DEGREE PROJECT IN MATERIALS DESIGN AND ENGINEERING,
SECOND CYCLE, 30 CREDITS
STOCKHOLM, SWEDEN 2018

Characterization of
machinability in lead-free
brass alloys
KASIM AYTEKIN

KTH ROYAL INSTITUTE OF TECHNOLOGY
SCHOOL OF INDUSTRIAL ENGINEERING AND MANAGEMENT

Abstract
Recent legislation has put focus on the toxic nature of lead as an alloying element in brass products. Water
supply systems are of biggest concern where suspected lead leakages from brass products are threatening
human health.
A comprehensive study has been conducted in order to characterize the machinability of lead-free brass
alloys to provide the industry with necessary information to assist a replacement of the leaded
alternatives. The characterization has focused on two particular machining processes, namely turning and
drilling and has been based on cutting force generation and chip formation. While the turning tests aimed
to characterize the machinability by comparing two lead-free alloys (CW511L and AquaNordic) with a
leaded alloy (CW625N), drilling tests aimed to characterize machinability of the lead-free AquaNordic
alloy particularly, with the main focus put on the impact of tool geometry on machinability.
The results have shown that significantly higher cutting forces are generated during turning of lead-free
alloys as compared to the leaded. There was, however, no significant difference between the two lead-free
alloys regarding cutting forces while chip formation is improved for AquaNordic. Drilling tests have
shown that the machinability of the lead-free AquaNordic alloy can be improved by increasing the tool
rake angle and decreasing tool diameter.
Based on the results from this thesis work, it has been concluded that the machinability of lead-free brass
alloys is sufficiently good to be able to be adopted by the industry. However, improvement is necessary in
order to fulfill the requirement needed to replace the leaded alternatives.
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1. Introduction
1.1.

Background

As we embrace the spirit of the new millennia with even faster and bigger steps, it becomes clearer that
the way of thinking on human life and the worth of it is becoming more aware and sustainable for
generations to come after us. In every field of science, scientists are in an eager search of newer and
sustainable solutions to everyday problems. Not least, this pursuit is noticeable in metal industries
worldwide. Metals make up the group of materials that are used in the second largest scale in the world,
after concrete. In all stages of production, consumption, and recycling, metals play an important role. That
is precisely why the metal industries are under the spotlight whenever sustainable development is
discussed. The European Union (EU) has adopted a series of new action programs for the coming decennia
where climate and environmental aspects are focused on. In the 7th environment action program (EAP) of
the European Union adopted in 2013, it has been stated clearly that an environmentally friendly policy is
to be adopted throughout the union to secure the quality of human health and ecological well-being.
Although the short-term targets aim at achieving specific targets by 2020, it has been clearly stated that
most regulatory concerns and guidelines are long-term targets and intend to be eventually accrued by all
Member States [1].
Concern has been expressed for increased toxicity in drinking water sources worldwide and its
unbearable consequences for human health, hence regulations have been adapted to develop and improve
its management globally and regionally in the union. Toxicity is derived and correlated to specific causes,
including toxic substances used in the production of metals. These substances enter very easily in drinking
water systems around the world through various water supply systems [1].
In this regard, the focus has been on brass alloys in recent discussions regarding toxicity levels in drinking
water. This is mainly caused by the fact that a predominant part of the water supply systems is made of
brass products.
Brass is a copper-based metal alloy with the main alloying element zinc, Zn. The alloy is recognized for its
good thermal and electric conductivity, high antibacterial character, corrosion resistance, wear resistance
etc. Along with its aesthetic appeal, the main applications are electrical/electronic industries, the
automotive industry and fluid supply systems such as valves and fittings [2-3]. Even though zinc is the
main alloying element, a various amount of other alloying elements such as lead, silicon, aluminum, iron,
tin, manganese, nickel and/or arsenic can be present in small amounts [2]. Mechanical properties such as
hardness and ductility can be improved by the addition of aluminum, iron, tin, nickel, etc. Combinations of
different alloying elements thus provide a wide range of mechanical properties. Also, an addition of
certain alloying elements is intended to improve the machinability of brasses. Accordingly, research of
various machinability studies of brasses indicates that lead contents in the range of 1-3% improve
machinability behaviors remarkably by means of lower cutting forces, favorable chip-breaking, increased
lubricity etc. [2-6].
A large proportion of all produced brass is machined into its final shape. Such operations mostly involve
cutting processes of various kinds. Thus, the machinability is the most important characteristic for
industrial-scale production and it is also considered to be a big part of direct production costs [3].
Therefore, it has been of particular interest to investigate alloying elements with which machinability
properties can be improved. In this regard, specific alloying elements such as lead have been of great
interest.
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Lead is practically insoluble in brass. Consequently, lead atoms introduced to the microstructure rather
segregate along the grain boundaries and form globules. These reduce the shear strength of the material
resulting in improved chip breaking properties where small discontinuous chips are formed. It also has a
lower melting temperature than the brass matrix (Tm(Pb) = 327.5°C), which during processing results in
a semi-liquid film of lead forming and acting as a lubricant. The presence of this thin film significantly
reduces cutting forces and tool wear [2,7].
However, the toxic nature of lead is being more emphasized and remarked by several authorities
worldwide. New legislations that restrict the usage of Pb as an alloying element in brass alloys are being
published. Especially, brass applications in water supply systems are in focus, where increased lead
contents in drinking waters are of concern. Shultheiss et al. [4] have reported that everyday products
present in most hardware stores exhibit a presence of lead contents of ca. 3wt.% in the majority of their
products. In the European Union, the drinking water quality is governed by the Drinking Water Directive
(DWD) [1] published in 1998 which took effect in 2003. The directive is based on recommendations and
guidelines derived by World Health Organization (WHO) and European Commission’s Scientific Advisory
Committee. The initial limits on lead contents were set to 25 𝜇𝑔/𝑙 and as of December 1st, 2013, the limit
was reduced to 10 𝜇𝑔/𝑙 of which no more than 5 𝜇𝑔/𝑙 is permitted in water supplied to buildings [5]. It is
reported in a recast of the directive that the limit shall be reduced to 5 𝜇𝑔/𝑙 in total 10 years after latest
publication. Meanwhile, 10 𝜇𝑔/𝑙 will be the limitation applied during these 10 years.
Consequently, the environmentally friendly policy that governments and authorities are adopting has led
to an increased need for development and innovation at several fronts in the brass industry. Companies at
varied levels of the process-chain have revised their R&D activities to fit new regulations and increase
their competitiveness with regard to innovation and technology.
There are currently several possible solutions that are being researched and developed. A new alloy under
the marketing name EcoBrass® is a silicon-added lead-free brass alloy which is considered to be a
possible replacement for the most commonly used CW614N "machine brass". Silicon levels from 1 to 4
wt.% have been investigated and machinability aspects regarding cutting forces, surface roughness and
tool wear have shown strong indications that additions of silicon enhance machinability considerably
compared to lead-free and silicon-free low alloyed brasses [6].
Most recently, a new alloy under the marketing name AquaNordic® has been developed by Nordic Brass
Gusum AB. The alloy is a lead-free, silicon-free low alloy brass. According to Johan Tegnér, product
manager at Nordic Brass Gusum AB [7], the alloy is resistant to dezincification and has improved
machinability characteristics compared to its lead-free predecessor CW511L. AquaNordic® is a modified
version of CW511L where ceramic particles of the order of nanometers have been introduced into the
microstructure to improve the machinability of the material.
This thesis work is part of a national Vinnova financed research project named ADLEAF (Adaption of
technology to lead-free brass alloys). The overall aim of the project is to successively phase out lead as an
alloying element in brass alloys by developing a circular system of lead-free brass alloy products capable
to cover the life-cycle of brass products and also to build a competence center within the field. The project
is coordinated by Swerea KIMAB and the research is done together with three other institutes in the
Swerea group: SWECAST, IVF and MEFOSS and the major business actors in the brass industry of Sweden.
This thesis work is objected to the part of ADLEAF that concerns the machinability of lead-free brass
alloys. The results and outcomes of the study will be integrated with the outcomes of the ADLEAF project
and provide the industry with valuable guidelines for machining lead-free brass alloys.
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1.2.

Aim and objective

The aim with this thesis work is twofold; namely to compare machinability in different brass alloys during
turning and to investigate the effect of drill geometry and cutting conditions on machinability in
AquaNordic® during drilling.
As this study is in strong collaboration with the brass industry, aspects that are the most urgent challenges
that lead-free alloys expose on the industry have been focused on. Consultations with several industry
partners have revealed that it is most problematic with regard to two certain categorical parameters,
namely cutting forces and chip formation. Therefore, the evaluation will focus on cutting forces and chip
formation. For the drilling part, the impact of tool geometry on machinability has been expressed as an
additional criterion for the assessment.

1.2.1. Turning – Alloy comparison
The first part of the study is devoted to investigating the machinability of lead-free brass alloys as a
quantitative comparison of cutting forces and chip breaking for three different brass alloys, during turning
of namely CW625N (1.5% Pb), CW511L and AquaNordic®.
The main purpose of the turning experiments is to systematically put these three alloys on test with
certain parameters and a standard tool to map which properties have and can be improved by qualitative
selections of tools and cutting parameters.
A previously conducted study on KIMAB is chosen as a reference for the parameters and two additional
parameter combinations will be developed based on the results obtained in the previous study as well as a
literature study in the field "turning of lead-free brass alloys".

1.2.2. Drilling – Tool geometry comparison
This study will focus on analyzing cutting forces in drilling operations. These will then be set in relation to
the geometry of the tool. Rake angles and diameters of drills will be compared and analyzed with regard to
cutting forces and chip breakage at different cutting speeds and feeds. Additionally, to make a quantitative
characterization of the chip-formation, weight evaluations of the chips will be done.
To keep the number of experiments and amount of data to a relatively balanced level with regard to the
range of the study, certain parameters will be kept as independent and constant.

3

2. Brass as a workpiece material
Brasses are copper alloys with main alloying element zinc, Zn. Zinc contents may vary in a wide range for
different alloys and give rise to the formation of different phases. Different zinc contents may also lead to
varying mechanical properties and improved or decreased machinability.
Generally, brasses are divided into two main categories, namely α and α-β brasses. Where the former is
alloyed with zinc from 0-35 mass%, and its name is derived from the fact that the microstructure is
principally dominated by a uniform α-phase where the zinc is dissolved. With zinc contents exceeding 35
mass%, a two-phase region will be formed in the microstructure within which α and a zinc-rich β-phase
will be present. Brasses in this category are commonly denoted as duplex-brasses or α-β-brasses. The α
and β ratio in this region will principally depend on the zinc content. Even further increase in zinc content,
specifically over 45 mass% will introduce a new phase to the microstructure, the γ-phase. This phase is
generally not desired due to its presence in the grain boundaries, which will make the brass too brittle.
However, it should be emphasized that there might be some residual γ-phase present in the
microstructure due to segregation even at lower zinc contents [8]. The binary Cu-Zn phase diagram can be
seen in Figure 1.

Figure 1 Binary Cu-Zn phase diagram. Created with Thermo-Calc by using the customized database derived by Swerea
KIMAB.
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2.1.

α –brass

The lattice structure of the α-phase is face-centered cubic (fcc). This configuration in the lattice structure
is associated with low strength and high ductility. Accordingly, alloys with high α-phase content possess
low strength and high ductility. Therefore, the α-brasses are commonly designated as “cold working
brasses” because of their ability to be cold formed extensively [2,10].

2.2.

Duplex brasses

The duplex brasses contain, as mentioned earlier, zinc content in the range of 35-42 mass%. The present
β-phase in the microstructure disables the cold forming ability of duplex brasses considerably. This is
mainly because of the lattice structure of the β-phase which is body-centered cubic (bcc). Body-centered
cubic lattices are much harder and less ductile than α-phase. This gives rise for duplex brasses to have a
higher tensile strength and greater hardness. In contrast, duplex brasses possess rather good
deformability at elevated temperatures where the zinc content is increased inside the β-phase [2,10-11].
Thus, the duplex brasses are occasionally denoted as “hot working brasses”. In Figure 2, the effect of zinc
on yield stress and relative deformability is schematically illustrated.

Figure 2 Effect of zinc content on yield stress and relative deformability at 750°C, figure taken from “A general guide for
failure analysis of brass” developed at Swerea KIMAB [8].

In Figure 3, the binary Cu-Zn phase diagram is combined with hypothetical thermo-mechanical working
zones.
The β-phase is less resistant to dezincification corrosion compared to α-phase. Therefore, duplex brasses
are often heat treated in elevated temperatures in order to decrease the β-phase fraction in the
microstructure [9].
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Figure 3 Binary Cu-Zn diagram combined with thermo-mechanical working zones, figure taken from “A general guide for
failure analysis of brass” developed at Swerea KIMAB [8].

2.3.

Additional alloying elements

In addition to zinc, brass can be alloyed with a variety of alloying materials. This can be done for various
purposes such as improving machinability, increased corrosion resistance, improvement of mechanical
properties best suited to the final product etc. Table 1 summarizes which alloying elements are most
commonly used in brasses and for what general purpose they are added. Elements presented in Table 1
are mostly referred to studies last conducted in 2011. It is most likely that recent studies have come to
new results regarding additional alloying elements and their effect on brasses’ properties. However, it was
to the disappointment of the author not possible to find more recent and updated information relevant to
this study.
Table 1 Summarized table of alloying elements and their expected effects [4,10,12].
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Alloying element

Effect

Pb, lead, Bi, Bismuth

Improve machinability

Sn, tin

Increase corrosion and erosion resistance

Al, aluminum

Increase strength and corrosion resistance

Fe, iron
Mn, manganese
Ni, nickel

Increase strength. (May deplete inhibitors for
dezincification, e.g. As, by forming compounds
like FeAs and should therefore be kept as low as
possible.)

Si, silicon

Increases strength, forms intermetallic
compounds with Fe, Mn and Ni, thus restoring
effect of dezincification inhibitors. Formed
intermetallics are hard for which reason tool
wear may increase but chip breaking ability
improves and could replace Pb in this respect. Si
increase fluidity in alloys for die casting.

As, arsenic
Sb, antimony
P, phosphorus

Inhibit dezincification of α-brass, of which As is
most commonly used. Demobilized by compoundforming elements like Fe which could promote
intergranular attack.

2.3.1. Lead
Lead is the most important alloying element amongst the additional elements that are added to improve
certain properties of brasses. Addition of lead decreases cutting forces considerably as well as favoring
chip formation by acting as a lubricant in the cutting zone. It is theoretically, but yet not practically,
soluble in the Cu-Zn binary system and will often either precipitate at the grain boundaries during
solidification, most commonly forming particles 1-10 µm in diameter, or form a discontinuous dispersed
phase throughout the microstructure. Particles lower the shear strength of the brass and favor the chip
breakage considerably where chips break with less force needed. Thus, it is in the absence of lead as an
alloying element that the machinability of brasses is expressed to be problematic with regard to chip
formation. Lead is also added as an alloying element in the greatest scale, where additions up to 3 wt.%
occur. It is reported that the size of the globules might affect the machinability [10]. The lead particles will
melt above 328°C and lead to an adhesion on the tool surface on the contact areas, thus giving a
lubricating effect [5,10].
Different possible alternatives have been reported as replacements to lead with the motivation that recent
legislation worldwide is prohibiting the use of lead as an alloying element in brass. Specifically, in
products in water supply systems [5]. Such replacement elements are bismuth, Bi, titanium, Ti, and silicon,
Si [5,13]. Several reports where machinability studies were done have been published with promising
results. However, there have also been discussions about the viability of these elements based on
economic, ethical and ecological aspects. In which, discussions around bismuth and titanium's high prices
were conducted. Thus, the use of these elements has lost popularity and interest.
From an ecological and ethical perspective, discussions have been held about the geological factor that a
large part of the world's resources of bismuth is in the same deposits as lead. This brings with it the
probability that increased consumption of bismuth would likely increase the amount of extracted lead.
This excess amount of lead would require a higher caution when handled [11].
There has been research on silicon as a replacement for lead. A number of innovative research
assignments have been put in place to develop a new alloy with slightly increased silicon content in order
to replace lead without having to compromise the machinability. Reports have proved promising results
where silicon contents up to 4 mass% have favored machinability considerably relative to lead-free
alternatives. The general conclusion, however, is that machinability still does not correspond to that of the
leaded [2,4-6].
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3. Machinability
Machinability is a complex concept dependent on several parameters and factors. The complexity is
directly related to the variety of different application areas machinability can be tested in. A unique and
unambiguous definition of machinability is absent [12]. In general, it is described as the ability of a
material to be machined. However, this ability will most certainly depend on the product itself where
process parameters, geometry and operational setup (i.e. presence of lubricants), as well as criteria set on
effectivity, will have great impact. Therefore, a generalized definition of machinability is demanded but
not obvious. Jönsson et al. [13] have described machinability as a complex concept with five key
categorical assessment methods, namely by the cutting force and power consumption, by chip formation,
by cutting tool wear, by surface properties of a machined workpiece and by environmental factors. In
Figure 4 below, categorical machinability assessment methods are illustrated.

Figure 4 Schematic illustration of machinability as related to different assessment categories as discussed by Jönsson et
al. [13]. Categories assessed in this study are highlighted.

Most commonly, machinability evaluations are done in the direction of where the cutting processes are
expressed to be most problematic. Thus, by analyzing the results of a machinability evaluation, machining
operators would hypothetically be able to predict the overall ability of a specific material to be machined.
Machining parameters would then be initialized and adjusted accordingly.

8

Different assessment methods exhibit differing degrees of importance for different cutting operations.
Some cutting processes are expressed to be more sensitive to a certain machinability factor. In cutting
processes such as drilling, milling, and tapping where chip evacuation is of significant importance,
evaluation of machinability with regard to chip formation is of great importance. An undesired chip
formation will decrease the ability of chip evacuation considerably. Long and continuous chips will easily
tangle within the machine and clog the cutting zone resulting in possible damages on the tool, workpiece,
and machine. Thus, by mapping the machinability with regard to chip formation, process parameters can
be adjusted to promote chip formation and evacuation.
Some assessment methods are considered universal and are criteria for all cutting operations. Such are
evaluations of cutting forces and tool wear. The cutting forces are directly related to the power
consumption of the process and also define the structural rigidity requirements set on tool and machine.
Thus, evaluation of machinability with regard to cutting forces is an important tool to characterize the
productivity of a process. Tool wear is directly related to tool life during cutting operations. The efficiency
of a process is thence assessed as a variable depending on tool wear given the fact that effectivity is in
other words how many products a process is able to deliver before an eventual interruption caused by
poor chip evacuation and/or tool wear occur. The effectivity and productivity of machining of certain
materials can thereby be assessed by a machinability assessment [14].
Tool wear is not included in this study because of the fact that tool wear is expressed by industry partners
to be a minor problem during machining of lead-free brass alloys compared to cutting force generation
and chip formation. The assessment of tool wear requires a profound sperate study which is an additional
reason to why tool wear is not included because of the time and range restraints put on the study. Also,
because of the low degree of wear that tools are subjected to during machining operations of brasses,
there is a great amount of workpiece material needed for such a study, which is an additional reason why
tool wear is not included in this study.

3.1.

Machining theory

The German Copper Institute (Deutsches Kupferinstitute, “DKI”) [14] have published the handbook
“Recommended machining parameters for copper and copper-alloys, (2010)” where the readers are keen
to find a profound theoretical background for machining processes and their impact on the machinability.
The handbook also includes recommended cutting tools, tool geometries and cutting parameters for
different copper alloys in commercial use.
Since this study deals with copper alloys and the machinability of these, great importance is given to the
information that can be obtained from this handbook. The reason for this is twofold, namely the fact that
DKI is considered to be the leading researching front in the field and because the research on copper and
its alloys are not carried out to a large extent worldwide, leading to a limited access to specific theory
about the machining processes of these alloys. This is true, especially for the most recent field of research
corresponding to the lead-free brass alloys’. Thus, chapter 3.1 aims to extract and summarize the essential
theory needed for the design and evaluation of the experiments conducted in this thesis work. Further
theory is presented in Appendix A.

3.1.1. Chip formation and morphology
Chip formation or expressed as the extraction of excessive material during a cutting operation in
mechanical machining constitutes a major part in machining theory where an effective formation and
evacuation of chips are of extremely high importance for the overall effectivity of a certain process. For
machining operations such as drilling, milling, reaming and automated turning, where the cutting zones
are dimensionally limited, chip formation is a crucial criterion.
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Depending on tool geometry, machining parameters and mechanical properties of the workpiece material,
the chips can be formed into four main categories. These are namely continuous chips, continuous
segmented chips, semi-continuous segmented chips, and discontinuous chips.
Continuous chips are formed when cut material are flowing continuously away from the interaction point
of the cutting process. The deformed regions of the material undergo lamellar sliding without exceeding
the shear strength of the material. Usually, if the workpiece material has sufficient ductility the chips are
keen to form continuously given that the machining process is not affected by external disruption [17-18].
On the other hand, in case of external disruption and/or a lower workpiece material ductility and/or an
inhomogeneous microstructure, the chips will form as continuous segmented (or serrated) chips. These
types of chips are often noticed by sawtooth-like structure on the upper chip surface. Continuous
segmented chips are usually formed in machine operations where the feeds and cutting speeds are
considerably high [14].
Semi-continuous segmented chips consist of chip sections that were completely separated in the shear
zone. It will form when the shear stresses generate deformations greater than the ductility of the material,
in the shear zones. It is important to emphasize that semi-continuous segmented chips do not only form in
brittle materials but also in materials where the deformation and/or elevated temperatures induce
brittleness in the microstructure. As of machining point of view, at considerably low cutting speeds the
probability of this type of chips to be formed is higher. Thereby, brittle materials with inhomogeneous
microstructure often derive this type of chips when machined. Another aspect on semi-continuous
segmented chips is that they are not cut but rather torn from the surface of the workpiece material.
Consequently, the machined surfaces are frequently damaged [14].
In addition to chip formation mechanisms, there are several chip shapes that are needed to be emphasized
in order to fully understand the impact of chips on machining operations. Chip morphology is a key
parameter when assessing the machinability of a material.
Materials are primarily distinguished based on whether they generate long or short chips. Although
generally considering short chips favorable, there may be some aspects that do not make it a favoring chip
type for certain cutting processes. In order to make an adequate assessment of the machinability with
respect to chip type, a particular criterion is usually used as a reference [14]:
•

Transportability: Chips must be easily evacuated from the cutting zone. Short and small chips are
in this matter preferable because of their easy transport from cutting zones. Nevertheless, too
small chips will risk clogging the chip conveyor system or the cutting fluid filters.

•

Risk of damage: The chips should not risk the quality of finished product due to damaged
surfaces. Neither cutting tool nor machine tool should risk being damaged.

•

Injury hazard: The chips should not risk a possible injury for operating personnel due to sharp
edges.

Different chip types are schematically illustrated in Figure 5. Chip types such as ribbon, tangled,
corkscrew, conical helical and long cylindrical chips are not evaluated as the most favored chip types
because of difficulties with evacuation from cutting zones. Corkscrew chips are keen to flow along the
flank of the cutting tool causing damage to the tool holder and to those sections of the cutting edge outside
the contact zone. Needle chips are undesirable as they pose a risk of clogging in the cutting fluid and chip
conveyor systems. Chip types such as short tubular chips, conical coiled chips, and spiral chips are desired.
Formation of a specific chip type can be affected by several factors, namely workpiece material, tool
material, machine tool characteristics, chip breaking, cooling lubricant, cutting conditions, and tool
geometry. The cutting parameter affecting the chip type formation the most is the feed rate. The larger the
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feed, the shorter the chip becomes. Furthermore, by increasing the cutting speed formation of ribbon and
continuous chips can be favored due to the elevated temperatures making the material more ductile.
However, cutting conditions are most often set according to other criteria making it difficult to alter the
cutting conditions to change chip type. Therefore, chip breakers on cutting tools are considered to be a
rather easy and simple way to optimize chip formation in machining [14].

Figure 5 Schematic illustration of different chip morphologies according to ISO3685 [23].

3.1.2. Cutting force generation
There is a great amount of energy needed to separate a chip from the workpiece material. Although recent
developments of high technologic cutting tools have reduced the amount demanded, cutting forces are
still one of the most important aspects to derive an assessment about when evaluating the machinability
of a material.
Cutting forces generated during cutting operations are mainly caused by the forces generated by chip
formation and the chip breaking processes. The great amount of pressure and friction in the cutting zone
cause force components acting in different directions [15]. The simplest way of illustrating the present
cutting forces in the cutting zone is by investigating an orthogonal cutting operation during a turning
process. As seen in
Figure 6, the total cutting force can be expressed in a three-dimensional reference system where the forces
are donated namely as the tangential cutting force F c, the axial feed force Ff, and the radial passive
(pressure) force Fp. Converted into an x-y-z reference system used by most dynamometers, the forces are
interpreted as in Table 2.
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Figure 6 Total cutting force split into force components, figure taken from the handbook provided by the German Copper
Institute [14].

Table 2 Cutting force components and corresponding force components in x-y-z reference system.

Cutting force components

Corresponding force component in x-y-z reference
system

Cutting force, Fc

Fx

Passive(pressure) force, Fp

Fy

Feed force, Ff

Fz

3.2.

Effect of tool design on machinability

One of the most important parameters during cutting operations is the cutting tool geometry where
aspects as chip formation, cutting force generation and tool wear rates are related to the tool geometry.
Thus, an appropriate design or selection of the cutting tool is an efficient utility when a particular cutting
operation is being optimized or assessed with regard to machinability.
For the explanation of cutting tools and the definitions of the most important features, single-point cutting
tools used in orthogonal turning processes will be utilized. This is because the ingoing surfaces and angles
are clearest illustrated in this case. However, the definitions and explanations presented in this section are
to a great extent applicable to other cutting processes where the tools are geometrically defined.
Basic definitions of terminology used for cutting processes have been standardized in DIN 6580, DIN 6581
and DIN 6583. In Figure 7, the surfaces and edges that are part of a single-point cutting tool are illustrated.
Accordingly, the angles present on a cutting tool are the relative orientations of these surfaces to one
another.
The common practice of cutting tool design is by altering the active angles in the cutting zone. The most
important angles that are often treated are the orthogonal clearance angle (α 0), the orthogonal wedge
angle (β0) and the orthogonal rake angle (γ0). The sum of these angles must always be 90° in an
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orthogonal turning process. The angles are illustrated in Figure 8 and the corresponding definition of each
angle is presented in Table 3.

Figure 7 Faces, flanks and cutting edges on a single-point cutting tool according to DIN 6581 standard.

Table 3 Definitions of tool angles based on Figure 15.

Figure 8 Tool angles on a single-point cutting tool
according to DIN 6581 standard.

Angle

Definition

Clearance angle, α0

The angle between
the flank Aα and the
cutting edge plane Ps

Wedge angle, β0

The angle between
the flank Aα and the
rake face Aγ.

Rake angle, γ0

The angle between
the rake face Aγ and
the tool reference
plane Pr.

According to the recommendations given out by the Institute [14], the typical magnitude of the clearance
angle, when machining copper alloys with high-speed steel tools, is in the range of 6° to 8°. Reportedly,
large clearance angles tend to reduce flank wear and make it easier for the wedge-shaped cutting tool to
penetrate the workpiece. However, an increase of clearance angle can bring weakness in the tool in other
aspects. A larger clearance angle gives a weaker cutting edge which imposes a limitation on the magnitude
of the increase. With increased clearance angle, there is a risk of heat build-up on the tip which can lead to
a tool break. Also, the bending moment resistance of the cutting edge decreases with increased clearance
angle which imposes additional limitations on the magnitude of the increase.
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Among the active angles, the rake angle is expressed to be the most important. The magnitude of the rake
angle will affect the amount of deformation energy and the cutting energy dissipated during chip
formation. Copper alloys are most often machined with cutting tools with rake angles in the range of 0° to
20°. Increasing rake angles generate a decreased amount of cutting and deformation energy.
Consequently, the pressure exerted on the cutting edge is lowered. Accordingly, cutting forces are reduced
and the temperature of the cutting edge decreases simultaneously with the chip compression ratio being
reduced. Thus, the surface quality of the worked material is improved with increased rake angle.
However, the rake angle must be reduced if the specific cutting force is increased or if the undeformed
chip thickness is increased or if the transverse rupture strength of the tool material is lowered. In
summary, when machining copper-based materials, the smallest tool rakes are used for high strength
copper alloys. Nevertheless, it should be emphasized that lowering the rake angle will increase the cutting
force needed to accomplish the machining process. Thus, the requirements set on the tool strength and
machine rigidity increases and as a consequence of this, the power consumption is raised accordingly.
Therefore, the design of a cutting tool with its angles optimized is a matter of compromise where several
aspects must be considered. The modification of a cutting tool is emphasized to have a two-fold impact on
the cutting process. Changing the tool angles to strengthen the tool can be detrimental for the chip
formation and increase the cutting forces and the extent of tool wear. Whereas, modifications have been
done with the aim to improve chip formation commonly results in a decrease in tool strength and thus the
productivity of the machining. In Figure 9, the hypothetical impact of modified clearance and rake angles
are illustrated with comments.

Figure 9 Impact of modified clearance and rake angles with comments. (Figure taken from the handbook provided by the
German Copper Institute [14]).
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3.2.1. Tool material and geometry aspects on drills
Criteria set on chip formation, chip breakage and chip formation are
significantly more strictly set on drilling operations where the volumetric
limitations on the cutting zone are of concern. Thus, control of
parameters is expressed to be of highly sensitive importance in order to
fulfill the overall efficiency, productivity and quality demands set on
processes and finished products.
Copper-based materials are generally drilled using High-speed steels
(HSS) twist drills [14] and thus, the main focus in this study will be set on
twist drills as the main drill type of interest. HSS differ from other types
of steel in that they are containing high amounts of carbides in the
microstructure. This gives the tool material high wear resistance and
good hot-hardness. The main alloying elements are tungsten (W),
molybdenum (Mo), vanadium (Va), cobalt (Co) and chromium (Cr). The
hardness of HSS tools is contributed partly by the martensitic
microstructure and presence of carbides.

Figure 10 Characteristics of a
drill. Figure taken from
“Machining: Fundamentals and
recent advances” [16].

Some definitions set on the geometrical features on a cutting edge need to be redefined or modified for
drills where the geometry is more complex and not as trivial as in cutting inserts used in i.e. turning. Drill
bits can be of different shapes and types, whereas the most common two types are indexable-insert drills
and twist drills. The latter, with a good margin, represents the largest proportion of drill types that are
produced and used in copper-based materials processing industry today [17, 19, 24, 25].
Twist drills are made up of a cylindrical shank in which two opposite helical flutes have been cut forming
two cutting edges at the end surface (AB and CE in Figure 10). Further, a central chisel edge is present
near the drill axis to connect the two cutting edges (AC in Figure 10). Clearance and rake angles along
cutting edges of a twist drill differ from the actual quantities [18-19]. This can be described by considering
the cutting motion of a twist drill illustrated in
Figure 11. It can be observed that an arbitrary point on the cutting edge rotates with a tangential speed of
νT [m/s] is given by Equation 10:

ν𝑇 = 𝜔 ∗ 𝑟 =

2𝜋
60∗1000

∗𝑛∗𝑟

(Equation 10)

Where 𝜔 [rad/s] is the rotation velocity, 𝑛 is the spindle speed [rev/min] and r [mm] is the distance of the
considered point from the drill axis. Consequently, as the radius increases along the edge the tangential
velocity changes along the edge. It reaches a maximum at the periphery of the drill bit whilst it is zero in
the center. The same point considered, it is fed along the drill axis at a speed of ν𝐴 [m/min] as illustrated in
Figure 11. ν𝐴 is given by Equation 11

ν𝐴 =

1
60∗1000

∗𝑓 ∗𝑛

Where f [mm/rev] is the feed rate.
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(Equation 11)

Figure 11 Clearance and rake angles of a twist drill cutting edge. Figure taken from “Machining: Fundamentals and
recent advances” [16].

By observing the angles present along the cutting edge, it is possible to develop Equation 12 and
Equation 13 which describes the relationship between the effective angles and the hypothetical angles
[16].
𝛾 = 𝛾𝑓 + tan

ν𝐴
ν𝑇

𝛼 = 𝛼𝑓 − tan

ν𝐴
ν𝑇

= 𝛾𝑓 + tan

𝑓
2𝜋𝑟

= 𝛼𝑓 − tan

𝑓
2𝜋𝑟

(Equation 12)
(Equation 13)

It is now possible to easily conclude that the angles are differing along the cutting edge according to
Equation 12 and Equation 13. The rake angle is decreasing from the periphery moving in towards the
center of the drills. This, in turn, means that the point of the drill will undergo an ineffective cutting
process where the tangential cutting speed is zero and the rake angle is relatively small, if not negative.
Thus, the point of the drill bit is pressing and shoveling the workpiece material rather than cutting it.
Simultaneously, a plastic deformation occurs as the rake angle becomes smaller and negative and the
cutting speed approaches zero [16]. This pressing effect results in a relatively high axial force component
which is not of a particular use in the cutting process. However, if the rigidity of the machine is not
sufficient, this force component will cause problems and interrupt the process [15].
Satoshi EMA (2012) [17] has reported that torque and thrust forces in drilling operations are significantly
dependent on several geometric features such as web thickness, point angle, clearance angle, helix angle
and margin length (length of helical flute on the drill). The author has conducted a statistical analysis on
the results of a series of experiments where various combinations of above-mentioned features were
tested. The conclusive results from the study reveal that
torque significantly increases with increasing web
thickness and margin length whereas, conversely,
decrease with increasing helix angle. Similarly, thrust
forces significantly increase with increasing web thickness
and increasing clearance angle while, conversely,
decreases with increasing point angle and increasing helix
angle. Reportedly, too large helix angle causes a decrease
in the effective chip flow from cutting zones through the
flutes. This is caused by the fact that an increased helix
angle decreases the area of the flute zone (See Figure 12).
Furthermore, an increased helix angle causes a “longer
Figure 12 Flute shape on a plane normal to drill
way” for the chip during the evacuation, which, in turn,
axis. Different helix angles’ impact on the flute
exhibits a greater risk for the chips to be entangled and/or zone area are illustrated (Default geometric
parameters set as Diameter=9mm, Point
clog the cutting zone [17]. Especially, this is of great
angle=118°). Figure taken from Satoshi et al.
concern in cutting operations where chip formations are
[17].
considered problematic.
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4. Literature review
A literature review on machinability with focus on classical and lead-free brasses has been carried out in
order to emphasize the state-of-art situation in the field. It has been found that a vast majority of research
done in the field is based on classical leaded brasses. However, in recent studies, lead-free brasses are
seen to be of more frequent presence. In this section, the most important outcomes of the literature study
are presented. What can be noticed is that no conclusions can be drawn from or compared to the study
done in this work, emphasizing the need for more investigations in the field.
Nobel et al. (2014) [6] have conducted a machinability investigation on lead-free brasses with the main
focus on four lead-free brass alloys, namely CW508L, CW511L, CW510L, and CW724R. These were then
compared to the leaded CW614N alloy. Compositional and microstructural differences of abovementioned alloys are then put in relationship with the results from the investigation. Thus, the effect of
composition and microstructure on machinability is mapped. The study assessed machinability with
regard to machinability aspects as chip formation, thermo-mechanical tool load, and tool wear. The
authors concluded that in comparison to leaded brass alloy CW614N, lead-free brass alloys formed longer
chips and higher cutting forces and temperatures were generated. There was also a higher amount of
abrasive and adhesive tool wear. This particularly applied to ductile brass alloys with a high content of αphase such as CW511L. Within the category of lead-free brasses assessed in this study, the silicon alloyed
CW724R showed improved machinability in terms of better chip breakage and lower thermomechanical
tool load.
As part of the investigation, Nobel et al. [6] also investigated the impact of cutting tool coating on the
machinability of lead-free brass alloys. Reportedly, usage of diamond-like carbon (DLC) coatings, Physical
Vapor Deposition (PVD) coatings, and Chemical Vapor Deposition (CVD) coatings reduced the amount of
abrasive and adhesive tool wear significantly compared to TiAlN and TiB2 PVD-coatings as well as
uncoated carbide tools. Flat PVD tools have shown higher wear resistance, but the chip formation has
been expressed to be problematic because of long and continuous chips. Thus, their usage in mass
production has been evaluated skeptically. To improve chip formation and breakage as well as increased
process stability when using flat carbide or PCD tools, the application of a focused high-pressure coolant
supply was proposed by the authors.
Garcia et al. (2010) [10] have conducted a study focused on leaded brasses evaluated the machinability of
leaded brasses with regard to microstructure analyses. The evaluation has been done on the cutting-saw
behavior of leaded brasses. The conclusive results of the study show that the sizes of lead globules present
in the microstructure have a great impact on machining properties where larger globules decrease
machinability. Also, poorly dispersed globules decrease machinability.
Vilarinho et al. (2005) [2] have studied the impact of chemical composition on machinability in brasses.
The study has focused on the cutting forces and established several relationships on the influence of
chemical composition and the hardness on cutting forces’ different components. By establishing relevant
relationships between machinability and lead content, the study confirms the statement that lead is an
improving element for machinability in brasses. Further on, it also discusses the impact of other alloying
elements such as selenium, aluminum, iron, and tin. It is concluded that alloys from the Cu-Sn-Zn ternary
system infer that lowest cutting and feed forces are obtained in microstructures where tin contents drive
for a β + γ1 structure. Alloys from the Al_Cu-Zn ternary system exhibits an opposing effect on tin with
increased amounts of aluminum where the cutting forces are elevated with increasing Al content. The
highest cutting forces are obtained in alloys where the microstructure consists of a β + γ 1 or a β structure.
No relationship has been found between the iron content and the machinability parameters in Cu-Fe-Zn
systems. Concerning chip formation, only alloys from the Al-Cu-Zn system exhibits a loose arc chip
formation similar to the chips obtained during machining of commercial brass alloys. The paper confirms
the theory that β-phase is a promoting factor for the chip formation process in brasses, but if lead is
present in the structure. Thus, the justification of this theory lack power for lead-free brass alloys.
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Shultheiss et al. (2017) [4] have conducted a comparative study on the machinability of leaded and leadfree brasses during turning operations. The focus has been put on a machinability assessment based on
cutting force generation, chip formation and surface roughness of finished product. The conclusive results
of the study have been reported to be that, lead-free brasses with silicon as a replacement exhibit
increased mechanical properties compared to a leaded alloy. Polar diagrams constructed to display the
potential machinability of the two workpiece materials are presented (see
Figure 13). As a result of the mechanical properties of the materials, lower machinability was expected for
lead-free brass alloys. This was then confirmed experimentally by evaluating aspects as cutting force
generation, chip formation and surface roughness of finished product. Even though an obvious decrease
in machinability of lead-free brasses is realized, the authors conclude that lead-free CuZn21SiP is, from a
machining perspective, an appropriate alternative to leaded brasses.

Figure 13 Polar diagrams constructed by Shultheiss et al. [4] , presenting the potential machinability properties of two
investigated materials, namely leaded CuZnPb3 and lead-free CUZn21Si3P. The CuZnPb3 alloy is the reference.

Taha et al. (2012) [18] have conducted an investigation focused on the effect of silicon contents on the
machinability of lead-free brass alloys. Silicon contents from 1 wt.% to 4 wt.% have been machined and
analyzed to evaluate the qualitative machinability of the alloys. The machinability has then been
correlated to mechanical properties and the phases present in the microstructure. The study has found
out that maximum value of ultimate tensile strength (UTS) was achieved for a silicon content of 1 wt.%,
hence highest cutting forces were generated for this alloy. Furthermore, undesired chip formation also
occurred during machining with 1 wt.% silicon. In contrast, the alloy with 4 wt.% silicon generated
discontinuous chips.
Toulfatzis et al. (2016) [3] have carried out a study with the aim to evaluate the machinability of a leaded
brass, Zn39Pb3 (CW614N) in comparison to three lead-free brass alloys namely CuZn42 (CW510L),
CuZn38As (CW511L), and CuZn36 (C27450). The evaluation has been based on chip morphology and
power consumption. The results obtained from the experiments conducted in the study has been
evaluated statistically and based on it, optimization has been performed to find the best possible
combination of materials and cutting parameters. The outcomes of the study reveal that chip size and
morphology is for leaded brasses mostly dependent on the microstructural dispersion of lead particles
and the intermetallic β-phase fractions while in the case of lead-free brass alloys the β-phase fractions
cause a major influence on shear band formation and micro-crack generation. The study concluded that
even though CW614N is the alloy with the best machinability properties, CW510L stands as the optimum
selection for lead-free brass alloys concerning chip morphology and power consumption.
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5. Experimental
5.1.

Methodology

A schematic flowchart for the general methodology of the experiments conducted in this thesis work is
demonstrated in Figure 14. DOE of drilling included parts such as determination of cutting parameters as
well as a selection of drill types based on the theories presented in chapter 0. In addition, the selection and
modification of tool geometry have been justified using an optical analytical method to evaluate the drill's
final geometry after being modified. More about the selection, modification and the optical analysis of the
drill geometries are presented in chapter 5.5.2.
An important aspect to emphasize throughout the designing procedure of the experiments was to recreate
cutting conditions as harsh as possible to achieve, without risking operational interruption. Thus, most
extreme values applicable were sought and subjected in the designing. Once the worst case is assessed
and characterized, engineers working in the industry will be able to use results from this study as a
guideline where changes in cutting conditions most likely will entail improvements.

Figure 14 Schematic flow chart of the work plan utilized in this thesis work.
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5.2.

Workpiece materials

All material was provided by Nordic Brass Gusum AB. Consequently, all material
data on workpiece materials are derived from product data sheets provided by
Nordic Brass Gusum AB.

5.2.1. Turning – Alloy comparison
The workpiece materials used in turning tests were three brass alloys, namely
CW625N, CW511L, and AquaNordic®. The materials were delivered as extruded
rods with a diameter of 30 mm. Compositions of the workpiece materials are
listed in Table 4. CW511L is a lead-free brass alloy already existing in the
market. CW625N is considered to be a brass alloy with a moderate amount of
lead at about 1.3 wt.%.

5.2.2. Drilling – Tool geometry comparison
Drilling tests were conducted only on the AquaNordic® alloy. It was delivered as
extruded rods with a diameter of 30 mm. AquaNordic® is a modified version of
CW511L with the difference being an addition of ceramic inclusions in the
microstructure. In Figure 15, a photograph of the delivered brass rods is
presented.
Table 4 Compositions of alloying elements. (*Composition of AquaNordic® is reportedly the
same as CW511L with the addition of ceramic inclusions introduced to the microstructure.)

1)

3)
2)

Figure 15 Photograph of delivered
brass rods. (1) AquaNordic®, (2)
CW625N and (3) CW511L

Alloy

Cu

Zn

Pb

Sn

Fe

Al

Ni

Mn

As

Rest

CW511L*

62.5
–
63.5
%

Balance

<0.1%

<0.1%

0.1%

<0.05
%

<0.1%

0.020.04%

<0.1%

<0.2%

CW625N

63,064,0
%

Balance

1,21,5%

≤0,3%

≤0,1%

0,50,6%

≤0,2%

≤0,1%

0,020,05%

≤0,2%
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5.3.

Cutting tools

5.3.1. Turning - Alloy comparison
The cutting tool used during turning experiments was a standard carbide cutting insert, namely TCMT 16
T3 08-MM 1125 delivered by Sandvik Coromant AB. The decision of cutting tool to be used in turning
experiments was made in an earlier stage of the ADLEAF project. The idea of choosing this insert was to
use as standardized tools as possible to enable all industry partners to utilize the results from this study
without worrying about customizing the tools.
The cutting insert specifications are derived from the product data sheet provided in Sandvik Coromant
AB’s homepage and listed in Table 5. A photograph of the insert is presented in
Figure 16.
Table 5 Cutting insert specifications, provided by Sandvik Coromant AB [19].

TCMT 16 T3 08-MM 1125
Corner radius (RE)
0.8 mm
Clearance angle major
7°
3.969 mm
Insert thickness (S)
9.525 mm
Inscribed circle diameter (IC)
15.698 mm
Cutting edge effective length (LE)
Coating
PVD (Ti,Al)N+(Al,Cr)2O3
PMS
Material classification level 1 (TMC1ISO)

Figure 16 Photograph of cutting insert. Schematic drawings of geometrical features on right hand side.

5.3.2. Drilling - Tool geometry comparison
The drill bits were chosen according to the theories presented in chapter 0. Since the main purpose of the
experiments is to expose the material to as hard and difficult cutting conditions as possible, the choice of
drilling geometry has been in agreement with that purpose.
As presented in chapter 0, rake angles play a major part in the tool's cutting process. Therefore, the rake
angle has been chosen as a geometric parameter to vary to investigate possible trends that may occur with
increased or decreased values. For this study, it has been chosen to investigate three distinct rake angles,
namely 0°, 10°, and 20°. Because the most common tool used in machining copper alloys is HSS (highspeed steel) twist drills, it has been chosen to utilize for this study. In addition, customized grinding of tool
geometries is much easier with HSS tools than solid carbide (SC) tools, which is another reason why HSS
has been used.
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In Figure 17, schematic illustrations of the selected geometrical features of all the drill bits used in this
study are presented.
Another important geometric parameter is the drill diameter. It was planned to investigate the effect of
drill diameter by using two different drill diameters. In order to analyze extremes and map possible
trends, the aim was to choose two drill diameters considered to be relatively small and relatively large.
Thus, it was decided to choose 5 mm drill as a small variant whereas the larger variant was required to be
12 mm because of delivery issues.
Chip formation and evacuation has been expressed to be a problem in the processing of lead-free brass
alloys [19], thus a low helix-angle of 15° has been chosen, based on the theory presented in chapter 0.

Figure 17 Schematic illustrations of the different geometric features of the drills used in this study. 1.) Three different
rake angles, 1: 0 °, 2: 10° and 3: 20°. 2.) All drill bits: helix angle of 15°. 3.) All drill bits: point angle 118°. 4.) Two
different diameters, A: 12 mm and B: 5 mm.

In order to map the direct influence of the tool geometry on chip formation and cutting force generation,
no coating was applied to the drill bits in order to not screen possible effects of tool geometry on cutting
forces and chip formation off. The tool specifications are listed in Table 6 in which a photograph of the
drill bit type is included (see Figure 18).
Grinding of drills was ordered at Colly Company AB, located in Huddinge, Stockholm.
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Table 6 Drill bit specifications. Information acquired from Gühring catalogues.

DIN 338 Gühring 206
Rake angle [°]
0, 10 and 20
Helix angle [°]
15 (Low)
Point angle [°]
118°
Diameter [mm]
5 and 12
Coating
None
Type
H
Tool material
HSS
Shank type
Straight
Drill type
Twist (2-edged)
Drill range
~5xD
• hard and crumbly materials
Recommended usage area
• brass, magnesium alloys
• bronze, phosphor bronze
• slate, mica, pertinax

5.4.

Figure 18 Photograph of drill bit.

Machining tests

5.4.1. Turning
The turning experiments were conducted with a CNC turning machine, namely Okuma Space Turn LB300-M
whereas the force measurements were done by using a KISTLER Dynamometer type 9121 combined with
KISTLER signal amplifier 5019B130.
In Table 7 the full factorial design of the turning experiments procedure is demonstrated. The turning
tests were conducted mainly with respect to cutting speeds [m/min] at three levels (100, 200 and 300
m/min). Feed rate will be kept constant to 0.1 mm/rev. Also, the cutting depth will be kept constant at 1.6
mm. The procedure is then repeated for all three alloys, namely CW511L, CW625N and AquaNordic .
200 mm long rods were turned to the middle point, i.e. 100 mm cutting length. After three cuts the rod
was turned around and machined on the other half. Thus, at least 2 data sets can be secured while three
levels (30, 28.4 and 26.8 mm) of rod diameters are tested simultaneously. The schematic flow chart of
turning tests is illustrated in Figure 19.
Table 7 Full factorial design of turning experiments with regard to alloy, cutting speed and rod diameter. Feed rate and
cutting depth constant.

Alloy

AquaNordic®

CW511L

CW625N
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Cutting
speed
[m/min]
100
200
300
100
200
300
100
200
300

Rod diameter
[mm]
30

28.4 26.8

30

28.4 26.8

30

28.4 26.8

Feed rate,
fn [mm/rev]

0.1

Cutting
depth,
ap [mm]

1.6

# of
replicates
2
2
2
2
2
2
2
2
2

Figure 19 Schematic flow of turning tests. (1) Start at initial rod diameter 30 mm, (2) First layer is removed (1.6 mm), (3)
Second layer is removed (1.6 mm), (4) The rod turned around and the procedure is repeated from 4) to 6).

5.4.2.

Drilling

The drilling experiments are conducted in a
vertical machining center used for milling,
drilling and other kinds of rotating cutting
operations, namely HAAS VF5. Force
measurements are done with a KISTLER
Dynamometer type 9265B combined with
KISTLER signal amplifier 5019B130. The
spindle speed limitations of HAAS VF5 restrict
the maximum spindle speed to 8000 rev/min.
This limit will affect the design-of-experiments
procedure of drilling tests.
A rig was constructed for the drilling
Figure 20 Photograph of the constructed drill rig. (1) KISTLER
experiments where an aluminum plate was
Dynamometer type 9265B, (2) Aluminum piece and (3) chuck of an
fixed on the horizontal KISTLER Dynamometer older turning machine with which the samples are attached.
type 9265B surface (See Figure 20). On the
plate, a chuck of a smaller manual turning machine was fixed in order to be able to hold the samples and drill
through it without risking damaging the dynamometer. The samples were tightened with a tightening torque of
40 Nm.
In Table 8, the design-of-experiments are presented. Every trial is replicated three times in order to
secure a sufficient amount of data.
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Samples were prepared according to the
cutting depth criteria of 2*drill diameter.
Drill tests done with 12 mm drills were
conducted on 24 mm thick pellets that were
cut out from the rods delivered by Nordic
Brass Gusum AB (30 mm rod diameter).
Consequently, drill tests done with 5 mm
drills were conducted on 10 mm thick
pellets. In Figure 21, a schematic setup of
the drilling experiments is illustrated. In
order to direct the drill bit correctly in the
symmetrical centrum of the pellets,
countersinks with 0.1 mm depth were
milled on every sample.
Cutting parameters are decided according
to the methodology presented in Appendix
A (chapter 0).
The lower bound limit of cutting speeds was
decided to be 50 m/min and the upper
Figure 21 Schematic setup of drilling experiments. Red circle illustrates
bound to be 125 m/min. The upper bound
the countersinking.
limit was set directly dependent on the
machine limitations which were 8000 rev/min. This spindle speed only allows a cutting speed of 125
m/min for 5 mm drills. This is the causation for the choice. As a moderate level of cutting speed, 100
m/min was chosen. Thus, by these values, eventual trends in behavior will be guaranteed to be detected
with sufficiently enough diversity between the tested cutting speeds.
Table 8 Full factorial design of drilling experiments with regard to drill type (rake angle), cutting speed and drill diameter.
Feed rate and cutting depth constant.

Rake angle,
γ [°]

0

10

20

25

Cutting
speed, Vc
[m/min]

50
100
125
50
100
125
50
100
125

Drill
diameter,
θ [mm]

5

12

Feed rate,
fn [mm/rev]

0.05

Cutting
depth,
2* θ [mm]

2xθ

# of
replicates

3
3
3
3
3
3
3
3
3

5.5.

Analysis

5.5.1. Cutting forces
Data acquisition was done with a LabVIEW software a sampling rate of 1 kHz for 100 000 sampling points to be
acquired. The data were then statistically analyzed in a software called JMP® Statistics. Every force
measurement was cleansed from incorrect measurement points, caused by start-and-stop time losses during
force measurements, by eliminating data points not fitting into a normal distribution and excluding the
data points from the start and the end.
In Figure 22 a typical force measurement curve can be seen. The means of normal distributed points are
calculated and then related to their cutting conditions.

Figure 22 Example of a force measurement during drilling tests. This is the drill test in which cutting conditions were set
as 50 m/min using a drill with rake angle of 10°

The data sets corresponding to each and every trial investigated in the study have been statistically
evaluated. The results will be presented with regard to outcomes obtained from analyses that have been
conducted statistically. Thus, plots will, therefore, be presented within normative plots and denotations
used in statistics. Such features include usage of box plots and reports of significance assessments of
compared categorical means. The significance test is designed so that the difference between two
categories’ means assumes a student's distribution, and then tests this distribution at a significance level
(α) of 5%. If the resulting p-value is greater than α, it is concluded that there is with 95% probability no
difference between the two assessed categories.
Box plots are used to describe the overall properties the different datasets exhibit. Student’s t circles are
placed on the right-hand side of each and every box-plot diagram with the aim to visualize the significant
correlation between different categories assessed in the statistical analysis. Overlapping circles indicate
an insignificant difference between two distinct categories, whereas circles that do not interfere with each
other indicate that there are statistically significant differences between the two categories. If two circles
show a relatively smaller overlap, it is statistically interpreted that the rated categories are statistically
close to being judged as distinct but yet, it is not.
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In
Figure 23, box-plots of a one-way analysis (analysis based on single Y-variable as a function of a single Xvariable) of a typical force measurement is presented. The relative heights of the boxes indicate the
relative magnitude of the force measurements. Whereas, the size of the box indicates the extent to which
measured data is spread with respect to the parameters that have been tested. In mathematical terms, it is
described by the variance, hence the standard deviation of the measured points within the category. A
relatively larger spread (size) indicates that a particular category is more sensitive to changes in cutting
parameters that are modified during cutting.

Figure 23 Box-plot diagram of a typical cutting force measurement. Here, cutting force, Fc, as a function of the prametric
levels A, B and C.

5.5.2. Optical analysis
Alicona EdgeMaster is an optical 3D-measurement and
analysis device that uses an infinite focus technique to
scan a surface, three-dimensionally, to then analyze angles
and surface roughness. It is possible to detect radii greater
than 2 µm as well as rake, wedge and clearance angles. The
optical analysis was performed on the drills in order to
increase the internal validity of the experiments and verify
a sufficient difference of ca. 10° on the rake angles of the
three variants. The optical analysis of drills is not trivial.
The complex geometry of the drill bits makes it difficult to
align the drills sufficiently under the lens of the
instrument. Thus, a strategy was developed in order to be
able to conduct the analysis in a consistently manner. The
clearance angle was aimed to be aligned parallel with the
normal of the lens surface. The sum of the rake angle,
Figure 24 Picture of Alicona EdgeMaster
clearance angle and the wedge angle must be 90°. By
instrument. Figure taken from Alicona's official
aligning the clearance angle in this way, one variable is
website.
normalized, and the rake angle can then be measured by
the remaining angle beyond the wedge angle. In Figure 24, a picture of the Alicona EdgeMaster instrument
is presented.
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5.6.

Comparative evaluation of chips

There is a need for a qualitative analysis method to investigate different categories with different levels of
internal subcategories. In this study, the comparative qualitative analysis of different categories will be
done by evaluating a qualitative weight per chip variable. Hundred collected chips from every trial are
weighted and then plotted against the conditions they are originated from. Thus, a qualitative analysis is
possible to conduct were an average weight of a chip from a specific cutting operation combined with a
specific set of cutting conditions.
However, it is important to emphasize the fact that this method is considered weakened for a reduced
number of chips that are collectible. For those tests where the number of chips collected is significantly
less, this must be taken into consideration when making this qualitative analysis.
Furthermore, by distinguishing all distinctively recognizable chip types formed during all the cutting
operations, the cutting mechanisms at every trial can be investigated.

6. Results
6.1.

Turning

6.1.1. Force measurements
CW625W, the leaded alloy, had the lowest cutting forces for all three cutting speeds. Table 9 the means of
the tangential forces measured during the turning experiments are presented and thereon compiled in a
diagram in Figure 25.
Table 9 Means of cutting forces generated in turning experiments as related to alloy, cutting speed and rod diameter.

Tangential cutting force, Fc [N]
Alloy
Rod diameter
[mm]

AquaNordic®

CW511L

CW625N

Vc [m/min]

Vc [m/min]

Vc [m/min]

100

200

300

100

200

300

100

200

300

26.8

315.73

278.18

272.44

325.68

296.30

289.16

174.54

180.20

177.15

28.4

319.67

274.63

264.96

320.76

286.82

274.26

173.74

180.79

160.94

30.0

306.16

273.15

262.10

309.64

265.76

271.14

186.29

190.39

187.88
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Figure 25 The tangential cutting forces generated during turning experiments as related to alloy and cutting speed.

It is apparent that the size of the box-plot, hence the spread of measured data is comparable for CW511L
with AquaNordic®’s while CW625N exhibit a lower degree of spread (size) in measured data points.
CW625N is apparently less sensitive to changes in cutting speed and rod diameter which are the
parameters that have been differed throughout the experiments. The lower position of the mean per
material for CW625N (blue horizontal lines in the box-plot diagram) indicates that turning of CW625N
generates lower cutting forces than the lead-free alternatives investigated. Mean cutting force lines (in
blue) presenting the mean cutting forces generated for AquaNordic ® and CW511L reveal that the two
materials are not significantly distinguished.
In Table 10, the mean cutting forces and mean standard deviations are listed. In accordance with the
indications stated from the box plots, the means and mean standard deviations of the three alloys make it
possible to infer the same results where the mean cutting forces for AquaNordic®, CW511L and CW625N
are 285.3, 293.3 and 179.1 N respectively. In Table 11, it is seen that the indications deduced from the box
plots, which in turn was supported by the values listed in Table 10, are proved to be statistically true with
regard to p-values for the differences between each pair of alloys. The significance tests reveal that there
is no significant difference between AquaNordic® and CW511L while both are significantly different from
CW625N. This is also visualized by Student’s t circles illustrated in Figure 26 where the circles
corresponding to the data sets from AquaNordic® and CW511L are overlapping almost completely while
the circle corresponding to the data set of CW625N is positioned far below both.
Hereinafter, the significance report will not be commented on extensively. Instead, the statistical
assessment of the statistically significant difference between the levels will be done by stating the
overlapping rate of the Student’s t circles. However, extraordinary outcomes may be commented with
support from the significance tests.
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Alloy
Figure 26 Box-plots of the tangential cutting forces, Fc, as a function of alloy. Student's t circles on the right-hand side.
Category means are marked with green lines.
Table 10 Connecting letters table categorizing the alloys with a letter (A, B or C) according to their mean cutting force.
Levels not connected by same letter are significantly different.

Alloy

Categorized letter

Mean cutting force [N]

Mean std. dev. [N]

AquaNordic®

A

285.22

22.16

CW511L

A

293.28

21.73

179.10

10.67

CW625N

B

Table 11 Significance report of differences. A p-value less then alpha-level indicates that there is no significant
difference between the two categories

Alloy

Alloy

Difference in means [N]

p-Value

CW511L

CW625N

114.18

<.0001*

AquaNordic®

CW625N

106.12

<.0001*

CW511L

AquaNordic®

8.057

0.2079

Since the one-way analysis of cutting forces as a function of different alloys revealed that different alloys
show different rate of sensitivity to conditional changes in the cutting operations, subchapters of 6.1.1 will
present results of one-way analyses conducted on each and every alloy separately. These analyses are
conducted in order to emphasize the ratio of interdependence between the parametric levels that have
been tested in turning experiments which are namely three different cutting speeds and three different
rod diameters.
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6.1.1.1.

AquaNordic®

In Figure 27, box plots of the tangential cutting forces during turning operation of the AquaNordic® is
presented. P-values in Table 13 and the student’s t circles, positioned on the right-hand side of the box
plots, reveal that there is no significant difference between all three levels of rod diameters where the
mean cutting forces at 26.8, 28.4 and 30 mm are 288.8, 286.4 and 280.5 N respectively. With that being
stated, it is important to emphasize the rate of sensitivity to internal changes for every level of rod
diameter by observing the sizes of the box plots. It is observable that the variances of the data sets for
each level are relatively high and the box plots exhibit large sizes. As seen in Table 12, the standard
deviations of the boxes are approximately 20 N for all the boxes whereas the mean cutting forces are at
an approximately 280 N. However, this variance is apparently a consequence of two specific data points
seen in every box plot, elongating the box plots upwards with relatively high values. The points are
recurrent in every boxplot with relatively similar values at about 310 N.

Figure 27 Box-plots of the tangential cutting forces, Fc, as a function of rod diameter. Student's t circles on the righthand side. Category means are marked with green lines.
Table 12 Connecting letters table categorizing rod diameters with a letter (A, B or C) according to their mean cutting
forces. Levels not connected by same letter are significantly different.

Rod diameter [mm]

Categorized letter

Mean cutting force [N]

Mean std. dev. [N]

26,8

A

288.78

22.16

28,4

A

286.42

26.68

30

A

280.47

20.55
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Table 13 Significance report of differences. A p-value less then alpha-level indicates that there is no significant
difference between the two categories.

Rod diameter [mm]

Rod diameter [mm]

Difference [N]

p-Value

26.8

30

8.31

0.5456

28.4

30

5.95

0.6641

26.8

28.4

2.36

0.8630

Since every box plot with regard to a certain rod-diameter is a set of data points coming from cutting
tests done at three different cutting speeds, the effect of these outstanding points on the overall cutting
force generating can be stated by plotting the cutting forces as a function of cutting speeds. In Figure 28,
box plots have been generated for cutting forces as a function of three different levels of cutting speeds
that have been tested. P-values in Table 15and the student’s t circles reveal that there is a significant
difference between 100 m/min and the two higher levels, namely 200 and 300 m/min whereas the two
latter cutting speeds are on the edge of being different with minimally overlapping student’s t circles. In
Table 14, the categorized means and standard deviations are listed. The box plot corresponding to 100
m/min exhibit a mean cutting force of 313 N. In this regard, it is now obvious that the outstanding
points, causing high variance in the cutting forces as a function of rod diameter is due to the points
inherent from this level of cutting speed. The overall variances with regard to cutting speeds are low, as
can be seen by the relative sizes of the box plots and the standard deviations for every level.

Figure 28 Box-plots of the tangential cutting forces, Fc, as a function of cutting speed. Student's t circles on the righthand side. Category means are marked with green lines.
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Table 14 Connecting letters table categorizing cutting speeds with a letter (A, B or C) according to their mean cutting
forces. Levels not connected by same letter are significantly different.

Vc [m/min]

Categorized letter

Mean cutting force [N]

Mean std. dev. [N]

100

A

313.85

9.45

275.32

3.67

266.50

6.66

200

B

300

C

Table 15 Significance report of differences. A p-value less then alpha-level indicates that there is no significant
difference between the two categories.

Vc [m/min]

Vc[m/min]

Difference [N]

p-Value

100

300

47.35

<.0001*

100

200

38.53

<.0001*

200

300

8.82

0.0455*

AquaNordic® is not sensitive to changes in rod diameters during turning. However, there is a
statistically significant sensitivity to cutting speed where increased cutting speed gives significantly
lower cutting forces.

6.1.1.2.

CW511L

In Figure 29, box plots of the tangential cutting forces during turning as a function of rod diameter is
presented for the CW511L alloy. On the right-hand side, the corresponding student’s t circles are
presented. P-values in Table 17Error! Reference source not found. and student’s t circles reveal that
there is no significant difference between the data sets inherent to the three levels of rod diameters
where the mean cutting forces at 26.8, 28.4 and 30 mm are 303.7, 293.9 and 282.2 N respectively, as
listed in Table 16. The relative sizes of the box plots display that there are rather high variances at
different levels of the rod diameters, which is seen by the standard deviations listed in Table 16.
Showing similarity with AquaNordic®, there are two specific data points in every box plot that is
elongating the box plots and enlarging the variance.
Thus, CW511L is not sensitive to changes in rod diameters during turning. However, changes in cutting
speed are affecting the generated cutting forces by lowering the forces for increased cutting speeds.

33

Figure 29 Box-plots of the tangential cutting forces, Fc, as a function of rod diameter. Student's t circles on the righthand side. Category means are marked with green lines.
Table 16 Connecting letters table categorizing rod diameters with a letter (A, B or C) according to their mean cutting
forces. Levels not connected by same letter are significantly different.

Rod diameter [mm]

Categorized letter

Mean cutting force [N]

Mean std. dev. [N]

26,8

A

303.71

17.33

28,4

A

293.95

21.74

30

A

282.18

23.53

Table 17 Significance report of differences. A p-value less then alpha-level indicates that there is no significant
difference between the two categories.

Rod diameter [mm]

Rod diameter [mm]

Difference [N]

p-Value

26.8

30

21.53

0.0965

28.4

30

11.77

0.3478

26.8

28.4

9.76

0.4338

The analysis with regard to cutting speeds, demonstrated in Figure 30, Table 18 and Table 19 reveal
that these specific outstanding points are inherent to the data set from the turning tests done at 100
m/min. Furthermore, cutting forces generated at 100 m/min are also significantly higher than 200 and
300 m/min respectively. However, there is no significant difference between cutting forces generated at
200 and 300 m/min respectively.
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Figure 30 Box-plots of the tangential cutting forces, Fc, as a function of cutting speed. Student's t circles on the righthand side. Category means are marked with green lines.
Table 18 Connecting letters table categorizing cutting speeds with a letter (A, B or C) according to their mean cutting
forces. Levels not connected by same letter are significantly different.

Vc [m/min]

Categorized letter

Mean cutting force [N]

Mean std. dev. [N]

100

A

318.69

7.80

200

A

282.96

17.10

300

A

278.19

8.73

Table 19 Significance report of differences. A p-value less then alpha-level indicates that there is no significant
difference between the two categories.

Vc [m/min]

Vc[m/min]

Difference [N]

p-Value

100

300

40.50

<.0001*

100

200

35.73

0.0001*

200

300

4.77

0.5003
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6.1.1.3.

CW625N

The tangential cutting forces as a function of rod diameter generated during turning of CW615N are
presented with box plots in Figure 31. P-values presented in Table 21 and student’s t circles on the righthand side of the box plots reveal that there is a significant difference between 30 mm and the smaller
diameters. Even though the student’s t circles of data sets from 30 mm and 26.8 mm rod diameter tests
display a minimalistic rate of overlapping, the two sets are evaluated to be significantly independent
because of the fact that the p-value for the difference of the couple is critically close to the α-value set on
the test. (p-value = 0.0440 and α = 0.05), as can be seen in Table 21 Furthermore, the box plots and
standard deviation values listed in Table 20 reveal that the variances within the data sets are relatively
small and the box plots are small and narrow. There is an outstanding point at 28.4 mm rod diameter with
a magnitude of about 142 N. The origin of this point and the sensitivity of cutting forces with regard to
cutting forces can be derived from the box plots presented in Figure 32.

Figure 31 Box-plots of the tangential cutting forces, Fc, as a function of rod diameter. Student's t circles on the
right-hand side. Category means are marked with green lines.
Table 20 Connecting letters table categorizing rod diameters with a letter (A, B or C) according to their mean cutting
forces. Levels not connected by same letter are significantly different.

Rod diameter [mm]

Categorized letter

Mean cutting force [N]

Mean std. dev. [N]

26.8

A

177.30

2.99

28.4

B

171.82

14.35

30

B

188.19

2.41
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Table 21 Significance report of differences. A p-value less then alpha-level indicates that there is no significant
difference between the two categories.

Rod diameter [mm]

Rod diameter [mm]

Difference [N]

p-Value

30

28.4

16.37

0.0048*

30

26.8

10.89

0.0440*

26.8

28.4

5.48

0.2866

In accordance with the statement that the variance is relatively small in cutting forces as a function of
rod diameter, the standard deviations in cutting forces with regard to cutting speeds, as listed in Table
22, demonstrates that the variance of cutting forces as a function of cutting speeds also are small.
Furthermore, the p-values listed in Table 23 and the student’s t circles on the right-hand side of the box
plots in Figure 32 reveal that there is no significant difference between cutting forces generated at
different cutting speeds.

The outstanding point stated in the box plots of cutting forces as a function of rod diameters can
be recalled in the box plots of cutting forces as a function cutting speeds. The outstanding point
can be spotted in the tests done at 300 m/min cutting speed. Thus, the test at 300 m/min and 28.4
mm rod diameter has given rise to an outstanding measurement where the measured cutting
forces have been considerably lower than the average at the same conditions.

Figure 32 Box-plots of the tangential cutting forces, Fc, as a function of cutting speed. Student's t circles on the righthand side. Category means are marked with green lines.
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Table 22 Connecting letters table categorizing cutting speeds with a letter (A, B or C) according to their mean cutting
forces. Levels not connected by same letter are significantly different.

Vc [m/min]

Categorized letter

Mean cutting force [N]

Mean std. dev. [N]

100

A

178.19

6.53

200

A

183.79

5.51

300

A

175.32

16.42

Table 23 Significance report of differences. A p-value less then alpha-level indicates that there is no significant
difference between the two categories.

Vc [m/min]

Vc[m/min]

Difference [N]

p-Value

200

300

8.47

0.1902

200

100

5.60

0.3784

100

300

2.87

0.6490

Hence, CW625N is relatively little sensitive to changes in rod diameter when turning and totally
insensitive to changes in cutting speed.

6.1.2. Chip morphology
There are six different chip morphologies that are distinguishable from the turning tests. The lead-free
CW511L and AquaNordic® produce mainly either conical helical chips or connected arc chips. Leaded
CW625N produce mainly short helical chips. Statistical analyses reveal that AquaNordic® produce chips
with weights comparable with CW625N’s while lead-free CW511L produce heavier chips.
In Figure 33, a photograph of all the chips collected from every combination of cutting conditions is
presented. The chips are arranged with respect to alloy, cutting speed and rod diameter. The rod
diameters are categorized to either 30 mm, or less. Rod diameters less than 30 mm did not show any
significant difference in between in either cutting forces or chip formation. Thus, the chips formed at
turning of rods less than 30 mm is categorized as one.
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Figure 33 Photograph of compiled chips from all the turning tests performed. Chips are arranged with respect to alloy,
cutting speed and rod diameter. (Rod diameters were categorized to either 30 mm or smaller.)

It is possible to distinguish six different morphologies of chips in total. Some morphologies were less
frequent than others and some seem to occur only at certain cutting conditions. In Figure 34, a photograph
of all the distinct chip morphologies that was detected is presented. According to the classification
standard (ISO 36585) introduced in chapter 3.1.1 (see Figure 5), the chips in Figure 34 are denoted as (1)
Long tubular chips, (2) considerably short helical chips, (3) short conical helical chips, (4) Connected arc
chips, (5) Elemental chips and (6) Short helical chips. As it is observable from Figure 33, long tubular chips
were formed only at two specific cutting conditions during turning of CW625N, namely 300 m/min at
diameters less than 30 mm and 200 m/min at diameters less than 30 mm.
The vast majority of all chips generated during turning of CW625N were short helical ships. However,
elemental ships were present at 100 m/min cutting speeds. The rod diameter did not, observably have
any major impact on chip types formed, except for the long tubular chips that were only present at rod
diameters less than 30 mm. Even though the presence of long tubular chips was considerably major to
other types, short helical chips were also present to a wide extent at the cutting conditions where long
tubular chips were present. (See Figure 33).
Chips produced during turning of CW511L were generally either in form of either conical helical chips at
the surface layer (30 mm rod diameter) or connected arc chips at diameters less than 30 mm. Observable
chip formation in AquaNordic® seemed to consist of elemental chips at rod diameters less than 30 mm
and of short helical chips at the surface layer (30 mm rod diameter).
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Figure 34 Distinctive chip morphologies for the three assessed alloys.

The results from the qualitative evaluation of chip formation with respect to the measured chip weights
are presented in Figure 35. As can be seen by the caption boxes present in every column presenting the
three alloys, there are apparent differences between the surface layer and the rod diameters that are less
than 30 mm. Largest differences are seen for AquaNordic® and CW511L where the latter one exhibits chip
weight almost 10 times higher at the surface independent of cutting speed. AquaNordic® on the other hand,
have a gradually increased chip weight for increased cutting speed. In contrast, CW625N exhibited chip weights
that were larger at rod diameters less than 30 mm while the chip weights formed from the surface layers were
smaller.
The results were then subjected to a statistical analysis where any significant difference where sought.
The results from the analysis are shown and listed in Table 24, Table 25and Figure 35. The categorizing
letters report in Table 24 reveals that AquaNordic® and CW625N are categorized with the same letter,
namely A while CW511L is categorized with the letter B. Levels categorized with the same letters are
significantly indifferent. Which means that chip weights derived from CW625N and AquaNordic® are
comparable to each other with mean weights at 0.012 and 0.014 g/chip respectively while CW511L
exhibits a much higher chip weight with a mean chip weight of 0.029 g/chip.
However, it should be emphasized that the qualitative measurement of chip weights of chips formed
during turning of CW625N does NOT include the long tubular chips. If included, these chips would most
certainly alter the results. The long tubular chips are not included because of the aim to compare the most
common chip types with each other. Hence, small presences of long tubular chips were not desired to
affect the comparison.
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Figure 35 Qualitatively evaluated chip weights vs. Cutting speed, Alloy and rod diameter. Red lines represent chip
weights at 30 mm rod diameter and blue lines represent chip weights at less than 30 mm.
Table 24 Connecting letters table categorizing the alloys with a letter (A, B or C) according to their mean chip weight.
Levels not connected by same letter are significantly different.

Alloy

Categorized letter

Mean chip weight [g/chip]

AquaNordic®

A

0.014

CW511L
CW625N

B
A

0.029
0.012

Table 25 Significance report of differences. A p-value less then alpha-level indicates that there is no significant
difference between the two categories.

Alloy

Alloy

Difference [g/chip]

p-Value

CW511L

CW615N

0.017

0.0003*

CW511L

AquaNordic®

0.015

0.0008*

AquaNordic®

CW625N

0.0021

0.5738
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6.2.

Drilling

The results from the drilling tests will be presented and handled in the same way as the turning results in
chapter 6.1. The tested variables’ statistical analyses will be presented with box plots and significance
reports where differences and dependencies are presented statistically.

6.2.1. Force measurements
An increase of drill diameter from 5 mm to 12 mm exhibit an increase in cutting forces with about five
times. Increased rake angles lower cutting forces significantly while cutting speed does not have any
significant impact on cutting force generation. 20° rake angle exhibit lowest cutting forces that have been
measured for all cutting speeds and drill bit diameters. In addition, vibrations are significantly reduced
with increased rake angle, where the lowest amplitude of vibrations is produced at 20°.
The results from all drilling tests are compiled and presented in Figure 36. The two drill diameters are
separated and plotted against the three different rake angles, namely 0°, 10°, and 20°. The data sets are
then subcategorized into three different cutting speeds that have been tested. This is done because there
appeared to be extensive differences in magnitude between the two drill diameters. The categorical
means for different rake angles and drill diameters are presented above every triple data set
corresponding to three cutting speeds for a certain rake angle.
In the following chapters, the two drill diameters will be handled and presented separately. Statistical
analyses will be presented, and possible interrelations and significant differences will be stated.

Figure 36 Compiled results of drilling tests. The Torque [Nm] is plotted against rake angle, drill diameter and cutting
speed.
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6.2.1.1.

Drill geometry

The results reveal that one particular variant of drill rake angles has failed to fulfill the requirements set
on the angle. The 5 mm drills with an intended rake angle of 0° are found to exhibit an actual rake angle of
ca. 5°. This is the case for all the drills that were ordered to be grinded to 0°. Hence, the variance between
the intended 0° rake angle drill bits and 10° drill bits is significantly smaller than the aimed 10° variance.
The results from the optical analysis made on the drill geometries are compiled and presented in Table 26.
Table 26 Compilation of analyses done with Alicona EdgeMaster. Measured rake and wedge angle of each drill type is
given.

Rake
5 mm drill
version,
2D-plot
γ
0°

10°

20°

12 mm drill
Detected 2D-plot
variables
Rake
γ =6°

Detected
variables
Rake
γ =0°

Wedge

Wedge

β=84°

β=90°

Rake
γ =10°

Rake
γ =9°

Wedge
β=80°

Wedge
β=81°

Rake
γ =22°

Rake
γ =19°

Wedge
β=68°
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Wedge
β=71°

6.2.1.2.

5 mm drill

As the two diameters investigated in this study showed an extensive difference in magnitude of torque,
this chapter will handle the 5 mm drill bit separately. In Figure 37, box plots of measured torques during
drilling operations are presented. Student’s t circles are presented on the right-hand side of the box plots.
In the connecting letters report in Table 27 the categorical means for the three different rake angles,
namely 0°, 10°, and 20° are listed. Correspondingly, every category is denoted with a letter stating the
interrelation between the categories. Levels not connected by the same letter are significantly different.
The letters are in turn based on the significance test conducted and presented in Table 28.
The statistical analysis reveals that torque measurements conducted on drilling tests done with 0° rake
angle are significantly different than 10° and 20°. On the other hand, 10° and 20° are not significantly
different. The categorical means for the three different rake angles of 0°, 10°, and 20° are 4.3, 2.8 and 1.9
Nm respectively. Thus, it is seen that there is an overall decreasing trend for the torque as the rake angle
of the drill bit is increasing. The variance, hence the spread in the data points are illustrated with the box
plots’ sizes. Thus, it is seen that rake angle of 0° is most sensitive to internal changes in cutting conditions
while 10° and 20° are seemingly more stable. This is true because the mean standard deviations given in
Table 27 are in accordance with it where the standard deviations for 0°, 10°, and 20° are 1.05, 0.54 and
0.35 respectively with 0° rake angle being largest.
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Figure 37 Box-plots of the torque [Nm] as a function of rake angle [°]. Student's t circles on the right-hand side.
Table 27 Connecting letters table categorizing rake angles (A, B or C) according to their mean torques. Levels not
connected by same letter are significantly different.

Rake angle [°]

Categorized letter

Mean Torque [Nm]

Mean std. dev. of
Torque [Nm]

0

A

4.31

1.05

10

B

2.82

0.54

20

B

1.95

0.35

Table 28 Significance report of differences. A p-value less then alpha-level indicates that there is no significant
difference between the two categories.

Rake angle [°]

Rake angle [°]

Difference [Nm]

p-Value

0

20

2.36

0.0066*

0

10

1.49

0.0426*

10

20

0.87

0.1852

The three data points in every box plot correspond to the three different cutting speeds that have been
tested. However, box plots generated with respect to different rake angles does not give sufficiently
enough information about the effect of cutting speeds on torque. Therefore, the effect of cutting speeds,
independently from rake angles, has been analyzed and presented in Figure 38. The student’s t circles
on the right-hand side of the box plots reveal that there is no significant difference between the three
cutting speeds since there is no overlapping between the circles. The connecting letters and significance
report presented in Table 29 and Table 30 prove this where all three cutting speeds are categorized
with the letter A and all the p-values are less than the α-level (=0-05).
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Figure 38 Box-plots of the torque [Nm] as a function of cutting speed, Vc [m/min] Student's t circles on the right-hand
side.

Table 29 Connecting letters table categorizing cutting speeds (A, B or C) according to their mean torques. Levels not
connected by same letter are significantly different.

Cutting speed [m/min]

Categorized letter

Mean Torque [Nm]

50

A

3.75

100

A

2.69

125

A

2.63

Table 30 Significance report of differences. A p-value less then alpha-level indicates that there is no significant
difference between the two categories.

Cutting speed
[m/min]

Cutting speed
[m/min]

Difference [Nm]

p-Value

50

125

1.12

0.3079

50

100

1.06

0.3345

100

125

0.066

0.9505
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6.2.1.3.

12 mm drill

The compiled results of drilling tests conducted with 12 mm drill bits exhibiting different rake angles are
presented in Figure 39. It is seen clearly that increasing rake angle exhibits lower torques where the
variance is seen to be reduced simultaneously. The mean torque for every rake angle is listed in Table 31
where 0°, 10°, and 20° exhibits a mean torque of 20, 14 and 8.9 Nm respectively. The student’s t circles in
Figure 39 reveal that there is an even distribution of overlapping rate between 10° rake angle and both 0°
and 20°. This is seen in the categorizing letter table as 10° rake angle being denoted with both A and B as
categorizing letter. This can be explained by the significance report in Table 32 where the difference
between 10° and 0° and 10° and 20° are of the same magnitude at about 5.5 Nm. In contrast, there is 11
Nm difference between 0° and 20° inducing a significant difference between the two categories.
The spread within the categories is quantified with the standard deviation of the torque. The standard
deviation values for 0°, 10° and 20° listed in Table 31 are 5.4, 2.2 and 0.9 respectively. Thus, the sensitivity
for cutting speed changes increases with increasing rake angle as the latter one being less spread.

Figure 39 Box-plots of the torque [Nm] as a function of rake angle [°]. Student's t circles on the right-hand side.
Table 31 Connecting letters table categorizing rake angles (A, B or C) according to their mean torques. Levels not
connected by same letter are significantly different.

Rake angle [°]

Categorized letter

Mean Torque [Nm]

Mean std. dev. of
Torque [Nm]

0

A

20.00

5.41

10

A

B

13.98

2.23

B

8.95

0.91

20
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Table 32 Significance report of differences. A p-value less then alpha-level indicates that there is no significant
difference between the two categories.

Rake angle [°]

Rake angle [°]

Difference

p-Value

0

20

11.06

0.0074*

0

10

6.02

0.0744

10

20

5.04

0.1207

Consequently, an analysis conducted on the cutting speeds behavior independently from rake angles
are presented with boxplots in Figure 40. The student’s t circles reveal that there is no significant
difference between the three cutting speeds. As listed in Table 33, the mean torques for 50, 100 and 125
m/min are 17.4, 13.6 and 11.9 respectively. Accordingly, this is proved by the p-values listed in Table
34 where all p-values for significance tests are below the α-level (=0.05).
In similarity with 5 mm drills, 12 mm drills are apparently generating decreased torques for increased
cutting speeds. As can be seen in Figure 36, the torque is decreasing for all rake angles with increasing
cutting speed.

Figure 40 Box-plots of the torque [Nm] as a function of cutting speed, Vc [m/min] Student's t circles on the right-hand
side
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Table 33 Connecting letters table categorizing cutting speeds (A, B or C) according to their mean torques. Levels not
connected by same letter are significantly different.

Cutting speed

Categorized letter

Mean Torque [Nm]

50

A

17.42

100

A

13.62

125

A

11.91

Table 34 Significance report of differences. A p-value less then alpha-level indicates that there is no significant
difference between the two categories.

Cutting speed

Cutting speed

Difference

p-Value

50

125

5.51

0.2934

50

100

3.80

0.4574

100

125

1,71

0.7331
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6.2.2. Vibrations
In Figure 41, the mean standard deviations of force measurements during drilling tests are plotted against
cutting speed and categorized into the three different rake angles. The standard deviations were taken
into account and mapped in order to analyze the magnitudes of vibrations during the drilling tests. The
red lines represent the mean standard deviations of torque measurements during drilling tests with 12
mm drill bits. Correspondingly, blue lines represent the standard deviations of torque measurements
during drilling tests with 5 mm drill bits.
Initially, it is visible that the amplitudes of mean standard deviations, hence the vibrations are greater for
drilling operations with the larger drill bits. Drilling tests operated with 12 mm drills show greater
sensitivity to internal changes with regard to cutting speeds where a parabolic behavior is seen for
increased cutting speeds. 0° rake angle and 12 mm drill bits have a maximum standard deviation of about
9 Nm at 100 m/min whereas 10° rake angle and 12 mm drill bits have a minimum of about 4.5 m/min at
100 m/min. Drilling tests conducted with 20° rake angle and 12 mm drill bits seem to not have any
sensitivity to internal changes with regard to cutting speed where the standard deviation is rather
constantly 2 Nm regardless of different cutting speeds.
Similarly, all rake angle versions of 5 mm drill bits do not show any particular parabolic behavior on
standard deviations, hence vibrations where the graphs are all rather linear and constant. All rake version
seems to yield a mean standard deviation of about 0.5 Nm.

Figure 41 Mean standard deviations during drilling tests as a function of cutting speed and categorized in to different
rake angles. Red lines represent standard deviations on drilling tests conducted with 12 mm drills whereas blue lines
represent drilling tests conducted with 5 mm drills.
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6.2.3. Chip morphology
In Figure 42, the morphology of the collected chips from drilling tests is presented with a photograph. The
chips are categorized with respect to drill diameter, rake angle and cutting speed. As seen in Figure 43, the
majority of all the chips that were collected exhibited two different chip morphologies, namely conical
spiral chips and conical helical chips. There were no observable differences in chip morphology between
the chips formed with the small drills and the larger drills. No difference in morphology between chips
formed using drills with different rake angles was observed. Thus, chip morphology seems to not be
sensitive to changes in drill diameter or rake angles. However, there was a clear difference in size between
the chips collected for the 5 mm drills and the 12 mm drills. Chips numbered with 1), 2) and 3) in Figure
43, correspond to the chips collected for drill tests conducted with 5 mm drills. It is seen that small conical
spiral chips (1) and (3) in Figure 43 are present together with elemental chips (2). The elemental chips
are, however, considered to be conical spiral chips that have been broken during evacuation from the
cutting zone. Chip morphologies denoted with (4)-(8) in Figure 43 correspond to the chips collected from
drilling tests conducted with 12 mm drills. It is here seen that the chips are either conical helical spiral
chips (6) with several layers or conical helical spiral chips (5) with fewer layers. This is also considered to
be due to the fact that several layers have been broken off and separated during the evacuation. Some
chips are seen to be conical spiral chips with flattened appearance (4) (Two sides of the flattened conical
spiral chips photographed).
There were chip morphologies that could only be detected for a particular test. Snarled tubular chips (7)
and long ribbon chips (8) were detected from the drilling tests conducted with the 12 mm drill with 20°
rake angle at 50 m/min cutting speed, only.

Figure 42 Photograph of compiled chips from all the drilling tests performed. Chips are arranged with respect to drill
diameter, cutting speed and rake angle.

51

Figure 43 Distinctive chip morphologies for the three assessed rake angles and two drill diameters.

The assessment of chip formation was considered to be problematic during drilling tests. This is mainly
because of the low amount of collectible chips after every drilling test. This is especially true for the
drilling tests conducted with 5 mm drills. Thus, the qualitative analysis, compared to the analysis
conducted for turning tests, is modified for drilling tests. The average weight of chips is for chips formed
during drilling tests normalized for different sample sizes, namely the total amount of chips for every test
itself. Thus, the approach of a normalizing amount of 100 chips is not utilized for the qualitative analysis.
The amount of chips collected at every given drill diameter and rake angle versus cutting speed is the sum
of the collected chips from all three replicates of the tests. In Table 35, the total amount of chips collected
is listed for every test. It is seen that the amount is excessively low for the 5 mm drills where the total
collected amount can be as low as 4 chips.
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Table 35 Total number of collected chips from 3 replicates of every test.

Drill diameter,
θ [mm]

Rake angle,
γ [°]
0

5

10

20

0

12

10

20

Cutting speed, Vc
[m/min]
50
100
125
50
100
125
50
100
125
50
100
125
50
100
125
50
100
125

# of collected chips
34
13
4
56
12
8
56
21
18
119
50
55
120
84
199
110
39
93

The results are presented with the diagram in Figure 44. Red lines correspond to the average chip weights
for the chips formed during drilling tests conducted with 12 mm drills and consequently, the blue lines
correspond to the average chip weights for the chip formed during drilling tests conducted with 5 mm
drills. The three categorized columns in the diagram plot illustrate the results from the qualitative analysis
corresponding to chips formed during drilling with the three different rake angles. Thus, six different
datasets are plotted.
The overall trend visible at the chips formed during drilling with 12 mm drill types is that there is a
decline in the average chip weight for increased cutting speeds. However, there is no visible trend for the
chips formed during drilling with 5 mm drill types. 0° rake angle drills produced chips with average chip
weights with a parabolic behavior where a minimum of about 0.005 g/chip is found at a cutting speed of
100 m/min. Similarly, 20° rake angle drills produced chips with average chip weights following a
parabolic trend where a minimum of about 0.005 g/chip is found at a cutting speed of 100 m/min.
However, 10° rake angle drills produced chips with average weights with a declining magnitude for
increased cutting speeds, similar to the chip weights at drillings with 12 mm drills.
In addition, the significance test results presented in Table 36 and Table 37 show that there is no
significant difference between the average chip weights produced during drilling tests with the three
different drill rake angles regardless of drill diameter.
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Figure 44 Qualitatively evaluated chip weights vs. Cutting speed and categorized in to different rake angles. Red lines
represent chip weights at 12 mm drill diameter and blue lines represent chip weights at 5 mm drill diameter.
Table 36 Connecting letters table categorizing the alloys with a letter (A, B or C) according to their mean chip weight.
Levels not connected by same letter are significantly different.

Rake angle [°]

Categorized letter

Mean chip weight [g/chip]

0

A

0.029

10

A

0.019

20

A

0.016

Table 37 Significance report of differences. A p-value less then alpha-level indicates that there is no significant
difference between the two categories.

Alloy

Alloy

Difference [Nm]

p-Value

0

20

0.013

0.2128

0

10

0.010

0.3114

10

20

0.0025

0.8032
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7. Discussion
7.1.

Turning

7.1.1. Force measurement
The results of the turning tests show that cutting forces are different depending on the brass alloy that is
machined. CW625N, with its mean tangential cutting force 179 N, generates significantly lower cutting
forces than the other two alloys, CW511L, and AquaNordic®. The latter two are relatively close in
magnitude as they exhibit cutting forces of approximately 293 N and 285 N respectively. In addition to the
relatively similar cutting force generation, it is also clear that the CW511L and AquaNordic ® exhibit
similar properties with regard to sensitivity to cutting parameters. The standard deviation of the data
corresponding to cutting force measurements of each alloy reveals that CW625N is approximately twice
as stable as both CW511L and AquaNordic®, with respect to sensitivity against changes in cutting
conditions.
This is not entirely unexpected as the CW625N is a leaded brass alloy. The results obtained from the
turning tests are comparable with the results published by Shultheiss et al. (2017) [4] who has compared
several lead-free brass alloys with leaded standard brasses and states that there is a significant decrease
in machinability for lead-free alloys. The reduced cutting force of the CW625N can thus be correlated with
the lubricating effect of the lead in the cutting zone which has been stated and evaluated both
experimentally and statistically by Toulfatzis et al. (2016) [3]. Also, Garcia et al. (2010) [10] have stated
that the sizes of lead globules have a significant enhancing impact on the machinability.
AquaNordic® is a modified version of CW511L where ceramic non-metallic inclusions in the order of nm
have been introduced into the microstructure. The main purpose of this modification is to exploit the
enhancing properties of non-metallic inclusions. However, the results obtained reveal that, from the
cutting force generation perspective, there is no significant difference between CW511L and AquaNordic®.
This may be due to many aspects where one possible reason for this has been discussed that introduced
particles are not dispersed sufficiently homogeneously in the microstructure to provide a global effect in
the workpiece material. This has been discussed by Jönsson et al. [13] which has presented that the
dispersion of non-metallic inclusion may play an important role as an enhancing agent. It is also possible
that the amount of inclusions has an impact on machinability. Although the enhancing properties of
inclusions are presented as a fact, it has been clearly stated that it is important to find an adequate balance
of the amount of inclusions introduced, or left, in the microstructure of the metal. This is important in
order to improve the machinability while mechanical properties are not at risk.
Further analysis of each alloy has shown that the high cutting forces for lead-free brass alloys are not due
to changes in rod diameter or cutting speed. On the other hand, there is a significant threshold between
100 m/min and 200 m/min cutting speed for both AquaNordic® and CW511L where cutting speeds above
this threshold seem to significantly lower cutting forces. However, this behavior is not noticeable for
CW625N.
In accordance with the results reported by Taha et al. [18], an increased cutting speed has reduced cutting
forces. This could be attributed to the increase in temperature in the cutting zones resulting in lowered
friction forces between chip and tools’ contact face. This theory is in agreement with the conclusions that
Troy D. Marusich [20] have presented in his work from 2001 where an analytic investigation has been
made on the effects of friction and cutting speed on cutting forces when machining metals. The paper
concludes that the decrease in cutting forces must come from the reduction in effective friction at the toolchip interface. Consequently, with the results obtained from this study, it can be concluded that this
behavior also applies to lead-free brass alloys and is probably caused by similar mechanisms.
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These results indicate that turning of lead-free brasses has come about in a way that is affordable for the
industry. Although cutting forces have increased significantly compared with the leaded alloy, the
machinability of the lead-free brass alloys is considered to be sufficiently favorable to be an alternative to
leaded alloys. In particular, it is important to highlight the results that have been found for AquaNordic ®
where the chip formation has shown promising character.
In addition, it is important to emphasize that the turning tests are conducted by using a standardized
cutting insert available at most hardware suppliers. This indicates that turning operations of lead-free
brass alloys does not require extensive modifications on cutting tools in order to be assessed as profitable.
Standard cutting inserts, most common in the production today seem to work just as good for lead-free
brass alloys as well. This is an important feature since the agenda in a wider perspective of life-cycle
discussions of lead-free brasses is the ability of applicability of these alloys into the production lines that
already exist. This, especially, without any need to modify the production lines or the cutting tools that are
utilized.

7.1.2. Chip formation
One of the main problems with lead-free brass alloys has been reported as chip breaking. Industry
partners of the ADLEAF project have expressed concerns about the machinability of these alloys with
regard to unfavorable chip formation. With this in mind, it was expected that the two lead-free brass
alloys would exhibit a problematic chip breaking behavior. The chip formation of AquaNordic® has been
comparable to that of the CW625N. This brings back the discussion about the impact of inclusions on the
machinability. Although it has been found that cutting forces have not been significantly reduced
compared to the parent alloy, CW511L, it is seen that an obvious improvement has been achieved in chip
formation. A superior majority of all collected chips from AquaNordic® has been elemental chips. These
are easy-to-handle small chips that are desirable during machining. The shape of these indicates that the
chips have been broken by themselves. This promotes an easier evacuation of the chips and consequently,
one can draw parallels with the ductility discussion where the shape of the chips are indicating that
AquaNordic® has a sufficiently adequate ductility to maintain a favorable chip formation.
As expressed by Shultheiss et al. [4], the thermal conductivity of a material is an important parameter of
machinability properties of a material. Heat is generated due to plastic deformation in the cutting zones
and friction between workpiece material and tool. In order to avoid excessive tool wear or other
temperature related defects, a high rate of heat removal is commonly desired. Related to thermal
conductivity, it is possible to discuss the impact of ductility of the workpiece material machinability. A low
ductility is desired with reference to chip formation where workpiece materials with low ductility tend to
form shorter and thus more manageable chips. The chip diagram presented in Figure 33, displays the
chips formed during turning operations. At high speeds, long tubular chips were formed during turning of
CW625N. The temperature increase during turning, has possibly led to the material exhibiting increased
ductility which has resulted in long continuous tubular chips. These chips are not desired during cutting
operations as they can get tangled and cause disturbances in production. Similarly, the same reasoning
can be adapted for the chips presented for CW511L and AquaNordic ®. Independently of the turning round
(and hence the rod diameter) and cutting speed, it is seen that the chips formed during turning of
AquaNordic® are shorter and more discontinuous. Therefore, it is expected that AquaNordic® have a more
effective heat disposal from cutting zones than CW511L and hence pose a lower risk of elevated ductility
which causes long tubular chips to be formed.
Another possible reason behind the difference of chips obtained from turning tests conducted on the three
alloys may be the difference in microstructures. As discussed in chapter 2, the chemical composition of a
brass alloy will shift the microstructural phase composition from a single-phased -brass to a duplex
brass and vice versa. According to the fact that these two phases exhibiting different mechanical
properties, the general mechanical behavior of the alloy will be dependent on the phase composition. It is,
therefore, a subject of discussion that the difference in phase composition may be an important factor
behind the chip formation process for the three alloys. However, this theory is considered to lack too
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strong grounds because the three studied alloys have small differences in alloying levels in their chemical
composition, with exception of lead, which is significantly less at CW511L and AquaNordic®.
This result contradicts the findings by Nobel et al. [6] where lead-free brasses formed longer chips than
that of the leaded CW614N alloy. The main possible cause for this is discussed as the difference in cutting
conditions where, in the experiments conducted by Nobel et al. [6], the cutting speed has been kept
constant at 200 m/min while feed rate and cutting depth have been altered. The tools used in the study
was solid carbide cutting inserts coated with different coating materials. Furthermore, the experiments
were conducted in wet conditions.

7.2.

Drilling

7.2.1. Force measurement
Statistical analyses on the results obtained in this study have shown that increased rake angle gives rise to
reduced cutting forces. Torque reduction has taken place considerably for both drills, where the reduction
from 0° rake angle to 20° rake angle has occurred by about a factor two. Thus, a 20° increase in chip angle
has been shown to reduce the cutting torque by more than half.
As described in the theoretical background of the rake angle’s impact on cutting forces, it can be seen from
the results obtained that the reduced cutting forces that follow an increased rake angle are in line with the
recommendations and theory presented by The German Copper Institute (Deutsches Kupferinstitute,
“DKI”) [14]. Reportedly, brass alloys are most often machined with tools with rake angles between 0° and
20°. However, these recommendations refer mainly to leaded brasses. Thus, it can be concluded from the
results from this study that the recommendations apply to lead-free alloys as well.
The results of the cutting force measurements for the three different rake angles indicate that an
extremely clear trend is that cutting forces are reduced with reduced drill diameter but also increased
rake angle.
The drilling torque was used as the main indicator for the cutting forces. Even though that it, in fact, was
the thrust force that was measured, the torque was indirectly extracted. Common practice is to measure
the torque, but due to limitations on instruments used in force measurements, it was unfortunately not
possible to measure the torque directly from the drilling tests. Therefore, it was decided to extract the
thrust force from the torque theoretically. Although concern has arisen regarding the validity of the
theoretical conversion, the fact that this study is a comparative study of the relative relationships of force
generation when drilling with various tool variants, the concerns have been dismissed.
Another important factor that has been treated and analyzed is the cutting speed. Unlike the turning tests,
the results of drilling tests have shown that cutting speed does not have such a significant impact on
cutting force generation. This is proved by statistical significance tests where this hypothesis has been
tested on a 95% safety level. Thus, it can be argued that the machinability during drilling operations is not
sensitive to changes in cutting speeds. The author estimates that it may be due to mechanical properties of
workpiece material and tool geometry. The copper institute [14] has reported that the choice of cutting
parameters and thereby their effect on cutting forces and tool wear in drilling is highly materialdependent because different alloys give rise to different mechanical and thermal properties. As mentioned
earlier, heat generation is an important factor in reducing cutting forces. Hence, the absent impact of
cutting speed over cutting forces is estimated to indicate that the tool geometry is in an interaction with
the workpiece material that is good enough not to be affected by differed amplitudes of cutting speeds.
However, it is important to emphasize that this phenomenon may show a different behavior for altered
feeds, where the theoretical and actual undeformed chip thicknesses have been changed. The undeformed
chip thickness is directly proportional to the cutting force generation [14].
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Although the general trends have been unanimous for the two drill diameters, it can be seen on a deeper
plan that there may be inconsistencies between the two. The significant difference between the rake
angles is more apparent in the small drills than they are for the bigger ones. This behavior, by its very
nature, is a surprise because the optical analysis has shown that the grinding of the 5 mm drills has not
been done correctly. The desired chip angle of 0° has not been achieved, where the results of the optical
analysis have shown that all 5 mm drills that have been ordered to be grinded to 0° have actually been
grinded to 6°. This means that the difference in the rake angle from the categorized 0° to 10° on 5 mm
drills is significantly less than expected. Nevertheless, this does not appear to have had a negative impact
on the results as the force measurements have shown that the difference has been high enough to get an
improved trend between the two. This, in turn, shows that even slight changes on rake angles give rise to
sharp reductions in cutting forces. Especially smaller drill diameters seem to be even more sensitive to
changes in cutting angles, in a positive sense. This may be because the cutting zone is subjected to much
narrower tolerances at the smaller diameters. This means that even minor changes give rise to altered
interactivity between tools and workpieces while the larger drill diameters exhibit a more robust
interaction where the splitting of the chips from workpiece material occurs more violently than at the
small diameters. Additionally, a possible discussion may be that the relative angle increase between the
cutting edge and drill diameter is higher in the smaller drill diameters. This, along with the fact that
smaller diameters give rise to lower forces, may indicate that change in cutting forces due to the increased
chip angle becomes less screened-off at smaller drill diameters where they are relatively larger than at
larger diameters, making it more sensitive to changes.

7.2.2. Chip formation
Two main chip morphologies were detectable from drilling tests namely conical spiral chips and conical
helical chips. The predominance of these morphologies was common for all three geometries and drill
diameters analyzed. This indicates that chip formation is not considered dependent on geometric
parameters such as rake angle and diameter. Also, there was not any significant difference between chips
collected from different cutting speeds. This, in turn, indicates that chip formation is not considered
dependent on cutting parameters either. The only difference noticed between the chips collected from 5
mm drills and 12 mm drills were the relative sizes of the chips. Since the cutting area is much greater for
the 12 mm drills, this is therefore discussed to be a natural behavior of chip formation.
The evaluation and assessment of chip formation and thus the morphologies have been problematic for
drilling tests. As expressed earlier in chapter 0 the amount of collectible was excessively low for drilling
tests. This was mainly caused by the small sizes of the chips. Evacuated chips were objected to a high
degree of scatter from the cutting zone and caused difficulties in collecting. Accordingly, this damaged the
internal validity of the assessment of chip formation and morphology by lowering the preciseness of the
qualitative analysis, for instance.
Nevertheless, from the chip formation point of view on the tests, it was considered to be a successful
operation where conical helical and conical spiral chips were evacuated efficiently from the cutting areas.

7.2.3. Vibrations
A phenomenon considered to be remarkable during drilling tests was the vibrations that were generated.
As the results in chapter 6.2.2 indicate, the magnitude of vibrations differs depending on drill diameter
and drill geometry. In conclusion, increasing the rake angle give rise to reduced vibrations during drilling
operations. Similarly, reduced drill diameter also causes reduced vibration.
Vibration is a simple yet important way to evaluate the suitability of a tool for a certain operation. Faulty
tool geometries cause greater vibrations and as a result, tool breakage and consequently process
disturbances. In other words, vibration is commonly used as an indicator of how well the interaction
between tool and work material is. Since this study aimed to investigate what geometrical features and
parameters of tools that enhanced the machinability of lead-free brass alloys, in particular, AquaNordic,
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during drilling operations, it can be concluded based on the results that from vibrations point of view, the
operation is optimized for tool rake angles above 10°. This is especially true for drill diameter that is
considered to be large, in this study 12 mm.
Hence, the results from the vibrations analysis seem to be in accordance with the analyses made on
cutting force measurements and chip formations where there is an obvious trend for favorable results
based on increasing rake angles and decreasing drill diameters.

7.3.

Comments

As a shared discussion for both turning and drilling tests, coated cutting tools are believed to have an
important role in machineabilities’ of workpiece materials. This is partly because the coating layer
protects the tool from abrasive and adhesive wear and also by lowering the friction in the cutting zone.
The lowered friction will generate less heat and thus chip breakage is favored [14]. Nobel et al. [6] have
presented, the use of different coating materials may reduce the cutting forces, favor chip formation and
reduce tool wear considerably. Based on the results obtained, it may, therefore, be discussed whether any
coating may have a beneficial effect on the machinability of lead-free brass alloys. Of course, this becomes
even more interesting when the impact of the tool itself is investigated excessively. In this respect, it can
be emphasized that different coatings are important potential improvement aspects of the tool factor on
the machinability assessment of drilling operations.
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8. Summary and conclusions
In this thesis work, the machinability of lead-free brass alloys has been characterized using two main
approaches, namely by comparing the cutting forces in three different brass alloys (CW511L, AquaNordic
, and CW625N) and by investigation of geometrical influence on machinability in the lead-free brass alloy
(AquaNordic).
The machinability in the former approach was assessed by evaluating cutting forces and chip formation
during turning operations. The latter approach was assessed by evaluating cutting forces and chip
formation in AquaNordic during drilling operations.
The aim with the turning tests was to compare the three mentioned brass alloys and highlight possible
trends. The aim with the drill tests was to assess the impact of cutting tool geometry and cutting
parameters on machinability of the lead-free AquaNordic alloy.
During turning tests, all three alloys were objected to three sets of different cutting parameters where
cutting speeds and rod diameters were varied while feed rate and cutting depth were held constant
throughout the tests.
Drilling tests were conducted with two diameter variants of an HSS Drill, namely 5 mm and 12 mm. From
the literature review and discussions with the project partners, it was decided that three different rake
angles, namely 0°, 10°, and 20°, would be tested and characterized with regard to the tool geometries’
impact on cutting forces and chip formation. Each and every variant were then objected to three sets of
cutting parameters while the feed rate and cutting depth were held constant throughout the tests.
The results from the turning tests have shown that there is no significant difference between CW511L and
AquaNordic with respect to cutting force generation. However, the investigation made on chip formation
has stated that there is a significant enhancement in chip formation for AquaNordic . There are, however,
indications of that lead-free brass alloys are more sensitive to changes in cutting parameters such as
cutting speed. Furthermore, it was concluded that standard cutting inserts can be used with sufficient
effectivity when turning lead-free brass alloys.
The results from the drilling tests revealed that increased drill diameter induced elevated cutting force
amplitude. Nevertheless, the cutting forces can be significantly decreased by increasing the tool rake angle
on the drill. By increasing the rake angle from 0° to 20°, the cutting force amplitude was lowered to the
half. The tool geometry had great impact on the interaction efficiency between tool and workpiece
material where high degree of vibrations where induced during drilling operation. These vibrations,
however, were reduced by increased rake angles. This was more prominent for the 12 mm drills. Chip
formation did not indicate any problematic behavior during drilling operations. In addition, there were no
significant difference in chip formation between the tested variants.
Hence, it was concluded that an increase in rake angle favors the machinability of AquaNordic
significantly with regard to both cutting force amplitude reduction and vibration reduction.

60

8.1.

Recommendations for machining of AquaNordic

Following recommendations on machining aspects of AquaNordic based on the results obatined in this
master thesis:

•

•
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Turning
o Problem: Cutting forces in turning
▪ Cutting forces decrease at cutting speeds above 100 m/min. [Figure 28]
o Problem: Chip formation in turning
▪ Chip formation is favored significantly at cutting speeds above 100 m/min.
[Figure 35]
▪ Chip formation can be favored by lowering the surface roughness of the
workpiece material. [Figure 33]
Drilling
o Problem: Cutting forces
▪ At rake angles above 10° cutting forces are reduced. [Figure 36]
▪ Cutting forces decrease with decreasing drill diameter. [Figure 36]
o Problem: Stability with regard to vibrations in drilling
▪ The stability of the drilling operation is increased for smaller drill diameters and
larger rake angles. [Figure 41]

9. Future work
There have been important features that have not been included in this thesis work because of time and
slop restraints. Hence, there are a number of recommendations that the author wishes to propose further
work on the subject. Some of these topics are those that have emerged during the project and after the
results have been analyzed and discussed.
•

Assess machinability with regard to the remaining assessment categories presented by Jönsson et
al. [13]. These are namely environmental factors, surface properties, and tool wear. The latter one
being the most important.

As described earlier in chapter 3, machinability is a complex concept including many key assessment
areas. This study has focused on two that have been expressed to be of most urgent matter. However, the
author wishes to recommend that further work is conducted on the subject where other assessment areas
are treated and assessed. The most important and urgent topic for the future is the tool wear analyses that
have to be conducted in order to map the machinability properly.
•

Assess the effect of different coating materials on tool surfaces.

The author suggests that the study is extended to include experiments where different coating materials
are investigated based on the findings from the study conducted by Nobel et al. [6]. Since this study has
mapped and characterized the machinability of lead-free brass alloys at the most extremely bad
conditions, the ability to improve the machinability comes as the next natural step in the development.
Therefore, it is suggested that the degree of improvement for different coating materials is investigated in
the future.
•

Widening of cutting conditions in order to achieve more detailed mappings of machinability
characterizations.

Machining of metals is based on many active parameters. Because of time and range limitations set on this
study, several parameters had to be set constant in order to not create diverging experimental designs. It
is obvious, however, that in order to map the machinability at a much more accurate and precise degree,
the impact of several parameters such as feed rate and cutting depths should be analyzed and mapped.
The feed rate is the most important since it is directly linked to chip thickness and hence chip formation.
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Appendix A
A1. Chip formation and morphology
Chip formation or expressed as the extraction of
excessive material during a cutting operation in
mechanical machining constitutes a major part in
machining theory where an effective formation and
evacuation of chips are of extremely high importance for
the overall effectivity of a certain process. For machining
operations such as drilling, milling, reaming and
automated turning, where the cutting zones are
dimensionally limited, chip formation is a crucial
criterion. In the mostly simplified orthogonal model, with
a large depth of cut compared to the nose radius, which is
applicable in for instance turning operations, chip
formation is expressed to occur as a two-dimensional
process in a plane perpendicular to the cutting edge [14].
In Figure 45, the cutting zone is schematically presented
for a simplified orthogonal model.
Mechanically, the cutting tool is penetrating the
workpiece material which undergoes a deformation
Figure 45 Schematic depiction of a simplified
orthogonal model of the cutting zone, Figure
process where it is first elastically and then plastically
obtained from Jönsson et al. [13].
deformed. When the shear stresses exceed the shear
strength of the material, it will start to flow on the tool’s face. During flow, friction between the tool face
and the underside of the chip and tool flake and the new surface of the workpiece material generates
stresses in the secondary shear zones (see Figure 45). Consequently, plastic deformation occurs in the
secondary shear zones and the chips tend to be compressed. A high chip compression leads to an
increased rate of ductile deformation. This, in turn, will cause elevated temperature generation in the
cutting zone thus increasing the cutting forces. Practically, the actual thickness of the chip becomes
greater than the initial thickness of the cut. Similarly, the width of the chip also becomes greater than of
the initial cut [17-18].
Depending on tool geometry, machining parameters and mechanical properties of the workpiece material
the chips can be formed into four main categorical types. These are namely continuous chips, continuous
segmented chips, semi-continuous segmented chips, and discontinuous chips.
Continuous chips are formed when cut material are flowing continuously away from the interaction point
of the cutting process. The deformed regions of the material undergo lamellar sliding without exceeding
the shear strength of the material. Usually, if the workpiece material has sufficient ductility the chips are
keen to form continuously given that the machining process is not affected by external disruption [17-18].
On the other hand, in case of external disruption and/or a lower workpiece material ductility and/or an
inhomogeneous microstructure, the chips will form as continuous segmented (or serrated) chips. These
types of chips are often noticed by sawtooth-like structure on the upper chip surface. Continuous
segmented chips are usually formed in machine operations where the feeds and cutting speeds are
considerably high [14].
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Semi-continuous segmented chips consist of chip sections that were completely
separated in the shear zone. It will form when the shear stresses generate
deformations greater than the ductility of the material, in the shear zones. It is
important to emphasize that semi-continuous segmented chips do not only form in
brittle materials but also in materials where the deformation and/or elevated
temperatures induce brittleness in the microstructure. As of machining point of view,
at considerably low cutting speeds the probability of this type of chips to be formed is
higher. Thereby, brittle materials with inhomogeneous microstructure often derive
this type of chips when machined. Another aspect on semi-continuous segmented
chips is that they are not cut but rather torn from the surface of the workpiece
material. Consequently, the machined surfaces are frequently damaged [14].
The chip can break in different ways. Either by self (Breakage A), break on the tool
(surface B) or break on the workpiece (surface C), see Figure 46. There are favoring
and disfavoring aspects on all three alternatives. The greatest win with self-breaking
chips is the ease of achieving an appropriate chip-flow. Breakage on tool surface can
be harmful if chip-hammering on the tool occurs where tool life will be risked.
Similarly, breakage on workpiece surface can be harmful if chip-hammering occur
thus surface quality can be damaged. Breakage on the workpiece surface can also
cause the chip to re-enter the cutting zone [15].
Chip-breakage can be affected by placing so-called chip breakers on the tool. By
interfering with the chip breaking, the chip flow from the cutting zone can be
influenced. This may be of particular interest during processes where there are more
demanding criteria for chip evacuation. Such a process is drilling where chips must be
evacuated efficiently and smoothly without risking tool breakdown.

Figure 46
Schematic
drawings of chipbreakage. (A) Selfbreakage, (B)
Breakage on tool
surface and (C)
Breakage on
workpiece surface,
Figure taken from
“Modern skärande
bearbetning” [15].

A2. Cutting forces
There is a great amount of energy needed to separate a chip from the workpiece material. Although recent
developments of high technologic cutting tools have reduced the amount demanded, cutting forces are
still one of the most important aspects to derive an assessment about when evaluating the machinability
of a material. An understanding on the cutting forces induced during a cutting operation has led to an
increased knowledge and awareness about in what direction cutting tool improvement should go.
Accordingly, there is a direct relationship between the effect needed during a cutting operation and
cutting forces generated.
Cutting forces generated during cutting operations are mainly caused by the forces generated by chip
formation and the chip breaking processes. The great amount of pressure and friction in the cutting zone
cause force components acting in different directions [15]. The simplest way of illustrating the present
cutting forces in the cutting zone is by investigating an orthogonal cutting operation during a turning
process. As seen in Figure 47, the total cutting force can be expressed in a three-dimensional reference
system where the forces are donated namely as the tangential cutting force F c, the axial feed force Ff, and
the radial passive (pressure) force Fp. Converted into an x-y-z reference system used by most
dynamometers, the forces are interpreted as in Table 38.
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Figure 47 Total cutting force split into force components, figure taken from the handbook provided by the German Copper
Institute [14].
Table 38 Cutting force components and corresponding force components in x-y-z reference system

Cutting force components

Corresponding force component in x-y-z reference
system

Cutting force, Fc

Fx

Passive(pressure) force, Fp

Fy

Feed force, Ff

Fz

Generally, increased cutting speed leads to a proportional decrease in cutting forces. This is mainly due to
elevated temperatures in the flow zone combined with a reduced contact area. The power demand of a
cutting process is in general correlated with the magnitude of the cutting force, Fc. The cutting force can
be expressed as in equation (1):
(equation 1)

𝐹𝑐 = 𝑘𝑐 × 𝑎𝑝 × 𝑓𝑛 × sin(𝜅𝒓 ) [𝑁]

Where 𝑘𝑐 [N/𝑚𝑚2 ] is the specific cutting force, 𝑎𝑝 the cutting depth, 𝑓𝑛 the feed rate and 𝜅𝑟 the
positioning angle.
The specific cutting force, kc [N/mm2], is a measure telling the material-specific cutting force needed for a
specific rake angle and undeformed chip-thickness (or the feed speed), given by equation (2):
𝐹

𝑘𝑐 = 𝐴𝑐 = 𝑎
𝐷

𝐹𝑐
𝑝 ×𝑓𝑛 ×sin(𝜅𝒓 )

𝑁

(equation 2)

[𝑚𝑚2 ]

Accordingly, the power consumption during a turning process is expressed by equation (3):
𝑃𝑐 =
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𝑘𝑐 ×𝑉𝑐
60×103 ×𝜂𝑚

=

𝐹𝑐 ×𝑉𝑐
𝑎𝑝 ×𝑓𝑛 ×sin(𝜅𝒓 )×60×103 ×𝜂𝑚

[𝑘𝑊]

(Equation 3)

Where 𝑉𝑐 is the cutting speed [m/min], 60 × 103 [

𝑁×𝑚

𝑘𝑊×𝑚𝑖𝑛

] is a conversion factor and 𝜂𝑚 is the machine

efficiency factor (Usually 0.7 – 0.8 [14]).
The specific cutting force can be reduced by increasing the feed rate
and thus the deformation area, AD, see Figure 48. The specific cutting
force can generally be derived from tables listed for different
materials and alloys. For materials and alloys not existing in tables, it
is commonly acceptable to use specific cutting forces for similar
materials.

A2.1 Cutting forces in drilling
Some operations may differ in cutting processes compared to the
simplified orthogonal turning process. Cutting forces generated
Figure 48 Deformation zone
during drilling operations are mainly dependent on the forces acting
during turning, figure taken from
on the cutting edges, the point of the drill, the chip-areas and the
“Modern skärande bearbetning”
drill’s periphery. The total cutting force that is theoretically acting on [15].
the center of the cutting zone consists of three force components,
namely a tangential, a radial and an axial force component. These components are affected by factors such
as workpiece material, cutting depth, feed rate, and cutting tool geometry. The sum of all the axial forces
generated on every cutting edge gives the total axial feed force FA (or Thrust Force) [N]. The cutting
process is driven out along the cutting edge and at the chisel edge present at the point of the drill. The
drill's complex geometry causes the thrust force that the drill exposes the material to be a resultant force
consisting of a number of force components. These are namely the force component on each cutting edge,
𝐹𝑐𝑙,𝐴 , parallel to the axis of the drill which is the feed direction, the vertical penetration force component
acting on the chisel point, 𝐹𝑐𝑒 . The additional friction forces
arise from two components. The first is related to the friction
between the side surface of the tool and the generated hole
surface, which leads to the vertical force component, 𝐹𝑠𝑠 . The
second component is related to the friction between the chip
flow along the helical grooves, which generates the vertical
force 𝐹ℎ𝑔 [16](In Figure 49, the thrust force components are
labeled on a schematic sketch of a drill.). Thus, the total
thrust force, 𝐹𝐴 acting along the feed direction on a drill is
given by equation 4.
Figure 49 Thrust force components during
drilling. Figure taken from “Machining:
Fundamentals and recent advances” [16].

𝐹𝐴 = 2𝐹𝑐𝑙,𝐴 + 𝐹𝑐𝑒 + 𝐹𝑠𝑠 + 𝐹ℎ𝑔 [𝑁]

(Equation 4)

When all the force components are taken into consideration, it is obvious that the magnitude of each
component is dependent on several factors such as geometry, workpiece material, cutting parameters (e.g.
cutting speed, feed rate), cutting conditions (e.g. presence of lubricative) and the wear rate of the tool [16].
The feed force must be emphasized in order to secure that the machining requirements are fulfilled by the
operating machine and cutting tool. The positioning angle, 𝜅𝒓 which in drilling operations correspond to
the angle between the main cutting edge and the direction of feed(see Figure 50), affect the feed force by
an increase in the force when the angle is increased [15]. The feed force, 𝐹𝐴 , in drilling operations is given
in equation 5.
𝐹𝐴 = 0.5 × 𝑘𝑐 × 𝑟𝐴 × 𝑓𝑛 × sin(𝜅𝒓) [𝑁]
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(Equation 5)

Where rA corresponds to the radius of drill.
The qualitative trend of the total thrust force as a function of drilling time has
been illustrated in Figure 51, taken from the book Machining: Fundamentals
and recent advances, Davim, J.Paolo [16]. However, this illustration is handling
the trend of a twist drills behavior during drilling.
Mostly, the thrust force follows a positive trend in which the drilling operation
can be divided into three parts. In the first part, the generated thrust force
increases as the cutting lips are engaging in to the material. In the second part,
the thrust force remains relatively constant while the cutting lips proceed in
to the material. In the third part, the force experiences a quick decrease as a
result of the drill’s exiting action through the bottom hole on the workpiece
material. This can sometimes result in a negative thrust force caused by the
“pulling” action [16].

Figure 50 the positioning
angle, Kr, in drilling
operations. Figure taken
from “Modern skärande
bearbetning” [15].

Figure 51 General trend of the thrust force as a function of drilling time. Figure taken from “Machining: Fundamentals
and recent advances” [16].

Correspondingly, the total tangential force, or the main cutting force, gives rise to a torque. The torque is
the sum of all the tangential cutting forces acting on the sum of all the cutting edges on the drill, Fc,
multiplied with the radius of the drill. For two-edged standard drilling operations, this radius, r A
corresponds to that of the drill itself. The main cutting force is given by equation 6 and accordingly, the
drilling torque is given by equation 7.
𝐹𝑐 = 𝑘𝑐 × 𝑟𝐴 × 𝑓𝑛 [𝑁]

(Equation 6)

𝑀𝑐 = 𝐹𝑐 × 𝑟𝐴 [𝑁𝑚]

(Equation 7)

Thus, it is possible to evaluate the torque generated during drilling operations by only measuring the feed
force. By combining equation 5-6 and 7, equation 8 is obtained:
𝐹

𝐴
𝑀𝑐 = 𝐹𝑐 × 𝑟𝐴 = 0.5×sin(𝜅
× 𝑟𝐴 [𝑁𝑚]
)
𝒓

(Equation 8)

Correspondingly, the power consumption, 𝑃𝑐 , during drilling operations is expressed by equation 9:
𝑃𝑐 =

V

𝑀𝑐 × 𝜔
1000 ×60

=

𝐹𝐴 ×𝑉𝑐
30×sin(𝜅𝒓 )𝜂𝑚

[𝑘𝑊]

(Equation 9)

When evaluating the machinability of a material during drilling operations, the drilling torque becomes
interesting since the power consumption is directly proportional to the torque. Nevertheless, equations
given above, to calculate the quantities for force, torque, and power consumption are approximates since
no consideration has been done to the fact that cutting speed and rake angle is varying along the cutting
edges. Also, the friction generated on the drill sides in contact with the workpiece material and the friction
between the chips and the tool flank is not considered either [15].

A3. Influence of non-metallic inclusions on machinability
A major part of all research done on metallic materials is mainly focused on steel and other iron alloys.
This is mainly due to the fact that iron alloys are the material used on the largest scale in modern society's
infrastructure. However, with the knowledge of how metallic materials are built and behave, one can
effectively combine the knowledge gained in the research of iron and copper alloys. Recent developments
in the research on metallic materials have come to a point where increasingly cleaner and sustainable
alloys can be obtained with stricter tolerances on the amount of inclusions included in the microstructure.
Jönsson et. al. [13] have reported in its research field summarizing study that the development of cleaner
steel while giving the possibility for stronger steel gave rise to an apparent deterioration in the
machinability of steel alloys where poor chip breakage and reduced tool life can be of major concern. The
beneficial machinability-improving nature of the inclusions has been discussed as a fact and the removal
of too many inclusions has been reported as a backslash for the efficiency and productivity in cutting
operations. The conclusion that a balanced amount of inclusions can help combine optimized
machinability while not compromising performance requirements has been drawn.
The main mechanism behind non-metallic inclusions enhancement of machinability is associated with
chip breakage in the cutting zone. Inclusions can serve as a beneficial agent for machinability through
various different ways. When present in the shear plane as stress raisers, inclusions act as crack initiation
points. Consequently, chips are embrittled and are more easily broken. In addition, the contact zone
between tool and chip will be reduced and thus an increased tool wear resistance is obtained. Inclusions
that are active in the metal flow zone will contribute to shearing of the metal. However, an appropriate
balance of inclusion density should be stabilized to avoid tool wear. Furthermore, inclusions act as
lubricants in the cutting zones which protect the flank face of the cutting tool from abrasive wear [16,22,
26].

A3.1. AquaNordic®
AquaNordic® is a lead-free, silicon free low alloy brass where the enhancement of inclusions on
machinability has been utilized by addition of Al 2O3 inclusions into the microstructure of a standardized
brass alloy, CW511L. The compositional limits of ingoing alloying elements of AquaNordic ® are given in
. AquaNordic® on the Cu-Zn phase diagram, with an average composition (63%Cu36%Zn) is illustrated in
Figure 52. As can be seen on the phase diagram, AquaNordic® is a duplex brass at the lower limit of the
definition of duplex brasses. This means that the phases present in the microstructure are expected to
consist of a large amount of α-phase combined with a relatively small presence of β. AquaNordic ® is a
relatively ductile and soft brass alloy with mechanical properties as listed in Table 39. All given data on
AquaNordic®’s properties are derived from product data sheets provided by Nordic Brass Gusum AB.
Al2O3 particles present in the microstructure of AquaNordic® are believed to enhance the machinability by
favoring chip breaking and lowering cutting forces. Non-metallic inclusions are used efficiently in steel
alloys to increase the machinability of the metal. Similarly, AquaNordic ® has been developed with the aim
of meeting the needs expressed in the industry regarding the difficulties experienced in machining leadfree brass alloys, in particular, the mother alloy to AquaNordic®, CW511L.
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Figure 52 AquaNordic® marked with a vertical line in the Cu-Zn binary phase diagram.
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Table 39 Composition of AquaNordic®.

Alloying element

Limits [wt.%]

Cu

62,5 – 63,5

Zn

Balance

Pb

<0,1

Sn

<0,1

Fe

<0,1

Al

<0,05

As

0,02-0,04

Mn

<0,1

Additional

<0,2

Table 40 Mechanical properties of AquaNordic®.

Property

Value

Unit

UTS, Ultimate tensile
strength

>330

MPa

YS, Yield strength

~ 240

MPa

A5, Elongation at break

>40

%

Hardness, Brinell

~ 90

HB

A4. Determination of drilling parameters
The drilling tests are initialized by planning and determining all the input parameters that are needed to
be set. The restrictions over time and material must be counted with in order to find an adequate balance
between what experiments that are needed to be done and what experiments that are not afforded. The
assessment of machinability during drilling operations can be done in a wide range of parametercombinations. Thus, a sufficient amount of data must be secured through the experiments without risking
the time schedule to be exceeded.
In accordance with the aim to create a “worst case scenario” during the cutting operation, the drilling tests
will be done with go-through holes to investigate the greatest possible stresses. Therefore, the samples
that are going to be prepared for drilling will be dimensioned accordingly.
As a preparatory part of the experimental design, a trial/error study was conducted to find appropriate
cutting parameters for the drill tests. Since the alloy is relatively unknown and never before treated
systematically with regard to machinability, it was necessary to conduct this series of experiments where
the potential limitations during machining operations where aimed to be mapped. In Figure 53, the
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flowchart for the trials is demonstrated. The methodical approach was to alter a certain variable to its
limit, and once machining becomes impossible because of process interruption, the next parameter is
altered and followed to its limits. Thus, by finding and characterizing the most extreme cutting conditions
that are possible to set without risking the operation to be done, the aim of “finding solutions to the
machining problems induced at most extreme cutting conditions” can be considered fulfilled. Another
important aspect of the experimental design is to mimic the industry as much as possible.
The first variable driven to its limit was the feed rate, mainly because the cutting time of a machining
process is directly proportional to the feed rate of the operation [15]. Thus, from a profitability
perspective, the feed rate was aimed to be increased to its upper limit. Once an appropriate and stable
feed rate was established, the next variable, namely cutting depth were altered and pushed to its limit. The
aim with maximization of the cutting depth is two-fold, namely to push a drill’s and drilling operation’s
ability to its limit but also to mimic the industry as much as possible. Cutting depths around four times the
diameter of the drill (4*D) is a common cutting condition in the industry [19]. Finally, when the feed rate
and cutting depth is stabilized, the last parameter to optimize was the cutting speed. Since the aim of the
study is to evaluate the machinability at the most extreme cutting conditions possible, three cutting
speeds where sought in the trial/error study, namely the lowest possible cutting speed applicable with
regard to chosen feed rate and cutting depth, the highest possible cutting speed with regard to chosen
feed rate and cutting depth (but also limitations set on the machine to be used) and lastly a cutting speed
that is relatively moderate.
In the horizontal axis of the flowchart, at every level, the feed rate is tested (step 2-5 and 6-8 for 12 mm
drill) and when a stable feed rate is found, appropriate cutting depths and cutting speeds are sought in the
vertical direction (step 7-13 for 12 mm drill). The trial and error study of appropriate cutting parameters
concluded that the most appropriate parameters are namely a feed rate at 0.05 mm/rev and cutting depth
at two times the drill diameter. These parameters are inferred by making a balanced decision based on the
results from the two drill diameters. In order to not risk the overall success of planned experiments, the
parameters were chosen so that tool breakages were not risked. Once the parameters were identified, a
full factorial design of drill experiments was done.
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12 mm drill
Step

Cutting
condition

Comment

1

Vc=50

2
3
4
5

Vc=100
Vc=100
Vc=100
Vc=100

TOOL
BREAK
SUCCESS
SUCCESS
SUCCESS
Limited1

6

Vc=100

SUCCESS

7

Vc=100

8

Vc=100

9
10

Vc=150
Vc=50

11

Vc=75

12

Vc=150

13

Vc=50

SUCCESS
TOOL
BREAK2
SUCCESS3
SUCCESS
TOOL
BREAK
SUCCESS
SUCCESS

5 mm drill
Step

Cutting
condition

Comment

1

Vc=100

Limited4

2

Vc=100

3

Vc=100

4

Vc=125

TOOL
BREAK
SUCCESS
SUCCESS

5

Vc=50

SUCCESS

Figure 53 Flow chart of trial/error study with which determination of
appropriate cutting parameters was aimed to achieve. Cutting conditions
set at each and every step is listed in this table on the right-hand side of
this figure.
2
1 Very large amount of
3
At this step, it was realized
After this step, it was realized
vibrations and high heat that feed rates over 0.10 mm/rev that the tightening torque of
generation during
and cutting depths greater than
the samples weren’t
2*D are not possible to utilize.
cutting. Feed rate
sufficient to withstand the
assessed to be too high, This conclusion was drawn partly torque generated during
by observing the simultaneous
especialy compared to
drilling. Thus, it was
force generation and by a rough
step 4. Not suitable feed
examination of the cut workpiece increased from an intitial
rate because of inability materials. Too high feed rates
value of 20 Nm to 40 Nm.
to vary cutting speed.
results in the drills “punching”
their way out of the material
rather than drilling.
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Even though the trial was
successful, the overall
performance of the test was
problematic with regard to
cutting forces and heat
generation. See comment
number (2) above.
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