspective in combination with tool life prediction models such
as Colding [36].

Cost/part

Operator

Machine Tooling

Tool changes
Optimal cutting conditions

Material Removal Rate

Fig 15. Material removal rate used as a method to balance part cost factors [37].

2.7 Tool Life Models

Since the industrialisation of manufacturing, there has been economic value in optimising
manufacturing operations. This was already recognized by F.W. Taylor, known for his influential work
on scientific management, a management theory that analyses and synthesizes workflows to improve
economic efficiency, who as early as 1906 published what is now known as the Taylor tool life equation
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[38], which connected cutting speed v,, tool life T, and two model constants, n, and C, as shown in Eq.
2.4 below:

v, T"=C Eq.2.4

2.7.1 Colding Tool Life Model

A later, more advanced model was proposed by Colding [39], whose tool life prediction formula is a
function of cutting speed v,, equivalent chip thickness h,, and tool life T, in addition to five fitting
constants, K, H, M, NO, and L. The resultant Colding equation takes the form shown in Eq. 2.5 [37]:

(InCh,) — H)?

v, =exp|K — ™,

— (NO —L - In(h,)) - In(T) Eq.2.5
As shown in Figure 16 below, the Colding model connects tool life, to process data, and the wear
criterion as a limit, by using the five model constants.

While allowing for more accurate modelling than Taylor’s equation, due to using five modelling
constants, at least five test results are required to calculate the model constants. The Colding model is,
alike Taylor’s equation only valid in a certain range of cutting conditions, where the relation of log T
and log v, is linear. It is not intended to work at very low speeds or feeds, where built up edges (BUE)
will be the prevalent wear development, nor at very high ones, where extreme temperature could cause
deformation to the tool [37].
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Fig 16. Schema showing the Colding model and the connections between its elements [37].

2.7.2 The Five Model Constants, K, H, M, NO, and L

The Colding model uses five model constants, K, H, M, NO, and L, to connect the real-world variables
of the equation. While the five model constants have not been connected to any physical aspect of the
cutting process, there is an established connection between the constants and the geometry of the
Colding curves [37].
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2.7.2.1 Model Constant K

An increased K constant is associated with an increase in the recommended cutting speed, lifting the
Colding curves upwards, i.e. a higher K constant implies better machinability as the tool can run at
higher speeds, for a given tool life [37].

2.7.2.2 Model Constant H

A changing H constant moves the Colding curves horizontally, with a larger H shifting the curves to
the right [37]. Hence, a larger H means that the maximum cutting speed for a given tool life can be
sustained at a higher equivalent chip thickness, implying higher MRR.

2.7.2.3  Model Constant M

The M constant is related to the curvature of the Colding curves, with a negative M value giving a
downwards hanging curve, with a lower M meaning that the model is more sensitive to equivalent chip
thickness h_e in regards to tool life, and with M=0 leading to flat horizontal lines [37], which would
theoretically imply that a change in chip thickness does not affect tool life.

2.7.2.4 Model Constant NO
The NO constant affects the vertical distance between the curves, with a small NO leading to more

closely packed lines, which would imply a higher sensitivity to changes in cutting speed in regards to
tool life [37].

2.7.2.5 Model Constant L

The L constant appears to affect the relative angle or parallelity of the Colding curves, with L=0 leading
to parallel curves, and situations with L#0 leading to the occurrence of a Colding singularity at the point
of intersection [37].

2.7.3 Singularity

The singularity that occurs when L#£0 refers to a point in the Colding plane where the different lines
representing tool life meet. As this implies that physically, at that point of v, and h,, all tool life
possibilities converge, which is impossible, the existence of this point causes difficulty when intending
to use the Colding model in that region [37].

2.7.4 Use of the Colding Model in General and in Milling

The Colding tool life model overall finds less common use than the older Taylor model of tool life, with
a Scopus keyword search with the parameters “tool”, “life”, and “Taylor” giving 2071 search results,
whereas “tool”, “life”, and “Colding” yielded 14 results. While part of this difference might be
attributed to other factors, including unintended results, it nevertheless confirms that the Taylor model
remains more prevalent, even though research has shown the Colding model to provide better
approximations [40]. While the adaptation of the specific geometry of milling to the Colding model has
been previously studied [41], the use of the Colding furthermore mostly remains limited to turning, with
its applicability in milling having only been researched to a limited extent so far by Kantojérvi et al.
[10], who achieved a model error of 7.96 %, which therefore remains the only benchmark for the
Colding model in milling.

26



3 Methodology

This section describes the procedures and conditions under which the experiments were implemented,
and the numerical methods used to evaluate the data, including adaptations to the original Colding
model to use it in milling. It covers an in-depth description of the process, the equipment and
instruments used, the cutting tools, and the workpieces utilized, and the methods used for preparing
samples for microscopic examination. As this thesis was conceived as first part of a larger study which
replicates the experiments with different tool and workpiece materials, some decisions regarding the
methodology such as tools, or cutting data, were chosen with enabling comparable experiments in mind.
This section also presents the results of the nanoindentation, as these were precursor to other steps of
this research.

3.1 Overview of Experimental Process

With the goal being to form a suitable Colding equation, the main experimental aspect of this study
consisted of observing the flank wear evolution of cemented carbide inserts used during the CNC-
milling operation of CGI workpieces. In addition to this main part, other tests were conducted to support
the research, namely the microscopic analysis of LGI, CGI, and SGI cast iron samples to study skin
effects, and hardness analysis of these samples through nanoindentation.

3.2 Cutting Tool

For this research, an indexable cemented carbide face mill by SECO Tools was used, which was
provided by the manufacturer.

3.2.1 Insert

The insert used for this research, the RPKW1204MO0OT-6-MD10 MK2050 (Product number 02923731)
by Seco Tools is a single sided indexable insert made of coated cemented carbide, with six cutting
edges, as shown in Figure 17 below. The insert diameter is 12mm, and the insert has a 11.0 degree
clearance angle, and a 0.0 degree insert rake angle. The insert is coated with a proprietary grade
designated MK2050 by Seco Tools, which is applied through physical vapor deposition (PVD) [42].
The MK2050 grade is designated by Seco Tools to be for material strength classes ISO K (cast irons),
ISO P (steels except for austenitic stainless steels), and ISO H (hardened steels and cast irons) [43],
[44]. It is given the highest rating (5 stars out of 5) for abrasive wear resistance by Seco Tools, among
their 12 grades of coating for milling [44].

Fig 17. Image of RPKW1204MOT-6-MD10 MK2050 insert, as used in this research [42].
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3.2.2 Milling Cutter

The milling cutter used for this research, the R220.291-0080-06.6A (Product number 02949625) by
Seco Tools, is an 80mm (DCx), 68mm (DC) diameter facemill for cemented carbide inserts, as shown
in Figure 18 below. It has a -3.0 degree radial, and a 4.0 degree axial rake angle [45].

Fig 18. Image of R220.291-0080-06.6A milling cutter, as used in this research [45].

3.2.3 Combined Milling Tool

For this research, the aforementioned R220.291-0080-06.6A milling cutter was mounted on a standard
DIN40 tool holder. For any given test, one single RPKW1204M0T-6-MD10 MK2050 insert was
mounted on the milling cutter. While the insert used has six cutting edges, only three were used from
any insert, leaving intermittent ones unused, to prevent damage to other neighbouring cutting edges
during other machining operations, which could affect measurements. The combined tool had a 7.0
degree clearance, -3.0 degree radial rake, and 4.0 degree axial rake angle. The combined tool together
with a mounted insert is shown in Figure 19 below.

Fig 19. Image of combined tool and tool holder with a single insert attached.
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3.3 Workpiece

The material used in the machining processes of this thesis were highly pearlitic CGI450 workpieces
supplied by Volvo Trucks, which were made using process control by SinterCast, examples of which
are shown in Figure 20 below. While the exact size varied between pieces, their dimensions were
generally around 260-260-90 in mm.

AN SO AT

Fig 20. As cast CGI450 workpieces equivalent to ones used in this research.

With the material having been supplied in different batches, while the possibility for some variability
between individual workpieces could not be fully neglected, it was considered that the impact itself of
such a variation would be negligible. Similarly, effects from aging and storage, were assumed to be
negligible.

However, skin effects, which can arise during the cooling after casting of the workpieces, which can
have a major effect on the microstructure of the material’s outer surface areas, and in turn on the material
properties of these regions, were investigated.

While due to time limitations, milling tests were only conducted on CGI450, three different cast irons
were studied in the hardness tests during this research. Table 2 below shows the chemical composition
of alloying elements in the workpieces used in this research, with the information having been provided
by Volvo Trucks. Here it can be seen that the CGI450 samples have a low titanium (Ti) content of
0.0035%, with titanium being an alloying material that was previously used to increase the production
range of CGI, which is now avoided due to its effects on machinability [16].

Table 2. Chemical Composition of materials used in wt%, and Carbon Equivalent .

C Si Mn S Cr Cu Mg Sn Ti CE
Gray Cast 3.29 |3.18 |0.73 0.085 ]0.21 0.52 <0.0004 10.0055 |0.0045 |3.77
CGI350 (SSF) |3.45 |3.18 ]0.141 ]0.066 0.0029 |0.051 ]0.032 0.0079 ]0.011 14.25
CGI450 3.65 [2.29 ]0.135 ]0.006 |0.031 [0.92 0.007 0.086  0.0035 ]4.23
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3.4 Skin Effect Analysis and Nanoindentation Tests

As the exact casting process of the workpieces was unknown, it was unknown whether the CGI’s
material properties propagated homogeneously throughout the bulk, and some skin effects were
expected. In order to study whether or not the skin layer of the workpieces used had different
microstructures compared to the core, hardness tests based on nanoindentation were conducted.

To study this, samples of LGI, pearlitic CGI450, and ferritic CGI350, which had been cut from different
edges of workpieces equivalent to the ones used in this study were used. These samples been previously
cut and encased in bachelite, and were repolished to remove oxidation. To analyze their microstructure,
they were scanned using an Alicona microscope of the Production and Materials department at LTH,
as shown in Figure 21 below.

Fig 21. Alicona Infinite Focus Microscope, used for the microstructure analysis of material samples, here
shown with a custom toolholder and the milling cutter used in this research.

For each material, nine sample were studied, covering different location of the original workpieces, in
order to be able to select the sample with the most consistent surface, as some samples had major
inclusions the surface which would have made a direct comparison more difficult.

After scanning the microstructure microscopically, covering at least an area of 15x10 images, where
one image covered about 400-600 um, the images were stitched together and analysed, with one
example shown in Figure 22 below.

e i
: R
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Fig 22. Stitched image of CGI surface layer (cropped).
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Based on the stitched images, one sample was selected for each material. This selection was made based
on a visual review only, as the only requirement was a consistent structure in the skin area. For each of
the selected samples, hardness tests based on nanoindentation were then conducted.

The nanoindenter used was a Micro Materials NanoTest Vantage of the Production and Materials
department at LTH, as shown in figure 23 below, using a Berkovich tip.

—— g - ¥

=

Fig 23. NanoTest Vantage nanoindenter used for this research [46].

The nanoindentation tests were conducted on the three selected samples, in a rectangular area of a 10x20
testing points of 50mN maximum load, based on a 10um square pattern, starting orthogonally at one of
the original mould edges. As the aim was to measure the transition in direction orthogonal from the
edge, this would yield 20 layers with 10 data points each, which would reduce errors stemming from
the heterogeneous nature of the material. This approach was designed to capture the gradation in
hardness as it transitions from the surface towards the bulk of each material.

3.4.1 Nanoindentation Results

Based on the nanoindentation tests, hardness measurements for the three selected sampled were
collected. Due to existing limitations in the equipment used, the hardness values found during the tests,
cannot be seen as absolute, and will only be used for relative comparison. As the goal was only to
establish whether or not a gradient existed, this was found acceptable. Table 3 below shows the average
relative hardness results for the three samples tested.

Table 3. Average values per layer of relative hardness (Complete Data in Appendix A).

layer: | 1 | 2|3 |4 |2 |6 |Z7Z|8| 9 |10|11|12|13 |14 |15|16|17|18|19| 20

CGl 4.46|4.31|4.2414.19(3.54|4.25|3.26|3.82|3.73|3.51|2.75(3.29|2.93|3.78|3.84|4.49|4.26|3.92(3.38|2.86

SSF 3.85|4.14(3.77|4.32|4.19|3.75|2.50(2.22|1.97|2.55{2.65|2.78|3.52(3.58 |3.30|3.23|4.18|3.49|3.78|4.27

Gray |4.87|4.80(4.49/5.16|4.60|5.01(4.07(3.50(2.46(3.12|2.39|2.16|2.10|0.92|0.97|0.75|0.67(0.70|0.67|0.54

Using the data from Table 3, the following graphs in Figures 24, 25, and 26 visualize the hardness
gradient measured from the surface for the three materials.
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Relative Hardness Measurements - CGI
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Fig 24. Gradient of relative hardness for CGI450 sample.

Relative Hardness Measurements - SSF
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Fig 25. Gradient of relative hardness for CGI350 sample.

Relative Hardness Measurements - Gray

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Layer number measured from surface (10um per layer)

Fig 26. Gradient of relative hardness for Gray Cast Iron (LGI) sample.

While the data is limited by the fact that the absolute values are unclear, what can be observed is that
in all materials, hardness is irregular at the surface level. As the measurements are averages of ten tests
per layer, it can be assumed that this is not only due to heterogenous phases, such as graphite, which
would have lower hardness. Hence, while the exact effects to the microstructure cannot be determined,
it can be established that the material properties at the skin level might be different from the bulk, and
that therefore, pre-machining for skin removal is required for accurate tool life testing.

3.5 Skin Removal

While it would be preferable from an economic standpoint, to be able to remove the skin layer in the
same operation as the rest of the machining, with the goal in this research of developing a Colding
equation cutting data from a homogeneous material is required. While the nanoindentation tests were
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not able to measure the absolute properties of the skin layer, they established that all three materials,
including CGI450, which is the main subject of this research, experienced skin effects, with hardness
values varying at the outermost layer, which implied different microstructures compared to the bulk
material. Therefore, the workpieces were pre-machined on all sides, to a final size of 250mm*250mm
in depth and width, while height varied slightly for each workpiece, with an example operation shown
in Figure 27 below.

L

Fig 27. Image of an interrupted pre-machining process, of a workpiece equivalent to the ones used in this
research.

3.6 Machinability of CGI

In Figure 28 below, the polar machinability diagram for different grades of compacted graphite iron is
shown, highlighting the most relevant considerations of machining CGI. As can be seen, one of the
major problems related to CGI is its low thermal conductivity, hence it can be expected that high thermal
loads will be encountered during the machining tests.

Adhesion/ ocCGl 62%
ductility
acGl 20%
OCaGl 5%
Abrasivene Stain
hardening
Thermal
Hardness conductivity

Fig 28. Polar diagram showing the potential machinability for three types of CGI with different
percentages of compacted graphite structures.

3.7 Milling Tests

All machining tests were conducted using a Bridgeport XR 1270 Vertical Machining Center of the
Production and Materials division at LTH. For all tests, 50% engagement width, i.e. a, = 40mm, and
a cutting depth of a;, = 1mm, was kept constant. The machining was done using down-milling.
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The milling tests were done in equivalent straight passes over the workpiece. As the workpiece width
after pre-machining was 250mm, and with a, = 40mm, it was possible to conduct six passes per layer,
with the remaining 10mm being removed by a second tool during an intermediary clean-cut operation.
For each pass, pass length was calculated as beginning with tool entry, and ending when 50% of the
tool had disengaged, at which point the cutting process stopped, the calculation being shown in Eq. 3.1
below:

Eq. 3.1

D
lyass = Wworkpiece 5= 250mm + 40mm = 290mm

For cutting speed v., and feed per tooth f,, eight cutting conditions were chosen as test points. While
theoretically, five points are sufficient to solve the system of equations of the Colding model, increased
tests can improve the accuracy of the model’s predictions [37]. Additionally, having extra points allows
for an analysis of different subsets, to control in the case of suspected outliers.

The selection of the parameters was based on the cutting data provided by the tool manufacturer Seco
Tools, through Seco’s cutting data tool: The points were chosen based on the tool manufacturer’s
recommended range as a starting reference, and cutting parameters were therefore also based on these.
However, as milling toolholders such as the ones used in this thesis are conventionally designed for
operations with multiple inserts, six in this case, when conducting single-insert machining, the changed
cutting geometry must be taken into account, and the cutting parameters had to be adapted. As the
number of cutting edges, z, is part of the equation for feed per tooth f,, as shown in Eq. 3.2 below, in
order to find the relevant f;, feed speed vy given by Seco’s cutting data must be divided by six, while

the other parameters remain the same, as they are independent of z.

Vs Eq. 3.2

As other cutting parameters, such as RPM were dependent on the established cutting data, the four
cutting parameters can be established as shown in Table 4 below, with Figure 29 on the following page
showing the distribution of v, and f,.

Table 4. Cutting data for 8 test points.

Cutting speed at DCw v, | Feed per tooth f, | a, ap
Test point (m/min) (mm/tooth) (mm) | (mm)
1 250 0.400 40 1
2 154 0.554 40 1
3 431 0.277 40 1
4 185 0.277 40 1
5 359 0.554 40 1
6 250 0.554 40 1
7 393 0.4 40 1
8 316 0.477 40 1
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Test Points for Milling Test
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Fig 29. Cutting speed and feed per tooth data for the eight tests.

Due to the added importance of stability required for accurate tool wear observations, importance was
also put on a stable clamping setup. The workpieces were held in place by four edge clamps, with a low
side profile, which also allowed for more utilization of the material, as more layers were accessible,
which is shown in Figure 30 below.

Fig 30. Clamping setup used during this thesis. Coolant leftover from a intermediate clean-cut can be
seen on the workpiece.
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3.8 Microscopy for Tool Wear

The tool wear measurements were conducted using an Olympus SZX7 optical microscope, as shown in
Figure 31 below, together with Olympus Stream Basic Imaging Software. For these measurements, the
cutting tools were mounted variably at a 45-60 percent angle, with the insert placed at the highest
possible location. The goal was to observe the flank side at an angle that was as close as possible to
orthogonal at the point of tool wear. Due to the curvature and short focal depth, it was not possible to
observe the flank wear along the whole affected area, and therefore the most relevant area was chosen.
Due to the high reflectivity, especially in adhesion regions, both the amount, but also the direction of
the light was important to correctly observe tool wear.

|

.J’ ) r/ : ¥ 5 .ﬂ.,_ %

Fig 31. Olympus SZX7 optical microscope used in this research, with adjustable toolholder visible.

3.8.1 Measurement Intervals

The measurements for building a Colding model can be based on different methods, with one being
regular measurements between intervals of machining, as is done in this research, with a second option
being based on measuring cutting forces until they reach the level of expected tool wear [7]. Both
methods have advantages and disadvantages, nevertheless both have the possibility of overshooting the
targeted wear and requiring extrapolation [31]. The cutting data method does not require regular
measurements, however does also not provide information on wear development and requires a good
understanding of the cutting process. The interval-method on the other hand takes more time and
requires more manual measurements, but has a lower risk of overshooting by a larger amount. In this
research, to further mitigate the uncertainty of wear development, more tests were done at the beginning
and expected end phases of machining tests, until wear development was better understood.
Measurements were taken at intervals that were appropriate based on the expected tool life and speed
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of tool wear, to best use machine time, with most measurements being taken at ends of layers, i.e. after
six passes, while in earlier tests, more regular measurements were conducted, as the wear development
was not yet observed. Figure 32 below shows one of the inserts that were used in these measurements.

Fig 32. Image showing insert after three milling operations, a dot was painted on inserts to mark the
order of tests.

3.8.2 Effect of Insert Curvature during Flank Wear Measurement

The curvature of the round inserts had two negative effects on microscopy, which had to be accounted
for. While these are discussed in more detail later on, they will be shortly brought up here: Firstly, the
combination of the curvature of the inserts and the holder fixture implied that during flank wear
measurement, only one position, namely the highest one, along the flank of the insert could be
perpendicular to the microscope camera. Therefore, during measurements at other points, there would
be a slight deviation in flank wear measurement. However, due to the small area observed this effect
can be considered negligible. Secondly, due to the curvature, and limited focal depth, it was not possible
to view the complete cutting edge, which caused difficulties when the wear development became more
prominent in another region, which required adjustment of the area in focus. Due to such adjustments,
images of subsequent measurements were not always completely overlapping in the regions of
maximum wear, which in these situations made it difficult to ascertain wear development more
precisely. This should however also not have an impact on determining the point of maximum tool
wear, 1.e. the wear criterion.

3.9 Methods and Equations for the Colding model

As the Colding model was designed for use in turning, adaptations to the original model were required,
which in this research were based on the methods proposed by Soren Hégglund [41], the application of
which were first tested by Kantojdrvi et al. [10], which confirmed their use.

1t should be noted that while Hédgglund proposes multiple versions of these equation based on insert
shape and tool engagement, only the equations for round inserts and 50% engagement are presented,
and some equations are therefore simplified or adapted from their general versions presented by
Higglund [41].
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The known variables which are used for calculating the Colding model are shown in Table 5 below.

Table 5. Summary of variables of milling operation.

Test | v, (m/min) | f, (mm) | DCx (mm) | DCw (mm) | a, (mm) | a, (mm) | l,4ss (mm)
1 250 0.400 80 68 40 1 290
2 | 154 0.554 80 68 40 1 290
3 1431 0.277 80 68 40 1 290
4 |185 0.277 80 68 40 1 290
5 1359 0.554 80 68 40 1 290
6 |250 0.554 80 68 40 1 290
7 1393 0.4 80 68 40 1 290
8 |3l16 0.477 80 68 40 1 290

3.9.1 Adapting the Colding Model to Milling

Due to the intermittent nature of milling, two changes need to be made to the Colding model as both
chip thickness varies during cutting, and the engagement time does not equal cutting time. The
adaptations required will be explained below.

3.9.1.1 Step 1: Equivalent Chip Thickness
The first step for adapting the Colding equation, which is again shown here below in Eq. 3.3, is to adapt
equivalent chip thickness h,.

(In(h,) — H)? Eq.3.3

v, =exp|K — M — (N0 —L - In(h,)) - In(T)

The formula for equivalent chip thickness used in this research is based on an adaptation made by
Héagglund [41] for milling with rounded inserts, to the Woxén model of equivalent chip thickness for
turning [47], as shown in Eq. 3.4 below:

ap - fre Eq.3.4

he~

a fze
~ arccos d 5
2

This model requires the calculation of the effective feed per tooth, f,, [41], as shown in Eq. 3.5 below.

Acsy, Eq. 3.5
fze = —ne

larche

The definition of this adapted feed per tooth is based on Ag, the crescent shaped area covered by a
single cutting edge, during a pass, and therefore requires its own definition first;

Acsy, = Qe fz— A'cshe Eq.3.6

Where A’ (s pe is defined as;

, DCyw,, f;  DCupy, " f £\ Dun® .
A'cs he = 2 - 4 * [1— Do ——, -arcsin

Eq. 3.7

z
DCy,,
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Where;

Eq.3.8
DCWhe =D, + 2\/aphe -(d - aphe)

Hiagglund further proposes the use of a modified depth of cut for equivalent chip thickness, a, pe, as
the weighted midpoint of the cone area of the chip, which he estimated at about 67% of the total cutting
depth, which is calculated as shown in Eq. 3.9 below.

67 Eq.3.9
re = 100

Which can be plugged back into DC,,,, ;

67 67 Eq. 3.10
DCWhe :Dc+2 1—00-ap '(d—m'ap)
And
DC Eq. 3.11
larche = he . <a) + arcsin fz > a
2 Whe
Where w is defined as:
_ 2-6—a, 2-6+a, Eq. 3.12
@ = arccos | — G arccos | — Cor
In which § is defined based on milling type, which for down milling is defined as:
6=DCWhe_ae Eq313
2
Which lets us simplify w as:
DCy,,—2-a, Eq. 3.14
W = arccos
DCy,,
Giving:
DC DC,, —2-a - Eq. 3.15
larey, = % . <arccos (Vth’b—WMe> + arcsin D\;g)

3.9.1.2 Step 2: Cutting Time, Tool Life, and Tasio

As to create a Colding equation, in addition to equivalent chip thickness, and cutting speed, the tool life
is required as well, it is necessary to calculate it based on empirical tests. This is done based on the
following equation, where NP represents number of passes until the wear criterion was reached;

Ttest = tpass - NP Eq 316

The time per pass, tpqss in turn is derived by the feed speed vy, and the pass length 1, q;

_ lpass Eq 317

t -
pass
Vr
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As mentioned before, due to the intermittent nature of milling compared to operations such as turning,
the tool is only engaged for a fraction of the overall machining time, which has to be taken into account
when calculating tool life.

For this, Tyq¢i0, Which represents the share of time during which the tool is engaged, Tengagement- i
the cutting process out of the total cutting time, Tr,¢q;, as shown in Eq 3.18 below;

Tengagement Eq. 3.18

Tratio =
' TTotal
As engagement time is not known, T4, can also be calculated based on the process geometry, which

for face milling depends on the engagement width, as shown in Eq 3.19 below:

a, 1 Eq.3.19
Tratio = DW. 2
x

While for example during a turning operation, Ty4¢;, Would hypothetically be 100%, during slot milling
itis 50%, and during side or shoulder milling operations, the T} 4;,, is further lowered by the engagement
percentage, i.e., when for example shoulder milling at 68 % engagement, T}.4¢;, Would be 34 %. As all
machining operations in this thesis are conducted at 50 % engagement to ensure maximum chip
thickness at entry, Ty4+;, Would therefore equal 25 %, or 0.25.

3.9.1.3  Step 3: Solving the Colding Model

Once the aforementioned changes to the variables used in the Colding model to adapt it to milling, are
conducted, the system of equations can be solved using the implementation of the Levenberg-Marquardt
[48], [49] least square data fitting method found in PTC Mathcad 15.

This requires the selection of initial values for the model constants. As there is no physical counterpart
to the model constants, this requires iterative fitting.
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4 Experimental Data

In this section, experimental results from machining tests are be presented.

4.1 Tool Wear Measurements

In this section the measured flank wear (VB) after respective passes will be given for each test in
conjunction with the calculated volume of removed material, which will be used in later comparison
during the discussion of the data. As VB was measured until the criterion of 300pm was reached or
overshot, in some cases, the exact pass at which VB was reached was found by linear interpolation.
While in this section the pass during which VB was expected to have reached the wear criterion is show,
when calculating tool life later in this study, the exact interpolation was used.

In addition to the tabular view, a graphical overview showing wear over passes, i.e. volume removed in
Figure 33, and Figure 34 below, with the latter excluding Tests 2, and 4, for better visibility.
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Fig 33.  Chart showing wear development over time for eight test points.

400
350

300

250 —8—Test1

E Test3
= 200

—8—Test 5
150 —8—Test 6
100 —8—Test7

50 —8—Test 8

0 10 20 30 a0 50 60 70 80
Passes

Fig 34. Chart showing wear development over time for points 1, 3, 5, 6, 7, and 8.
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Test 1: VB=300 um reached at pass 68
]cZ =04 mm/rev Ve = 250 m/mln

Test 2: VB=300 pm reached at pass 218

Passes VB (um) Volume (mm?®)
3 10 30000
4 19 40000
5 23 50000
6 28 60000
21 57 210000
27 72 270000
30 97 300000
33 100 330000
36 112 360000
39 115 390000
42 127 420000
45 133 450000
48 150 480000
51 168 510000
54 187 540000
57 191 570000
60 199 600000
63 220 630000
66 277 660000
68 307 680000

Passes | VB (um) Volume (mm?®)
4 37 40000
10 47 100000
16 55 160000
34 71 340000
52 82 520000
70 98 700000
88 104 880000
106 108 1060000
124 119 1240000
142 150 1420000
160 153 1600000
178 187 1780000
196 228 1960000
202 238 2020000
208 251 2080000
214 283 2140000
220 308 2200000

Test 3: VB=300 um reached at pass 28
ﬁ =0.277 mm/rev UC =431 m/mln

Test 4: VB=300 um reached at pass 138
ﬁ = 0.277 mm/rev UC - 185 m/mln

Passes VB (nm) Volume (mm?)
1 48 10000
2 52 20000
3 56 30000
4 59 40000
5 58 50000
6 72 60000
7 74 70000
8 79 80000
9 97 90000
10 103 100000
12 108 120000
14 116 140000
16 162 160000
18 194 180000
20 198 200000
22 230 220000
24 239 240000
26 266 260000
28 305 280000

Passes VB (um) Volume (mm?)
18 72 180000
36 93 360000
54 106 540000
72 126 720000
90 151 900000
108 177 1080000
126 226 1260000
144 334 1440000
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Test 5: VB=300 pum reached at pass 62

Test 6: VB=300 um reached at pass 72

Passes VB (um) Volume (mm?)
5 40 50000
10 80 100000
11 86 110000
14 91 140000
17 100 170000
20 103 200000
23 118 230000
26 133 260000
29 146 290000
32 178 320000
35 186 350000
38 196 380000
41 219 410000
44 230 440000
47 251 470000
50 251 500000
53 259 530000
56 280 560000
59 291 590000
62 300 620000
65 359 650000

Passes | VB (um) | Volume (mm?)
24 43 240000
30 82 300000
36 89 360000
42 113 420000
48 167 480000
54 200 540000
60 238 600000
66 264 660000
72 300 720000

Test 7: VB=300pm reached during pass 32
]cz =04 mm/‘rev Ve = 393 m/mln

Test 8: VB=300pum reached during pass 48

Passes | VB (um) | Volume (mm?)

6 74 60000

9 78 90000

12 105 120000
18 144 180000
24 231 240000
27 244 270000
30 271 300000
33 344 330000

Passes VB (um) | Volume (mm?)
3 60 30000
9 68 90000
15 70 150000
21 91 210000
27 94 270000
33 164 330000
39 173 390000
45 223 450000
51 332 510000
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S5 Data Analysis and Discussion

In this section the experiments will be discussed and the resultant experimental data will be analysed.

5.1 Microscopy / Wear Development

The first test provides an example of some of the difficulties associated with measuring tool wear
accurately, especially in the early phases, which will be briefly discussed here.

5.1.1 Problem 1: Establishing a measurement baseline

One of the most recurrent problems throughout this research was related to the establishment of a
measurement baseline. In addition to the aforementioned complication due to edge radius needing to be
measured together with VB [31], the recurrent adhesion and wear patterns made establishing a
consistent baseline difficult. While this was mitigated mostly by including an area outside the area of
maximum wear, as shown in Figure 35 below, it caused some uncertainity.

Fig 35. Example image showing the selection of the baseline for wear measurement, Test 1 Pass 30
(cropped).

5.1.2 Problem 2: Identifying the correct area

As wear was measured during this research between machining operations, the goal was to find the area
of maximum tool wear to ascertain wear development. This was made difficult by the extremely short
focal depth of the microscope, which together with the curvature of the insert made it only possible to
observe a small section of the overall engagement area. This was especially a problem in early passes
when the wear region was still stabilising. As it was unclear which area would end up with the most
wear at the end, in some cases, consecutive images recorded different areas, with an example shown in
Figure 36 below:

Fig 36. Cropped images of pass 33 and 36 showing measurements in inconsistent areas.
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One possible way of dealing with this problem would be recording a larger area of the cutting edge, by
either taking multiple images, or by using methods such as extended focus imaging (EFI), which creates
a composite image of a larger focal depth. This way, it would be possible to adjust past measurements
retroactively, which is not possible if the area of interest is out of focus. However, due to both time and
equipment limitations, these methods were not possible to be used in this research.

5.1.3 Problem 3: Identifying wear

The third major problem encountered during microscopy was deciding whether a given optical change
on the cutting edge was wear in the sense of the wear criterion. Especially with the inserts being
multilayer-coated, the presence of several areas of different appearance made it difficult to determine
at which exact point to measure wear. This being exacerbated by the adhesion layer making determining
measurements difficult is a common problem [7].

While this was usually a smaller problem towards the wear criterion, in terms of determining the area
of maximum wear, when stable regions of wear had formed, it nevertheless added uncertainty to
measurements, as can be seen in Figure 37 below. If only the silvery region of adhered material is
considered to be wear, the wear criterion is reached at or shortly before pass 68. If, however, the darker
region below the adhered material is considered too, the wear criterion of 300pum is already reached in
pass 66. As no solution to this problem was evident, it remained as a possible cause of error regarding
VB measurements.

Fig 37. Passes 66 and 68 of Test I (cropped image), with a clear wear development, but an unclear
length of maximum wear.
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5.2 Evaluation of Machining Efficiency

As the economic effectiveness is one of the most central elements regarding decision making in
machining, it is important to also compare the different cutting conditions in economic terms. The two
fundamental elements in this case are material removal rate, MRR, and total volume removed, which
are shown in Table 6 below.

Table 6. MRR and Total Volume Removed for the eight machining tests.

MRR Total Volume Removed
Test .
(mm3/min) (mm3)
Test 1 15915 675300
Test 2 13578 2180790
Test 3 19001 277400
Test4 8156 1383000
Test5 31654 620000
Test 6 22043 720000
Test7 25019 320000
Test 8 24066 480000

For any given economic situation, MRR and total volume removed might be weighed differently, and
a decision would be made based on what is preferred, which might either tend towards one of the two
parameters, or to a balance. This can be showcased with a graph, as shown in Figure 38 below, which
makes selection of the preferred cutting parameters easier.

Based on the diagram, some points, from an economic perspective, stand out as more or less efficient.
In this case, Test 2, Test 6, and Test 5 are possible best cases. If MRR is prioritized, Test 5 might be
chosen, conversely, if the total volume being removed is prioritized, Test 2 might be chosen instead, or
alternatively Test 6 might be seen as a good balance. While other points might be chosen for reasons
such as surface quality, they are from a purely economic perspective less effective, as for all five of
them, there is an alternative cutting condition, at which both MRR and total volume removed is higher,
for example Test 4 has both worse MRR, and total volume removed compared to Test 2.

Material Removal Rate - Total Volume Removed
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Fig 38. Diagram showing the eight machining tests, with ideal points underlined.
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5.3 Colding Model

The central part of this research was to analyze the possibility of using a Colding model to predict tool
life when milling cast iron with cemented carbide tools. This section will discuss the solution of the
model based on the aforementioned methodology,

5.3.1 Non-real solutions

One problem that was encountered with the calculation of the Colding model was the finding of
solutions that worked from a mathematical point of view, while not making physical sense. This will
be shown here with such an example solution:

The numerical solution of the Colding model requires initial values to be given for a solution to be
calculated. While these are arbitrary, and the method of finding good initial values that yielded a
solution with low error was through iteration, it was often observed that replacing initial values with
the final calculated value would lead to a better solution. Here it was however important to check if the
values did lead to a real solution. In Figure 39 below, an example is shown of a solution with a low
error, at 3.63%, where it can however be seen when plotting the Colding plane, that the solution is not
real, in terms of the expected outcome of the model, the initial and final model constants of which are
shown in Table 8 below. While the actual predictability of such a model is unclear, due to the
implication of a combination of higher chip thickness and cutting speed improving tool life in a material
where this has not been observed based on the experiments in this study, it can therefore be discarded
as a purely mathematical, rather than physical solution of the Colding model. This kind of solution
shows one of the underlying problems of the prediction model being based on statistical or mathematical
approximation, which makes a clear understanding of the physical processes essential.

Table 7. Example values for Colding model without real solution.

K H M NO L
Initial value (seeding) 7 -4 40 0.33 0.11
Final value (calculated) | 6.3642 | -2.1599 | -0.7407 | 0.3235 | 0.0125

c

[m/min]

1000

100
%'_C-Dl 0.01 0.1 ' h
e

[mm]

Fig 39. Colding planes for above-shown non-real solution where a,=1, and T=5 (black), 10 (green), 15
(blue), and 20 minutes (red) respectively.
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5.3.2 Solution of the Colding Equation

When this problem associated with unrealistic resultant models was avoided, the following model
constants were found as shown in Table 9 below. Using these constants, a model error of 4.49% was
achieved.

Table 8.Colding Model Constants.

K H M NO L
Initial value (seeding) 6.99 -2.8 3.9 0.4 0.01
Final value (calculated) | 6.9362 | -5.9326 | 5.5287 | 0.3184 | 0.0101

V:

[m/min]
1000

f_—_h%

N

I%E.}ODI 0.01 0.

!'h

e
[mm]

Fig 40. Colding planes for above solution where a,=1, and T=5 (black), 10 (green), 15 (blue), and 20
minutes (red) respectively.

When testing against the original data, by using tool life to calculate the corresponding cutting speed,
the following individual errors, shown in Table 9 were found:

Table 9. Table showing model error for individual test points

Test Test Point Error (%)
-6.28
-0.00597
2.06
2.93
11.9
-6.20
-3.06
-2.66

RN N | B | W N -
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5.3.3 Subset Models

As a method of verification, and testing of the model, the tool life tests were planned such that they
would allow the creation of Colding models using subsets of the data. As the Colding model is usually
created from tests covering a parallelogram shape, as can be seen in Figure 41 below, by reusing Test
5 and Test 8, two smaller Colding models can be created, the results of which will be discussed here.
The graphs showing the Colding planes for the subset tests are available in Appendix C.

Test Points for Milling Test

500
450
400

Test3 Test5

5
E 350
E 300 Test8 &
T
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:l‘. Y Test6]
4 200 Test 4
£ 150 =
S 100 Test 2

50

0 0.1 0.2 03 0.4 0.5 0.6
Feed per Tooth {(mm/tooth)

Fig 41. Distribution of the eight test points, with subsets of tests highlighted.

5.3.3.1 Subset 1: Inner Model
For the first test, the inner five points, i.e. Test 1, 6, 5, 7, and 8 were used to create a Colding equation

based on which the outer points were tested. Reusing the previous method, the following, as shown in
Table 10 was found:

Table 10. Colding Model Constants.

K H M N0 L
Initial value (seeding) 6 -2.8 3.9 0.4 0.01
Final value (calculated) | 6.5691 | -1.491 | 5.8644 | 0.5601 | -0.0574

Using these constants, a model error of 4.41% was achieved. The created Colding model was then
used to predict tool life for the three unused points:

Test | Cutting speed at DCw v, | Feed per tooth f, | Tool Life, | Tool Life, Error (%)
point (m/min) (mm/tooth) actual (s) | modelled (s)

2 154 0.554 10444 7653 26.7

3 431 0.277 950 647 31.9

4 185 0.277 11021 5705 48.2

When testing against the test points, the following individual errors, shown in Table 11 were found:

Table 11. Table showing model error for individual test points.

Test | Test Point Error (%)
1 2.91
5 7.74
6 -6.45
7 -1.78
8 -2.94
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5.3.3.2  Subset 2: Outer Model

For the first test, the outer five points, i.e. Test 2, 3, 4, 5, and 8 were used to create a Colding equation
based on which the in points were tested. Reusing the previous method, the following was found, as
shown in Table 12 below:

Table 12. Colding Model Constants.

K H M NO L
Initial value (seeding) 6 -2.8 3.9 0.4 0.01
Final value (calculated) | 6.5873 | -4.4265 | 9.3798 | 0.4952 | -0.0524

Using these constants, a model error of 3.18% was achieved. The created Colding model was then
used to predict tool life for the three unused points:

Tgst Cutting speed.at DCw v, | Feed pertooth f, | Tool Life, | Tool Life, Error (%)
point (m/min) (mm/tooth) actual (s) | modelled (s)

1 250 0.400 2754 3522 -27.9

6 250 0.554 2123 2862 -34.8

7 393 0.4 812 993 -22.3

When testing against the test points, the following individual errors, shown in Table 13 were found:

Table 13. Table showing model error for individual test points

Test | Test Point Error (%)
2 -0.11
3 1.9
4 0.3
5 5.7
8 -8.1

5.4 Colding Model Evaluation

In this study, the applicability of the Colding model, which is traditionally utilised for turning processes,
within the realm of milling applications was investigated, specifically in regards to the machining of
cast iron with cemented carbide inserts. Based on the empirical evidence, and the subsequent analysis
of this data, the finding that a solution to the Colding model exists for milling, and that based on the
model error of 4.49%, which can be compared to the mean error of 7.96% found by Kantojarvi et al.
[10], it can be said that the Colding model is indeed adaptable for milling.

The occurrence of predictable wear patterns during the milling operations, mainly in form of abrasion
of the flank edge with subsequent adhesion, made it possible to develop a model that predicts tool life
within an acceptable margin of error, validating the models use case. This in turn means that machining
operations with less predictable and more stochastic types of wear, such as chipping, might not follow
the same patterns, and therefore require further analysis.

It should be noted however, that while the model error was found to be 4.5 %, the two subset tests,
which had lower model errors, at 4.4 % and 3.2 % respectively, had, when tested against the remaining
test points, higher errors, ranging between 22 % and 48 % percent were encountered, with the inner
subset model underestimating tool life, and the outer subset model overestimating tool life. As it is
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difficult to directly compare the two models, as they cover very different areas of the cutting speed and
feed per tooth domains, this discrepancy cannot be attributed to any specific source.

5.5 Possible Causes of Error

In this section, possible causes of error will be discussed, which might have affected the outcomes of
the machining tests during this research. Especially since the Colding model relies on standardised tests,
in order to attribute changes in tool life to cutting speed and feed rates, the fact that some variable factors
remained, which could not be eliminated from the experimental setup, might have had an have an
unintended effect on the cutting conditions.

5.5.1 Changing workpiece geometry

The biggest such consideration was related to the changing geometry and size of the workpieces. As
machining was done on standard blocks, which were used until the remaining thickness was too small
for the clamping setup, some experiments required changing of the workpiece during a test, and tests
did not always start with a complete block. This meant that if workpiece size influenced machining
conditions, this effect would not be constant between operations.

Such effects might have been in form of vibrational, and thermal behaviour, i.e., as the machining
caused considerable heat development, workpieces got hotter over time, which might have been
amplified by smaller workpieces. Conversely, it is also possible that smaller workpieces which had a
higher surface-to-volume ratio cooled down faster between passes. Furthermore, as machining was done
with with irregular times in between operations, in some operations, the workpiece might have been
able to cool down, while in others it remained at an elevated temperature.

5.5.2 Changing machining environment

While machining was conducted under dry conditions, liquid chip collection was conducted at regular
intervals during the machining, to prevent chip buildup. During this chip collection, unintentional
misting and spraying of coolant was observable. In addition to this, especially during tests with higher
MRR there might have been additional effects on the atmosphere within the machine, due to the
evaporation caused by high temperature chips, and due to more regular chip collection.

5.5.3 Differences between passes

While the experiments were designed to have consistent passes as base units, some variance was
nonetheless unavoidable. This came both in form of the first pass of each layer cutting a slightly
different geometry, with the subsequent ones cutting into the area shaped by the tool radius, but also
due to changes in material properties, which might have been both inherent to the workpiece from the
casting process, but which also might have been caused by thermal and mechanical loads exerted onto
the surface layer during previous layers.

5.5.4 Milling Insert number

The tests in this research were based on single insert machining, while using a tool made for six inserts
tools. As studies have found that using fewer inserts can lead to longer tool life [28], and as the cutting
data and expectations were based on numbers provided by Seco’s cutting data based on 6-insert milling,
the applicability of these numbers was not certain.
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6 Conclusion

This thesis aimed to answer the following three main research questions:
Q1: To what extent is the Colding Model applicable in milling operations?
Q2: What are the factors affecting outcomes when milling CGI?

Q3: How do cemented carbide inserts behave when milling CGI?

Based on these, the underlying overall task was to gain a better understanding the applicability of the
Colding model to predict tool life during the milling of compacted graphite iron.

In this regard, the research presented in this thesis has successfully demonstrated the applicability of
the Colding tool model in predicting the tool life of cemented carbide cutting tools during the milling
of compacted graphite iron (CGI). Through a series of milling experiments, this study has confirmed
the effectiveness of the Colding model for tool life prediction in the unique context of milling and shed
light on the behaviour of cemented carbide tools when machining CGI, finding for example that in this
specific case, a high feed-rate may yield preferable results. The findings confirmed that with accurate
tool life modelling, it is possible to identify optimal machining parameters that minimize tool wear and
extend tool life, which has the potential of significantly enhancing process efficiency in industrial
applications, especially by aiding better quality assurance, through a better understanding of tool wear.
As a better understanding of processes in milling, also yields benefits in terms of better material
utilization, this could be beneficial both in terms of cost reductions, but also in regards to environmental
sustainability, as it would support resource efficient production, which further underscores the
importance of selecting appropriate machining parameters to optimize tool life.

In conclusion, this research contributes to the body of knowledge in mechanical engineering by
providing insights into the performance of cemented carbide cutting tools in milling CGI and
highlighting the practical applicability of the Colding model in industrial machining processes, and
process efficiency. This thesis not only proves the effectiveness of the Colding tool life model in a new
application domain but also opens the door to further innovations in machining optimization, the
benefits of which could be both in terms of cost, but also of environmental sustainability.
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7 Future Research

The present study has provided insights into the validity of using the Colding model to predict tool life
in milling operations. However, as the empirical data was based on outcomes of milling processes using
round cemented-carbide inserts on compacted graphite iron (CGI) under dry conditions, several avenues
remain to further confirm the validity of the model in other conditions, and with other materials. The
following options are proposed to extend this research:

1.

c¢BN Tools: Known for their exceptional hardness and suitability for high-speed machining, cBN
tools represent a promising area for further investigation of the suitability of the Colding model.

Ceramic Tools: Similarly, ceramic tools already being employed to machine cast irons, are a
promising area for further research of the Colding model.

Other Types of Cast Iron: Broadening the scope of materials to include different types of cast iron
could help determine the Colding model's accuracy across a wider range of contexts.

Other Material Classes: Investigating the Colding model's effectiveness with materials beyond cast
irons could offer a more comprehensive understanding of its applicability.

Other Insert Shapes: Examining how the Colding model performs with inserts of different shapes
could provide insights into its versatility and potential limitations.

Other Conditions: Expanding the research to include different lubrication conditions, could help in
understanding how these variables impact the Colding model's predictive accuracy.

Further research on tool life equations: Finally, While the Colding model provides an improvement
in comparison to previous methods of tool life estimation, as the Colding model is not intended to
model all region of cutting conditions and is not meant to model wear mechanisms that behave
stochastically, its application might be limited in some use cases. As it was also originally
developed for turning operations, even with the adaptations used in this research, the different
mechanisms that occur during milling, such as the cutting edge experiencing repeated impacts and
intermittent exposure to the air, might not be reflected by it. Therefore, the prospect of more
specialised model that can more accurately reflect the wear mechanisms of milling operations
should be investigated.

By addressing these areas, future studies can build on existing work to enhance the understanding of
tool life prediction models and their applicability to a broader range of machining operations, materials,
and conditions. This would not only validate the Colding model further but also contribute to the
development of more efficient and cost-effective machining practices.
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Appendix A: Nanoindentation Data
A.1 Gray Cast Iron / Lamellar Graphite Iron (LGI)

Point
Layer #1 | #2| #3 | #4| #5| #6| #7| #8| #9 | #10 | Average
1| 446 | 5.14 | 451 [ 4.60 | 4.14 | 4.11 | 3.49 | 4.94 | 4.51 [ 4.73 4.46
2424455506 4.17 | 4.66 | 4.94 | 3.68 | 3.73 | 4.06 | 3.99 431
3485426 4.18 [ 4.34 | 4.22|3.89 [4.78 [ 3.48 | 4.74 | 3.66 4.24
41354|433]4.62]3.01 416515 4.53 | 4.81 | 441 | 3.34 4.19
51297440 3.89 [ 4.11 [ 3.60 | 3.51 [3.02 [ 2.89 | 4.64 | 2.41 3.54
6|3.74 | 4.12 | 4.54 | 3.88 | 4.14 | 434 | 4.52 [ 3.89 | 4.39 | 4.93 4.25
7 14.09 [ 2.97 | 3.80 | 3.46 | 4.57 | 2.50 | 2.95 [ 3.12 [ 2.60 | 2.49 3.26
8 |4.57 | 4.40 [ 3.69 [ 3.48 | 4.60 | 2.65]3.92 [ 4.19 | 3.36 | 3.38 3.82
9338 4.35]4.90 [ 0.78 | 4.03 | 4.48 [ 3.22 [ 5.13 | 4.40 | 2.62 3.73
10 [ 2.46 | 4.82 | 2.40 [ 4.19[4.98 | 4.94 [ 4.64 | 1.86 | 1.81 | 3.07 3.51
11 [ 1.82[3.66 | 2.46 | 3.59 | 4.63 [ 0.96 | 2.62 [ 3.43 | 1.30 | 3.08 2.75
12[4.69]0.24 | 0.10 [ 4.61 | 3.44 | 452 [ 2.18 | 427 | 4.85 | 4.04 3.29
13 [ 4.36 [ 4.49 ] 0.05] 1.16 | 1.99 | 2.66 [ 3.51 | 3.82 | 2.63 | 4.60 2.93
14 [3.29[3.29 | 2.75[3.91 [ 4.70 | 429 | 4.41 | 4.76 | 3.73 [ 2.70 3.78
15529492 232251 [4.97 | 3.12[3.23 | 4.94 | 2.70 | 4.45 3.84
16 [ 5.65 | 4.12 [ 2.94 | 4.53 | 5.15 [ 5.26 | 4.67 | 4.96 | 4.72 [ 2.87 4.49
17 [3.96 [ 5.25 | 1.55 | 4.83 | 4.64 | 4.75 [ 4.83 | 2.71 | 5.10 | 5.01 4.26
18 [2.91 [2.30 | 4.66 | 3.96 | 4.77 | 4.32 | 4.41 | 4.05 | 2.74 | 5.13 3.92
19 [ 4.57 | 4.06 | 4.77 | 4.05 [ 3.87 | 3.01 [ 3.46 | 1.65 | 1.72 [ 2.66 3.38
20 | 1.18 [ 432 4.20 [ 2.83 [ 3.96 | 2.65 | 2.13 [ 1.99 | 3.66 | 1.66 2.86
A.2 Compacted Graphite Iron (CGI450)*
Point
Layer #1 | #2| #3| #4| #5| #6| #7| #8| #9 | #10 | Average
1 [ 4.40 [ 4.04 | 3.46 | 3.17 | 3.45 | 4.06 | 3.57 [ 3.70 | 4.30 | 431 3.85
21371659270 [3.36 | 4.13 | 5.72 | 3.62 | 4.40 | 3.59 | 3.55 4.14
3[3.81[3.21]5.85]0.90 | 3.84 | 3.36 | 3.91 | 4.71 | 4.07 | 4.09 3.77
4559 |3.46 | 554 3.83 | 4.02[3.77 | NaN | 4.75 | 3.42 | 4.49 4.32
5] 4.64564]3.53]359[2993.16]5.88550]3.62]3.38 4.19
6]3323.903.12]4.89 399|297 3.55]3.98|3.29 | 4.50 3.75
71234098 [3.01 | 2.05]1.23 [ 258 2.76 | 3.41 | 3.23 [ 3.43 2.50
83.04 339263 [3.10 ] 1.27 [ 2.83] 0.52 | 1.69 [ 2.34 | 1.44 2.22
913.08 154 1.39 [ 1.51 | 1.69 | 1.18 | 3.52 | 1.41 [ 2.12 [ 2.27 1.97
10 [ 1.62 [2.53 |3.71 [ 2.13[3.47 | 1.53 | 2.62 [ 3.28 [ 2.77 | 1.86 2.55
11158 [2.73 | 1.552.79 [ 1.87 [ 2.50 [ 3.78 [ 1.96 | 2.90 | 4.82 2.65
123341099 1.99 | 1.09 | 4.44 | 1.51 | 1.93 [2.67 [ 4.63 | 5.20 2.78
13453 326|472 444 [ 3.04 | 454 [ 272145 | 1.68 | 4.83 3.52
14 | 4.48 [ 3.65 | 436 | 3.06 | 4.49 | 4.64 | 1.04 | 2.40 | 4.11 | 3.51 3.58
15225 (291 | 434 4.31[5.72]0.69 | 1.30 [ 2.02 | 4.60 | 4.90 3.30
16 [2.69 [ 1.94 | 4.19]1.97 [2.72[3.92 | 1.51 [ 3.99 | 4.43 | 4.98 3.23
17 | 423 [3.01 | 4.95 | 4.54 [ 3.20 | 4.05 | 449 [ 4.21 | 459 | 451 4.18
18 [2.91 [ 2.68 [ 3.45 [ 2.19 | 431 [ 3.11 | 3.78 [ 437 [ 3.10 | 5.00 3.49
19 (235429 | 452 4.55 [ 1.88 [ 3.08 | 4.14 | 443 [ 4.19 | 438 3.78
20 [3.70 | 4.17 [ 3.87 [ 2.54 | 4.54 | 437 5.00 | 4.86 | 5.03 | 4.61 4.27
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A.3 Compacted Graphite Iron (CGI350/SSF)

Point

Layer #1 #2 | #3 | #4 | #5| #6 | #7| #8| #9 | #10| Average
1]16.11]5.015.07]4.69[4.75[4.29|4.89[4.17]4.50]5.25 4.87
21417 1455[531[4471475]1444]6.08|4.18 |4.74|5.26 4.8
314.60]4.71 4814471401 [428]443]1430)434)|4.92 4.49
41978 14.104.15]1457]1635]|343 |4.14| 641 | 4.09 | 4.55 5.16
51484 ]505]423]1433[498[4.21 1423|543 /4.52|4.17 4.6
61436[3.89]636[392[4.64[4.02]4.06]|791|722]3.75 5.01
71339(1397]1393]396[391[3.88]3.50]4.19|3.46]6.51 4.07
811.941395|14.27|4.45]3.70]3.33]3.764.03437|1.17 3.5
910981235[325]1.82[2.68[3.00]3.76]|336)|1.64|1.74 2.46
101334 | 1.35/3.57 1414|191 | 0.77 | 431 | 4.21 | 3.58 | 3.99 3.12
11 12.6710.84 413|142 2.26|226|220]2.74|1.71|3.69 2.39
1210.70 | 1.49 | 4.17 | 2.10 | 3.85 | 1.69 | 1.30 | 2.37 | 2.25 | 1.65 2.16
13 13.14|2.62|3.11 | 1.86|2.00|3.08|1.74|1.83]0.81 | 0.83 2.1
14 11.9410.89 1094 |10.40]0.69]0.76 | 095 ] 1.21 | 0.72 | 0.67 0.92
151093 | 1.08|0.88|1.06|1.24|0.84 | 1.00 | 0.99 | 0.69 | 0.96 0.97
16 1 0.7210.80 1 0.60 | 1.15 ] 0.78 | 0.84 | 0.59 ] 0.64 | 0.77 | 0.61 0.75
1710.78 1 0.59 1 0.70 | 0.63 | 0.90 | 0.72 | 0.60 | 0.78 | 0.29 | 0.66 0.67
18 10.83 1 0.7510.62 | 0.77 | 0.98 | 0.30 | 0.96 | 0.58 | 0.51 | 0.63 0.7
19 10.6310.69|1.20]0.47]0.45]0.69 | 0.65]0.39 | 0.85 | 0.66 0.67
201 0.5510.62 0.45]0.36]0.50]0.57]0.29]0.61 0.65]0.76 0.54

*: The Not-A-Number (NaN) result in Layer 4 — Point #4 of the CGI450 test was ignored while
calculating the average value of that layer.
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Appendix B: Microscopy
B.1 Images for Test 1:
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B.5 Images for Test 5
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B.6 Images for Test 6
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B.7 Images for Test 7
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Appendix C: Subset Colding Graphs

Lines represent tool lives of: T= 5 (black), 10 (green), 15 (blue), and 20 minutes (red) respectively.
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Fig 1. Colding planes for Inner Subset Test.
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