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Abstract 

The quality and performance of products are particularly important in sectors such 

as research facilities and in the nuclear, military and space industries. These sectors 

make use of high-performance materials that are uncommon in other contexts and 

therefore place high requirements on personnel, machines and tools. While tool 

manufacturers have readily available tool selection guides and cutting data 

recommendations for a wide range of materials, relying on many years of research, 

little information is available when selecting tools and cutting parameters for 

machining less common or exotic materials. Consequently, only a few highly 

specialized companies manufacture components using such materials.  

The aim of this dissertation is to create a knowledge base on machining single-phase 

materials, specifically oxygen-free copper, niobium, and tungsten. It builds on an 

understanding of the difficulties in achieving the required surface quality and 

suggests useful tooling solutions and cutting parameters, as exemplified for a 

longitudinal turning machining operation. Different aspects of surface integrity such 

as subsurface deformation, surface defects and damage are discussed. Such analysis 

relied on extraction, polishing, and examination of the machined samples with 

nanoindentation and SEM microscopy.  

Screening tests of several different tooling solutions for niobium and tungsten were 

also performed to evaluate machining performance and tool wear under different 

cutting conditions. Tool wear mechanisms were evaluated with SEM and TEM 

microscopy and further compared using the diffusion couple sample technique.  

The results of the research presented in this dissertation highlight the difficulties in 

achieving the targeted surface quality and selecting tooling solutions for these 

single-phase materials, while also highlighting potential successful pathways for the 

machining processes. These results can be used to further evaluate tool selection or 

to develop new tooling solutions to improve the surface quality of the finished 

product at a reasonable performance and therefore cost.  

Keywords: 

Machinability, Niobium, Tungsten, Oxygen-free copper, Surface integrity, Tool 

wear 

  



Populärvetenskaplig sammanfattning 

Sverige har historiskt sett varit en stark industrination under modern tid. Men under 

2000-talet har sysselsättningen i svensk tillverkningsindustri och gruvnäring 

minskat från cirka 720.000 personer år 2000 [1]  till cirka 480.000 personer år 2019 

[2]. Men svensk industri utgör än idag en viktig funktion inom Sveriges ekonomi 

och är den sektor som bidrar mest till Sveriges BNP med 15 % av det totala värdet 

[3].  

Med höga krav på kvalité och prestanda på en produkt ställer det även höga krav på 

funktionen av produkten. Dessa krav är oftast av särskild betydelse inom mer 

avancerade sektorer som forskningsanläggningar, rymd-, militär- och 

kärnkraftindustri samt för medicintekniska applikationer. Utvecklingen av nya och 

bättre material drivs ofta framåt utifrån kraven inom dessa sektorer, samtidigt som 

dessa avancerade material inte används i lika stor omfattning inom andra sektorer. 

När komponenter tillverkas i avancerade material, ställs det högre krav på både 

utrustning och verktyg samtidigt som personalens kompetensbehov ökar. 

Verktygsrekommendationer och skärparametrar går att finna i leverantörernas 

databaser för de flesta konventionella materialen. Databaserna bygger på flera års 

forskning och tester vid industrin och akademin. I detta arbete genomförs 

experimentella studier av olika verktygs- och materialkombinationer för att täcka in 

de väsentligaste applikationsområdena. Med hänsyn till det omfattande arbetet är 

databaserna begränsade till att omfatta de mest förkommande materialtyperna. 

Rekommendationerna är bristfälliga för mer nischade material, vilket leder till att 

mindre förtag undviker att offerera tillverkning av sådana produkter och därmed 

begränsas tillverkningen till ett fåtal ytterst specialiserade företag.  

Målet med arbetet som presenteras i denna avhandling är att finna lämpliga verktyg 

och skärparametrar för att uppnå de ytkrav som ställs på en produkt vid bearbetning 

av primärt oxidfri koppar, niob och volfram.  

Resultaten i avhandlingen behandlar uppkomsten av ytdefekter och problematiken 

kring spån- och gradbildning, val av skärparametrar för att uppnå en viss ytkvalité, 

samt val av lämpliga verktyg för att minimera verktygsförslitningen vid bearbetning 

av enfasiga material. Resultaten skall ligga till grund för vidare utvärdering av andra 

lämpliga verktyg, förbättrad verktygslivslängd samt ytkvalité på slutprodukten. 

Kunskapen kan leda till att fler tillverkningsföretag har möjlighet att ge offerter och 

producera komponenter i nämnda svårbearbetade material. Sammantaget skall 

arbetet bidra till ett kunskapslyft för företagen och där produktionskostnaden kan 

reduceras och bestämmas på förhand med en högre säkerhet.  

Nyckelord: 

Skärbarhet, Oxidfri koppar, Niob, Volfram, Ytintegritet, Verktygsförslitning 
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ap Depth of cut mm 

b1 Theoretical chip width mm 
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HAADF High-angle annular dark-field - 

HP High pressure (coolant condition) - 
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IAM Induction heated assistant machining - 

l Cutting length m 

lclc Critical contact length mm 

Lm Workpiece length mm 

LN2 Liquid nitrogen - 

MRR Metal removing rate cm3/min 

Nb Niobium - 

OFC Oxygen-free copper - 

Pc Cutting power from the primary cutting force W 

cBN cubic boron nitride - 

PCD Polycrystalline diamond - 

PVD Physical vapour deposition - 

r Nose radius mm 

rβ Edge radius µm 

Ra Arithmetic mean surface roughness µm 

Rmax (Rt) Maximum peak-to-valley surface roughness µm 

Rp 0.2 Yield stress at 0.2 % plastic deformation MPa 

Rz Mean peak-to-valley surface roughness µm 

SEM Scanning electron microscope - 

SI Surface integrity - 

SPM Single-phase metals - 

STEM Scanning transmission electron microscopy - 

TEM Transmission electron microscope - 

TPL Tool protective layer - 

VBmax Tool life criterion µm 

vc Cutting speed m/min 

W Tungsten - 



 

XEDS Energy-dispersive x-ray spectroscopy - 

εI Width of the deformation zone in zone I mm 

εII Width of the deformation zone in zone II mm 

εIII Width of the deformation zone in zone III mm 

α Clearance angle ° 

β Wedge angle ° 

ε Included angle ° 

κ Major cutting edge angle ° 

κb Minor cutting edge angle ° 

λ Inclination angle ° 
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1 

1 Introduction 

Ever since the Industrial Revolution, industrial production has affected our lives in 

many ways. It has been estimated that over 80 % of the products manufactured today 

have been machined in some way before completion [4]. The total global machine 

tool consumption in 2019 was estimated to be approximately US$ 82.1B (metal 

cutting and forming) [5], with the EU’s portion being around 36 % [6].  

The machining process can be defined as material removal from a workpiece by 

plastic deformation with a cutting tool, in the form of a chip [7]. The constant 

development of new products with improved materials and production processes 

puts high requirements on the tooling industry. Ongoing research in the field of 

metal cutting is required to reduce the cost of production requirements by promoting 

longer tool life, and so meeting the requirements of end users.  

1.1 Background and Objective 

Research in machining initially focused simply on the basic ability to use different 

techniques to manufacture specific components. As knowledge of the area grew, the 

focus was broadened to include cost reduction and higher product quality after 

machining. These are still major concerns, for technological advances, including 

new machining methods, new tools, and new materials, pose new demands requiring 

new research.  

A typical material subjected to machining is normally an alloy containing different 

elements, with the exact composition dependent on the mechanical properties 

required by the design and manufacturing requirements of the product. Single-phase 

metals (SPM) are less commonly used because they offer limited advantages in 

terms of mechanical properties and production routines. Their use is driven by 

special needs for properties that are not only related to mechanical properties. 

Metals are normally available in polycrystalline form, often relaying on certain 

strengthening mechanisms (e.g. solute strengthening, phase transformations, 

precipitation, etc.). In case of SPM, the metals are devoid of such strengthening 

mechanisms thus making the metal more ductile and less strong, yet this deficiency 

is compensated by unique thermal, physical, chemical and other properties.  
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Technological advances have resulted in the construction of large infrastructure 

such as synchrotrons, neutron facilities, and fusion reactor testing facilities. SPM 

materials have a central role in the functioning of these facilities and the 

requirements for tolerances and surface quality are high. For example, copper and 

niobium are used in the construction of accelerator components and magnets and 

tungsten is used as a target material for neutrons and to shield components from 

extreme temperatures. Copper is also being evaluated as a suitable metal for 

constructing canisters intended for long-term storage of spent nuclear waste deep in 

bedrock for thousands of years.  

SPM metals were first worked by humans hundreds of years ago or, in the case of 

copper, thousands of years ago. Copper and niobium are highly ductile in a single-

phase state and present similar challenges in machinability. Tungsten however, is 

the opposite: it is brittle in the single-phase state, and so presents different 

challenges in terms of machinability. Despite a long presence of these metals in our 

lives, only limited research has been conducted on the machinability of all three 

metals, and especially niobium and tungsten, which makes it difficult to find 

recommendations for suitable tools and cutting data. The objective of the research 

reported in this dissertation is to investigate conventional cutting tools and find 

suitable cutting parameters for turning single-phase copper, niobium, and tungsten. 

Subsequently, a search for alternative methods was pursued if conventional methods 

were not satisfactory. In the process of testing different tooling solutions, the focus 

has been on evaluating the surface integrity of the machined surface to achieve the 

high quality required for accelerator components. Tool wear and wear mechanisms 

have also been evaluated to find suitable tools for the machining operations and so 

reduce production costs. 

1.2 Hypotheses 

The following hypotheses, based on previous publications, were established for this 

research study: 

 Adequate design of machining strategy will facilitate meeting the high 

demands on material properties and surface integrity when machining 

single-phase metals. 

 Available tooling solutions will make it possible to achieve acceptable 

machinability and wear rates, as defined by component manufacturers. 

 Novel machining and coolant approaches offer better control over 

machining outcomes (quality and performance). 
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1.3 Research Questions 

Based on the hypotheses the following research questions were formulated: 

RQ1. Can the parameter requirements related to surface integrity of 

components for radiation research facilities be met with conventional 

machining? 

RQ2. Is there a conventional machining strategy that allows refractory 

metals to be machined productively? 

RQ3. Can alternative machining strategies (e.g., advanced tooling, 

advanced cooling, and hybrid processes) overcome the limitations of 

conventional machining?  

1.4 Scope and Limitations 

A machining process includes several different input variables, including workpiece 

material, tooling solutions, and cutting parameters. Of the almost infinite possible 

combinations of these parameters, only a limited number can be studied. Thus, only 

a limited range of selected machining parameters is discussed and validated in this 

dissertation. The following limitations were accepted in this research: 

 A machining process can consist of several different machining operations. 

However, only longitudinal turning operations have been considered . 

 The research has been limited to machining three different workpiece 

materials of high purity: oxygen-free copper, niobium, and tungsten. 

1.5 Methodology 

The methodologies used in the different studies reported on in this dissertation 

varied slightly depending on the research needed for the specific materials. These 

materials were selected for study based on identified demand for components 

manufactured using these specific materials at research facilities such as MAX IV 

and ESS in Lund. There was a lack of local competence to manufacture components 

with such SPMs. Contact with tool manufacturers confirmed the lack of information 

when machining Nb and W, for which no tooling solutions or cutting parameters 

recommendations are available.  
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Once the research problems had been established, a thorough literature review was 

conducted, combined with discussions with persons in key positions at different 

research facilities. This was combined with study visits to the following research 

facilities: CERN, MAX IV, ESS, XFEL, FAIR, ITER, SNS, Diamond, and 

Fermilab. In some cases, study visits took place at the same time as conferences and 

workshops. Discussions were held with participating companies related to building 

large research infrastructures and component manufacturing. This was done to 

improve the understanding of the problems and to investigate whether the 

hypotheses related to the problems had previously been explored or published. 

An empirical (experimental) approach was selected for the trajectory of research 

within the dissertation. Starting from the a priori and a posteriori knowledge types 

of Immanuel Kant [8], it is possible to argue that a priori knowledge can be 

synthesized from a sufficiently large number of facts through inductive reasoning 

to create a general truth. Obviously, arriving at a general truth on the subject of this 

dissertation – machining single-phase materials – is highly desirable. However, the 

results of the literature analysis, interviews, and site visits confirmed a severe lack 

of factual data about machining SPM, which makes the synthesis of a coherent 

knowledge base very difficult. Instead, the experimental studies conducted in this 

dissertation are viewed as concrete steps on the way to building the empirical base 

needed for successful synthesis by the next generation of researchers. 

Experimental studies were performed in a laboratory environment, and in some 

cases complemented by work at companies. The selection of tooling solutions and 

cutting parameters influencing the machining process was investigated in the 

laboratory. Screening experiments were used in the initial tests during machining 

Nb and W to minimize the number of tests. According to Montgomery [9], screening 

experiments are a part of fractional factorial design, which is used to identify the 

factors that have a large effect. Extended tests were later performed on selected 

parameters. In general the experimental studies followed the fractional factorial 

design, although variations of the design process occurred. In addition, tests and 

measurements were usually repeated, depending on the experiment. Figure 1.1 

shows the experimental methods used and the research scope. 

After formulating the research questions, the impact of cutting conditions and 

strategies on surface integrity and tool wear was investigated. Emphasis was placed 

on the analysis of phenomena leading to the observed product quality and tool wear. 

It was found that the most efficient path for investigating the behavior of tool and 

workpiece materials in the machining process is through modeling and material 

characterization (microscopy and spectroscopy). Further information on the 

experimental studies is presented in section 3.1. 
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Figure 1.1. Schematic of experimental methods used, highlighted research scope, and publications 
presenting the related research. Notation: P.III, P.I, and others = Paper III, Paper I, and other 

papers. 

Complementary tests for selected materials were also performed at companies to 

transfer technology from a laboratory to a production environment. This was 

accompanied by external validation of the results obtained. 

1.6 Outline of the Dissertation 

This dissertation has the following structure: 

Chapter 1: Introduction 

Introduces the research topic, hypothesis, research questions, and the limitations of 

the study. 

Chapter 2: Mechanics of Metal Cutting 

Brief introduction to different aspects of metal cutting and process and 

machinability parameters. It also discusses the materials studied. 

Chapter 3: Machinability Study 

This chapter is focused on the research area and presents and discusses the results 

of the author’s research.  

Chapter 4: Summary and Conclusions 

Summarizes and presents the final conclusions of this research. 
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2 Mechanics of Metal Cutting 

A wide range of material combinations and process parameters influence 

machinability. And the machinability term itself is characterized by a family of 

parameters including surface integrity, tool deterioration, chip control, burr 

formation and others. So many combinations of parameters and cases are possible 

when investigating the machinability of a material that machinability can be difficult 

to quantify. However, machinability studies do create better understanding of the 

difficulties in machining a particular material, which becomes useful information 

for manufacturing a product in a long run. The following section will introduce 

fundamental information about machining processes and factors influencing the 

machinability of a workpiece material.  

2.1 Machining Process 

The development of modern machines and machine tools began early in the 

twentieth century when machines were fitted with individual electrical engines. 

Taylor and White introduced a high-speed steel (HSS) cutting tool that was superior 

to any other cutting tools available at the time. In 1926 the introduction of cemented 

carbide cutting tools by the Krupps Company in Germany enabled a further increase 

in cutting speeds compared to HSS. The 1950s saw the introduction of numerically 

controlled machines that were operated by computer programs. A computer-

controlled machined allowed the parts produced to have more complex shapes [10]. 

In the 1970s, the introduction of computer aided manufacturing (CAM) allowed the 

product development phase to be integrated with the product manufacturing process 

[11]. 

In a machining process, a cutting tool plastically deforms the being cut material so 

that a certain amount of material is removed from the workpiece in the form of a 

chip. There are various methods of machining including turning, milling, drilling, 

boring, shaping, broaching, reaming and others. In these processes, one or more 

cutting edges are involved and the machining can be continuous or intermittent, 

depending on the method [11]. This dissertation focuses on a continuous 

longitudinal turning process as it is a simplified yet most common process, using a 

single cutting tool that is clamped in a fixed toolholder. 
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2.2 Cutting Data 

The basic operation of a turning process includes several different cutting data 

parameters. The cutting speed vc, Figure 2.1, is defined as the rate at which the uncut 

surface of the workpiece passes the cutting tool, usually specified in m/min. In 

longitudinal turning, feed f (Figure 2.1) is defined as the axial movement of the tool 

in one revolution of the workpiece, usually specified in mm/rev. The cutting depth 

ap, Figure 2.1, in longitudinal turning is the radial feed of the tool in relation to the 

surface prior to machining. The thickness of the metal removed is measured in mm. 

The combination of these three cutting parameters gives the rate of metal removal 

(MRR) from the workpiece [7].  

 

Figure 2.1. Illustration of cutting parameters ap, vc and κ in a turning process. 

2.3 Tool Geometry 

Tool geometry refers to the different macro and microgeometries that define the 

form and dimensions of the tools and the different angles related to the tool and 

setup. Macrogeometry involves the major geometric characteristics, while 

microgeometry concerns the form of the cutting edge or edge line. The edge radius 

rβ, is the radius of the cutting edge of the tool, which may vary along different 

sections. In a cutting process several different angles are involved (Figure 2.2), 

depending on the tool, toolholder, and setup conditions. The nose radius r is the 
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rounding of the tool tip, and together with the feed it determines the theoretical 

surface roughness. The angle between a plane perpendicular to the new surface and 

the rake face of the tool is called the rake angle γ. The rake angle influences the chip 

radius, among other phenomena, during the machining process. The size of the rake 

angle and clearance angle α vary depending on the tool attachment in the toolholder 

or its position. The clearance angle α is the angle between a plane parallel to the 

new machined surface and the clearance (flank) face of the tool. The major cutting 

edge angle κ and minor cutting edge angle κb depend on the geometry of the cutting 

edge and its position in the toolholder [11].  

Together with conventional tool insert shapes, the geometry can be modified to 

enhance the performance of the tool. By introducing a chamfered edge, as a 

microgeometry parameter, the strength of the cutting edge can be improved. A 

cutting edge with wiper geometry increases the axial engagement of the tool with 

the machined surface, which can improve the surface roughness at increased feeds.  

The cutting geometry can change during the cutting process as workpiece material 

adheres to the tool insert by forming built-up layers (BUL) and built-up edges 

(BUE). BUE can increase the rake angle and the inclination angle during the cutting 

process. BUL can enhance the tool life as a tool protective layer, but it can also 

increase the cutting edge radius [11]. However, the adhered material can also 

increase the tool wear rate, as discussed in 2.3.1. 

 

Figure 2.2. Illustration of different cutting angles describing the tool geometry in relation to the workpiece during 

conventional turning process, adapted from Vieregge [12] and later published by Ståhl [11]. 
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2.4 Machinability 

“Machinability” is a common term used to describe the ease of producibility of a 

certain workpiece material in a machining process. However, there is no universal 

definition of this term, and it may be used differently in different contexts. Measures 

of machinability are often discussed in terms of numbers such as the cost per 

machined component, quality of the finished product, or MRR. The problem is that 

these measures also differ depending on the type of operation and the parameters 

involved; for example turning compared to milling, the tool material used, cutting 

data, or the tool geometry. A workpiece material might be easy to produce in milling 

operations but difficult in turning operations. The machinability of a material 

depends on several factors such as its composition, microstructure, heat treatment, 

and properties [7]. Shaw [13] defined machinability using three main aspects: 1) 

tool life, 2) surface finish, and 3) power consumed in a process. Workpiece materials 

could also be classified in three categories depending on their machinability: 1) 

easy-to-machine materials, 2) ordinary wrought steels and cast irons, and 3) 

difficult-to-machine materials. The definition of machinability according to Trent 

and Wright [7] is slightly different: 1) tool life, 2) limiting rate of metal removal, 3) 

cutting forces, 4) surface finish, and 5) chip shape. Ståhl [11] later added 

environmental factors to the definition of machinability. These factors are connected 

to the material recycling process and the working environment while processing the 

material. Several attempts have been made to compare the machinability of different 

materials by quantifying different values for comparison [14-17]. However, there is 

still no method that is generally accepted. Historically, extensive research has been 

done to evaluate the machinability of different materials under different conditions 

[18-21], which also includes sustainability [22]. 

2.4.1 Tool deterioration 

Tool deterioration or wear is a result of process loads acting on the tool that 

geometrically change the cutting edge. This tool wear can affect the MRR as well 

as the dimensional accuracy and the surface finish of the product [7]. In industrial 

machining operations it is thus important to predict or control the time when worn-

out tools should be replaced. Prediction is possible because tool wear is often a 

stable process; however, there are cases when it results in unpredicted failure of a 

tool. Process temperature has a major influence on the rate of tool wear. An increase 

in process temperature may make the difference between controlled stable tool wear 

rate and spontaneous tool breakage.  

The progression of tool wear depends on various parameters or mechanisms that 

change the load distribution on the cutting edges [11]. Understanding these and 

being able to predict tool life during machining is beneficial to understanding the 



10 

cutting conditions and developing a tool change strategy to maximize MRR or 

minimize part cost. Taylor’s equation is well-known for describing the theoretical 

tool life during machining [23]. This equation was later extended by Kronenberg 

[24] and Colding [25, 26] to include more cutting data parameters. Archard 

formulated wear process in a physics-based wear model that describes the sliding 

wear between two bodies in contact [27].  

Tool wear depends on several different factors such as cutting conditions, workpiece 

and tool material, tool geometry, and others. When combinations of several types 

of tool wear occur, modeling tool wear becomes difficult.  

Tool deterioration depends on different mechanisms, which are classified into 

different categories: 

1. Abrasive wear 

Abrasive wear is a process in which hard particles come in contact with a 

surface, abrading it and changing the dimensions of the tool and 

subsequently the machined part [28]. The hard particles may be contained 

in the chip or may be the result of a chemical reaction between the chips 

and the cutting fluid. Abrasive wear is in general the cause of flank and 

notch wear, but may also cause crater wear [10]. 

2. Adhesive wear 

Adhesive wear occurs when two asperities are in contact. Regardless of the 

smoothness of two surfaces, they will only be in contact at certain points. 

The local pressure at these points is generally very high and exceeds the 

yield point of the softer of the two materials. With increased process 

temperature, minute welds are formed at these points. In the course of 

sliding motion, these welds are sheared and fractions of the softer material 

stick to the welds, resulting in pluck-out of particles [29]. 

3. Oxidative wear 

Oxide layers are formed on surfaces at elevated temperature. These oxide 

layers thicken over time and then break up and are removed as wear 

particles. This wear process contributes to formation of notch wear and 

crater wear [30]. 

4. Diffusional wear 

Diffusional wear is also driven by high process temperatures, the rapid flow 

rate of workpiece material, and the solubility of different phases of the tool 

material in the flowing metal close to the tool. The diffusion wear process 

occurs when atoms from the tool diffuse into the flow of material or when 

workpiece material atoms diffuse into the tool material surface layers, 
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reacting with and weakening the surface. The wear process is accelerated at 

higher cutting speeds due to the higher process temperatures [7]. 

5. Fatigue wear 

Fatigue wear occurs when two surfaces in contact slide under high pressure 

and interlock. The repeated loading and unloading of these surfaces cause 

cyclic stress. In combination with high process temperatures, the surfaces 

are subjected to fatigue wear. The result is surface cracks that enhance wear 

out the surface or even breakage [13]. 

 

Different categories of tool deterioration exist and occur at different locations on the 

tool, as shown in Figure 2.3. 

 

Figure 2.3. Examples of different types of tool deterioration, after Schultheiss [31]. 

2.4.2 Surface integrity 

The quality of a machined surface has a significant impact on product performance, 

reliability, and longevity. Surface changes such as mechanical, metallurgical, and 
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chemical alterations affect the surface quality in a very small surface layer [32]. The 

term surface integrity (SI), introduced by Field and Kahles [33, 34], is used to 

indicate the quality of a machined surface or subsurface. According to Field and 

Kahles, SI is defined as: “The inherent or enhanced condition of a surface produced 

in a machining or other surface operation.” 

Parameters included in the term relate to essential information such as the 

topography and microhardness of the surface and variations in its macro- and 

microstructure. Field and Kahles developed an experimental procedure using three 

different data sets to collect data about and evaluate a machined surface (Table 2.1). 

Modern production of components using advanced material and alloys imposes high 

demands for the machined surface and dimensional accuracy, making it important 

to achieve SI requirements. Controlling the SI requirements usually adds cost, which 

makes it important to identify the problem and what manufacturing process needs 

to be considered, depending on the product. To achieve the necessary SI 

requirements in a machining process, two different aspects must be controlled. The 

first is surface texture, which includes the topography of the surface, or more 

specifically, the surface roughness. The second aspect involves surface metallurgy 

and includes the aspects of surface layer produced during machining.  

Surface roughness is one of the most common SI parameters used in industry to 

evaluate the quality of a machined product. Various standards are used to measure 

surface roughness. The most commonly used parameter is the arithmetic mean 

surface roughness Ra along the workpiece length Lm, see Equation 2.1 [11]. 

𝑅𝑎 =
1

𝐿𝑚
∙ ∫ |𝑦|

𝐿𝑚

0
∙ 𝑑𝑥                                                        (2.1) 

The mean peak-to-valley within a sampling length Rz and maximum peak-to-valley 

Rmax (Rt) are also used [10, 35]. Several different parameters related to the material, 

cutting tool, machining operation, and process characteristics influence the surface 

roughness of a product [10]. Process temperature is an important parameter that 

influences some of the SI parameters such as BUE, resulting from adhered and 

deposited workpiece layers. BUE is formed when workpiece material is 

successively accumulated near the edge line of a tool, which usually occurs in a 

narrow process window depending on the composite temperature. When the BUE 

reaches a critical size, the accumulated material separates from the tool and is 

transported away from the cutting zone by the chip material or is deposited on the 

machined surface. If the BUE is deposited on the newly machined surface, this will 

negatively affect the surface roughness. The generation of BUE can be minimized 

by controlling the process temperature, which can be achieved by changing 

parameters such as cutting speed, theoretical chip thickness, or cutting tool 

geometry [11]. 
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Table 2.1. Experimental procedure to approach SI problems [34]. 

Minimum SI data set Standard SI data set Extended SI data set 

1. Surface finish 

2. Macrostructures (10x or less) 

a. Macrocracks 

b. Macroetch 
indications 

3. Microstructure 

a. Microcracks 

b. Plastic deformation 

c. Phase 
transformations 

d. Intergranular attack 

e. Pits, tears, laps, and 
protrusions 

f. Built-up edge 

g. Melted and 
redeposited layers 

h. Selective etching 

4. Microhardness 

1. Minimum surface integrity data set 

2. Fatigue tests (screening) 

3. Stress corrosion tests 

4. Residual stress and distortion 

1. Standard SI data set 

2. Fatigue tests (extended to obtain 
design data) 

3. Additional mechanics tests 

a. Tensile 

b. Stress rupture 

c. Creep 

d. Other specific tests (e.g. 
bearing performance, 
sliding friction 
evaluation, sealing 
properties of surfaces) 

2.4.3 Cutting forces 

Forces are generated when a chip is formed and the material is cut off in a cutting 

process. These forces influence the process in different ways and determine the 

machine power required as well as the loads on the bearings, tool, and machine 

structure. The forces are the source of vibrations and increases in cutting 

temperature. Measured cutting forces can be used to compare the machinability of 

materials and in real-time monitoring of tool wear and failure [10]. Cutting forces 

are primarily dependent on the theoretical chip thickness h1 and chip width b1 

(collectively representing chip area). Other parameters such as cutting speed and 

tool geometry also influence the cutting forces. The resultant force in longitudinal 

turning can be divided into three orthogonal cutting forces or force components, as 

shown in Figure 2.4. The force component acting on the rake face of the tool or in 

tangential direction is called the main cutting force Fc. The component acting in the 

axial direction is called the feed force Ff. The third component is called the passive 

force Fp and pushes the tool in the radial direction away from the workpiece [11]. 

In a milling operation, the forces acting on the tool are defined as T-direction force 

(tangential), equivalent to the main cutting force; A-direction force (axial), 

corresponding to the feed force; and R-direction force (radial), equivalent to the 

passive force.  

Most forces can be modeled in terms of linear force dependence by extrapolating to 

the theoretical chip thickness h1. This applies in particular for a cutting tool with 

constant rake angle γ and a contact length that exceeds the critical contact length lclc 

(Equation 2.2). 



14 

 

Figure 2.4. Cutting force components during a conventional turning operation and the resultant cutting force F, 
adapted from [36]. 

𝐹𝑐 = 𝐶2 + 𝐶1ℎ1 

𝐹𝑓 = 𝐷2 + 𝐷1ℎ1                                        (2.2) 

𝐹𝑝 = 𝐸2 + 𝐸1ℎ1 

Power consumption in a cutting process can be described as the energy consumed 

to produce a certain volume of chips. The cutting resistance of a material is a way 

to describe the machinability of a material and is one of the different factors that 

influence power consumption in a cutting process. The cutting resistance of a 

material is the force required per total chip area to machine a specific workpiece 

material (Equation 2.3). 

𝐶𝑟 =
𝐹𝑐

ℎ1𝑏
                                                   (2.3) 

The cutting resistance is dependent on the cutting tool involved, specifically its 

geometry, and the influence of tool wear. The cutting resistance can be expressed 

using the parameters Cr1 and Cr2, which describe the load and energy consumption 

on the rake face (Cr1) and on the clearance (Cr2) (Equation 2.4). As the flank wear 

land develops on the clearance face, the contact between the tool and workpiece 

increases, which increases Cr2. The cutting resistance can be seen as a process 

parameter and changes depending on the cutting process involved. Furthermore, Cr1 

can be seen as representing a material characteristic, while Cr2 is linked to the 

process and microgeometry of the tool. 

𝐶𝑟 = 𝐶𝑟1 +
𝐶𝑟2

ℎ1
                                        (2.4) 
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The power consumption can be calculated if the magnitude of the cutting forces, 

cutting speeds, and feed speeds are known (Equation 2.5). Usually, the energy 

consumption is closely linked to vc and can be simplified. 

𝑃𝑡 = 𝑣𝑓𝐹𝑓 + 𝑣𝑝𝐹𝑝 + 𝑣𝑐𝐹𝑐 ≈ 𝑃𝑐 = 𝑣𝑐𝐹𝑐                             (2.5) 

If the value of the cutting resistance is known, the power consumption can be 

calculated as Equation 2.6. 

𝑃𝑐 = 𝑣𝑐𝐹𝑐 = 𝑣𝑐ℎ1𝑏1𝐶𝑟                                         (2.6) 

When taking the efficiency of the motor η into account, the total power involved in 

the cutting process can be expressed as Equation 2.7 [11]. 

𝑃𝑚 ≈
𝑃𝑐

𝜂
                                                        (2.7) 

2.4.4 Chip control 

In the late 1930s, chip formation was divided into three categories and described in 

terms of the following types [37]:  

 Discontinuous or segmented chip 

 Continuous steady state chip 

 Continuous chip with built-up edge 

The type of chips produced have a practical influence on the machining process as 

regards [13]: 

 Personal safety 

 Possible damage to equipment and product 

 Handling and disposal of chips after machining 

 Cutting forces, temperatures, and tool life 

Chip control or chip breakability is important to manage chip formation in a cutting 

process. In general, short chips are desirable because it is easier to remove them 

from the cutting zone. Long, continuous chips have a tendency to be caught against 

and nest around the workpiece material, resulting in chip hammering and 

destruction of the machined surface. Table 2.2 shows how chips are classified. Chip 

breaking is achieved by inducing chip curl, which causes periodic fracture due to 

excessive strain in the chip. Chip breaking can be controlled by introducing a chip 

breaker on the cutting tool, increasing the feed, or enhancing the brittleness of the 
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workpiece [13]. Cutting fluid also affects chip breakability. Greater chip curl is 

achieved by introducing a cutting fluid that reduces the contact length between the 

chip and the tool interface [38]. Chip control has been emphasized lately due to the 

development of a higher degree of automated machining that improves product 

quality and material removal rates. Jawahir and van Lutterveld presented an 

extensive review of chip control in metal cutting and listed parameters influencing 

efficient chip breaking and chip disposal (Figure 2.5) [39]. Jawahir et al. discussed 

the effects of chip flow on tool wear. The effect of the chip breaker groove geometry 

on tool wear could be an important consideration compared to other wear factors 

[40]. 

Table 2.2. Classification of different chip types [41]. 
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Figure 2.5. Parameters influencing efficient chip breaking and chip disposal [39]. 

2.4.5 Burr formation 

Burrs are mainly formed at the end of a cut and are highly undesirable. A burr is a 

partially formed chip, created at the surface along the workpiece, which is too weak 

to support the forces involved in creating a complete chip. A burr extends over the 

intended surface and makes the handling process and assembly operations more 

difficult [42]. Pekelharing was the first to describe the connection between chip 

formation process and the mechanism of burr formation in metal cutting [43]. 

Gillespie and Blotter published the first fundamental work relating to burr formation 

[44, 45]. They introduced four categories of burr formation: Poisson burr, rollover 

burr, cutoff burr, and tear burr (Figure 2.6). Poisson burrs appear when the material 

tends to bulge to the sides during compression, until permanent plastic deformation 

occurs. Rollover burr is also known as exit burr because it is usually formed at the 

end of the cut when the chip is bent rather than sheared off. Tear burr appears when 

the material tends to tear off from the workpiece instead of shearing off. Cutoff burr 

appears when workpiece separation occurs from the raw material before the 

separation cut is finished [44]. 
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Figure 2.6. Different types of burr formations [44]. 

2.5 Deformation Zones 

In a cutting process, the major part of the energy provided is converted to heat 

through plastic deformation and friction. The energy provided is directed into three 

zones where material deformation occurs. Each of the three deformation zones is 

exposed to a rise in temperature that is proportional to the volume of the geometric 

extension of the zone and the amount of converted energy. The primary deformation 

zone (1) extends from the tip or edge line of the cutting tool to the intersection 

between the surface of the undeformed workpiece and the deformed chip. In this 

region the material is sheared off and removed in the form of a chip. In the secondary 

deformation zone (2), the deformed chip is transported from the primary cutting 

zone along the rake face of the tool. In the tertiary deformation zone (3), the cutting 

tool moves over the newly machined surface and the workpiece surface slides in 

contact with the clearance face of the cutting tool. The position and width of the 

deformation zones εI in the shear plane, εII in the deformed chip and εIII in the newly 

machined surface, are illustrated in Figure 2.7. In the cutting process, the 

deformation width εI has a direct effect on the deformation speed. The deformation 

widths of εII and εIII have a strong effect on the lifetime of the cutting tool through 

tool wear process. Depending on the volume of these deformation zones, the cutting 

tool can suffer from rapid wear if these small zones rise in temperature due to heat 

concentration [11]. 
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Figure 2.7. Illustration of deformation zones εI, εII and εIII [11]. 

2.6 Single-phase and Refractory Metals 

Throughout this dissertation, the phrase “single-phase metal” refers to the purity or 

the single-crystal structure of the metal. The workpiece materials used in the 

experiments have a purity of ≥ 99.7 %. The use of SPM is limited in normal 

production, and it is mainly used for specialized products such as components for 

particle accelerators. These components place high demands on tolerances and 

surface roughness because they have to function in a clean ultra-high vacuum 

environment at cryogenic temperatures of 2–4 K. The required surface roughness 

(Ra) values of these components are usually below 0.8 µm and even below 0.1 µm. 

These requirements increase the cost of components significantly, especially when 

producing components in materials that are difficult to machine. Although a wide 

selection of materials are used in these facilities, this thesis sets the primarily focus 

on copper, niobium, and tungsten. Copper and niobium are soft, ductile, strain-

hardening materials that are challenging to machine due to continuous chips, chip 

welds, and damage to surfaces, resulting in poor surface quality. Tungsten, on the 

other hand, is brittle and a much harder metal. Brittle fracture occurs during 

machining and the resulting surface quality is also poor. These challenges can be 

difficult to overcome because surface quality is of the utmost importance. Niobium 

and tungsten belong to the group of refractory metals, which are characterized by a 

higher melting point than platinum (> 1772 °C). Niobium and tungsten also have a 

BCC crystal structure, and in a certain temperature range, these metals undergo a 

ductile to brittle transition (DBTT) resulting in increased ductility (reduction in 

area) and a decrease in yield and tensile strength, which may be favorable or 

unfavorable for the surface generation and tool wear. The following section will 

present a brief introduction to these three materials focusing on parameters that 

potentially influence their machinability. 
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2.6.1 Oxygen-free copper 

Copper (Cu) is one of the first metals ever used by humans because it is one of the 

few metals that can naturally occur in a usable metallic form. Historically, it has 

mainly been used as an alloy in brass or bronze, for example, in decorative or 

building materials. Today, Cu is one of the most common metals used in commercial 

products, ranked third after steel and aluminum. It has excellent electrical and 

thermal conductivity and high resistance to corrosion. It is therefore used in 

electrical wires and circuits and in pipes, for example in heating systems, air 

conditioning, gas lines and drinking water [46]. It is also used in components for 

particle accelerators such as cavities (Figure 2.8a) or magnets.  

Cu is a soft and ductile metal that is difficult to machine because the surface is prone 

to chip welds, burrs, and smearing of the machined surface. The chip formed is long 

and continuous, and chip breakers on the cutting tool have little effect. Sharp cutting 

tools are recommended. On the positive side, tool wear is comparatively low [46, 

47]. Selected material properties are shown in Table 2.3 and the microstructure of 

Cu is shown in Figure 2.8b. 

  

Figure 2.8. (a) Accelerator cavity in oxygen free copper (OFC); (b) microstructure of OFC. 

Table 2.3 Selected material properties for annealed copper, typical values [48]. 

Designation Hardness 

[HV] 

Yield 
Strength 

[N/mm2] 

Ultimate Tensile 
Strength 

[N/mm2] 

Elongation at 
Break 

[%] 

Thermal 
Conductivity 

[W/m-K] 

Copper 50 33.3 210 60 398 @ 27 °C 

2.6.2 Niobium 

Niobium (Nb) or columbium (as it was called at its discovery) belongs to the group 

of refractory metals that have a higher melting point than platinum (> 1772 °C). The 

element was discovered by Charles Hatchett in 1801, but it would be more than a 
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century before any practical use was made of it. Consumption of Nb increased in 

the 1930s when it was used as an alloy addition to stainless steel and superalloys. 

The use of Nb in superalloys increased during the Cold War in the late 1950s and 

the early 1960s when space and missile defense programs were launched [49]. Nb 

is corrosion-resistant and exhibits superconductive properties and so is used to 

manufacture superconducting cavities (Figure 2.9) as well as magnets for particle 

accelerators. At present, the primary sectors consuming Nb are construction, 

automotive, and oil and gas. Adding 50–60 grams of Nb per ton is enough to 

produce high-grade steel with increased strength and durability and lower weight. 

The addition of US $9 worth of Nb to a car leads to a 100 kg weight reduction and 

ongoing fuel savings of one liter per 200 km [50]. 

In high-purity form, niobium is also used for manufacture of nozzle for missile and 

space lunch vehicles and other military applications. Therefore, there is very limited 

information about tools and cutting conditions for machining pure Nb in public 

domain. However, the machinability of Nb is comparable to that of soft and ductile 

copper [51], which leads to surface defects such as adhesion, built-up edges, side-

flow, and burr formation. Table 2.4 shows selected material properties. The 

microstructure of Nb is shown in Figure 2.10. 

 

Figure 2.9. Accelerator cavity in Nb. 

Table 2.4 Selected material properties for annealed niobium, typical values [48]. 

Designation Hardness 

[HV] 

Yield 
Strength 

[N/mm2] 

Ultimate Tensile 
Strength 

[N/mm2] 

Elongation at 
Break 

[%] 

Thermal 
Conductivity 

[W/m-K] 

Niobium 80 207 300 30 52.3 @ 20 °C 

2.6.3 Tungsten 

Tungsten (W) belongs to the group of refractory metals and is distinguished by its 

high density (19.3 g/cm3) and by having the highest melting temperature (3422 °C) 

of all metals. It has high strength at high temperatures, resistance to wear, and good 

electrical and heat conductivity. It was initially known as wolfram, but the origin of 

that name is unclear. It probably dates back to tin mining in Germany in the Middle 
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Figure 2.10. Microstructure of high-purity niobium. 

Ages, for the tin ore included the mineral (Fe, Mn)WO4. The word “tungsten” comes 

from the Swedish words tung sten (heavy rock). W was discovered as a part of a 

mineral by Cronstedt in 1755 and Scheele in 1781. However, it was two Spanish 

scientists who first described the isolation of the element. After its discovery, W 

was little used until the late nineteenth and early twentieth century when it came 

into use as an alloy for high strength steels. With the discovery of ductile W that 

could be used as a filament in light bulbs, the use of W increased rapidly. W also 

came to be used in special tool steels and tungsten carbides for use in cutting tools. 

With the introduction of space programs, the use of W also extended to nozzles of 

rocket motors and protective shields for space vehicles for high temperature use 

[52]. Figure 2.11a shows a prototype of a component used in a research facility and 

manufactured in single-phase W. 

  

Figure 2.11. (a) Prototype of component in a research facility manufactured in W; (b) microstructure of high-purity W. 
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As with Nb, machinability information about pure W is limited, yet it is generally 

accepted that W is a difficult-to-machine material. Unlike Nb and Cu, the metal is 

brittle and hard, which results in chipping of machined parts at unsupported surfaces 

and rapid tool wear during machining [53]. Selected material properties are shown 

in Table 2.5. The microstructure of W is shown in Figure 2.11b. 

Table 2.5 Selected material properties for tungsten, typical values [48]. 

Designation Hardness 

[HV] 

Yield 
Strength 

[N/mm2] 

Ultimate Tensile 
Strength 

[N/mm2] 

Elongation at 
Break 

[%] 

Thermal 
Conductivity 

[W/m-K] 

Tungsten 310 750 980 0.2 163.3 
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3 Machinability Study 

The following sections present a machinability study of selected single-phase 

metals. The focus area of the research is presented and the results are described and 

analyzed.  

3.1 Experimental Study 

The experimental studies were limited to longitudinal machining in a lathe. ISO 

CNMG-, CNGA-, CCMW- or CCGA120408 tool geometries were used in Papers I 

and III–VI. The tool was clamped in a DCLNL or PCLNL-Jet toolholder, providing 

-6° back and -6° side rake angles and a 95° major cutting edge angle. The cutting 

fluid used was Cimstar 501-02. In Paper II a triangular TPUN160308 tool was 

clamped in a R175.2-3225-16 toolholder with 0° back and -6° side rake angle. 

Cutting forces were recorded with a piezoelectric Kistler 9129-AA dynamometer, 

and surface roughness was measured with a Mahrsurf PS1 profilometer. Samples of 

the machined surface were cut out with a wire-EDM, mounted in epoxy for further 

preparation, and polished with a diamond (3µm and 1 µm) and SiO2 suspension. 

Nanoindentation was performed on a NanoTest Vantage system with the load range 

1 to 200 mN using a Berkovich diamond indenter with a 120 nm tip radius.  

Different types of microscopy techniques were used depending on the results 

required. An Alicona 3D light microscope was used for general imaging and 3D 

topography measurement of the machined surface and tool wear. Tool wear was 

also measured in an Olympus SZX7 optical microscope. Scanning electron 

microscopy (SEM) images were acquired using a Tescan Mira3 equipped with a 

field emission gun and an Oxford XEDS detector. A focus ion beam (FIB) lift-out 

technique was performed in a FEI Nova NanoLab 600 dual beam FIB/SEM. 

Transmission electron microscopy (TEM) was performed in a JEOL 3000F 

equipped with a field emission gun and Oxford XEDS detector. 

Finite element (FE) simulations of burr formation were performed for different 

cutting parameters of the case of machining of OFC. Abaqus v6.12-3 was used for 

the simulations. The FE formulation used was Euler-Lagrangian (CEL) [54]. A 

constitutive model was used to describe the plastic behavior of the workpiece using  



25 

 

Figure 3.1. FE modeling of burr formation during machining of OFC. 

Johnson-Cook plasticity [55]. Due to limited computational power, simulations 

were limited to one revolution of the workpiece. Figure 3.1 shows an example of 

the results from FE simulation. Further details of the FE modeling process can be 

found in Paper II [56].  

The diffusion couple method was used to study the interaction between Nb and 

cemented carbide (CC) under static conditions of high pressure and temperature 

(HP-HT) similar to those of the machining process. A round polycrystalline 

diamond (PCD) tool insert (PCD top layer and CC bottom layer) of 6.35 mm in 

diameter was placed in a cylindrical Nb capsule surrounded by a special high-

pressure assembly to ensure uniform pressure and heating of the Nb capsule. The 

assembly was placed in a toroidal high-pressure apparatus HPAT-30 (Figure 3.2), 

and was heated to 1000 °C under 2 GPa pressure for 10 min. The temperature field 

within the HP-HT assembly was calculated using an electrical-thermal coupling 

implemented in FE software according to [57]. Further information on the diffusion 

couple setup can be found in Paper IV [58]. 

The cryogenic distribution system consists of a Cryostor 60 dewar supplied by 

Statebourne cryogenics with a 2.8 bar working pressure, 60 liter storage capacity, 

and an integrated pressure system (Figure 3.3a). The dewar was connected to a 

subcooler, a copper coil submerged in liquid nitrogen (LN2), to reduce the fraction 

of gas in the LN2 stream during transportation to the outlet nozzle. The cryogenic 

machining setup is shown in Figure 3.3b. 
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Figure 3.2. Toroidal high-pressure cell used for HP-HT treatment of the diffusion couple sample. 

 

Figure 3.3. (a) Cryogenic distribution system; (b) Cryogenic machining setup. 

An induction heating system was used to preheat the workpiece before machining. 

The system consists of a water-cooled copper coil with ten windings that is 

configured for continuous operation of about 140 Arms coil current at 20 kHz, 

corresponding to 1.2 kW of active power heat. The copper coil was mounted on a 

stand for easier installation in the lathe. Figure 3.4 shows the machining setup. The 

temperature was measured using a FLIR ThermaCAM T360 IR camera and 

thermocouples.  
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Heating a W workpiece clamped in a lathe was simulated in Comsol Multiphysics 

to understand the heat transfer prior to experimental studies of induction-assisted 

machining (IAM). The simulations were divided into two parts: the induction 

heating of the W workpiece and the subsequent cool down. The results of the 

simulations of the heat distribution within the W workpiece at different time 

intervals are presented in Figure 3.5, where 0 mm indicates the center of the copper 

coil in the axial direction, reflecting the highest temperature during heating of the 

workpiece (Figure 3.5a). Figure 3.5b shows that the highest temperature is at the 

free end of the workpiece and the coolest section is at the clamped end during cool 

down. Further information about the induction heating process, simulations, and 

identification of the process temperature is available in [59]. 

 

Figure 3.4. Induction preheating setup for hybrid thermally assisted machining of W.  

 

Figure 3.5. (a) Simulation of heat distribution during induction heating at different time intervals; (b) simulation of the 
cooling process of the W workpiece. 
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3.2 Product Quality and Surface Topography  

Components produced for accelerators in research facilities usually have high 

demands for quality related to product functionality. These special requirements 

limit the choice of materials and therefore the use of uncommon material is more 

frequent in such facilities. The use of SPM leads to various challenges during 

machining and to quality-related problems, which will be discussed in the following 

section. 

The surface topography and quality of a product are strongly connected to surface 

integrity (SI) parameters. These parameters depend on material properties of the 

workpiece and the selection of tools and cutting parameters during machining. The 

quality of the machined surface is mainly associated with surface roughness, as it is 

easier or more effective to measure than other parameters. Methods of surface 

roughness measurements are usually nondestructive compared to other SI 

parameters related to the subsurface information. Surface roughness is the most 

frequently used parameter in industry to evaluate the quality of a product. 

3.2.1 Influence of burr and chip formation on product quality 

The influence of burr and chip formation on quality of the machined workpiece is 

dependent on material properties related to ductility or brittleness. Ductile materials 

such as OFC and Nb form continuous chips, which can tangle around the workpiece 

and damage the machined surface (see Figure 3.6). Ductile materials also tend to 

push uncut material ahead of the tool (Figure 3.7a) or bulge on the sides, forming 

unwanted burrs. This is bad for dimensional accuracy and handling, and requires 

extra attention to the product to remove these burrs. Brittle material, on the other 

hand, usually creates short chips, which is desirable in the machining process. 

However, the high brittleness when machining W can result in burrs at unsupported 

edges (chipping) (see Figure 3.7b). Hashimura et al. [60] analyzed burr formation 

with FE simulations and identified eight stages of the burr formation process when 

comparing ductile and brittle materials. Toropov et al. performed FE simulations 

and studied the degree of burr formation in relation to tool geometry and cutting 

parameters [61-64].  

Production costs can be reduced by minimizing burr formation or problems with 

chips during machining. Problems with chip re-weld or material redeposition are 

clearly shown in the top part of Figure 3.6. An attempt was made to reduce the 

degree of chip re-weld by submerging the OFC rod in LN2 before machining with 

similar cutting parameters and tool. The result can be seen in the bottom half of the 

picture where the material redeposition have been reduced to a minimum. Similar 

results have been seen in studies comparing different coolant methods and LN2 
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coolant [65, 66]. A different example of excessive pile-up of material in front of the 

tool, known as radial/Poisson burr (Figure 3.7a) is strongly related to cutting 

parameters and selection of tool/geometry. Machado et al. studied the influence of 

cutting parameters on the formation of exit burrs when machining carbon steel 

AISI1045. The thickness and height of the burr is affected by the cutting speed, feed 

rate, entering angle, and depth of cut [61]. 

 

Figure 3.6. Surface of OFC workpiece exposed to chip re-weld and material redeposition (top view) and OFC 
workpiece submerged in LN2 before machining (bottom view). 

    

Figure 3.7. (a) Excessive radial burr formation during machining; (b) chipping of unsupported edge. 

Burr formation in the cutting process of OFC was studied in Paper II [56] by using 

high-speed footage at 9300 fps. From an experimental test at vc = 150 m/min and f 

= 0.2 mm/rev, burr formation can be divided into different stages. Burr initiation is 

shown in Figure 3.8.1. The burr continues to grow until a maximum is reached in 

Figure 3.8.3. In the next step (Figure 3.8.4), the burr and chip become entangled 

with each other, and the chip removes the burr from the surface and transports it 

away from the cutting zone, at which stage the process starts over again. The high-

speed footage shows that the burr formation depends on the chip curl closest to the  
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Figure 3.8. Different stages of burr formation when machining OFC. 

cutting zone. At feed f = 0.2 mm/rev, the chip curl is further away from the cutting 

zone and the burr is not removed as frequently as at f = 0.35 mm/rev. However, the 

burr formation is more intense at f = 0.35 mm/rev. This was also seen in the 

individual cutting case in the experimental studies where the burr was partially 

removed at the time when the cutting process was halted after the tool was removed, 

resulting in a need for repeated tests to ensure that the burr had not been removed 

from the workpiece. 

FE simulation of the influence of cutting parameters on burr formation during 

machining OFC material was performed. The cutting parameters used in the FE 

simulations and experimental verifications are shown in Table 3.1. 

Table 3.1. FE simulation cutting parameters. 

Parameter Value 

f (mm/rev) 

ap (mm) 

κ (°) 

0.06, 0.2, 0.35 

0.5, 1, 2 

90, 80, 70 

 

The burr height and width could be determined by counting the number of pixels of 

the affected elements in the FE simulations, as seen in the bumps in Figure 3.9. FE 

simulations show that burr height may double, depending on the selection of major 

cutting edge angle and cutting depth (Figure 3.10a and b). The feed rate has only a 

minor impact on burr height.  
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Figure 3.9. FE simulation of burr height for OFC at ap = 1 mm, f = 0.35 mm/rev, and κ = 90°. 

 

Figure 3.10. (a) FE simulations of radial burr height at different feeds; (b) radial burr height at different major cutting 
edge angles. 

The experimental tests show that all the tested parameters influence the degree of 

burr formation (see Figure 3.11a and b). Figure 3.11a shows there is a significant 

increase in the burr height between ap = 0.5 mm to 1 and 2 mm depending on the 

cutting depth. At cutting depths of 1 and 2 mm, there is a local minimum at f = 0.2 

mm/rev. When comparing the FE simulations and experimental results, the 

influence of cutting depth is similar, although the burr height from the FE 

simulations is exceptionally small. Small burr heights and deviation of the feed 

results can be related to the different conditions as the FE simulations only consider 

one revolution. In the simulations, only the initiation of the burr is considered 

compared to the fully developed burr in the machining tests.  

Burr formation in the radial direction is closely connected to the generated burr 

thickness. Cross sections of samples machined at f = 0.2 mm/rev and ap = 0.5 mm 

and 2 mm show differences in burr thickness (Figure 3.12). At cutting depth 0.5 mm 

(Figure 3.12a), the burr thickness and height are not as visible as at ap = 2 mm, 

where the burr thickness is 0.55 mm (Figure 3.12b). The burr thickness is larger 
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than the feed f = 0.2 mm/rev, which means that the burr formed at the current 

revolution will not be removed by the next revolution. Measurements of burr 

thickness on the other samples also show higher values compared to the 

corresponding feed. When the burr thickness from the previous revolution is less 

than the corresponding feed, the burr formation can be cut off in the next revolution 

[62]. 

The results from different major cutting edges angle reveal a significant increase in 

burr height between κ = 70° and 80° (Figure 3.13). Examining the cross sections of 

the different machined samples, only a small burr height of 0.066 mm exists at κ = 

70°, and no burr thickness is visible. At κ = 70° the direction of the burr is directed 

toward the uncut surface and the resultant force (A-R direction) compresses the 

material instead of pushing it aside. FE simulations support the trend of increasing 

burr height with increasing major cutting edge angle, although the experimental 

result at κ = 80° is higher.  

 

Figure 3.11. (a) Experimental results of radial burr formation at different feeds; (b) radial burr formation depending on 
the major cutting edge angle. 

 

Figure 3.12. Burr formation at feed f = 0.2 mm/rev, (a) ap = 0.5 mm and (b) ap = 2 mm. 
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Figure 3.13. Cross sections of samples machined at different major cutting edge angles κ = 70°, 80° and 90°, with ap 

= 1 mm and f = 0.2 mm/rev. 

3.2.2 Generated surface topography 

In the design process, values of surface roughness Ra are often specified on the 

drawings as a quantitative value to measure product quality. Ra values are specified 

depending on different aspects and conditions related to material properties, the 

functionality of the product, size, or aesthetic appearance. Machining SPM comes 

with various challenges and achieving the specified surface roughness can be 

difficult.  

Equations for calculating surface roughness Ra during machining have been 

published by several authors [67-71]. The equations are in general based on 

experimental data with numerical adaption. Puhasmägi [72] proposed a model 

divided into three different machining cases depending on a combination of feed 

and tool nose radius. The model is limited to surfaces generated by the nose radius 

of the cutting tool. One of the machining model cases was further used to express 

an approximate analytical equation for Ra (Equation 3.1) where r is the tool nose 

radius [73]. 

                      𝑅𝑎 = 0.77 ∙ (1 −
𝑓

2𝑟

arcsin(
𝑓

2𝑟
)

) ∙ 𝑟  3.1 

Published equations can be used as a general expectation of the surface roughness. 

However, experimental results and calculated values deviate due to defects such as 

BUE and side-flow, damage to the tool, and vibrations. 

In particle accelerators, components made for the accelerator have the highest 

requirements on the machined surface. OFC and Nb are frequently used in these 

structures, and the requirements of the surface roughness for the most critical 

components range from Ra = 0.05–0.8 µm.  
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3.2.2.1 Copper 

Papers I and II present the influence of cutting parameters on material properties 

[74] and burr formation [56] during machining of OFC. However, surface 

topography and especially surface roughness were not discussed in detail. 

Machining tests focusing on surface roughness were performed but in a different 

context, with the focus on the production of prototype OFC components in 

collaboration with local manufacturing industries. Machining tests showed that the 

targeted value of Ra = 0.4 µm surface roughness was consistently met. These 

successful tests were performed with uncoated tools with a nose radius r = 0.2 mm 

with VCGT and DCGT geometry at cutting speeds vc = 75–400 m/min, feed f = 

0.01–0.05 mm/rev, and cutting depth ap = 0.05–0.1 mm. The results show that 

cutting speed has less influence on the resulting surface roughness than the feed and 

cutting depth have. Two of the major problems in machining OFC are controlling 

the continuous chip and having a tool sharp (small edge radius rβ) enough to cut off 

the material and so avoid problems with burr formation and re-welding on the cut 

surface. An uncoated tool with a small nose radius performs very well at very low 

feeds and cutting depths when cutting OFC. At these cutting conditions, the 

maximal theoretical chip thickness is low, and due to the low cutting depth and feed, 

the chip is not directed toward the newly cut surface and is less prone to tangle 

around the workpiece. Moreover, the temperature of the chip is lower due to the 

small thickness of the chip, which minimizes re-welding of debris and results in a 

better surface quality. 

It is worth mentioning that machining tests with a single-crystal diamond tool with 

a nose radius of r = 0.8 mm and edge radius rβ ≤ 0.5 µm, machined at the same 

parameters mentioned above, resulted in a surface roughness below Ra = 0.1 µm.  

3.2.2.2 Niobium 

Paper III [75] reports on experimental tests measuring surface roughness Ra with 

four different tooling solutions, which were selected based on pre-screening of six 

different tooling solutions. However, due to severe tool wear of polycrystalline 

cubic boron nitride (CBN 170) and single-crystal diamond, these tools were 

excluded from further testing. After further screening, two tooling solutions, PCD 

and TiAlN – TiSiN coated carbide tools, were selected for extended tests with 

different cutting parameters. The results from the extended tests are shown in Figure 

3.14 and are compared to the theoretical surface roughness calculated according to 

Equation 3.1. The PCD tool shows mixed results, with the best results obtained for 

a low cutting speed of vc = 55 m/min and at a higher cutting speed of vc = 100 m/min. 

Figure 3.14a shows the best obtained surface roughness is Ra = 0.46 µm at vc = 55 

m/min and f = 0.025 mm/rev. For the TiAlN – TiSiN coated tool, the surface 

roughness decreased with increasing cutting speed (Figure 3.14b). Despite better 

surface roughness results, the PCD tool suffered from rapid tool wear and  
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Figure 3.14. (a) Surface roughness at different cutting speeds and feeds for (a) PCD and (b) TiAlN – TiSiN tools. 

spontaneous breakage. The experimental roughness measurements are higher than 

the theoretical surface roughness due to various types of surface damage on the 

machined surface.  

Paper VI [59] reports on extended machining tests under different cutting conditions 

and evaluation of the resultant surface roughness. The cutting conditions included 

flood and high pressure (HP) and liquid nitrogen (LN2) coolants. The cutting speed 

was also increased as higher cutting speed supported better surface quality. The 

tools tested in the study were TiAlN – TiSiN coated and uncoated cemented carbide. 

When flood and HP coolant were used, both tools showed a decrease in surface 

roughness at cutting speeds exceeding vc = 150 m/min. The best results were 

achieved at cutting speeds vc = 225–250 m/min and feed f = 0.075 mm/rev (see 

Figure 3.15 and Figure 3.16). Using LN2 did not significantly improve the surface 

roughness compared to other cutting conditions, see Figure 3.17. The results 

indicate that it may be possible to machine Nb with a surface roughness close to Ra 

= 0.4 µm with coated and uncoated CC tools using flood or HP coolant. 

 

Figure 3.15. Surface roughness Ra for uncoated CC tool, depending on cutting speeds and feeds under 
(a) flood coolant and (b) HP coolant supply. 
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Figure 3.16. Surface roughness Ra for TiAlN – TiSiN coated CC tool, depending on cutting speeds and 
feeds under (a) flood coolant and (b) HP coolant supply. 

 

Figure 3.17. Surface roughness Ra depending on cutting speeds and feeds under LN2 coolant supply when 
machining with (a) TiAlN – TiSiN coated CC and (b) uncoated CC tool. 

3.2.2.3 Tungsten 

Tool wear mechanisms during machining of W were the main focus of Papers V 

[76] and VI [59]. However, surface roughness was also measured to evaluate the 

surface quality as a function of the wear of the tool. PCD and TiAlN – TiSiN coated 

CC tools were used in the experiments. The cutting speed was varied while the 

cutting depth (ap = 0.3 mm) and feed (f = 0.075 mm/rev) were held constant. In 

general, the results showed wide variation in surface roughness with cutting length 

depending on the tool used and different cutting conditions. Figure 3.18 shows that 

there was a rapid increase in surface roughness from unworn to semi-worn state 

with the PCD tool. The surface roughness was better when cutting at higher cutting 

speeds, which were also associated with longer tool life. Figure 3.19a shows the 

results when using HP coolant, and Figure 3.19b shows the results when using LN2 

coolant. The best surface roughness was achieved with HP coolant; however, HP 

coolant and flood coolant also yielded the shortest tool life. LN2 coolant yielded a 

longer tool life, but the variation in surface roughness was larger. The overall results 

of the surface roughness from the different cutting conditions range from Ra 1.4–
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2.0 µm. These results are rather high considering the mild cutting parameters. 

However, components made from W for accelerators have a higher limit on surface 

roughness than OFC and Nb components. 

 

Figure 3.18. Surface roughness, Ra, of the machined surface as a function of cutting length for PCD with HP coolant 
and different cutting speeds. 

 

Figure 3.19. Surface roughness, Ra, of the machined surface as a function of cutting length for TiAlN - TiSiN at 
different cutting speeds for (a) HP coolant and (b) LN2 coolant. 

3.2.3 Surface damage 

Machining SPM is challenging due to the extreme ductility or brittleness of the 

material. Surface damage occurs during machining has a negative effect on the 

resulting quality. There are different types of surface damage, such as tears, laps, 

side-flow, redeposited metal, and BUE [33]. The extent of surface damage is closely 

linked to process parameters, the use of cutting fluid, the tools used, and tool wear, 

as has been demonstrated when machining Inconel 718 [77-80].  

Different types of surface damage appear on the machined surface of ductile 

material such as OFC and Nb. Samples of the machined surface were cut out with 

wire EDM, and cross sections in the speed direction were mounted and polished 

before microscopy. Figure 3.20 shows different types of surface damage on the 
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surface after machining Nb with HP coolant. Side-flow (Figure 3.20a) produces 

burrs on the feed mark ridges and is highly dependent on tool wear, cutting speed, 

feed, type of tool, and nose radius [13]. Side-flow is driven by two mechanisms. 

The first is a minimum chip thickness effect where uncut material is plowed under 

and aside the cutting edge. The second is that as tool wear increases, material can 

flow through the notch on the minor cutting edge to the side of the tool [81]. Tears 

(Figure 3.20b) appear as small depressions in the surface and occur when the 

adhesion between the tool flank side and the surface is high enough to tear off 

material from the surface [82]. Material redeposition or debris was found on the 

machined surface, which affects the surface quality negatively (Figure 3.20c–d). 

Pull-out material that is not transported away from the cutting zone with the chip 

can adhere to the cutting surface [80]. Adhered particles of the residual chip or tool 

due to elevated process temperatures have also been reported [83]. BUE was found 

on the machined surface when machining Nb and W, despite the common notion 

that SPM are not prone to forming BUE [7]. BUE formation from machining of Nb 

can be seen on the machined surface in Figure 3.21a. This is confirmed by an 

additional cross-section image (Figure 3.21b). BUE was formed during machining 

with both PCD and TiAlN – TiSiN coated CC tools.  

Under HP coolant supply, BUE formation on the machined surface was more 

pronounced during machining of W compared to Nb. Figure 3.22a shows a section 

of the machined surface generated with an unworn PCD tool at vc = 195 m/min. 

Uniform feed tracks and the minor presence of surface cracks can be seen in the 

image. Figure 3.22b shows the machined surface from the same PCD tool in a 

wornstate, just before reaching VBmax = 300 µm. The surface is covered by BUE,  

 

Figure 3.20. Surface defects such as side-flow, tears, and chip re-weld generated by machining. 
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which explains the rapid increase in surface roughness seen in Figure 3.18. Analysis 

of the BUEs and surrounding surface reveals a combination of W ductile and brittle 

deformation mechanisms in the machined surface that can be seen by the typical 

cleavage surfaces (black rectangle) in Figure 3.22c. A cross section of the machined 

surface in the speed direction is shown in Figure 3.22d, where BUE heights of up to 

five micrometers are observed. 

 

Figure 3.21. BUE defects generated at the machined surface. 

 

Figure 3.22. SEM images of W surface machined with a PCD tool at vc = 195 m/min. (a) Machining with unworn tool; 
(b) BUE formation when machining with a worn tool; (c) BUE surface revealing ductile (white ellipses) and brittle 
fracture (black rectangle) of W; (d) cross-section view of BUE in the speed direction. 
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Figure 3.23. Resulting surface for PCD tool at vc = 300 m/min. 

Increasing the cutting speed to vc = 300 m/min resulted in decreased generation of 

BUE on the machined surface during cutting with PCD tools. This change is 

reflected in the improved surface quality seen in Figure 3.23 for higher cutting 

speeds. 

Machining W with TiAlN – TiSiN coated CC tools also led to the presence of BUE, 

but to a much greater extent. The BUEs are continuously built and broken within 

the feed tracks (Figure 3.24a). The lower thermal conductivity of the CC tool 

compared to PCD leads to lower heat dissipation during machining, which can affect 

BUE formation. Furthermore, abrasion marks can be seen on the top surface of the 

BUEs, most likely caused by rubbing of the tool’s minor cutting edge resulting in 

rapid tool wear (Figure 3.24b). 

  

Figure 3.24. (a) SEM image of the machined surface with a TiAlN - TiSiN coated tool at HP condition (vc = 250 m/min) 
and (b) detailed view of BUE formation on the machined surface. 
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Machining W in dry and heated cutting conditions results in an increase in BUE 

formation on the machined surface compared to HP conditions. Machining a 

preheated workpiece (Figure 3.25a–b) results in a higher degree of BUE on the 

surface compared to dry conditions (Figure 3.26a–b). During machining, the 

formation of BUE in a region is dependent on the process temperature [11]. In the 

case of dry and especially preheated cutting conditions of W, the increase in BUE 

formation on the surface indicates that the cutting process is closer to the local 

maxima of the BUE region than under cooler cutting conditions when HP coolant 

is used. After the BUE region, the flow zone is entered with a decrease in BUE 

formation. However, the flow zone is never entered when machining W as the 

cutting tools fail at increased cutting speed and process temperature.  

 

Figure 3.25. (a) BUE formation covering the machined surface (feed direction) for induction-assisted condition (vc = 
125 m/min); (b) cross-section view of multiple BUE formations on the machined surface (speed direction); (c) view of 
BUE at increased magnification. 

 

Figure 3.26. (a) BUE formation covering the machined surface (feed direction) under dry cutting condition (vc = 160 

m/min); (b) cross-section view of formed BUE (speed direction). 
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3.3 Machining-Induced Subsurface Deformation and 

Defects 

3.3.1 Deformation 

Deformations can be identified in three zones as described in Section 2.5. Figure 

3.27 shows the results from a quick-stop test in copper with three zones, ε. The 

deformation zone εIII of the newly machined surface will be further analyzed below. 

The deformation of the machined surface depends on various factors such as 

workpiece material, tooling solution, tool wear, and cutting parameters. The 

influence of some of these parameters is discussed and presented below. 

 

Figure 3.27. Deformation zones in a cutting process. 

3.3.1.1 Depth and extent  

Subsurface deformation was studied in Papers I [74] and III [75] and analyzed with 

optical microscopy and hardness measurements. Subsurface deformation was 

studied in different ways depending on the machined material. Cross sections in the 

feed direction of the machined material were prepared to study the influence of 

cutting parameters, tooling solutions, and tool wear. Machining of high ductility 

material such as OFC and Nb results in relatively deep subsurface deformations. 

Deformations can be divided into different deformation zones depending on the 

extent of the affected zone and the distance from the machined surface [79]. The top 

layer zone (εIIIsevere) is strongly affected by mechanical loads (frictional force) and 

thermal loads during machining. It is characterized by heavily deformed 

microstructure as a result of work hardening. The overall depth of deformed layer 

(εIII) is identified by bending and shear strain of the grain boundaries or presence of  
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Figure 3.28. (a) SEM image and illustration of deformation depths εIII and εIII severe for OFC; (b) observed deformation 
depths at different feeds. 

slip lines. Deformation zones εIII and εIIIsevere are shown in Figure 3.28a from 

machining OFC at vc = 150 m/min and f = 0.15 mm/rev. Figure 3.28b shows 

observations of εIII and εIIIsevere at different feeds. The observations show a clear 

relation between increased feed and deformation depth. 

Like OFC, Nb also shows both types of subsurface deformation, which can be 

divided into εIII and εIIIsevere. The influence of two tooling solutions, PCD and TiAlN 

– TiSiN coated CC, on subsurface deformations using different cutting parameters 

was evaluated, because these tooling solutions maintain sufficient surface roughness 

and tool life. Figure 3.29 shows that the deformation was more pronounced and 

deeper when using PCD tools compared to TiAlN – TiSiN coated tools. The results 

from the visual observations can be seen in Figure 3.30a. The largest deformation 

depth was observed for the TiAlN – TiSiN tool at vc = 100 m/min and feed f = 0.025 

mm/rev. This exception can be related to a size effect reflecting the ratio between 

edge radius of the tool (rβ ≈ 28 µm) and the low feed, which can result in a plowing 

effect instead of cutting. Furthermore, the presence of BUE can contribute to severe 

deformation, which relates to the poor surface roughness at lower feed (Figure 

3.14b). The results show a higher degree of deformation at lower cutting speeds 

compared to increased cutting speeds. The fact that lower cutting speeds produce 

better surface quality with the PCD tool is negated by the larger subsurface 

deformations. A decrease in deformation with increased cutting speed can be 

explained by the similar behavior of the cutting forces, see Figure 3.30b [75]. The 

influence of feed is not as clear as in the case of OFC, although the feed test range 

was not as wide as for OFC, which makes it difficult to compare the results.  

In contrast to OFC and Nb, W is a brittle and hard material, which affects the 

subsurface deformations differently. There is far less deformation than with ductile 

materials and the deformation affects only the top layer closest to the machined 

surface. The machined surface was visually analyzed for subsurface deformations 

as a function of the degree of tool wear in new, semi-worn, and worn PCD tools 
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during machining. Machining W with a new tool results in a deformation depth of 

~2.5 µm. As the tool wears, the deformation depth increases to 9 µm. When the tool 

wear is close to the tool life criterion of VBmax = 300 µm, the deformation depth is 

close to 12.5 µm (Figure 3.31). Previous publications have studied the degree of 

tool wear and its influence on increased subsurface deformations during machining 

of Inconel 718 [84, 85]. When the tool wear increases, the thermal and mechanical 

loads increase thus affecting the subsurface deformations.  

 

 

Figure 3.29. SIM electron channeling contrast images of subsurface deformation for (a) TiAlN – TiSiN and (b) PCD 
tooling (vc = 100 m/min, f = 0.075 mm/rev) when machining Nb. 

 

Figure 3.30. (a) Influence of tool materials and cutting conditions on the depth of deformation εIII during machining of 
Nb; (b) dependence of the cutting force Fc on tool materials and cutting conditions. 
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Figure 3.31. Subsurface deformations and the influence of tool wear of the machined W surface. 

3.3.1.2 Microhardness variations 

Nanoindentation can be used to measure microhardness variations on a very small 

scale. Small loads are applied to measure the hardness of the material in a localized 

area, which makes it suitable to measure variations in hardness due to local work 

hardening. The indentation was carried under a force of 10 mN and was used to 

create several matrices with 3 columns and 25 rows at different locations on the 

samples.  

Figure 3.32 shows the hardness of OFC samples for different feeds. Unlike with 

microscopy images, it is not feasible to differentiate εIIIsevere with nanoindentation. 

However, the results show that the degree of work hardening and deformation depth 

in the bulk material increases with the feed. Discrepancies in hardness can be 

observed in the near-surface region between the samples. This is due to the higher 

degree of deformation for the sample machined at f = 0.35 mm/rev. The results 

correspond to the results from the visual observations in Figure 3.28b. Furthermore, 

the nanoindentation technique is more accurate than visual observations, a fact that 

is reflected in the higher values of deformation depth. 

 

Figure 3.32. Subsurface hardness profile for OFC samples machined at different feeds. 
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Nanoindentation measurements were performed with two different tooling solutions

at two different cutting speeds and four feeds respectively on the Nb samples.

Comparing the results from low to high cutting speed for both tools (Figure 3.33a
and c) shows that the gradient of decreasing hardness is lower and further to
the right for the samples machined at low cutting speed. When the cutting

speed increases, the gradient of decreasing hardness increases, and there is a

lesser subsurface deformation than at lower cutting speeds (Figure 3.33b and 

d). This result can be explained by the decrease in cutting force (Figure 3.30b) 

when the cutting speed increases. In contrast to OFC machining, the influ-

ence of feed on the deformation depth for the Nb samples is difficult to detect. 

The feed range tested is lower than in the OFC machining, although the increase 

in feed is relatively high between the feeds tested. When machining at low 

feeds, the machined surface and deformations can be affected by the deforma-

tions produced by the next revolution of the workpiece [11]. Furthermore, 

given the results in section 3.2.3, the surface can be affected by different 

types of surface damage such as BUE formation. Surface damage nega-

tively influences surface roughness, as can be seen when machining at f = 

0.025 mm/rev (Figure 3.14b). This can also explain the high values of hardness 

for f = 0.025 mm/rev close to the machined surface, and the deviation from lower 

deformation depths at lower feeds as seen in the OFC machining.

Figure 3.33. Nanoindentation results on the subsurface work hardening for PCD tooling (a) vc = 55 m/min; (b) vc = 
100 m/min; TiAlN – TiSiN coated tooling; (c) vc = 100 m/min, (d) vc = 150 m/min. 
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3.3.2 Defects 

Surface defects were mainly visible on W after the machining. The density of the 

machined W rod in the experimental tests was 95 %, which results in residual 

porosity within the microstructure as seen in Figure 2.11b. The porosity (voids) is 

also observed on the extracted samples of the machined subsurface in Figure 3.34a–

b. The voids can serve as crack initiation sites where a crack can propagate along 

the grain boundary (Figure 3.34b) due to the stresses caused in the shear zone, in 

some cases linking voids together (Figure 3.34c). 

 

Figure 3.34. SEM images of surface and subsurface damage when machining with a PCD tool at vc = 300 m/min. (a) 

BUE formation on the machined surface; (b) crack formation and severe subsurface deformation of the machined 
surface; (c) network of voids and cracks on the machined surface. 

3.3.3 Impact of cutting data on material properties 

The relationship between increased subsurface deformation and increased feed 

observed above was further investigated by machining and testing tensile test rods 

in OFC. Yield strength data (Rp 0.2) and elongation at break were acquired for 

tensile rods machined at vc = 150 m/min and f = 0.05 – 0.40 mm/rev. Selected results 

from the tensile tests and data collected at different feeds are shown in Figure 3.35a–

b. The results from the tensile tests, yield strength and elongation at break, are 

plotted against the feed in Figure 3.36a–b. The yield strength increases with feed, 

but elongation at break appears to be inversely related to feed with the exception of 

feed f = 0.30 mm/rev. One of the test rods at feed 0.30 mm/rev showed significantly 

lower elongation at break that decreased the average result. Similar behavior of 

increased yield strength and decreased elongation at break and vice versa have 

previously been reported during different heat treatments and forming processes of 

Inconel 718 [86-88], and at different percentages of alloying content of Zn-Al-Cu 

alloy [89]. The change in material properties is closely related to the microstructure 

of the material, as the size of the grains or grain refinements, degree of work 

hardening (material processing), and dislocations influence to the material 

properties. 
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Figure 3.35 (a) Stress-strain curves for OFC samples machined with various feeds; (b) detail of the stress-strain 
curves in the elastic region. 

  

Figure 3.36. (a) Average yield strength for OFC test rods at different feeds; (b) average elongation at break. 

As in other machining operations [90], grain refinement was found for both OFC 

and Nb machining on the newly machined surface (Figure 3.37a–b). This 

phenomenon is typically associated with dynamic recrystallization (DRX) [85, 90]. 

When machining at low feeds the deformation on the newly machined surface can 

be affected by deformation at the next revolution. This could be the case during 

machining of OFC at f ≤ 0.15 mm/rev. This could also explain why the yield strength 

decreases for cases from feed 0.10 to 0.15 mm/rev. At feed 0.10 mm/rev, the surface 

is more exposed to multiple deformations and the work hardening gradient is higher 

than at 0.15 mm/rev, which can result in a harder top layer. However, the 

deformation depth could still be less at feed 0.10 compared to 0.15 mm/rev, as is 

also indicated in the observed results in Figure 3.36a. The yield strength can still be 

higher at lower feed because of the harder and deformed top layer. A decrease in 

yield strength and increase in elongation at break could be the result of a surface 

that was exposed to less deformation in the previous revolution. When feed 

increases above f = 0.15 mm/rev, the machined surface is not as affected by multiple 

deformations at different revolutions as at lower feeds. Instead, the deformation 

depth and resulting yield strength increases due to work hardening of the workpiece. 
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The resulting increased yield strength with increased feed corresponds to the 

observed deformation depth in Figure 3.28b and the increased hardness with feed in 

Figure 3.32. 

 

Figure 3.37. Grain refinement at the newly machined surface for (a) OFC and (b) Nb. 

3.4 Analysis of Tool Wear 

3.4.1 Wear morphology 

3.4.1.1 Niobium 

The tool is mainly subjected to flank wear with adhesion of Nb on the rake and flank 

faces during machining. Figure 3.38 compares new and used tools. Further analysis 

with SEM imaging shows that the worn-out tool can be divided into three sectors 

on the rake (see Figure 3.39a). In Sector 1 (Figure 3.39b), the tool morphology is 

as-sintered with Co binder covering the tungsten carbide (WC) particles. This part 

of the tool has not been subjected to wear. In Sector 2, which is still outside the tool-

chip region, the surface shows evidence of adhered Nb on the tool surface. The Co 

binder and WC particles have been plucked out (Figure 3.39c). The pluck-out is 

probably due to the Nb chips that adhere and tear off the particles from the surface. 

However, in Sector 3 within the tool-chip contact zone, pluck-out of particles is not 

visible due to strong adhesion of multiple layers of Nb on the tool, which acts as a 

protective layer (Figure 3.39d) [58]. The positive effect of a protective Nb layer is 

further investigated in section 3.4.2. 
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Figure 3.38. SEM images of cross sections of (a) new tool and (b) worn tool with observed Nb adherent layer on the 

rake and worn flank. 

  

Figure 3.39. (a) Overview of the worn tool rake and details of (b) unworn surface of the tool; (c) adhesion and tool 
material pluck-out outside tool-chip contact region; (d) strong adhesion of Nb within the contact region (numbered 
arrows indicate layered build-up of Nb on the tool rake). 

3.4.1.2 Tungsten 

Several different tooling solutions were tested and evaluated in terms of tool wear 

and performance when machining W. The majority of the tested tools suffered from 
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severe tool wear or tool failure in a very short engagement time. Ceramic and cermet 

tools had the worst performance, as can be seen in Figure 3.40a. Whereas Si3N4 and 

cermet suffered from tool failure, SiAlON, Al2O3 – TiC and Al2O3 – SiCW tools 

suffered from severe but gradual tool wear. The SEM images in Figure 3.40b of the 

Al2O3 – TiC and Al2O3 – SiCW tools show similar wear morphology on the flank 

and crater wear on the rake. Cutting forces for the Al2O3 – SiCW tool showed a 

gradual increase (Figure 3.41a), in contrast to the Si3N4 tool, which demonstrated 

high cutting forces almost at tool engagement (Figure 3.41b).  

 

Figure 3.40. (a) Optical images of worn ceramic and cermet cutting tools under best performing conditions: SiAlON, 
Si3N4, and cermet at vc = 195 m/min, Al2O3 – TiC and Al2O3 – SiCw at vc = 40 m/min; (b) SEM of worn Al2O3 – TiC and 
Al2O3 – SiCw at vc = 125 m/min 

 

Figure 3.41. Cutting forces at vc = 195 m/min for (a) Si3N4; (b) Al2O3 – SiCw tool. 

Three different grades of cemented carbide tools were tested: uncoated, (CVD) 

TiCrN – Al2O3 – TiN, and (PVD) TiAlN – TiSiN coated ones. These tools also 

exhibited intensive wear on the flank and the rake wear, yet flank wear was less for 

the CVD- and PVD-coated tools compared to the ceramic tools. The uncoated and 

ceramic tools had similar results. Signs of plastic deformation occurred at speed of  
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Figure 3.42. Backscatter electron images of carbide tool cross section worn at (a) low cutting speed of vc = 40 m/min 
and (b) high speed of vc = 125 m/min. 

vc = 195 m/min and tool failure occurred at above cutting speeds. Further analysis 

and cross sectioning was performed for the uncoated CC tools. Figure 3.42 shows 

there is no adhered W on the tool machined at vc = 40 m/min; however, substantial 

crater and flank wear is visible. At increased cutting speed vc = 125 m/min, BUE 

along the edge line and adhered W on the flank and rake are visible [76].  

SEM images of the uncoated (Figure 3.43) and PVD-coated (Figure 3.44) tools 

show the resulting flank wear and crater wear on the rake. Adhesion of W in the 

form of BUE (Figure 3.43b and 3.44b) can be seen along the edge line; however, 

for the PVD-coated tool, the presence of adhered W is not visible further up on the 

rake (see Figure 3.44c). Furthermore, wear tracks on the minor cutting edge 

corresponding to the feed are visible on the flank face of the PVD (Figure 3.44a) 

and CVD-coated tools. Such wear tracks are typically attributed to superficial 

plastic deformation of the tool material on the minor cutting edge against the side-

flow or other machined surface defects, abrasion [91], or adhesive wear. At cutting 

speeds exceeding vc = 250 m/min, the cutting temperature increases, which results 

in plastic deformation, chipping, and tool fracture [92-94].  

 

Figure 3.43 (a) SEM overview of a worn uncoated carbide tool (vc = 125 m/min); (b) increased magnification view of 
rake and flank wear; (c) high magnification image of the wear scar inside the crater. 
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Figure 3.44. (a) SEM image of the worn-out PVD-coated tool (vc = 160 m/min); (b) higher magnification of crater 
showing adhesion of W BUE (black rectangle); (c) detailed view of the wear scar in the crater. 

Two different PcBN grades with low (CBN 010) and high (CBN 200) cBN content 

were tested. Like the ceramic tools, the CBN 010 tool suffered from severe tool 

wear. The CBN 200 tool showed better results with reduced flank wear compared 

to CBN 010. Further analysis with SEM imaging of the CBN 200 revealed 

significantly less crater wear compared to the other tool materials (see Figure 3.45a). 

Figure 3.45b shows large BUE formation along the edge line, which is also seen in 

the cross section of the tool. Here, the chamfer of the tool is still visible underneath 

the adhered BUE, which protects the edge line from further wear.  

Of all the tested tools, the PCD tool showed the best results in terms of tool life. The 

flank wear is uniform, but signs of flaking or microchipping of the tool were noticed 

(Figure 3.46a). Moreover, SEM images reveal significant cratering and irregular 

adhesion of W (see Figure 3.46b). Macro and micro grooves were also seen on the 

worn flank [76]. 

Based on the results from the screening test, the tool life of the PVD TiAlN – TiSiN  

coated tool was further evaluated with different machining strategies including 

cryogenic coolant (LN2), induction-assisted heating (IAM), flood coolant, and dry. 

 

Figure 3.45 (a) SEM image of worn-out CBN200 tool (vc = 195 m/min); (b) adhered W and BUE formation on the 

rake; (c) abrasive scratches on the flank of minor cutting edge 
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Figure 3.46. (a) Progression of flank wear of PCD at different cutting lengths (vc = 300 m/min); (b) SEM image on 

rake side of worn PCD tool (vc = 195 m/min). 

Figure 3.47a shows an overview of the worn-out tool after cryogenic machining at 

vc = 160 m/min. Adhered W in the form of BUL covers the crater on the rake side, 

and the size of the crater is larger compared to that with high pressure (HP) coolant 

(Figure 3.44). The central part of the crater has unstable adherence of W. Signs of 

adhesive pluck-out of WC fragments are visible in the centrat part of the crater (see 

Figure 3.47c–d). At the tool nose, adhesion of BUE is visible and also the edge 

chipping, which is the result of continuous build-up and removal of BUE (Figure 

3.47a). On the flank side, grooves proportional to the feed are also found on the 

minor cutting edge as in the case of HP machining. 

 

Figure 3.47. (a) Overview of a worn-out TiAlN – TiSiN-coated tool at vc = 160 m/min; (b) increased magnification of 
flank wear on the minor cutting edge; (c–d) close-up view of tungsten adhesion and adhesive WC grain pluck-out 
within the crater. 
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Figure 3.48. (a) Overview of a worn-out PVD coated tool for hybrid induction-assisted machining at vc = 125 m/min; 
(b) higher magnification view of flank wear on the minor cutting edge; (c–d) wear surface within the crater reflecting 
uniform adhesion and adhesive pluck-out of tool material. 

SEM images of the worn-out tool at vc = 125 m/min and IAM condition are shown 

in Figure 3.48. Strong formation of BUE in the tool nose region can be seen in 

Figure 3.48a. In comparison to LN2 machining, the length and the depth of the crater 

on the rake are smaller in size. The crater is more uniformly covered with adhered 

W, which can be a result of the increased ductility of the workpiece due to the higher 

process temperature. Furthermore, the adhesive pluck-out of WC grains is limited 

(Figure 3.48c). Flank wear on the major cutting edge is smaller compared to LN2. 

However, the grooves formed on the flank side are more distinct in comparison 

(Figure 3.48b).  

As with induction-assisted machining (IAM), the ductility and process temperature 

increases in the W workpiece when machining in dry conditions without a coolant. 

For dry machining case, the formation of BUE on the tool nose region and adhesion 

of W in the crater are similar to IAM (Figure 3.49a). However, pluck-out of WC 

particles due to adhesion is more pronounced. On the flank, grooves on the minor 

cutting edge and wear on the major cutting edge are similar to IAM. 

Flood coolant shows similar results to HP coolant (see Figure 3.50a–b). BUE is 

clearly seen at the tool nose, as are the grooves on the flank. The surface in the crater 

is smooth, the WC grains are clearly visible, and there is only small amount of 

adhered W (Figure 3.50c). 
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Figure 3.49. (a) Overview of a worn-out PVD-coated tool at vc = 160 m/min in dry cutting; (b) increased magnification 
view of flank wear on the minor cutting edge. 

 

Figure 3.50. (a) Overview of a worn-out PVD-coated tool using flood coolant at vc = 195 m/min; (b) increased 
magnification of flank wear region; (c) wear surface of the crater at the rake. 

3.4.2 Wear mechanisms 

3.4.2.1 Niobium 

Further attention was directed to the adhered Nb on the flank side that was seen in 

Area 2 of Figure 3.38b, because the dominant wear of the tool occurred in this 

region. Grain refinement due to severe plastic deformation is seen in the adhered 

layer of Nb (Figure 3.51a). The flow direction at the tool/workpiece interface is also 

visible, which indicates that the adhered Nb is being continuously replaced 

throughout the cutting process. However, no signs of WC grain pluck-out are visible 

on the flank as opposed to the rake, thus excluding an adhesive mechanism of the 

flank wear. 

A TEM lamella was extracted in the area of adhered Nb on the flank for further 

examination. A thin layer (~50 nm) was identified between the bulk of Nb and WC 

grains (see the circle in Figure 3.51b). The results from the electron diffraction  
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Figure 3.51. (a) Backscatter image of adhered Nb on the wear land; (b) bright field TEM image of the WC and Nb 

interface on the flank wear land and respective selected area diffraction. 

(SAED) pattern showed a BCC symmetry and lattice parameters equivalent to Nb. 

This layer is probably formed at tool disengagement and cooling, resulting in 

recrystallized Nb or alternatively in a solid solution of Nb and W, as both share BCC 

lattice type. Furthermore, the appearance of the WC grains is smooth, which implies 

that the main wear mechanism on the flank is diffusional dissolution of WC and Co 

in the adhered Nb. 

On the rake, the surface appears to be rough under the adhered Nb, as seen in Figure 

3.39. Figure 3.52a shows a magnified view of Area 1 in Figure 3.38b. In the area 

marked with a black rectangle, there are blocks in a mix of crushed WC grains, Co, 

and Nb under the lowest adhered layers of Nb (Figure 3.52b). These blocks were 

presumably plucked out at tool engagement due to adhesive wear and transported 

further back along the rake in the chip flow direction until they were re-welded on 

the tool and covered in later layers of adhered Nb. The pluck-out and adhesion wear 

process slows down when several layers of adhered Nb are formed and eventually 

protect the tool from further adhesive wear. Closer inspection of the rake in Zone 1 

in Figure 3.52a shows a continuous interaction layer of approximately 400 nm 

thickness at the interface between tool and adhered Nb (see Figure 3.53a). There is 

a similar interrupted interaction layer of approximately 600 nm thickness (Figure 

3.53b) further back on the rake in Zone 2. 

This interaction layer was analyzed in a TEM combined with XEDS mapping. The 

TEM image shows a layer between the adhered Nb and the Co binder of the tool 

(Figure 3.54a). Together with the XEDS data, the interaction layer shows an overlap 

of carbon in Nb, indicating the formation of niobium carbide (NbC) (Figure 3.54c).  
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Figure 3.52. (a) SEM image of overview of Nb adhesion layer on the tool rake; (b) locked cemented carbide particles 
between adhered layers of Nb. 

   

Figure 3.53. Backscatter image of (a) continuous interaction layer (dark gray) in the vicinity of edge radius; (b) semi-
interrupted interaction layer (dark gray) in the upper region of the rake. 

 

Figure 3.54. (a) Bright field TEM image of the interaction layer between WC and adhered Nb on the tool rake; (b) 
respective selected area diffraction of the NbC reaction product; (c) XEDS mapping of interaction layer. 



59 

The formation of NbC also agrees with the SAED pattern of FCC symmetry and 

lattice parameters. After this NbC layer has formed on the rake, the wear progression 

reduces significantly and the NbC layer acts as a barrier and blocks any further 

diffusional wear. Thus, chemical wear mechanism is active in the formation of a 

NbC tool protective layer (TPL), where the WC grains act as a source for carbon 

[58]. Formation of TPL has previously been reported during machining of materials 

such as Inconel 718 [95], Ti-6Al-4V [96, 97], Al-Si-SiC metal matrix composite 

[98], Si-brass [99], and Al-alloyed white cast iron [100].  

The question is why a TPL layer can be formed on the rake and not on the flank. 

The extracted cross-sectioned tool sample was further polished and examined with 

SEM. After adjusting the image brightness and contrast, a more distinct pattern of 

material flow in the adhered Nb became visible, from the tool edge and over the 

rake (see Figure 3.55). At the beginning of the cut, crushed WC particles are plucked 

out and transported over the rake as described above. Over time, an adhered layer 

of Nb stagnates and creates a steady state interface next to the tool surface where 

the material flow is non-existent or close to zero. In this layer, the concentration of 

carbon as a result of diffusion from the WC will continue until saturation when NbC 

is formed (Figure 3.53a). The same phenomenon is seen further back on the rake, 

between Zones 1 and 2 in Figure 3.53b, where a no-flow zone exists without any 

signs of material flow. In the next adhered layers, the material will continue to flow 

over the stagnation layer, which is clearly seen in the flow zone in Figure 3.55. On 

the flank side, a continuous flow of adhered Nb was seen, and thus the carbon 

concentration cannot saturate to form a protective NbC layer. Therefore, diffusional 

dissolution will continuously wear out the tool on the flank [58]. 

NbC formation is highly dependent on the temperature and the carbon activity in 

the cemented carbide. Temperature measurements of the machining process during 

machining of Nb showed that temperatures may be above 1000 °C on the tool/chip 

interface. Calculations using Thermo-Calc and database TCFE9 showed that the 

carbon activity increases with increased temperature. Figure 3.56 shows the driving 

 

Figure 3.55. Backscatter electron image of Nb material flow on the rake face of the tool. 
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Figure 3.56. Normalized driving force for NbC formation in the Nb workpiece. 

force (DGM) for NbC formation calculated as a function of temperature by applying 

the carbon activity in CC on pure Nb . It can be seen that the driving force decreases 

with temperature. However, the driving force for NbC formation is very high, and 

thus NbC will form at all temperatures. The formation rate of NbC is also dependent 

on the carbon flux from the CC to the Nb workpiece. In this case, the carbon 

transport will mainly be from diffusion of C in the Co binder, although C can also 

be transported from dissolution of WC. The calculations for carbon flux can be 

found in Paper IV [58]. 

Diffusion couple samples were made to further study the interaction between Nb 

and uncoated CC. The samples was prepared according to Ref. [101], and details of 

the high pressure and high temperature (HP-HT) treatment process can be found in 

Paper IV [58]. 

Figure 3.57 shows that there are two regions of interest with different interaction 

types at the CC base on the cross-sectioned sample. In Region 1, an interaction layer 

of approximately 300–400 nm thickness was found (Figure 3.58a) that is visually 

similar to the NbC layer on the tool (Figure 3.53a). Figure 3.58b shows that when 

combining STEM and XEDS data, the TEM sample has large WC grains and 

’ 

Figure 3.57. Backscatter image of the diffusion couple cross section. 



61 

crushed WC grains covered by Co binder in contact with a NbC interaction layer. 

This is in line with the results from the NbC interaction layer formed on the tool. 

1D Dictra [102] simulations were performed for the diffusion couple in Region 1. 

The results show that a NbC layer can form at the specific temperature and pressure 

of the diffusion couple (see Figure 3.59). However, the thickness of the NbC layer 

(approximately 3 µm) is larger than the experimentally observed values. 

  

Figure 3.58. (a) Backscatter image of the interaction zone for Region 1; (b) STEM HAADF image of the interaction 
layer from Region 1 of the diffusion couple and XEDS mapping. 

 

Figure 3.59. 1D diffusional Dictra simulations predicting formation of NbC in Region 1 of the diffusion couple. 



62 

Region 2 shows not only an interaction layer comparable with the interaction layer 

on the tool (Figure 3.53a), but also a layer of needle- or platelet-shaped particles 

(Figure 3.60). Further TEM analysis shows that the interface between the CC tool 

and adhered Nb can be divided into five separate zones: (i) original CC (WC – Co); 

(ii) nanocrystalline WC platelets in Co matrix; (iii) nanocrystalline WC platelets in 

Co3W3C η – phase matrix; (iv) NbC reaction product; and (v) recrystallized Nb 

(Figure 3.61). The formation of WC nanoplatelets, Co3W3C η – phase matrix, and 

the intensive dissolution of original WC grains could be interpreted as indicative of 

potential formation of liquid phase in Region 2, likely due to lower temperature 

eutectic between interacting elements [58]. The question is why the reactions are 

different in Region 1 and 2 of the same diffusion couple. The reactions in Region 2 

show signs of increased temperature compared to Region 1. Examining the cross-

sectioned sample in Figure 3.57 shows that there are signs of a slight axial 

compression of the capsule, which shortens the distance between the graphite heater 

and the underside of the Nb capsule. Temperature calculations showed that there is 

a temperature difference of possibly as much as 30 °C between the cylindrical and 

bottom surface due to the axial distortion. The difference in temperature distribution 

can explain the different interactions in Region 1 and 2. Furthermore, the results 

indicate that there is an upper limit of the NbC TPL where a liquid phase might 

form. This can lead to a loss of mechanical strength or the formation of a Co3W3C 

η – phase, which is known for its low toughness [58]. 

 

Figure 3.60. Backscatter image of the interaction zone for Region 2. 
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Figure 3.61. STEM LAADF overview image of five different interaction zones within Region 2 of the diffusion couple. 

3.4.2.2 Tungsten 

Several different tooling solutions were tested as described above while machining 

W. Tool wear mechanisms were further analyzed for most of the tools that did not 

suffer immediate tool breakage. 

Figure 3.40b shows images of Al2O3 –TiC and Al2O3 – SiCw worn tools. 

Macroscopic grooves along the chip flow direction can be seen on both the flank 

and rake side of the tool, which indicates an abrasion wear mechanism. The presence 

of such grooves is usually correlated with hard inclusions in the workpiece material 

[103]. W is a hard and abrasive metal, and the dimension of the grooves are 

comparable with the grains size of W shown in Figure 2.11b. At increased 

magnification, the presence of small localized packets of grooves in submicron size 

affecting the Al2O3 matrix can be seen (Figure 3.62). However, these microscopic 

grooves are not directly the result of abrasion as their scale is too fine compared to 

the size of abrasive material. There have been reports of tool degradation due to 

superficial plastic deformation of alumina-based ceramics [104-106]. Therefore, 

abrasion combined with plastic deformation are two likely mechanisms forming the 

grooves.  

Further analysis of the Al2O3 – SiCw tool in Figure 3.62 reveals cavities on the tool 

surface, which is a result of degradation of SiC whiskers. SiC whiskers are 50 % 

harder than the Al2O3 matrix [11] and degradation due to abrasion is unlikely. A 

previous study showed degradation of SiC whiskers due to oxidation and diffusional 

dissolution during machining of ferrous alloys [91]. The solubility of Si in Fe is 

high, leading to diffusional dissolution of Si into the workpiece material and Fe into 

the SiC whiskers. However, the solubility of Si in W in the temperature range 1000–

1100 °C is insignificant, or close to non-existent. Accordingly, the dominant wear  
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Figure 3.62. High magnification SEM image of the crater of Al2O3 – SiCw tool (vc = 125 m/min). 

mechanism of ceramic tools is oxidation of the SiC whiskers and abrasion of the 

Al2O3 matrix.  

Grooves are not as clearly visible on the worn tool surface in the SEM images of 

the uncoated CC tool as for the ceramic tools. Due to the lower hardness of the tool 

material, an abrasion mechanism could be expected. However, other mechanisms 

are most likely also present.  

Examination of the cross section of the worn-out tool reveals that the tool material 

loss is lower in the BUE region compared to the tool crater and flank (see Figure 

3.63a). Furthermore, material flow can be seen in the upper region of the BUE with 

W grain texturing. There is stagnation of the adhered workpiece material with grain 

refinement and lack of flow pattern closer to the tool–BUE interface, which results 

in retardation of the diffusional wear mechanism (Figure 3.63b) [76]. The same 

pattern was also found during machining of Nb. Analysis of the rake and flank also 

reveals fragmentation of WC particles at the tool surface (see Figure 3.63b–d). The 

fragmentation can be a result of the presence of adhesive wear during BUE build-

up and detachment of adhered material. Detachment of tool fragments can also be a 

result of diffusional loss of the Co binder, weakening the WC grain bonding [99]. 

Furthermore, fragmentation of WC particles can also occur when the tool is 

subjected to dynamic impact of discontinuous chips during machining [107]. 

The texturing of the W grains on the flank side shows a flow pattern of the adhered 

W (see Figure 3.63c–d). Cracking and fragmentation of WC grains is present, and 

the fragments are transported away by the adhered metal, thus indicating an 

adhesive wear mechanism [96]. The morphology of the fragments appears smooth 

with rounded edges, indicating coexistence of a diffusional mechanism.  
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Figure 3.63. Backscatter electron images of (a) BUE region and (b) detailed view of tool–BUE interface on the rake; 
(c) secondary and (d) backscatter electron images of adhered W on the flank wear land. 

The region with adhered W on the flank was further analyzed by extracting a TEM 

lamella with the FIB lift-out technique. Figure 3.64a shows three regions that 

potentially point to different tool wear mechanisms. In Region 1, the Co binder 

between two adjacent WC grains is subjected to diffusional dissolution and the WC 

grains also show signs of partial diffusional dissolution. Examples of cracking and 

deformation of WC grains can be seen in Region 2 (Figure 3.64b). Due to the 

coverage of adhered W on the flank, an abrasion mechanism is unlikely to be active. 

Instead, plastic deformation and shearing under excessive contact stresses are likely 

to occur under such conditions. Sheared and fragmented WC grains surrounded by 

adhered W can be seen in Region 3 (Figure 3.65a). 

Further XEDS analysis of this region not only reveals loss of Co binder but also an 

increase in oxygen content in the WC grains in the near-surface region (see Figure 

3.65b). Single-point spectrum scans also confirm a more than doubled concentration 

of oxygen in the WC grains closest to the adhered W compared to the adjacent WC 

grains (see Figure 3.66a–b). Oxidation wear mechanisms are also present in the 

degradation of CC tools [76]. Oxidation also affects the mechanical properties of 

cemented carbide [108-110], enabling an increase in cracking and fracturing of WC 

grains. 



66 

  

Figure 3.64. (a) HAADF-STEM image of interface between the flank wear land and adhered W where three regions of 

interest are shown; (b) detailed view of Region 2 where crack initiation in WC grains is highlighted. 

 

Figure 3.65. (a) HAADF-STEM image of Region 3 under increased magnification, showing fragmented WC grains; (b) 
XEDS map of Region 3 showing loss of Co and ingress of oxygen in the WC grains closest to the tool surface. 

As reported in section 3.4.1.2, the PVD TiAlN – TiSiN coated tool showed the best 

results of the CC tools. The tool has limited adhesion of W further up on the rake as 

was the case with uncoated carbide tools. Moreover, the worn WC grains in the 

crater of the rake are smoother in appearance compared to those in uncoated CC 

tools. This can be explained by the difference in microstructure, with the PVD-

coated tool having ultrafine grains and a higher toughness than the uncoated tool. 

This, in combination with the presence of microscopic grooves along the chip flow 

direction, implies that the major wear mechanisms are diffusion and abrasion.  
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Figure 3.66. (a) STEM image of tool-workpiece interface with marked XEDS point analysis of WC grains; (b) 
Spectrum 2 and 5, showing increased O content in the surface WC grains. 

As with the CC tools, microgrooves were seen on the flank on the minor cutting 

edge of the CBN200 tool, indicating an abrasive wear mechanism. As was reported 

in section 3.4.1.2, adhered BUE was present on the tool nose protecting the edge 

line underneath from abrasion and diffusion wear. The CBN 200 tool was cross-

sectioned with wire-EDM, polished and subjected to analysis by SEM microscopy. 

Further XEDS analysis of the tool–BUE interface shows a gradual decrease in the 

concentration of boron and nitrogen starting from ~0.3 µm implying the diffusion 

of these elements into the adhered W. The concentration of boron and nitrogen drops 

to a negligible level about 0.2–0.3 µm into the adhered W (see Figure 3.67a–b). This 

information confirms that a diffusional mechanism together with abrasion causes 

tool wear on the cBN tool.  

Figure 3.68 shows that grooves were found on the minor cutting edge of the PCD 

tool for most of the tools tested. SEM images reveal an interesting area of difference 

in contrast between Co pools on the rake, dividing the tool from the area inside the 

worn crater to the area outside of the contact zone, as shown by the dashed 

 

Figure 3.67. (a) SEM image and superimposed XEDS line scan across the interface between CBN200 and adhered 
W; (b) XEDS line scan data showing diffusion of nitrogen and boron from the tool into the adhered W. 
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separation line in Figure 3.68b. The increased contrast of the pools inside the crater 

indicates that the Co binder has been replaced by W (Figure 3.68c). Further analyses 

of a TEM lamella and STEM (HAADF-STEM) data (Figure 3.69a) show that 

diffusional dissolution of Co occurs as W covers the top layer of the Co pools. The 

same was seen for the PVD-coated CC tool in Region 1 (Figure 3.64a). The 

increased magnification in Figure 3.69b shows that the W grains are deformed in 

the chip flow direction. Moreover, there is also diffusion of the diamond grains, but 

at a lower rate. This explains the higher performance of the PCD tools compared to 

the PVD-coated CC tools where dissolution of WC and Co takes place at similar 

rates [76]. As a result of diffusional removal of Co, the PCD tool can potentially 

suffer from flaking and microchipping [111]. 

 

Figure 3.68. (a) Backscatter electron image showing the details of flank wear and cratering of a PCD tool (vc = 195 
m/min); (b) details of Z contrast between unaffected Co grains (white arrows) and grains affected by adhered W (red 
arrows); (c) increased magnification of a binder pool where Co is replaced by adhered W.  

 

Figure 3.69. (a) HAADF-STEM image of the sample showing a diffusional dissolution of Co grain (dark gray) by W 

(black area); (b) LAADF-STEM detailed view of deformation of W along the chip flow direction. 
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3.4.3 Wear management 

The performance of the tools was gauged by measuring the total cutting length l (m) 

until the tool life criterion of maximal tool wear VBmax = 300 µm was reached. The 

machining tests were stopped at different stages to measure the wear progression 

using an optical light microscope.  

3.4.3.1 Niobium 

As stated in section 3.2, pure Nb is a soft and ductile material, which results in 

surface quality problems during machining. Surface quality analysis shows that 

acceptable surface roughness is achieved at vc ≥ 280 m/min, therefore machining 

tests in this section are conducted at vc = 300 m/min. In this research, machining 

tests were mainly conducted using high pressure (HP) and flood coolant. However, 

surface quality and tool life during machining with LN2 coolant was also evaluated. 

The reason for using LN2 coolant was to determine whether it is possible to decrease 

the ductility of Nb during machining to improve the surface quality. Nb has a ductile 

to brittle transition temperature (DBTT) between -130 and -200 °C [112]. LN2 has 

the potential to reduce the temperature to -196 °C, which could counteract the 

problems with excessive ductility.  

The results from the tool wear tests are presented in Figure 3.70a. It is clear that the 

LN2 coolant did not demonstrate any positive effect on the tool life compared to 

flood and HP machining. With LN2 coolant, the tool reached a cutting length of l = 

1800 m before tool life criterion VBmax = 300 µm was reached. For flood and HP 

coolant, the tool wear tests was stopped at the cutting length l = 3000 m when the 

flank wear had reached VBmax = 244 µm for flood and VBmax = 103 µm for HP coolant 

(see Figure 3.70b). The corresponding cutting forces also reflect the results of the 

tool wear. The cutting forces during LN2 machining showed wide variation and a 

higher average force compared to the other two conditions. Adhesion of Nb was 

present on the rake and flank side of the tools for all cutting conditions. Nb behaved 

as a ductile material throughout the machining tests, even when LN2 was applied, 

indicating that the DBTT was not reached. 

 

Figure 3.70. (a) Development of tool wear for different cooling strategies; (b) optical micrographs of worn tools at 
different cutting lengths. 
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3.4.3.2 Tungsten 

Paper V reports on a large screening test during machining of W with HP coolant 

[76]. The ceramic and cermet tools tested showed sufficiently long tool life only at 

low cutting speed. Still, the best performing ceramics only reached a cutting length 

of l = 20 m. These tools were not selected for any extended tests. 

Unlike the ceramic tools, CC tools showed the best results at higher cutting speeds. 

For the uncoated tool, the maximum cutting length was l = 10 m at cutting speed vc 

= 125 m/min. However, for the PVD- and CVD-coated tools, the cutting length 

increased by more than three times compared to ceramics. The best performance 

was reached at vc = 250 m/min for both of the tools. Further increase in cutting speed 

resulted in plastic deformation and breakage of the tool as shown by the X in Figure 

3.71a–b. 

The tool with lower cBN grade CBN010 had a cutting length comparable with the 

ceramics. This could be because of the similar matrix or reinforcement of the tool 

materials, resulting in similar wear progression. The CBN200 tool, which has a 

higher content of cBN and stronger metallic binder, showed increased wear 

resistance compared to CBN010 with ceramic binder. Unlike the CC tools, the wear 

resistance was better at lower cutting speeds (see Figure 3.72a). However, the 

resulting length was significantly lower than that of the PVD-coated tool. 

The PCD tool had the best performance compared to the other tool materials at all 

tested cutting speeds. The tool wear is reduced at higher cutting speeds, and the best 

result was attained at vc = 300 m/min with a cutting length l = 250 m (see Figure 

3.72b). 

The results of extended machining tests of the PVD-coated tool with alternative 

cutting conditions and coolant methods are reported in Paper VI. Cryogenic coolant, 

induction assisted machining (IAM), dry and flood coolant were evaluated and 

compared to the HP coolant. 

 

Figure 3.71. (a) Influence of the cutting speed on wear progression of TiCrN – Al2O3 – TiN-coated tool; (b) influence 
of the cutting speed of flank wear development of the TiAlN – TiSiN-coated carbide tool. 
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Figure 3.72. (a) Progression of tool wear of CBN200 at different cutting speeds; (b) evolution of tool wear of PCD at 
different cutting speeds. 

Figure 3.73a shows that cryogenic machining increased the cutting length (l = 450 

m), exceeding HP tests by ~450 % at vc = 160 m/min. Cryogenic coolant shows 

better results at all the tested cutting speeds. However, at vc = 195 m/min and above, 

the tool suffers from spontaneous breakage at different cutting lengths. The recorded 

cutting forces show variations during engagement of the tool, resulting in sudden 

drops in cutting forces. Adhesion of W and the formation of BUE on the tool are the 

most likely cause of the abrupt force variations (Figure 3.73b). 

The literature mentions wear mechanisms such as fragmentation of WC grains [76] 

due to fatigue and impact by discontinuous brittle chips [111] as active wear 

mechanisms. The results presented above show that tool life increases with 

increased cutting speed, which indicates that an increase in process temperature 

slows down the tool degradation process. This can be explained by the DBTT, as 

the ductility of W increases in the temperature range 200–400 °C [113-116]. The W 

workpiece was preheated by induction heating to reach this temperature range.  

 

Figure 3.73. (a) Evolution of tool wear when machining with LN2 at different cutting speeds and (b) cutting forces (vc = 

160 m/min). 
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Figure 3.74. Evolution of tool wear when hybrid induction-assisted machining of W at different cutting speeds. 

Figure 3.74 shows that a cutting length of l = 300 m was reached at cutting speeds 

vc = 125 and 160 m/min with hybrid IAM process. However, at cutting speeds of vc 

= 160 m/min and above, spontaneous breakage occurred. The recorded cutting 

forces were ~70 % lower and did not fluctuate as with cryogenic machining. The 

reduction in cutting forces may be the result of a reduction in material strength due 

to preheating.  

The best performance of each of the five tested machining strategies at their 

respective cutting speeds is summarized in Figure 3.75a. When machining under 

dry conditions, the cutting length was similar to that at the IAM heated condition. 

However, the best result was achieved when the cutting speed was one step higher 

(see Figure 3.75a–b). Similar cutting lengths were also achieved for HP and flood 

coolant. The results obtained using the different machining strategies show that the 

best cutting speed increases from IAM heated machining to HP coolant, if LN2 

coolant is excluded (see Figure 3.75b). When the cutting speed is further increased, 

plastic deformation of the CC tools occurs in all of the machining strategies.  

The best machining performance was found at the highest and lowest process 

temperatures, which can be linked to the DBTT. Previous research on cryogenic 

machining of porous W showed enhanced tool life due to the brittle behavior of the 

workpiece [107, 117]. As seen in Figure 3.73a, during cryogenic machining and for 

all other machining strategies, the best results are found at the highest possible 

cutting speed before tool breakage. However, the cryogenics results contradict the 

results from the other machining strategies about the benefit of a higher process 

temperature. Explanations for this phenomenon based on earlier observations of 

oxidation of WC grains can be negated as the use of LN2 which creates a protective 

nitrogen atmosphere and prevents the oxidation wear process. If this is the case, then 

the results showing an increase in cutting length with increased cutting speed due to 
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Figure 3.75. (a) Summary of tool wear for each of the machining strategies at respective best performance cases and 
cutting speeds; (b) cutting speed at which best machining performance is achieved for each cutting strategy. 

higher process temperature are correct. This also explains why IAM, with the 

highest possible process temperature, followed by dry machining, have been found 

to result in the best performance in terms of tool life compared to HP machining. At 

elevated temperatures, there is a decrease in hardness and increase in the ductility 

of the W workpiece. An increase in ductility also affects the chip formation: 

preheating the workpiece up to 350 °C results in long continuous chips, while at 200 

°C the chips are shorter (see Figure 3.76). Machining with coolant or LN2 results in 

even smaller dust-like chip formation or smaller fragments. Furthermore, an 

increase in the adhered layer of W or BUL on the tool surfaces can be seen on the 

tools machined at higher process temperatures, thus slowing down the diffusion rate 

[76]. 

 

Figure 3.76. Chip morphology for machining with different induction-assisted preheating temperatures. 
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4 Summary and Conclusions 

The following chapter summarizes the six papers appended to this thesis. The main 

objective of this work has been to investigate the wear mechanisms of different 

tooling solutions and obtain relevant cutting parameters for machining selected 

workpiece materials. Surface integrity parameters related to material properties 

were also studied to find ways to increase the quality of the machined surface and 

products. The conclusions of the results from the appended papers are presented. 

The last subsection suggests future research. 

4.1 Summary of Appended Publications 

The influence of process parameters on the resulting surface quality and the impact 

of wear mechanisms on tool life were investigated for several single-phase materials 

(SPM) materials. Paper I studied the influence of feed on the tensile properties of 

OFC. The influence of feed and cutting depth on burr formation of OFC were further 

investigated in Paper II. Different aspects of surface integrity and related surface 

quality during machining of Nb and W were examined in Papers III and VI. Wear 

mechanisms during machining Nb and W were studied in Papers IV and V. 

4.1.1 Paper I 

Tensile test rods of OFC ≥ 99.95 % were machined by longitudinal turning with 

different cutting parameters in order to investigate the influence of feed on material 

properties. In addition to tensile tests, SEM imaging observations and 

nanoindentation hardness tests were performed to measure the process-induced 

subsurface deformation. The results show an increase in yield strength of up to 55 

% and increased work hardening depth with increased feed. The correlation 

coefficient between subsurface deformation and tensile properties was R = 0.983. 

The results show that it is possible to control the degree of subsurface deformation 

by careful control of the cutting parameters during machining. 
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4.1.2 Paper II 

This paper deals with radial burr formation during longitudinal turning of OFC ≥ 

99.95 % with different cutting parameters. The influence of depth of cut, feed, and 

major cutting edge angle on radial burr formation is presented. In addition to 

machining tests with variations in cutting data, FE simulations were performed for 

further comparison. The results show a decrease in radial burr formation with a 

decrease in depth of cut and major cutting edge angle together with a feed of f = 0.2 

mm/rev. Machining tests and FE simulations showed similar results with an increase 

in burr height with increased cutting depth. However, the influence of feed needs 

further analysis. High-speed filming during machining tests revealed a five-stage 

cycle of burr formation.  

4.1.3 Paper III 

A screening test of six different tooling solutions during longitudinal turning of Nb 

≥ 99.7 % was performed. Different grades of CVD, single-crystal and PCD 

diamond, PcBN, and also uncoated and coated cemented carbide tools were tested. 

The best tooling solutions were PCD and TiAlN –TiSiN coated CC, and the 

performance of these tooling solutions was further analyzed in terms of surface 

integrity and surface quality. Surface defects and subsurface deformations were 

analyzed using SEM imaging and nanoindentation. Despite showing the best results 

in terms of lower surface roughness (Ra) and fewer surface defects, PCD could not 

be recommended due to a higher degree of tool wear and subsurface deformation. 

TiAlN – TiSiN coated CC showed satisfying results in terms of surface finish and a 

lower degree of tool wear at a cutting speed of vc ≥ 150 m/min. 

4.1.4 Paper IV 

Tool wear development and wear mechanisms were evaluated for longitudinal 

turning of Nb ≥ 99.7 %, with uncoated CC tools. Experimental tests were 

supplemented by a diffusion couple experiment under high pressure and high 

temperature conditions. SEM and TEM microscopy reveal diffusion of carbon from 

WC and formation of NbC in the interface between the niobium and the cemented 

carbide. Electron microscopy of the worn tool showed rapid flank wear due to 

diffusional mechanism. The formation of an NbC layer on the rake acting as a tool 

protection layer that inhibits further tool degradation was also identified. Thermo-

Calc calculations and DICTRA simulations were used for thermodynamic 

evaluation of the diffusion couple sample. The diffusion couple further revealed an 

interaction that involved formation of WC nanoplatelets in Co and the Co3W3C 

(M6C type) η – phase. 
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4.1.5 Paper V 

A screening test of eleven different tooling solutions including ceramics, coated and 

uncoated CC, cermet, PcBN, and PCD during longitudinal turning of 99.95 % W 

rod was conducted. Seven of the tooling solutions suffered from excessive tool wear 

or breakage. The tool wear mechanism and surface quality of the two tools showing 

the best results (PCD and TiAlN – TiSiN coated CC) were further analyzed. 

Scanning and transmission electron microscopy of the worn-out CC tool revealed 

the presence of abrasion, oxidation, and cracking of WC grains, and diffusional 

dissolution of WC and Co. The main wear mechanism identified for the PCD tool 

was abrasion and diffusional dissolution. The surface quality was generally poor 

with the presence of BUE, cracking, and adhesion of W on the machined surface.  

4.1.6 Paper VI 

Machining performance, including tool wear and surface quality, was studied for W 

≥ 99.95 % and Nb ≥ 99.7 % during longitudinal machining in different cutting 

conditions and machining strategies with CC tools. The impact of the ductile to 

brittle transition temperature on the machinability of the workpiece materials was 

analyzed by cooling with LN2 and by preheating with induction heating. Use of LN2 

had a positive effect on tool life, showing the best results at cutting speed vc = 160 

m/min. The next best results for machining W were preheating, dry, and flood/high-

pressure coolant. However, the surface quality of the machined surface is generally 

poor in every cutting condition. High-pressure coolant showed the best results in 

terms of lower tool wear when machining Nb. LN2 coolant did not have a positive 

effect on tool wear as in the case of machining W. Surface roughness in the range 

Ra = 0.4–0.6 µm was achieved at cutting speeds vc ≥ 225 m/min for both flood and 

high-pressure coolant with coated and uncoated CC tools.  

4.2 Conclusions 

Exploring and investigating the machinability of a material is a complex task 

including many different parameters related to the machining process, machining 

conditions, and tool and workpiece material properties. It is impossible to cover all 

aspects of machinability in one dissertation, even if concentrating on only one 

material. Selected SPMs with purity of 99.7% and above were the primary interest 

in this research. These materials are used in specialized sectors such as research 

facilities and in the nuclear and military industries. The materials studied are known 

to be very ductile (Cu and Nb) or brittle (W), which has significant effects on 

machinability. 
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High demands to product surface integrity influenced the research performed in this 

thesis. Subsurface deformation and its connection to machining parameters were 

discussed in Papers I and III. Subsurface deformations were identified and analyzed 

using SEM microscopy and nanoindentation methods. The choice of feed and 

cutting speed were shown to influence the depth of subsurface deformation during 

machining. The choice of tooling solutions was also shown to influence the depth 

of work hardening, which can be related to a size effect between the edge radius of 

the tool and the thickness of the uncut chip. The deformation can be divided into a 

severe deformation zone where grain refinement occurs due to dynamic 

recrystallization and a deeper layer of deformation and work-hardening. Subsurface 

deformation is related to variations in material properties such as yield strength and 

elongation at breakage. 

Machining OFC and Nb results in long continuous chips. If these are not effectively 

transported away from the cutting zone, they can start nesting around the workpiece 

and damage the surface. The chips can also re-weld on the surface as small 

fragments of material. Side-flow and tears were also present on the surface during 

machining of Nb. The frequency of these surface defects depends on the tools used 

during machining. In the case of Nb, surface defects appear to be less frequent when 

cutting with a PCD tool compared to a coated CC tool. Build up edge (BUE) is a 

different type of surface damage. It is commonly accepted that SPM is not prone to 

BUE. However, BUE was found on the surface during machining of Nb and W. 

Besides BUE formation, cracks and voids were present on the surface when 

machining W. Voids are expected because the density of the workpiece is only 95 

%. However, these voids can act as a cracks initiators, linking voids together.  

Tool wear mechanisms acting on the tool when machining Nb and W were analyzed 

in Papers IV, V, and VI. Diffusional and chemical wear mechanisms were present 

on the flank side of the tool when machining Nb. This interaction was also 

confirmed by analysis of diffusion couple samples. Adhesion of Nb was present on 

the rake and flank side of the tool, however, there was no sign of adhesive wear. 

Instead, the adhered Nb supported formation of a protective NbC layer by carbon 

diffusion from the WC, which protected the rake side from further wear. Although 

single-phase W is a brittle metal, adhesion of W was found in the form of build up 

layer (BUL) and BUE on the rake and flank side of the cutting tools. Depending on 

the tooling solution, the following active wear mechanisms affecting the tools were 

observed: abrasion, oxidation, diffusional dissolution of WC and Co, and cracking 

of WC grains. 

Summarizing the research presented in this dissertation, the following answers can 

be given to the research questions previously stated: 

RQ1. Can the parameter requirements related to surface integrity of components 

for radiation research facilities be met with conventional machining? 
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Cutting parameters and surface defects that influence the surface quality are 

discussed in Papers II, III, V, and VI. In terms of surface roughness, typical values 

for components with higher requirements range from Ra = 0.05–0.8 µm. The lowest 

values of surface roughness during machining Nb with flood and HP coolant are 

found at higher cutting speeds (vc ≥ 225 m/min) with coated and uncoated CC tools. 

The results show potential surface roughness values of Ra ≤ 0.4 µm. Surface 

roughness values of Ra ≤ 0.4 µm were consistently met during machining of OFC 

with uncoated CC tools with VCGT and DCGT geometry with low feed and small 

cutting depths. When manufacturing W components, the required Ra values are 

normally higher than for OFC and Nb components. Together with poor tool life, 

surface roughness results are significantly higher when machining W. In general, 

the results show values of surface roughness in the range of Ra 1.4–2.0 µm. It is 

possible to machine W components with conventional machining; however, the 

process is challenging and requires careful control.  

RQ2.  Is there a conventional machining strategy that allows refractory metals to 

be machined productively? 

Machining refractory metals is associated with many different challenges, as 

discussed in this dissertation. In Papers III, IV, and VI, the machinability and tool 

life of cemented carbide tools were evaluated and shown to result in a reasonable 

tool life when producing Nb components. Furthermore, the results show longer tool 

life with HP machining compared to flood coolant. Today HP coolant is becoming 

a conventional method, as many new machines are equipped with the coolant supply 

technique. It is difficult to achieve a highly productive process for machining W due 

to the extremely high rates of tool wear. The results presented in Papers V and VI 

show that the best result achieved (VBmax = 300 µm) in terms of cutting length during 

conventional machining was l = 250 m with PVD TiAlN – TiSiN coated tool in dry 

cutting conditions. Such low tool life requires frequent stops or tool changes when 

machining W components. High dimensional accuracy will be difficult to achieve 

if a tool change is required during a single cutting operation.  

RQ3. Can alternative machining strategies (e.g., advanced tooling, advanced 

cooling, and hybrid processes) overcome the limitations of conventional 

machining?  

Advanced tooling solutions including PCD, PcBN, single-crystal diamond, and 

ceramics were evaluated in Papers III and V. Although there was a 70 % increase in 

tool life during machining of W with PCD tools, other advanced tooling solutions 

did not outperform conventional CC tools when evaluating tool life during 

machining of W and Nb with HP coolant. Trial tests of machining OFC with a 

single-crystal diamond tool showed great potential for surface roughness values 

below Ra ≤ 0.1 µm, which is required for ultra-precision components. Alternative 

machining strategies for machining Nb and W were evaluated in Paper VI. The use 
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of LN2 coolant does not improve tool life or surface roughness during machining of 

Nb. However, the use of LN2 coolant or heating of the workpiece with induction 

assistance can prolong the tool life compared to conventional machining strategies 

when machining W. This may be related to the ductile to brittle transition 

temperature of refractory metals. At elevated temperatures, the hardness decreases 

and the ductility increases, resulting in longer tool life. When LN2 is used, the 

nitrogen creates a protective atmosphere and prevents or slows down the oxidation 

wear process of the tool. 

4.3 Future Research 

It is very difficult to find published research about machining SPMs, especially 

niobium and tungsten. Knowledge about these materials is not very common in a 

normal machine shop or among tool manufacturers since the market is limited to a 

small section of advanced manufacturing in research facilities and nuclear or 

military industries. The research presented in this dissertation is a step toward a 

better understanding of how to machine these difficult-to-cut materials with high 

surface quality requirements and acceptable process performance .  

Initial tests during machining of Nb and W focused on finding a tool material with 

a low tool wear rate and a resulting surface with high quality, mainly surface 

roughness. While a number of machining parameters were tested, there are still 

many other possible cutting parameters and variations to consider. The fact that the 

initial surface roughness target of Ra ≤ 0.4 µm was met for OFC and Nb is a relevant 

information if further reductions are sought. The results showing the formation of a 

tool protective layer on the cutting tool could be of interest when exploring tool 

coatings suitable for machining Nb. Information on which tool wear mechanisms 

are acting on the tools could lead to a better understanding and selection of coatings 

when choosing a tooling solution. This, in combination with the information 

regarding machining W under different cutting conditions, would facilitate further 

optimization of the machining outcomes. 

The experimental tests covered in this dissertation focused only on longitudinal 

turning and continuous machining. Other cutting methods such as milling, drilling, 

and threading have not been considered. Yet it is common that this variety of 

machining techniques to be involved when manufacturing a complex components. 

Major part of initial screening tests of milling and drilling in W have been conducted 

to support local manufacturing industries. However, these results have not yet been 

completely analyzed or prepared for publication.  

Cost and production time optimization were not considered, yet they are of high 

interest for manufacturing industries. The discussion of machining parameters and 
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tool selection in this dissertation lays the basis for future optimization of production 

costs. 
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