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ABSTRACT 

Aluminium silicon (AlSi) alloys play an essential role in many industries because of their 

good machinability characteristics. However, their low degree of plasticity promotes 

adhesion at the tool edge during machine cutting, leading to a built-up edge (BUE) which 

reduces tool lifetimes, and the silicon content leads to tool abrasion. Currently, cemented 

carbide mill inserts coated with titanium diboride (TiB2) offer the prospects of machining 

an array of structural metallic alloys including AlSi. However, the brittle nature of TiB2 

leaves it prone to extensive surface damage, particularly during the running-in stage of 

machining when tool adaptation takes place. An additional coating addressing abrasive 

wear and preventing BUE could limit TiB2 damage.    

Fabricating coatings of TiB2 using arc evaporation remains challenging as an extensive 

cathode fracture occurs. Thus, the present work aims to address the drawbacks 

associated with TiB2 by the deposition of a thin lubricious coating on top of the TiB2. 

Secondly, the development of a new cathode, which would allow the deposition of TiB2 

by arc evaporation is investigated.  

A hybrid Physical Vapor Deposition system combining Filtered Cathodic Vacuum Arc 

(FCVA) and Magnetron Sputtering was developed for this study. Three lubricious coating 

systems of Ti-MoS2, single layer DLC and DLC-WS2 were investigated as a top layer. Ti-

MoS2 was optimised for dry machining applications, and a Ti:MoS2 ratio around 0.39 was 

found to prevent Al from sticking to the tool edges. The DLC and DLC-WS2 coatings were 

designed for machining with coolant. In comparison to the performance of a TiB2 

benchmark, the monolayer DLC coating improved the machining length by ~60% and a 

two-layer DLC-WS2 coating decreased wear rate by ~75%, having a measured coefficient 

of friction of 0.05.  

The development of TiB2 cathodes for FCVA required a modification of the chemical 

composition to improve it’s sinterability and prevent cathode fracture during arc operation. 

A TiB2-TiSi2 (5 wt%) cathode ensured the best balance between arc stability and cathode 

utilisation while TiB2-C (1 wt%) has provided exceptional arc stability, although the 

cathode utilisation was less due to the constant generation of cathode flakes.  
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1 Introduction 

1.1 Motivation 

Aluminium alloys are widely used in various industries such as aerospace, 

military and automotive [1,2]. Generally, they are considered to have good 

machinability [3], although their low degree of plasticity can cause adhesion to 

the cutting tool resulting in the built-up edge (BUE) [4]. The BUE increases cutting 

forces, reduces tool lifetimes and results in a poor surface finish [5]. Machining of 

aluminium silicon (AlSi) alloy used primarily in automotive applications [6] 

combines the BUE effect, with abrasion caused by silicon particles. Therefore, to 

improve the tool life and reduce friction, the cutting tools are coated. Currently, 

cemented carbide mill inserts coated with TiB2 offer the possibility of machining 

a large variety of structural metallic alloys especially AlSi [7]. Titanium diboride 

(TiB2) has a hexagonal structure with boron atoms being covalently bonded within 

the titanium matrix [8]. Properties such as high hardness (up to 30 GPa) [9], high 

chemical stability at elevated temperatures, and inertness to liquid aluminium [10] 

makes it an ideal material for coating tools to address both high abrasion 

resistance and machined material effect [11,12]. Commercial sputtered TiB2 has 

high hardness (25 GPa), provides excellent wear characteristics and, a low 

coefficient of friction. However, its brittleness makes it prone to extensive surface 

damage during the running-in stage of the machining when tool adaptation takes 

place [13]. Typically TiB2 is deposited by magnetron sputtering (MS), which 

ensures uniformity of the coatings and has low deposition temperature [14–16], 

although it has lower deposition rates comparing to other deposition methods, 

e.g. cathodic arc. Low deposition rates are a challenge for industry who wish for 

ever-increasing manufacturing yields, therefore enhancing TiB2 for deposition 

rates by arc evaporation is of value. The reports describing successful and 

reproducible attempts of cathodic arc evaporation of TiB2 are limited [17]. One of 

the problems with arc-evaporating TiB2 is the tendency of the cathode spot to 

remain at a single specific location on the cathode surface, resulting in local 

overheating and cracking of the cathode [18,19]. Appropriate sintering additions 
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to the TiB2 cathodes could possibly help to overcome those challenges, though 

only a few attempts were made by other researchers to investigate this route [18]. 

Regardless of the deposition method, the brittleness of TiB2 can limit tool 

longevity; this may be overcome by implementing a “smart coating” concept [13]. 

In the running-in phase of the machining, the tool-workpiece adaptation takes 

place, and this is associated with extensive tool wear [20]. The addition of an 

antifriction thin coating with self-lubricating properties deposited on top of the hard 

layer can prevent intensive surface damage of the hard coating and also promote 

the formation of the stable protective compound in the running-in phase [13]. 

Such an approach was already proposed; soft lubricious MoST® coating was 

deposited on top of hard TiN and TiCN to improve drilling and punching 

performance of the tools [21–23]. This solution was not fully explored for milling 

applications, thus in this work TiB2 was combined with lamellar solids to improve 

tool-chip area lubrication. Lamellar structure solid coatings such as tungsten 

disulfide (WS2) and molybdenum disulfide (MoS2) are commonly used for 

lubricating applications because of their low friction coefficient [24,25]. However, 

it has been already found by other researchers that in the presence of oxygen, 

the lifetime of lamellar coatings is significantly decreased [26,27]. It can be 

improved by combining the layers with metal (the most successful is Ti [28,29]) 

or another hard coating (e.g. Diamond-like carbon (DLC) [30]) which increases 

the time to failure and decreases the wear. Also, DLC monolayers have been 

successfully combined with TiB2 into a multilayer coating; limiting its hardness 

while maintaining good tribological properties for high-temperature applications 

[15]. Filtered cathodic vacuum arc (FCVA) is the preferred and only method to 

deposit hydrogen-free diamond-like coatings which can provide extremely high 

wear resistance [31–34], while MS allows deposition of a wide range of materials 

[35] especially solid lubricant coatings: MoS2 and WS2 [27,36]. Hence the hybrid 

FCVA and MS system which is available for this project give impressive 

possibilities for developing new “smart” coatings combining both self-lubrication 

and wear resistance. 
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The research gap addressed in this project concerns the application of cathodic 

arc deposition for improving the lifetime of the tools for machining of Al alloys. 

The overall motivation is to employ cathodic arc deposition to improve the existing 

mill inserts coating solution for AlSi machining application. If the additional hard 

lubricious layer deposited on top of commercially available TiB2 can improve the 

tool lifetime, it would allow tailoring the tool more precisely for AlSi machining 

without investing in new coating architecture. The project also determines if a 

sintering additive can facilitate TiB2 for arc evaporation while maintaining the 

exceptional tribological of the TiB2 coating.   

1.2 Aims and objectives 

This PhD thesis aim is to research on materials and technology of filtered 

cathodic vacuum arc and its combination with magnetron sputtering to produce 

hard, low friction coatings to provide increased tool lifetime during lightweight 

alloy machining. 

The following objectives have been set: 

I. In regard to low friction (below 0.5), good wear resistance and the 

possibility of deposition by FCVA and MS identify the coating candidates 

to improve the existing TiB2 coated tools. 

II. Recognise and apply the upgrades necessary to adapt hybrid FCVA – MS  

deposition system for sequential multilayer and composite coatings 

deposition of hard, lubricious coatings. 

III. Using hybrid FCVA-MS system produce mono-layer as well as 

multilayered coatings providing both wear resistance and low friction 

coefficients. 

IV. Perform initial evaporation trials with monolithic TiB2 to identify the factors 

preventing TiB2 from being deposited by FCVA and propose 

chemical/physical modifications to overcome the limitations. 

V. Assess the arc stability and arc spot movement by optical observations 

and measurements of ion voltage and optimise the deposition parameters 

such as magnetic field distribution, gas composition, arc current to allow 

coating deposition from manufactured TiB2 cathodes.  
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VI. Analyse the tribological properties of produced coatings by sliding tests 

and structure by SEM, FIB and optical microscopy.  

VII. Test coated milling inserts in real-life applications by face milling of AlSi 

alloys and comparison with commercial TiB2 coated tools. 

The quantitative goal of 50 % tool flank wear reduction in comparison with 

commercial TiB2 coated tool during the first 30 meters of machining was set. For 

arc evaporation of TiB2 improving the time between following arc triggering 

actions above one minute would be considered as a success – this is the average 

time for non-metallic cathodes such as graphite.  

1.3 Project methodology 

To meet the above objectives, the project was divided into seven stages. The 

stages do not represent chronological order rather than the logical progress of 

the proposed concepts. The following stages are: 

I. Evaluating the problems associated with TiB2 coated tools for AlSi 

machining. After careful literature research, it has been found that due to 

the low ductility of TiB2 the coating experiences wear in the running-in 

stage. The starting point was to improve the existing solution by depositing 

an additional thin layer on top of TiB2 as illustrated in Figure 1-1 

 

Figure 1-1 Schematic diagram of the arrangement of the coatings on the tool 

cross-section. 

This layer would provide both lubrication and wear resistance. The 

proposed candidate coatings included titanium-molybdenum disulphide 

(Ti-MoS2) known under commercial name MoST®, diamond-like carbon 
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coating (DLC) which would benefit from FCVA available for this project 

and diamond-like carbon – tungsten disulphide (DLC-WS2).  

II. Adaptation of the filtered vacuum cathodic arc - magnetron sputtering 

system. This system has been initially assembled during the preceding 

MSc thesis [37].  Although it required a number of upgrades over the 3 

years of PhD project to ensure reliability and allow depositing coatings 

onto milling tools. The proposed improvements were based on industrial 

solutions. Studies of chambers manufactured by Platit and TecVac were 

carried out in terms of substrate holder design, allowing to coat milling 

inserts, applying substrate bias and substrate temperature monitoring. 

Therefore, to coat the complex shape of milling inserts the rotating 

substrate holder with an individual rotation of each sample (planetary 

rotation), which could alternate between the FCVA and magnetron was 

designed and assembled. To allow substrate biasing the substrate holder 

was insulated with ceramic tubes while the pneumatic socket connecting 

the substrate holder to bias power supply was installed in front of both MS 

and FCVA. Many other improvements enabled: ion current-voltage 

measurements (connectors to VersaStat potentiostat), substrate 

temperature monitoring (insulated thermocouple), reactive depositions 

(new gas flow controllers, and cold cathode full range pressure sensor) 

were incorporated in this stage.  

III. Production of mono-layer, composite and multilayered coatings. In this 

stage, the knowledge and solutions implemented in stages one and two 

are used.   

IV. Facilitating titanium diboride for arc evaporation. Stage four involved a 

deep understanding of the challenges associated with TiB2 arc 

evaporation. After careful literature research, certain sintering additives 

are selected which are meant to help overcome problems related to TiB2 

arc evaporation such as arc spot sticking to a specific location on the 

cathode surface.  

V. TiB2 cathodes assessment and parameters optimisation. The cathodes 

produced based on the information obtained in stage four are assessed 
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regarding the arc spot behaviour (stability, mobility). The deposition 

parameters such as magnetic field distribution and arc current were 

precisely optimised.  

VI. Characterisation and testing of the deposited coatings and evaluation of 

the results. This stage covers the characterisation of the microstructure, 

thickness, tribological and mechanical properties of coatings produced.  

VII. Machining testing. The last stage involves testing the coated tools by AlSi 

face milling, corresponding the results to the observations made in stage 

six and comparing to the performance of the commercial TiB2 coated tools. 

 

1.4 Thesis content and structure 

The journal paper format has been used for this thesis with chapters 3-5 being 

either published already or submitted for publication. Although this format 

requires distinct chapters to contain all aspects needed to describe that specific 

package of work the papers (chapters 3-5) were streamlined to limit repetitions 

within the thesis. The thesis starts with an introduction and literature review 

providing the background information which are not covered within introduction 

sections for papers in chapters 3-5; then the structure follows the stages 

discussed in the previous section. Each chapter discusses the different family of 

coatings being deposited and tested. At the end of the thesis, the general 

discussion and conclusions chapters wrap up the whole work and demonstrate 

how the individual paper chapters connect together. The contents of the specific 

chapters are:  

Chapter 1. An introduction is describing the motivation of the work, structure 

and objectives. 

Chapter 2. Provides background to help understand the challenges associated 

with machining and justification for the coatings selected. The foundation 

of PVD deposition technique is laid as well as the more in-depth 

elaboration on the magnetron sputtering and filtered vacuum arc methods 

that were used in this project.  
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Chapter 3. This chapter discusses an innovative approach to deposit Ti-MoS2 

by hybrid deposition (combining arc evaporation and magnetron 

sputtering). Deposition, characterisation, and testing of the deposited 

coatings are studied in this chapter covering stages II, VI and VII.  

Chapter 4. Production of DLC monolayers and DLC-WS2 multilayered 

coatings. This chapter consists of two sections; depositing and optimising 

DLC monolayer and incorporating the best performing DLC monolayer into 

the DLC-WS2 multilayer structure to further improve the performance.  

Covers stages II, VI, and VII. 

Chapter 5. Facilitating TiB2 for arc evaporation. In this chapter, sintering 

additives are used to allow stable and reproducible deposition of TiB2 using 

FCVA. The arc behaviour is assessed, and deposition parameters 

optimised as well as a coating deposited and tested — covers stages IV-

VII.  

Chapter 6. General discussion. Discusses in greater detail the outcomes of 

stages VI and VII from all of the coatings deposited.  

Chapter 7. Conclusions. 

Chapter 8. Recommendations and future work.  

  

1.5 Project constrains, industrial requirements and materials 

selection 

Some aspects of this PhD thesis project have been driven by the industrial 

requirements. Most of the deposition systems used for hard tool coating in 

Kennametal are arc evaporators thus the use of a hybrid FCVA-MS deposition 

system has been proposed to allow a wide range of coatings with a variety of 

properties to be investigated. Cathodic arc evaporation is one of the oldest PVD 

technique, used for depositing dense coatings with exceptional adhesion to the 

substrate and high deposition rates due to the production of highly charged ions 

[38,39]. The high energy concentrated into the tiny arc spot limits its usage for 

deposition of brittle materials, e.g. ceramics [40] and produces macroparticles 

being droplets of partially molten materials. Those droplets are undesired in the 
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coating as increasing its roughness and have lower adhesion than the rest of the 

coating [41]. In contrast, magnetron sputtering is widely considered as the most 

versatile PVD technique as it allows deposition of the wide range of materials, 

including isolators [35]. The limitations come from low deposition rate and 

adhesion being not as high as for arc evaporation [42].  

The combination of these two techniques potentially plots advantages of both 

methods to produce a multilayered or composite coating. Also, simultaneous 

deposition from both sources will allow observation of plasma interactions and 

the investigation of the potential of such combination, as it was not used 

commonly by other researchers or widely studied [40].  

Application of a thin lubricious layer on top of currently used commercial TiB2 

coating (known under commercial name Camecon) has been proposed to 

decrease the wear in the first stage of the machining. The high hardness of the 

TiB2 makes it prone to extensive wear when the tool part adaptation takes place 

[13]. The literature reviewed in chapter 2 indicated that the additional lubricious 

layer should also have a high hardness to provide wear resistance [43], a low 

coefficient of friction and provide lubrication facilitating this phase of the 

machining process [44]. The obvious candidates for these coatings are solid 

lubricants such as MoS2 which has been employed as a lubricant for many years 

[45]. Their layered structure can provide a low coefficient of friction (0.01) due to 

self-lubricating properties which will be of benefit in the dry machining condition 

[21]. Once solid lubricants are deposited as a layer, they are often referred as 

self-lubricating coatings (although this term could also be used for coatings not 

being made of solid lubricant). The literature review showed that the solid 

lubricants have to be combined with other material [46] to prevent deterioration 

of tribological properties in the wet environment [47]. The first decision had been 

made to deposit Ti-MoS2 composite coating as it was known at the market and 

available under the commercial name of MoST® [48]. However, a different 

deposition strategy has been decided taking advantage of exceptional film 

densification provided by cathodic arc; therefore, it was used to deposit titanium 

while MoS2 was sputtered. There is no literature proof of using such a 
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combination to deposit MoST®. As one of the motivations for the work is to 

prevent aluminium sticking to the tool which requires tailoring the Ti:MoS2 ratio to 

keep the balance between wear resistance and low coefficient of friction, a 

combinatorial deposition method has been used. It offers manufacturing 

flexibility, increasing the speed of sample production under the same process 

conditions by ensuring that only the influence of the chemical composition is 

investigated [49,50]. The coatings developed in this stage were tested under dry 

conditions due to both; industrial requirements and availability of the softer 

aluminium blocks made of (SAE 6061) alloy. For the other two coatings families 

due to higher Si content Al-10Si alloy has been used. 

The selection of the second coating to be tested was based on the amended 

industrial requirements – more abrasive Al alloy was meant to be used and under 

wet cutting conditions. DLC coating has been selected as it provides both a low 

coefficient of friction and high hardness. Moreover, it allows taking full advantage 

of arc evaporation as a deposition method resulting in hydrogen-free, extremely 

hard coatings [51]. The literature review suggested a strong dependence 

between the tribological properties of DLC and the energy of the incoming ions 

[52,53]. In FCVA the ion energy can be easily adjusted by changing substrate 

bias. Therefore, it has been decided to test a variety of negative biases [54]. The 

best performing DLC monolayer would be combined into the multilayer structure 

with another solid lubricant WS2 to improve the tribological properties further. A 

different number of layers would be tested to find the optimum combination.  

After the successful adaptation of thin coatings on top of TiB2 the next decision 

was to modify the chemical composition and structure of the TiB2 to facilitate it 

for arc evaporation. The number of issues has been reported by other 

researchers including arc sticking into the specific location at the cathode, 

cathode fracture, poor arc stability, and cathode destruction [17,18]. The cathode 

density close to the 100% theoretical density (TD) has been indicated as one of 

the requirements to overcome these issues [55]. However, sintering additives 

such as Ni and Co used commonly to provide a high density of TiB2 are not 

desired for cathode production as they are not suitable for high-temperature 
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applications and also would change the composition of the resulting films. 

Therefore TiSi2 sintering additive has been chosen as being compatible with TiB2 

(density, thermal and electrical conductivity and thermal expansion coefficient 

close to the monolithic TiB2 [56]) and was described before to provide density 

close to 100 % TD [57]. Also, TiB2 cathode with the addition of carbon would be 

tested as being reported recently to provide stable and repeatable arc 

evaporation, although was not tested in the configuration with a cone-shaped 

cathode [17,58]. Due to project time constraints and the readiness of the 

manufacturers to test new compositions each cathode had to be produced by a 

different manufacturer.  

All of the machining testings has been done externally by project partner 

McMaster University. As it was part of collaboration there were some constraints 

in the project methodology. The project sponsor supplied tools for coating and 

testing and requirements regarding the material to be machined. However, the 

material itself (Al alloy blocks) were donated by the automotive industry thus its 

amount was limited. It has been decided to perform short machining tests (30 

meters for Al-10Si) for all of the deposited coatings to get comparison rather than 

performing a full tool life machining test of just one coating composition.  

1.6 Thesis dissemination 

Publications and conferences talks/posters from this thesis to-date. 

Publications: 

• Tomasz L. Brzezinka, Jeff Rao, Mohamad Chowdhury, Joern Kohlscheen, 

German S. Fox Rabinovich, Stephen C. Veldhuis, Jose L. Endrino, Hybrid 

Ti-MoS2 Coatings for Dry Machining of Aluminium Alloys. Coatings 2017, 

7, 149. 

• Tomasz L. Brzezinka, Jeff Rao, Jose M.Paiva, Joern Kohlscheen, German 

S. Fox Rabinovich, Stephen C. Veldhuis, Jose L. Endrino, DLC and DLC-

WS2 Coatings for Machining of Aluminium Alloys. Coatings 2019, 9, 192. 

This paper has been selected as the journal issue cover. Available: 

https://www.mdpi.com/2079-6412/9/3. 
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• Tomasz L. Brzezinka, Jeff Rao, Jose M.Paiva, Joern Kohlscheen, German 

S. Fox Rabinovich, Stephen C. Veldhuis, Jose L. Endrino, Facilitating TiB2 

for filtered vacuum cathodic arc evaporation. Paper submitted for 

publication in the MDPI Coatings Journal and is currently undergoing the 

peer review process. 

Conferences: 

• T.L. Brzezinka, J. Rao, G. S. Fox-Rabinovich, M. Chowdhury, 

S.C.Veldhuis, J. Kohlscheen, J.L. Endrino. Investigation of wear behaviour 

in composite Ti-MoS2 coated mill inserts for aluminium alloys milling. 

European Conference on Nanofilms (ECNF). 19-21st October 2016, 

Bilbao, Spain. (Contents of chapter 3 were presented).  

• Tomasz Brzezinka. Investigation of the characteristics of cutting tools 

coated with mono-layer DLC and multi-layered DLC-WS2 PVD coatings. 

European Conference on Nanofilms (ECNF). 20-22nd March 2018, 

Cranfield, UK. (Contents of chapter 4 were presented). Nomination for 

the best poster. 

• Tomasz L. Brzezinka, Jeff Rao, Mohamad Chowdhury, Joern Kohlscheen, 

German S. Fox-Rabinovich, Stephen C. Veldhuis, Jose L. Endrino, Hybrid 

Ti-MoS2 Coatings for Dry Machining of Aluminium Alloys. Challenges in 

Tribology IET. 16-17 March 2017. Birmingham, UK. (Contents of chapter 

3 were presented). 

Other: 

•  Industrial secondment, Metaestalki, November-December 2017, Bilbao, 

Spain. 
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2 Coatings for AlSi machining – review of principles 

and methods  

2.1 Abstract 

This review summarises the principles of metalworking, coatings for AlSi 

machining and deposition methods. The fundamental aspects of cutting; starting 

from types of tool wear through revising wear stages until tool adaptation are 

discussed in 2.3. Section 2.4 introduces PVD deposition methods with an 

emphasis on cathodic arc evaporation. Also, the hard and lubricious coatings for 

machining of ductile materials and methods to tailor their tribological properties 

for specific applications are discussed in greater detail in section 2.5. The 

analysis showed that the use of a unique hybrid FCVA-MS system could 

potentially help to produce hard coatings with self-lubricating and tribological 

properties better than the coatings used nowadays. The combination of hard base 

coating and thin lubricious top layer appears to be the novel solution for AlSi 

machining.  

2.2 Introduction 

Aluminium silicon alloys play an essential role in a wide range of industries such 

as automotive and aerospace [6]. Therefore, the demand for cutting tools used 

for their machining increases every year. Aluminium alloys despite being softer 

than most of the tool materials are challenging during machining due to adhesion 

to the cutting tool edge known as build-up edge (BUE) [5]. When the machined 

material adheres to the cutting edge of the tool, it changes the geometry of the 

cutting edge, which increases the cutting forces at the tool interface [59]. The size 

of the BUE increases until some critical size after which it becomes unstable, with 

the resulting fractured particles being carried into both the chip and new 

workpiece surface [60]. In the case of AlSi, in addition to adhesive wear, the 

silicon particles cause abrasive action on the tool surface. P. Roy et al. [61],  

compared the machinability of the TiN, TiN, Al2O3 and AlON coated tools for dry 

machining of ferrous materials during Al and Al-12Si cutting. An extensive BUE 
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was observed for all of the coatings for both machined materials. However, on 

the tools used to machine Al-12Si a notch was formed on the cutting edge [61]. 

TiB2 is the most successful coating used to protect the tools during machining of 

Al alloys [62]. However, its brittleness sometimes makes it prone to extensive 

wear during AlSi cutting [13]. Alternative coating solutions are therefore 

researched. DLC is emerging as a promising solution and was already reported 

by Giovanni R. dos Santos et al. [63], to reduce cutting forces during Al-12Si 

turning. The well-established coatings with self-lubricating properties such as 

MoS2 and WS2 could be potentially used for this application, though, only if 

combined with hard underlayer [13]. 

PVD deposition methods such as magnetron sputtering (MS), and filtered 

cathodic vacuum arc evaporation (FCVA) have been widely used to coat cutting 

tools. However, while MS allows deposition of a wide range of lubricating coatings 

such as TiB2 and MoS2, the use of FCVA is more focused on hard coatings such 

as TiN. Recently the successful synthesis of TiB2 coating by arc evaporation has 

been reported by Zhirvov et al. [17], which gives a possibility of FCVA utilisation 

for deposition of hard, lubricious coating systems. Lastly, the establishment of 

hybrid FCVA-MS deposition gives the opportunity to develop a composite of 

multilayer coatings with improved coating density and adhesion, thus facilitating 

their usage for coating cutting tools. 

2.3 Principles of wear during the cutting process and friction 

control 

This section briefly discusses the challenges associated with metalworking, 

specifically automated cutting processes. The tool adaptation and methods to 

promote it are introduced. 

2.3.1 Wear stages and tool adaptation 

Cutting, one of the oldest methods of metalworking, includes few types of 

machining such as milling, turning, drilling or grinding. All of these operations are 

a consequence of mechanical and thermal processes involving surface plastic 

deformation of the workpiece, fracture and chip removal [13]. When the chip 
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leaves the cutting zone in such severe frictional conditions, it carries some 

particles of the worn tool. Although the real tool wear is small, over a time a 

change of the cutting-edge profile is high enough for the tool to lose its workability. 

A schematic of the tool-chip interface is presented in Figure 2-1. 

 

Figure 2-1 Cutting tool-chip contact area.  

The wear of both flank and rake surfaces occurs during cutting. The major 

components of the wear during cutting are [15,64]: 

• Adhesive: Junctions between the asperities of the tool surface and chip 

are formed. Shear forces continuously fracture these junctions; therefore, 

microscopic fragments of the tool material are torn and adhere to the chip. 

• Diffusive or chemical wear: The subsequent process of material transfer 

between two metals within the interface. 

• Abrasive: Scratching of the tool surface by the hard particles.  

Typically wear process consists of three stages; running-in stage, steady-state 

and surface damage stage as presented in Figure 2-2. In the initial and final 

stages, the surface damage of the tool can be observed (high wear rates) while 

in the middle stage (steady) stable wear and frictions conditions are typically 

achieved therefore little or no macroscopic damage of the surface is observed. 

During the initial (running-in) stage, a complex phenomenon of adaptation 

process takes place. The adaptation occurs at three levels [65]: 
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• Macro-level: At this level, a geometrical adaptation of the cutting edge 

due to friction occurs. Also, dissipative macrostructures such as BUE and 

flow-zone are formed. 

• Micro-level: Formation of debris during contact dynamics. 

• Nano-level: Occurs at the very tool-workpiece area by protective tribo-

film formation. These films are formed by an interaction of the base 

material with the environment (mostly oxygen) or by structural 

modification. 

 

Figure 2-2 Typical tool wear curve: a - running-in stage, b - steady-state, c -

catastrophic wear stage. 

2.3.2 Tribology control 

The primary goal of tool tribology control is to increase the steady-state length 

and decrease the tool-wear intensity and friction coefficient. This can be realised 

by “Self-Adaptive coatings” or “smart coatings” which are the new generation of 

coatings aiming to minimise the surface damage in the initial machining stage 

[13]. For example, hard coatings due to their brittleness are susceptible to 

extensive surface damage in the running-in stage. The observed wear rate in the 

stable stage is still lower as a result of the formation of protective tribofilms.  

However, most of the hard coating is lost which significantly decreases the 

machining length/time of this phase [65]. Therefore an additional top layer with 
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high anti-frictional properties is a critical component especially during machining 

of ductile materials with abrasive components such as AlSi [66]. This lubricious 

layer prevents the intensive surface damage of the hard coating during the 

adaptation stage. Thus more protective compounds such as TiO2 can form. 

Finally, when the stable stage starts the overall tool wear is lower, and the tool 

life is extended.  

2.3.3 Lubricants and future trends in machining 

Liquids have been employed as sources of lubrication for machining applications 

for many years [67–69]. Their main purpose is to reduce heat, reduce the cutting 

forces, change the tool-chip contact area and decrease the BUE formation [70]. 

However, the costs associated with using the liquids can be high the refrigeration 

and recycling can be up to four times their purchase costs as most of the 

lubricants are not bio-degradable [71,72]. Also, in some applications, using a fluid 

lubricant is limited to avoid contamination or because of its low effectiveness [73]. 

Hence one of the major tasks in modern cutting applications is the search for 

alternative “greener” production processes that either minimise or avoid the 

production of environmentally aggressive liquid residues [74]. One of the 

processes eliminating most of the liquids’ drawbacks is minimum quantity 

lubricant (MQL) or near dry. In this technique, the used lubricants are minimised 

by mixing with compressed air to form an aerosol, thus much smaller quantities 

(10-100ml/h) are needed [75]. The temperature of the process causes the fluid 

evaporation thereby costs related to disposal and circulating are eliminated [71]. 

Still, the issue with contamination of the machined materials and possibly 

hazardous fumes associated with evaporated cutting fluid persist [76]. Dry 

machining is considered to be a “greener” alternative eliminating the need for any 

liquid-based lubricants [77]. Howbeit, in the absence of a cooling and lubricating 

liquid, a significant reduction of uncoated tool life can be expected [78]. Dry 

machining is a serious challenge for lightweight alloys e.g. aluminium and 

titanium machining as they have a high degree of plasticity [73]. The higher 

temperatures that occur during the process facilitate aluminium adhesion to the 

cutting tool, forming a built-up edge [79]. BUE can be defined as a layer of refined 
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and heavily deformed material sourced from the machined workpiece [80]. To 

some extent, this layer can serve as protection to the tool surface. However, 

especially when cemented carbide tools are used [5], the stability of BUE is very 

low. As the result of adhesive interactions between the carbide grains and build-

up layer the subsequent cyclical stress leads to separation of the carbide grains 

and crack formation [13,61].  

2.4 Physical Vapor Deposition (PVD) Methods 

This section introduces the main methods and concepts regarding physical 

vapour deposition. The focus has been made on the filtered vacuum cathodic 

method as it is necessary for understanding the decisions made and results 

obtained especially during arc evaporation of TiB2 (see chapter 5).  

2.4.1 Definition and main categories 

Physical Vapour Deposition (PVD) processes cover thin film deposition 

processes in which the material from a solid or liquid source (target) located in 

the vacuum or low-pressure environment is vaporized into the atomic or 

molecular form and condensed on to the substrate after being transported in the 

low-pressure gaseous environment [81]. PVD processes allow deposition of films 

with thicknesses ranging from few a nanometres to microns which can be 

arranged into the multilayer or graded composition coatings [40,82,83]. 

Machining tools are one of the critical applications of the PVD coating technique. 

The versatility, low deposition temperatures, lack of harmful gasses being 

produced during the deposition, and higher energy efficiency [84] favours PVD 

over other common cutting tools deposition technique - chemical vapour 

deposition (CVD). The substrates can have a range of shapes from flat to 

complex geometries which, however, require the use of special rotating holders. 

Generally, PVD processes can be broadly divided into two main categories 

indicating the way of particles removed from the target: sputtering and 

evaporation [85]. The evaporation (Figure 2-3 (a)) usually provides dense 

coatings with excellent adhesion and the high deposition rate. However, it 

transfers particles having higher mass (larger grains) therefore is preferred for 

industrial applications of thick coating depositions, where the surface morphology 
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is not the primary quality requirement [81]. During the sputtering process (Figure 

2-3 (b)), the atoms and molecules are ejected from the target surface by 

transferring the momentum of bombarding gaseous ions [86]. Sputtering has 

fewer restrictions regarding the target material, but the deposition rates and 

density of the coatings produced are lower compared to evaporation. 

Consequently, it is mainly used in the semiconductor industry, reflective coatings 

production and dry lubricants deposition [87].  

 

Figure 2-3 Diagram of two conventional PVD processes: (a) sputtering and (b) 

evaporating using ionised argon (Ar+) gas [85].  

The summary of the main differences between evaporation and sputtering is 

presented in Table 2-1. 

Table 2-1 Summary of the main features of evaporation and sputtering [81,88,89].  

Process parameter Evaporation Sputtering 

Pressure Low (arc evaporation can 
operate even without 
assisting gas) 

High 

Atomised particles Highly directional Dispersed 

Coating uniformity Lower Higher 

Grain size Bigger Smaller 

Deposition rate High (up to 75 µm/min-1) Low except for pure 
metals and dual 
magnetron  
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2.4.2 Filtered cathodic vacuum arc 

2.4.2.1 Definition 

Commercial vacuum arc evaporators were developed and used in the 1970s in 

Russia (former USSR) and over the years have become the leading technology 

to deposit hard coatings on the cutting tools  [38,90]. The vacuum cathodic arc is 

a type of high-current, low voltage electrical discharge in which high-current 

plasma consists of the material removed from the cathode. The electrical arc 

operates at low voltage due to the high efficiency of collective electron emission 

process such as thermionic and field emission at the cathode [91]. The direct 

electron emission from the cathode is the main factor differentiating arc 

evaporation from the other discharge deposition methods (e.g., glow discharge) 

requiring high voltage to produce secondary electrons resulting from the 

bombardment of the cathode by accelerated ions or excited atoms [92]. The arc 

current is conducted by the plasma formed of the vapour ionised by the 

discharge, thus no background gas is required to operate the vacuum arc (in 

practice to improve stability, control and direct the plasma during deposition, low-

pressure inert gas is used) [90].  

2.4.2.2 Arc spot and cathode spot control 

The natural concentration of the arc current at the surface of the cathode is called 

an arc spot. These spots are mobile and have an extremely high current density 

(up to 1012 A/m2) resulting in areal power density of up to 1013 W/m2 [93]. Such 

conditions allow local phase transformation of solid cathode material into the fully 

ionised plasma [94]. The degree of ionisation depends on the cathode material, 

but multiple ionised ions are common, especially for refractory materials. The ions 

state can range from 1 for Li to 5 for Mo, and there are some publications 

providing exact charge distribution for certain elements [38,41,95]. Nevertheless, 

it has been proven that these ion states can be enhanced by magnetic fields  [96]. 

The energy of the ions can range between 14 eV (light elements), and 200 eV 

(heavy elements) yet can be easily multiplied by the use of substrate bias [54,91]. 

These high energies of the ions are the main advantage over discharge 

deposition techniques as they can produce coatings with different properties. In 
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the absence of an external magnetic field, the arc spots move randomly (called 

random-walk) around the surface of the cathode. The modelling of cathode spots 

movements was found to be very challenging. Howbeit, the primary mechanism 

of spot movement is known. Generally cathode spot “prefer” to ignite on the 

“contaminated” locations on the cathode surface [94]. The term contaminated is 

a bit misleading because multiple arc spot can be typically observed during 

reactive deposition as the cathode surface is poisoned (for example by nitrogen 

in case of TiN deposition), also sharp grain edges or inclusions are preferred 

locations of cathode spot ignition [54,93].  

Considering the cathode spot “random-walk,” it is necessary to control the spot 

motion to make sure it is kept in the front face of the cathode (facing the substrate) 

and prevent the destruction of the supporting structure of the cathode [93]. The 

control should also facilitate spreading the heat flux over the broad area of the 

cathode. The control of the location and motion can be realised in two ways. The 

first one, which advantage is simplicity employes the insulating shields, limiting 

the area of the spot motion, yet, it is possible the conductive coating material from 

the cathode will condense on the insulator. Therefore, it will serve as an extension 

for the cathode [91]. The most popular solution uses a magnetic field, which 

provides more control over the cathodic spot motion [94]. Magnetic steering 

exploited two phenomena: 

a) Retrograde motion – the apparent motion of the spot will happen in the -

JxB direction with the velocity being proportional to |JxB| with the 

saturation value of around 50-150 m/s [54]. 

b) Acute angle rule – according to Boxman [91] “if the magnetic-field lines cut 

the cathode surface obliquely, there will be a second-order tendency of the 

cathode spots to drift in the direction of the opening of the acute angle 

between the magnetic field line and its projection on the cathode surface.” 

These two phenomena are applied in the three most popular cathode designs 

(Figure 2-4): 

a) Race track – a permanent or electromagnetic coil is located under a flat 

cathode (circular or rectangular) and generates an arched, circular field 
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having a radial component parallel to the cathode surface [91]. The 

cathode spot is forced to move in retrograde direction by the radial 

component. The acute angle of the field lines will push the spot to the 

preferred trajectory in case of cathode stop drifts, e.g. towards the cathode 

centre. The advantage of such a system is full control of the spot over large 

area cathodes which are preferred in the industry to cover a large area 

(many samples) at one deposition [97].  

b) Cone-shaped cathode located in an axial magnetic field – for the conical 

cathode placed an axial magnetic field the retrograde motion of the spots 

at the tilted face will have azimuthal direction, while secondary drift 

direction will be towards the apex [91,98]. The advantage is that despite 

the cathode radius is small, it’s thickens is way bigger than for race track 

configuration. Therefore, they can be used for a long operational time 

before being changed [99]. Moreover, the utilisation of the cathode is 

better as it wears uniformly from the front and there is no groove being 

eroded [54,100]. Also, the deposition rig design can be more 

straightforward as the steering coils are placed around the anode tube not 

behind the cathode, which is typically crowded with cooling and high-

current connections.  

c) Central rod cathode – the central rod cathode can occupy almost the entire 

length of the deposition chamber. An external magnetic field allows helical 

motion of the arc spot [91]. The advantage is the high yield of the cathode 

and substantial area being coated.  
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Race track Cone-shaped Central rod 

Figure 2-4 Magnetic control of the cathode spot motion on different cathode 

configurations. The diagram presents magnetic field lines B, acute angle α 

between B and cathode surface, and the velocity vector Vcs of the spot.  

2.4.2.3 Macroparticle production and filtering 

Boxman [91] describes the process of material removal from the cathode by the 

arc spots as “a succession of explosions in adjacent locations, in which a small 

protrusion on the cathode surface is instantly vaporised and ionised.” The 

explosive nature of the cathode spots results in the production of not only highly 

ionised plasma but also debris particles or droplets commonly called 

macroparticles, which are the most important issue in a cathodic arc. Although 

reports describe the distribution of the sizes (0.1-10 µm) and production of 

macroparticles [100,101] generally this term can be used for any particles more 

massive than electrons or ions. Due to its large size and the low velocity, the 

macroparticles are undesired as they have poor adhesion to the substrate, cause 

the growth of defects and increase the roughness of the resulting coatings 

[101,102]. Macroparticle production can be limited by appropriate adjustment of 

the deposition parameters such as: 



 

24 

a) Cathode cooling effectiveness. 

b) Decrease the areal current density, e.g. cathodes with larger areas can be 

employed. 

c) Using magnetic steering to control the spot movement, thus minimising the 

peak temperature at the specific locations on the cathode surface. 

d) In case of nitride coatings, high nitrogen pressure can poison the cathode 

what results not only in creating the thin layer with a higher melting point 

but also causing multi-arc spot evaporation, which distributes the arc 

current over the larger area. 

For some applications, e.g. nanocomposite coatings [43] incorporation of the 

macroparticles into the coating is unacceptable. Therefore, some filtering 

methods to separate the droplets from the plasma were developed [103]. Most of 

the filtering systems use electromagnetic coils to guide the plasma to the 

substrate. The trajectories of the macroparticles having large inertia and small 

charge are almost not affected by electric or magnetic fields [96]. In the simplest 

filters which have linear geometry (Figure 2-5), the macroparticles are not 

completely eliminated as for the ones having the high velocity to the substrate 

direction can reach the substrate. However, the advantage of such a geometry is 

that while the macroparticles number is significantly reduced the deposition rate 

is not affected in such a significant way as for the other filtering methods [104]. 

The most popular filter is 90-degree bend (Figure 2-5) allowing to filter almost 

100 % of the macroparticles (some of them can still reflect from the filter walls 

and reach the substrate) [54]. There are few further filter variations and 

geometries; some allow 100% filtering rate other improve the deposition rate and 

are described in detail in some publications [39,54,91,104]. 
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Linear filter 90-degree bend filter 

Figure 2-5 Macroparticle filter configurations.  

2.4.2.4 Plasma expansion  

The cathodic arc plasma expands towards the vacuum or low-pressure region 

due to pressure gradients and electron coupling [54]. In the absence of an 

external magnetic field, it can be expected to have a quadratic drop of the density 

of the particles from the cathode spot [93,105]. The external magnetic field can 

decrease the plasma expansion and guide it to the substrate. Consequently 

“focusing coils” are used which create an axial magnetic field what confines the 

plasma and directs it towards the samples [100]. An example of steering, focusing 

and filtering coils arrangement in cathodic arc source equipped with the cone-

shaped cathode is described in chapter 5.2. D.S. Aksyonov et al. [99], discussed 

the importance of the proper adjustments of the magnetic fields from the coils in 

the conical cathode systems, as due to the superposition rule they would add and 

affect the arc spot motion and stability [99]. Furthermore, the field gradient can 

influence the ion drift; when streamed to the region with lower B-field the ion 

kinetic energy will increase, while the decrease can be observed in the opposite 

situation which was proved by experiments [54].  

2.4.2.5 Cathode temperature control 

Only 2/3 of the power supplied to the arc is used for material removal [54,91]. The 

rest of the energy is being dissipated in the cathode increasing it’s temperature. 

Hence to prevent cathode fracture it must be cooled. In most of the cases, either 

direct or indirect water cooling is used. In case of the metallic cathodes such as 
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Ti or Cr, the cooling water can be in direct contact with the cathode material which 

improves the cooling rate. Though, for some materials, e.g. graphite or to simplify 

the cathode change a backing plate is used to avoid direct contact of cathode 

material with the cooling water. An example of indirect water cooling is shown in 

Figure 2-6. The average temperature of the cathode surface (except the area of 

the cathode spot) Tcath can be estimated by [91]:  

 Tcath=Tw+Pcathτs (2-1) 

where Pcath=1/3Parc (2-2) 

while the thermal resistance of the cathode-water system  

 Rs=Rc+RW+Rit+Rb. (2-3) 

The thermal resistance of the cathode and the backing plate can be estimated 

 Rc=Lc/(kcAc) (2-4) 

where Rb=Lb/(kbAb) (2-5) 

 

Where L and A are dimensions and k are the thermal conductivity. The thermal 

resistance of the water – backing plate Rw will depend on the surface condition 

and the water flow. The interface between the backing plate and cathode Rit will 

have thermal resistance, which is difficult to estimate, still, it will depend strongly 

on the surface finish. If the contacting surfaces are rough (as presented in Figure 

2-6), there will be only a few contact points which can provide solid thermal 

conduction resulting in high thermal resistance. Rit can be significantly reduced 

by bonding the backing plate to the cathode using thermal conductive glue or 

solder. The most common solder for metallic bonding is high purity indium [106] 

(used by, e.g. Plasmaterials). According to (2-4) if the thicker cathode is used 

while all the other resistances are constant the average temperature of the 

cathode Tcath will be higher. This factor is significant for using conical cathodes 

made of the materials with low thermal conductivity. In such a case the other 

resistivities have to be decreased to maintain low Tcath; for example, the water 

flow can be increased to decrease Rw.  
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Figure 2-6 Diagram of heat flow in an indirectly cooled cathode.  

2.4.3 Magnetron sputtering 

Sputtering is a process of physical ejection of the atoms from a solid surface 

(target) by momentum transfer from energetic particles accelerated in the plasma 

confined in front of the target [107].  The removed, i.e. “sputtered” particles of the 

target may condense and form a thin film on the surfaces being placed in the 

short distance such as substrates or vacuum chamber walls. The ion 

bombardment also results in secondary electrons being emitted from the target 

surface and plays a vital role in maintaining the plasma [35]. This basic concept 

of sputtering has been known and used for many years yet, suffered limitations 

such as high substrate heating, low ionisation of the plasma and low deposition 

rates [35]. The above drawbacks were overcome by the development of 

magnetron sputtering (Figure 2-7) which restricts the secondary electron motion 

in the vicinity of the target by parallel configuration of the magnetic field to the 

target surface [81].  
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Figure 2-7 Magnetron sputtering process diagram.   

The arrangement of the magnet’s positions one pole at the central axis of the 

target, while the second pole is located around the outer edge of the target where 

ring magnets are placed. As the electrons are trapped in the target region, the 

likelihood of electron-atom collisions promoting ionisation is greater, thus creates 

denser plasma [85]. In turn, increased ion bombardment of the target surface 

occurs resulting in higher sputtering yields (ratio of the number of ejected particles 

to the number of impinged particles) and therefore higher deposition rates are 

achieved [87]. Typically, argon is used as an inert gas to produce the plasma in 

front of the target. Other gases such as nitrogen can be used in addition during 

reactive deposition producing nitride coatings, e.g. TiN [88,108,109]. Other 

benefits of employing magnetron include lower operating pressures (around 10-3 

mbar) and lower operating voltages (-500V compared to up to -3 kV) [35]. The 

substrates can be negatively biased to improve further the energy of depositing 

ions thus ensuring better density and adhesion of the resulting films. The 

cleanness of the sputtering process makes it relevant for many applications, 

where film stoichiometry, grain size and roughness are more significant than the 

deposition rate. Also, magnetron sputtering is often implemented to deposit multi-

component materials, e.g. W-S-C-TI [110] and materials that are challenging to 

evaporate such as WC or SiC [40]. 
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Over the years many studies have been carried out to optimise the magnetron 

sputtering technique in the areas such as deposition rate improvement, target 

utilisation, plasma ionisation and deposition from insulating targets [81,111–113]. 

The most popular magnetron sputtering techniques are: 

• Direct current (DC) – used for conductive target materials. As requires only 

DC power supply, it is considered to be the simplest solution to 

incorporate.  

• Pulse Magnetron – employs unipolar or bipolar square waveform 

operating at 50-250 kHz. This technique allows sputtering of electrically 

insulating films and can be used during reactive deposition of non-

conductive oxide targets.  

• High-Power Impulse Magnetron Sputtering (HiPIMS) – it is relatively 

young PVD technique which has drawn much attention from researchers 

in the recent decade [82,114–120] as it combines the advantages of a 

typical sputtering technique with the production of highly charged ions, 

which are characteristic to arc evaporation. According to Andre Anders 

[120] “HIPIMS is pulsed sputtering where the peak power exceeds the 

time-averaged power by typically two orders of magnitude”. The improved 

plasma ionisation caused by high power impulses results in denser 

coatings with high adhesion and gives a range of improvements for the 

films which cannot be evaporated. For instance, Babak Bakhit [42] 

demonstrated deposition of stoichiometric TiB2 using HiPIMS while Erik 

Lewin et al. [121], improved the density and hardness of Al-Si-N 

nanocomposite coatings. 

• Radio Frequency Sputtering (RF) – involves alternating the supply power 

at radio frequencies (typically 13.56 MHz) the electrical potential of the 

current applied to the target which prevents the charge build-up on 

dielectric target materials. Therefore, RF sputtering is the primary PVD 

method used in the semiconductor industry, where thin insulating films are 

required. Hence, low deposition rate which is the main drawback of RF 

sputtering is not applicable in this application.  
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2.4.3.1 Substrate preparation by ion etching 

The substrate surface preparation has a significant influence on the adhesion of 

the deposited coatings using PVD deposition methods. Typical contamination 

layers such as oils can be removed by adopting chemical methods (ultrasonic 

cleaning in acetone and Isopropyl alcohol (IPA)), however impurities and oxides 

would stay on the surface limiting the active interactions between coatings and 

substrate [54,122]. Plasma etching employs the sputtering concept (physical 

ejection of the atoms by ion bombardment) to clean the substrate surface 

consequently providing versatile, environmentally friendly and efficient in situ 

cleaning method, which can be used prior to deposition process inside the 

vacuum chamber [107,123]. Generally, two different approaches are applied for 

plasma etching: Ar gas etching and metal ion etching, e.g. Cr ions [122]. Ar 

etching due to its practicability and easy implementation is commonly used as it 

only requires introduction of Ar into the chamber and application a high voltage 

to the substrate (-300V and more) to create the plasma. As Ar cannot remove all 

oxide layers effectively, a combination of Ar and hydrogen etching gases has 

been successfully adopted for copper and stainless steel substrates cleaning 

[124]. 

Contrary to inert gas etching, metal ion etching requires a plasma generated from 

an external source, e.g. magnetron sputtering, although, the cathodic arc is 

preferred due to a high fraction of highly charged metal ions in the plasma 

[123,125]. The negative bias (typically 1 kV) is applied to the substrate. 

Consequently, the plasma condensation on the substrate is overcompensated by 

sputtering from the substrate surface [54]. Also, some of the incoming metal ions 

are supplanted and remain in the substrate sub-surface which is desired for some 

of the coatings (e.g. TiN) as subsequent film growth and adhesion is improved 

[113].  

2.4.4 Hybrid FCVA- MS deposition  

The multi-source deposition chambers are commonly used to deposit multi-

layered or composite coatings [89]. A few PVD sources can also be used to 

improve the deposition rate or coat the substrates with complex shapes [87]. 
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However, most sources combine the same PVD technique such as closed field 

unbalanced magnetron sputtering unit (CFUBMS) used by Teer Coatings Ltd. 

[126] to deposit MoS2/Ti–MoS2/TiBN–TiBN–TiB2–Ti. Another example is VIT-2 

set-up combining three FCVA sources to allow Ti-AlN/CrN-TiAlN, Ti-AlN/CrN-

TiCrAlN and Zr-AlN/CrN-ZrCrAlN deposition implemented by A.Vereshchaka et 

al. [127].  

Combining the same PVD techniques ensures simplification of the deposition 

parameters such as deposition pressure and plasma interactions. Nevertheless, 

several research groups have reported hybrid deposition sources to have great 

potential as they are taking advantage of both the high ionisation of the plasma 

provided by arc evaporation and the coating uniformity provided by magnetron 

sputtering [107]. Such a concept was introduced by W.D Munz et al. [125], where 

arc evaporation was adopted for substrate preparation by Ti ion etching. The Ti 

ions not only removed contaminations but also penetrated the substrate, thus 

provided better adhesion and higher hardness to the following coating. The 

surface preparation was followed by TiN deposition performed using reactive 

unbalanced magnetron sputtering. Hence, obtaining dense, stress-free coatings 

with no macroparticles typically seen in arc evaporation. A similar solution was 

employed by C. Schönjahn et al. [123], for Cr ion etching which was followed by 

reactive TiAlN deposition by unbalanced magnetron sputtering. Later Kenji 

Yamamoto et al. [128], took advantage of high deposition rates provided by arc-

evaporation and the versatility of the complex targets available for magnetron 

sputtering. In their work nano-scale multilayered coatings of (Ti, Al)N/SiN, (Ti, 

Al)N/WN, and CrN/BCN were successfully deposited by cathodic arc evaporation 

combined with unbalanced magnetron sputtering.  

The development of the HiPIMS process generating a mixture of ionised gases 

(mostly argon) and highly ionised sputtered atoms opened new possibilities for 

tailoring coating properties [129]. Hybrid DC-magnetron and HiPIMS unit 

employed by Xiaopeng Qin et al. [130], allowed dopping of the MoS2 by Ti ions. 

The resulting coating was Ti-MoS2 which is well known lubricious coating (the 

work and coating described in greater detail in 2.5.3.2) typically deposited by 
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multi-source magnetron sputtering [131]. Recently J.Vetter et al. [40], proposed 

a new concept of hybrid arc-HiPIMS source for advanced coating architecture 

deposition. Such solution takes full advantage of both techniques; arc 

evaporation provides high deposition rate, therefore, can be used to deposit thick 

base coating (e.g. TiAlN) while HiPIMS is suitable for sophisticated coating 

compositions with high density that may be used for the deposition of complex 

top layers (e.g. oxidation protection or friction reduction).  

2.4.5 Combinatorial deposition 

An increasing need for modern advanced coating systems to meet a wide range 

of requirements led to the development of deposition methods which enables the 

production of many samples with variable composition during a single deposition 

run. The approach called the “multiple-sample-concept” had been suggested by 

J.Hanak [132] more than three decades ago. Over the years this concept has 

been incorporated into the modern approaches called “combinatorial” and applied 

mainly in semiconductors and the hard coating industry [49,50,133,134]. This 

name covers several methods, allowing rapid development of novel coatings. 

Although combinatorial deposition had not been used for tool coatings so far, 

selective masking is commonly used in the semiconductors industry. It enables 

the production of wedged layers of individual phases [49], while the ternary 

sputter target, allows deposition of composite coating with gradient composition 

using a single PVD sputtering source [135]. Another combinatorial deposition 

method was proposed by R.Cremer at al. [50], and successfully used in the 

development of hard coatings Ti-Al-Hf-N and Ti-Al-Si-N. Three angled magnetron 

sputtering sources were used, whereas the silicon wafer was located equidistant 

from all of them [50]. The chemical composition of the coatings on each sample 

varies with the distance from the specific sources. Thereby the number of 

samples with the different chemical composition of the coating is produced in one 

single run, which not only increases the speed of sample production but also 

provides the same deposition conditions for all of the coatings assuring that only 

the influence of the chemical composition is investigated [49,50].  
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2.5 Low friction coatings for Al alloys machining 

This section introduces the coatings which could improve the tool lifetime during 

Al cutting. The main focus is on the possible improvements on existing TiB2 and 

coatings with self-lubricating properties made of solid lubricants.  

2.5.1 Titanium diboride 

2.5.1.1 Material properties  

Titanium diboride is a stable intermetallic compound having a hexagonal close-

packed structure with boron atoms forming a two-dimensional covalently bonded 

network inside the titanium matrix [136] (Figure 2-8).  

 

Figure 2-8 Cristal structure of TiB2.  

According to the Ti-B equilibrium phase diagram (Figure 2-9) TiB2 stoichiometry 

lies within a range 28.5-30 wt% B with the highest melting point (3225°C) of all 

Ti-B intermetallic compounds. The atomic bonding and crystal structure provides 

exceptional properties such as high hardness (25 – 35 GPa), elastic modulus 

(565 GPa) and chemical stability (all of the TiB2 material properties are discussed 

in greater detail in the work of Ronald G.Munro [9]) making it an vital candidate 

material for wear applications. Moreover, TiB2 is also an excellent material for 

electrical applications due to its chemical inertness, low electrical resistivity (13-

18-8 Ωm) and thermal conductivity properties [57]. However, monolithic TiB2 as 

other structural ceramics, e.g. SiC or ZrB2 suffers from low fracture toughness (~5 

MPa m1/2) and difficult densification due to low self-diffusion coefficient caused 

by strong covalent bonding of the constituents [10,137]. 
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Figure 2-9 Ti–B binary equilibrium phase diagram indicating the possibility of 

formation of three intermetallic compounds: TiB, Ti3B4 and TiB2 [10].  

A variety of methods such as hot pressing, hot isostatic pressing and spark-

plasma sintering [138,139] can be used to produce TiB2. However, the full 

densification had been challenging due to the low self-diffusion coefficient, high 

melting point and oxygen contamination of the pre-cursor powders. The use of 

high temperatures (~2000°C) ensures near the theoretical density (TD) of TiB2 

[10] is achieved. Although, this leads to extensive grain growth and anisotropy of 

the hexagonal structure which is associated with internal stress development and 

correlated microcracking during the cooling phase [140]. It has been further 

reported that densification and sinterability can be improved by employing a 

metallic binder/sintering aid such as transition metals Ni, Co, Fe which promotes 

liquid phase sintering [137]. The boron reacts with transition metals forming 

metallic borides with a low melting point (900 – 1100°C) such as Ni3B, Co3B, Fe3B 

which can dissolve Ti [10]. The successful use of metal aid binders has been 

reported indicating the mass fraction of the sintering aid in the range from 1 % - 

10 % can reduce the sintering temperature down to 1425°C [9,10,141]. Although, 

the use of metallic aids leads also to degradation of hardness and high-

temperature properties (due to the low melting point of the binder) of the bulk 
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material. In case of sintering the cathode for PVD, any degradation of the bulk 

material properties would potentially affect the properties of deposited coating 

what is undesired.  

Various non-metallic sintering additives were studied such as AlN, SiC, Si3N4, 

CrB2, B4C, TaC aiming to provide good densification and fine grain structure while 

maintaining exceptional high-temperature properties [10]. Special mention should 

be made to metallic silicides having an excellent oxidation and creep resistance, 

good thermal conductivity and low melting point [137,141–143]. Metallic 

disilicates not only lower the sintering temperature but also increase oxidation 

resistance by forming borosilicate glass and SiO2 on the surface of TiB2 which 

acts as a diffusion barrier to the ingress of oxygen [142]. Those properties 

together with good thermo-mechanical compatibility with TiB2 makes metallic 

disilicide potential sintering additives for high-temperature applications [137]. 

Among various high-temperature intermetallics, the best combination of keeping 

good mechanical properties of TiB2 as well as ensuring high density are MoSi2, 

WSi2, and TiSi2. The MoSi2 was firstly assessed for high-temperature applications 

by Murthy et al. [137]. For the 20 % MoSi2 mass fraction in the TiB2, 98.7 % TD 

was obtained together with properties such as hardness (25 GPa), thermal 

conductivity (64.8 W*(m*K)-1), electrical conductivity and wear resistance 

outperforming monolithic TiB2 [137]. Later G. B. Raju investigated [144,145]  the 

properties of TiB2-TiSi2 and the influence of the mass fraction. It was concluded 

that the addition of 5 wt% TiSi2 is optimal as hot pressing at 1650ºC provides 

99.6% TD. Moreover results also in a combination of good mechanical properties 

such as the hardness of 25 GPa, electrical resistivity of 10 µΩ*cm and an 

indentation toughness of ~6 MPa*m½ [144]. Crack deflection was identified as the 

main reason for toughness outperforming monolithic TiB2 as “a mixed mode of 

fracture with the dominance of intergranular fracture was observed in the case of 

composite materials” [144] while monolithic TiB2 fractured mostly by intergranular 

crack growth. Ch. Murthy et al. [56], confirmed those observations and also 

observed oxidation resistance superior to TiB2-MoSi2 composite due to the 

formation of SiO2 on the surface. Lastly, Ch. Murthy [142] also studied the WSi2 

as a sintering additive and compared it to previously studied MoSi2 and TiSi2, the 
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mechanical properties and sinterability are presented in Figure 2-10. The 

outcome of the work suggests an excellent oxidation resistance of TiB2-WSi2 

composite superior to those of TiSi2 and MoSi2 as well as good shock resistance 

in comparison to TiB2 sintered using conventional metallic sintering aids [142].  

 

Figure 2-10 Effect of silicide sinter additives on densification of TiB2 and peak KIc 

[142]. 

2.5.1.2 TiB2 applied as a coating  

In addition to its exceptional tribological properties, TiB2 has low chemical 

inertness to aluminium that is a function of these; low solubility in liquid Al and 

TiB2 is a good diffusion barrier for Al [62,146]. These properties make TiB2 an 

ideal material for coating the cutting tools not only to improve the wear resistance 

but also prevent the machined material sticking to the tool when machining Al 

alloys [14]. As discussed in section 2.3.2 in case of lightweight alloys especially 

aluminium the BUE has to be addressed as it significantly decreases the tool 

lifetime. The beneficial adhesion behaviour of TiB2 comparing to other hard 

coatings has been demonstrated in some research papers [62,66,80,147]. Berger 

et al. [62,80], showed that concerning the coefficient of friction, pick-up of material 



 

37 

and smoothness of the surfaces, TiB2 outperforms hard nitride coatings such as 

TiN, TiCN and TiAlN when sliding against Al. These positive attributes were 

related to an “exceptionally high chemical resistance against aluminium for TiB2” 

[80] as no significant advantage of TiB2 over the other coatings compared was 

found when sliding against other ductile materials such as Ti and Ni based alloys. 

E.Konca et al. [66], investigated the TiB2, TiN, TiAlN, TiCN and CrN as coating 

candidates for dry machining of aluminium in regards to sliding distance, 

temperature, environment and coating roughness. The TiB2 exhibited the least 

amount of Al adhesion in comparison to the other coatings, independent of the 

temperature, sliding speed and roughness. High chemical stability of TiB2 was 

proved when testing in different environments; for other coatings, the oxygen in 

air promoted the Al adhesion. However, in case of TiB2 almost no change in the 

material sticking was observed when the inert atmosphere was used [66].  

TiB2 coatings can be produced by a variety of CVD and PVD deposition methods 

although magnetron sputtering appears to be the most suitable for coating cutting 

tools due to a low temperature of deposition and ability to coat complex shapes 

[136]. The high compressive stress of deposited coatings has been limiting factor 

when employing TiB2 for larger scale. Nevertheless, it has been solved by Berger 

et al. [148], who proposed to apply positive substrate bias, thus “the mobility of 

adatoms on the growing film surface was enhanced by thermal activation due to 

increased bulk temperature and also by activation due to electron bombardment” 

[14]. Later other researchers [8,14,136,149,150] showed that deposition 

parameters such as substrate bias voltage and deposition temperature allow 

control of the microstructure, mechanical properties and stoichiometry of resulting 

TiB2 coatings. Overall the mechanical properties of TiB2 coatings can be 

expected in the ranges: hardness = 30-50 GPa, Youngs Modulus = 450-600 GPa, 

elastic recovery = 80 % and CoF = 0.5-0.8 [8,14,136,149,150], however the brittle 

nature of TiB2 [151] can sometimes limit its usage for use in finishing operations 

at high cutting speeds [152]. 
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2.5.1.3 Arc evaporation of TiB2 

As discussed in 2.4.2 arc evaporation due to its high deposition rate, good 

adhesion and high density of the produced coatings is a preferred synthesis 

method for hard coating production. For those reasons researchers have been 

trying to deposit TiB2 coatings using arc evaporation [18,19,153]; yet, only one 

successful and reproducible reported attempt [17] was found when researching 

the papers for this work. Other reported attempts identified extensive cathode 

cracking, arc instability, problems with arc triggering as well as the tendency of 

the arc to remain in certain location [18,19,153]. The possible explanation of the 

arc spot immobilisation was proposed based on the observations made for 

graphite cathodes, where the arc sticking has been explained by an increase in 

electrical conductivity of carbon with an increase of its temperature [54]. Figure 

2-11 presents the electrical resistivity of TiB2 against the temperature diagram 

obtained by A. D. McLeod et al. [154]. Contrary to graphite TiB2 electrical 

resistivity increases with the increase of the temperature, though, the electrical 

conductivity of TiB2 is significantly growing with its density.  Hence, if the density 

of TiB2 cathode is not close to 100% of TD, the arc sticking to the specific location 

of the cathode, can still be attributed to increase in local electrical conductivity 

due to material densification at a local area in time of high-temperature treatment 

by the arc spot [17]. Such an observation suggests that the possible way of 

improving arc mobility is to produce the TiB2 cathode with 100% TD.  As 

discussed in 2.5.1.1 the silicides are the most promising candidates for sintering 

additives providing high density while maintaining exceptional mechanical 

properties of TiB2 and a low mass fraction (5 wt%) still, their use for cathode 

production was never reported.  

The arc stability problems were addressed by Knotek et al. [18], who attempted 

the reactive deposition (nitrogen) of TiB2. Nevertheless, the deposited films were 

TiBN rather than TiB2. On the other hand, Trelegilo et al. [19], explored arc 

stability using pulsed bias arc evaporation though the resulting deposition rate 

was low.  
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Figure 2-11 Electrical resistivities of polycrystalline and monocrystalline TiB2 [54]. 

A successful and reproducible solution has been reported by Zhirkov et al. [17]. 

TiB2 cathodes with density close to 100%TD were produced what limited cathode 

cracking. Avoiding arc sticking was achieved by switching off the external 

magnetic field (which is used to guide the arc movement, as discussed in section 

2.4.2.2). Therefore the arc was dissipated over a larger area, limiting local 

overheating and cracking [17]. Zhirkov et al. [17] proposed also hampering crack 

propagation as a way to delay the cathode destruction (Plansee Gmbh patents 

[155,156]). For that purpose, 1 wt% of graphite powder was added into the TiB2 

composition before sintering [58]. The SEM analysis of the resulted material 

showed carbon particles around TiB2 crystals [155]. As it is suggested, carbon 

inclusions, due to a better temperature shock resistance, can serve as stopping 

points of propagation of cracks as presented in Figure 2-12. The cathodes so 

produced allowed stable and reproducible arc evaporation.  
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Figure 2-12 Hampering of the crack propagation on carbon inclusions [58]. 

2.5.2 Diamond-like carbon (DLC) 

Diamond-like carbon coating refers to the range of amorphous materials 

containing a high fraction of sp3 bonds which are the ones present in the structure 

of the diamond [157]. Depending on the method used for deposition either 

hydrogen-free (ta-C) or coatings containing up to 50% hydrogen (a-C:H) can be 

deposited [158]. Hence DLC can have a wide range of the properties [159]: 

hardness: 15 – 80 GPa, young modulus: 120 – 900 GPa, compressive stress: 0.5 

- 0.7, CoF: 0.02-0.5. The sp3 fraction of the coating is strongly dependant on the 

energy of ions forming the coating [34]. As presented in Figure 2-13 the sp3 

bonding fraction can be maximised if the ion-dominated process is used with ion 

energies of around 100 eV [160]. As discussed in 2.4.2 cathodic vacuum arc 

deposition produces mostly highly charged ions. Therefore, using this method 

hydrogen-free DLC coatings containing up to 85% of the sp3 bonds can be 

deposited [33,157] (Figure 2-14). Contrary, in a magnetron sputtering only a little 

fraction of plasma, contains highly charged ions (the rest are neutrals), thereby 

only low sp3 fraction can be achieved [161]. As the coating structure has a strong 

correlation with the energy of impinging ions, it depends on several plasma 

parameters but mostly gas pressure and substrate bias  [160]. Thus, FCVA allows 

an easy way to control the content of the sp3 bond by applying a negative bias to 

the substrate and tailoring it to achieve specific ion energy [34]. Natthaphong 

Konkhunthot [162] concluded that based on the Raman peak evaluation, and 

XPS analysis that -100V bias applied to the substrate during FCVA deposition 
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provides 83 % of sp3 bonds in the coating. Such an easy way of controlling the 

properties of the resulting films gives the possibility to produce multilayered 

coating combining hard (high sp3 content) and soft lubricious (high sp2 content) 

layers by simply changing the bias voltage during the deposition [33]. 

Despite all of the advantages of the DLC coating, there are some limitations. The 

properties of DLC coatings originate from the high kinetic energies of impinging 

particles, therefore the film growth is governed by supplantation process rather 

than by conventional condensation [160]. Consequently, the maximum substrate 

temperature during the film deposition is limited [163]. S. Reinke [163] reported 

that if the transition temperature 200ºC is exceeded almost all of the sp3 bonds 

are lost. Although as reported by J. Robertson [33] if after deposition the coating 

is annealed in a vacuum, sp3 bonds can be stable up to 1100oC, is due to the 

relaxation of the stress in the coating. Another limitation of DLC is attributed to 

high compressive stress in the coating, which limits the maximum thickness of ta-

C to 1 µm [164]. 

 

Figure 2-13 Comparison of an sp3 

fraction of DLC for different ion energy 

[33]. 

 

Figure 2-14 Phase diagram of DLC 

materials [165]. 

The exceptional tribological properties of DLC together with the possibility to 

adjust them by just changing deposition parameters make DLC suitable coatings 

for a variety of applications. Hydrogenated DLC have the broadest range of 

applications as they provide a lower CoF (0.02) than hydrogen-free DLC (0.4) 
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while the hardness is still high (50 GPa) [160]. The most widespread applications 

of hydrogenated DLC are protective coatings for IR optics, sunglasses, wear and 

corrosion protection of magnetic storage discs (coating thickness <50nm), 

ferromagnetic recording tapes, razor blades (Gillette) and as a wear-resistant 

coating for joint implants [160,165]. The non-hydrogenated DLC has exceptional 

hardness and strong anti-sticking properties and is widely used in the cutting tool 

industry especially for cutting tools for dry and semi-dry machining of Al [78,166]. 

Haruyo Fukui et al. [167], demonstrated that even thin (100 nm) DLC coating has 

excellent anti-adherent properties and low CoF (0.1) thus successfully prevents 

Al build-up and improves machinability.  

2.5.3 Solid lubricant coatings 

2.5.3.1 Properties and wear mechanism 

Solid lubricants are a family of materials with very low CoF, providing lubrication 

in a variety of conditions [168]. Therefore, they are commonly used either to 

replace the oil lubricants which reduces environmental impact or in conditions 

where the use of liquids is undesired, such as in a vacuum, food industry, 

aerospace, high temperature and medical applications [169]. Lamellar solids 

such as graphite, MoS2 and WS2 are the best-known solid lubricants, and their 

exceptionally low CoF origins from their anisotropy of mechanical properties in 

the shear direction parallel to the contact surface. In other words, these lamellar 

solids have planes of weakness, thus the lamellas can slide one over another 

with very low shear stress meaning they have self-lubricating properties [168]. 

Figure 2-15 presents the structure of MoS2 lamellar solid; lamellas are bonded by 

weak Van der Waals forces. Consequently, only low stress is needed to slip one 

over another and this is responsible for the low friction coefficient (0.02) [170]. 

WS2 has a similar structure to MoS2. However, it maintains tribological properties 

at higher temperatures and in high load applications  [15,171]. 

Solid lubricants are usually applied in the form of the coating into the working 

surfaces. For some applications where low loads and speeds of counterparts 

occur, traditional deposition methods such as spraying or painting can be used 
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[169]. Yet, to ensure good adhesion, e.g. when using MoS2 and WS2 on cutting 

tools PVD magnetron sputtering is preferred [27,172,173].  

 

Figure 2-15 The origin of the solid lubrication effect of MoS2 [170]. 

The drawback of coatings made of solid lubricant is the dependence of their 

properties on the service conditions; MoS2 degrades in humid air, and its CoF 

equal to 0.02 can increase up to 0.1 [21]. The deterioration of tribological 

properties of solid lubricant coatings originates from the wear mechanism known 

as blistering [170] presented schematically in Figure 2-16. Blistering starts with 

the detachment of circular patches of the lubricant from the substrate. In a 

vacuum, these patches can be pressed back onto the wearing surface many 

times before the failure occurs [169].    

 

Figure 2-16 Blistering failure mechanism of solid lubricants [169]. 

However, the presence of oxygen and humidity accelerates the blistering effect 

[174]. Unoxidised lamellae edges are smooth and allow mutual sliding of one over 

another. If the oxidation occurs crinkling and pitting of the edges takes place what 

hinders the sliding movement as presented in Figure 2-17. G.Stachowiak et al. 

[169], describes the oxidation induced failure as “a result of buckling under the 

compressive stress caused by the hindrance of the lamella movement due to 

oxidised edges”. 
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Figure 2-17 Failure of solid lubrication caused by oxidation [169]. 

2.5.3.2 Solid lubricant coatings for cutting tools 

The MoS2 oxidation can be prevented by co-deposition of a small amount of 

metals such as Ti, Ag or W [171]. However, the best known is the combination of 

MoS2 with Ti which was reported by some researchers [28,29,175]. MoS2-Ti is 

known under a commercial name MoSTTM
 developed by Teer [176] and produced 

by closed-field unbalanced magnetron sputtering. Ti addition not only improves 

oxidation resistance of MoS2 lamellas but also significantly improves mechanical 

properties such as hardness (1000-2000 HV compared to 400 HV for pure MoS2), 

wear resistance (factor of 100) and low coefficient of friction of around 0.04 [21]. 

Further improvement to deposition method of MoS2-Ti has been proposed by 

Xiaopeng Qin et al. [130], who employed hybrid HiPIMS-Magnetron sputtering 

system. In their work MoS2 has been deposited by DC-magnetron sputtering 

while Ti has been doped into the structure by HiPIMS. As HiPIMS produces a 

high fraction of energetic ions, the adhesion and density of resulting coatings 

were improved. The maximum hardness and adhesion have been found for the 

coatings with 13.5 at% Ti, which also showed excellent lubrication and wear 

resistance, with consistent CoF of around 0.04 [130]. 

Similarly to MoS2 the tribological properties of WS2 can be significantly enhanced 

by co-deposition with metals such as Cr [177], Ag [178] and Ti [22]. Fang-er Yang 

et al. [179] demonstrated that improvements can also be achieved by combining 

WSx and amorphous carbon (a-C). The multilayered WSx/a-C coatings showed 

improved tribological properties such as wear resistance and CoF in the various 

environments (vacuum, humid air and distilled water).  

Previous studies indicated that an addition of hard underlayers such as TiN or 

TiCN can further enhance the tribological properties of lubricating films [21–23]. 
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The addition of hard underlayer prevents the outer bodies from penetrating the 

soft matrix at the top; therefore the contact area is smaller, and ploughing is 

reduced [22].  N.M. Renevier et al. [21], reported a significant increase in milling 

distance and a reduction in average milling force during dry machining using 

MoST deposited on top of TiCN. A similar combination of the hard+soft coating 

was reported to improve other tools used in dry conditions such as; drills and 

punches [131]. Tushar Banerjee et al. [22], demonstrated the improved load-

bearing capacity of WS2-Ti layer with TiN underlayer. 

2.6 Conclusions 

The primary goal of applying the coatings on the cutting tools is to allow rapid tool 

adaptation with minimum wear and increase the steady-state duration. The 

adaptive coating concept proposes introducing of a relatively thin (<1 µm) 

lubricious layer on top of thick (>1 µm) wear-resistant coating. PVD deposition 

methods offer a variety of material to be deposited while avoiding the production 

of toxic gasses which are typical for CVD. FCVA deposition is a well-established 

PVD method allowing high deposition rates and good adhesion of the produced 

coatings. However, this method requires control of macroparticle production and 

arc spot movement. The high energetic nature of the arc spots limit FCVA use for 

ceramic material evaporation. However, recent reports suggest that with further 

research, it could be successfully adopted for TiB2 deposition. Magnetron 

sputtering is the most versatile PVD method, though suffers from low deposition 

rates. Hybrid FCVA-MS deposition system would allow the production of 

composite and multilayered coatings with properties not achievable for each of 

the individual techniques.  

TiB2 is a well-established coating for machining of AlSi alloys as it addresses both 

the abrasive nature of Si and the tendency of Al to form a BUE. Although the high 

brittleness of TiB2 might sometimes lead to the increased wear in the adaptation 

phase of machining. Solid lubricants such as MoS2 and WS2 could provide the 

lubrication needed to improve the tribological properties of TiB2 coated tools. 

When used in tool application, solid lubricants require the addition of another 

element to prevent deterioration of their tribological properties, although the ratio 
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of MoS2 to, e.g. Ti has to be optimised. The combinatorial deposition could speed 

up the process of chemical composition optimisation and allow evaluation of 

plasma distribution during hybrid FCVA-MS deposition. The high hardness and 

low CoF of DLC make them perfect candidate as thin lubricious coatings primarily 

when deposited by FCVA. DLC combination with WS2 could further improve their 

lubricating properties.  

Cathodic arc deposition is a well-recognized deposition technique used for the 

production of hard cutting tool coatings, although its application to coat cutting 

tools for AlSi machining is not commonly reported. Especially the novel concept 

of FCVA deposition of TiB2 should be further researched. Also, the great potential 

of hybrid FCVA-MS deposition which takes advantage of both the high ionisation 

of the plasma provided by FCVA and versatility of MS should be addressed.  
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3 Hybrid Ti-MoS2 Coatings for Dry Machining of 

Aluminium Alloys 
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Abstract: Combinatorial deposition, comprising filtered cathodic vacuum arc and 

physical vapour deposition PVD magnetron sputtering is employed to deposit 

MoS2 and Ti thin films onto TiB2-coated tool inserts specifically designed for the 

dry machining of aluminium alloys. Titanium is deposited by FCVA while MoS2 is 

magnetron sputtered. The deposition set up allows several compositions of Ti-

MoS2 to be deposited simultaneously, with Ti content ranging between 5 and 96 

at%, and their machining performances to be evaluated. Milling took place using 

a CNC Vertical Machining Center at a 877 mm/min feed rate. The effect of 

different coating compositional ratios on the degree of aluminium sticking when 

a milling insert is used to face mill an Al alloy (SAE 6061) was investigated using 

a combination of EDX and XPS analysis. XPS studies suggest that the greater 

degree of Al sticking on the rake face of the inserts is due to the formation of 

greater amounts of non-protective Ti-O phases. EDX mapping of the milling 

inserts after machining reveal that a Ti:MoS2 ratio of around 0.39 prevents Al from 

sticking to the tool edges. Since we prevent Al from sticking to the tool surface, 

the resultant machined surface finish is improved thus validating the machining 

performance of TiB2-coated tools using optimum compositions of Ti:MoS2 thin 

film coatings. 

Keywords: self-lubricating composites; molybdenum disulphide; SEM; EDS; 

XPS; milling; aluminium 
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3.1 Introduction 

Liquid lubricants are employed as sources of lubrication in machining applications 

for many years [67–69]. Their main purpose is to reduce the frictional heat of the 

tool and suppress contact pressure [70]. Lubricants also help to remove cutting 

chips from the cutting area as well as removing heat during machining [180]. 

However, the drawbacks with lubricants are their high costs associated with 

purchasing as well as the costs of refrigeration and recycling [72]. Refrigeration 

costs can be almost four times their purchasing costs since most lubricants are 

not bio-degradable [71]. Hence, of importance in modern cutting applications is 

the search for alternatives which either minimise or avoid the production of 

environmentally aggressive liquid residues [74]. Dry machining is emerging as a 

“greener” alternative, eliminating the need for any liquid-based lubricants [77]. 

Although considered environmentally friendly, its main drawback is the significant 

impact it has on tool lifetimes due to the lack of fluid to lubricate the tool-chip area 

and remove heat from the cutting region [78]. Furthermore, dry machining is a 

serious challenge for lightweight alloys such as aluminium which during 

machining exhibit a high degree of plasticity [73]. The higher temperatures during 

machining facilitate aluminium adhesion to the cutting tool forming a built-up edge 

[79]. BUE results in the machined part surface being rough and tool lifetime 

reduced [59,71] as described in section 2.2.  

Existing cutting tools in dry machining applications are coated to increase their 

hardness, prevent the tool material from being exposed and reduce friction 

coefficients [71,180]. A commonly employed solid lubricant coating is 

molybdenum disulfide, which significantly improves the tribological properties of 

cutting tools [181], and is also typically employed in many other applications such 

as precision bearings, release mechanisms and space applications [131] due to 

its inherent low friction attributes. The characteristics of MoS2 arise from its 

layered anisotropic crystal structure [176] where weak bonding between the slip 

planes allows atoms to slip one over another,  producing the low friction 

coefficients observed. However, the friction coefficients degrade over time in the 

presence of water and oxygen due to the formation of MoO3 [182], as a result of 

oxidation and blistering of the topmost layers. Blistering can be prevented by co-
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depositing MoS2 with a metal [23], which affects not only friction coefficients but 

lead to higher hardness values and lower wear resistance, not only in the 

presence of oxygen but also in high humidity [182]. However, the hardness, wear 

resistance and the lifetime of a coating in a humid environment has yet to be 

resolved [183].  

Currently, cemented carbide mill inserts coated with TiB2 offer the possibility of 

dry machining a large variety of structural metallic alloys. TiB2 has a high 

hardness (~30GPa) and excellent wear characteristics, but its brittleness and 

adhesion to the workpiece can sometimes reduce tool longevity [184]. In this 

study and friction coefficient of thin films of Ti and MoS2 was studied by the 

deposition of a thin (200nm) Ti:MoS2 lubricant coating layer on TiB2 precoated 

cemented carbides. A combinatorial deposition method comprising a filter 

cathodic arc deposition of titanium and sputtered deposition of MoS2 was used. 

The application of a combinatorial deposition method offers manufacturing 

flexibility, increasing the speed of sample production under the same process 

conditions by ensuring that only the influence of the chemical composition is 

investigated [49,50]. Thus, the specific objectives of this study are to ascertain 

the degree of combinatorial control offered by FCVA and to sputter, to optimise 

the metal-solid lubricant ratio, in an attempt to prevent aluminium sticking to the 

tool rake of a mill insert used to dry-machine an SAE 6061 Al alloy. The full cutting 

tool life evaluation is outside the scope of this article.  

3.2 Materials and Methods 

3.2.1 Deposition parameters 

The tungsten carbide mill inserts were as-received with 2 µm of TiB2 (Figure 3-1) 

which were DC magnetron sputtered using TiB2 ceramic tiles on a copper 

backplate by the tool manufacturer. Ti-MoS2 coatings were deposited by 

combining magnetron sputtering with filtered cathodic vacuum arc techniques. 

Prior to deposition, the tool inserts were ultrasonically cleaned in an acetone bath 

for 15 minutes and then rinsed in isopropyl alcohol. The system base pressure 

was below 0.25x10-3 Pa prior to coating, while the system process pressure was 

set at 1.6 Pa. Substrates were grounded during the deposition. A range of 
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compositions were deposited by placing a sample holder equidistant to both the 

Ti (FCVA) and MoS2 (MS) sources. Substrates closer to the MoS2 source should 

exhibit coatings with a higher MoS2 content contrary to those placed close to the 

Ti source which should have higher Ti content. Figure 3-2 presents a schematic 

of the system. Ti was deposited by FCVA using a conical shaped cathode (67mm 

x 50mm x 50mm), with the arc current set to 65 A. To prevent macro particles in 

the coatings the plasma was filtered using a linear filter as shown in Figure 3-2. 

The filtering coil current was set to a maximum current of 10 A. MoS2 was 

sputtered from a 3-inch diameter target. Coatings were produced by 

simultaneously operating both the Ti and MoS2 sources. Simultaneous deposition 

on silicon allowed for step and roughness measurements of the mixed coating 

surfaces. Ion current measurements at the sample surface were made by 

connecting wires at each sample position a-e which will allow a better 

understanding of the influence the ion characteristics have on coating properties. 

Measurements at each position were collected simultaneously for 60 s, using 

laboratory potentiostat connected to a computer sampling at 5 Hz. 

 

 

 

Figure 3-1 A Widia® mill insert dimensions and its position in the milling holder 

[185]  
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Figure 3-2 Top view of the chamber presenting location of the substrates (1-

vacuum cryo pump inlet, 2 – 3’’ MoS2 sputtering target, 3 – anode, 4 – linear filter, 

5 – Ti cathode, 6 – argon inlet, 7 – PVD sputtering power unit, 8 – cathodic arc 

power unit, 9 – Ametek VersaStat 4 Potentiostat) 

3.2.2 Coefficient of friction evaluation 

To allow thickness measurements, a small portion of the silicon sample was 

covered before deposition. The difference in step between the coated and 

uncoated portion of the silicon was measured by a Dektak stylus profilometer. 

The same device allowed roughness measurements to be made. The 

progressive load unidirectional sliding tests were conducted using a ST-3001 

Tribo Tester. In this test, an indenter is drawn over a specimen surface with a 

linearly increasing load until well-defined failure occurs at critical load Lc [186]. 

Normal force (Fz) and tangential force (Fx) are recorded. The coefficient of friction 

was measured using a fixed chrome steel 5 mm-diameter ball, applying an 

increasing progressive load from 5 to 100 N, at a loading rate of 50 N/min and 

linear velocity equal to 5 mm/min. For each sample, three scratches were 

obtained, and the measured friction coefficients were averaged. To simulate tool 

wear during the Al alloy machining additional scratch tests were conducted using 

the same parameters but with Al ball.  
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3.2.3 Aluminium milling performance and characterisation tests  

Face milling experiments were conducted using an Okuma Cadet Mate CNC 

vertical machining centre. The coated inserts were assembled on a face milling 

cutter with Ø 75 mm and five-flutes. The coated mill inserts were used to cut an 

Al alloy, SAE6061 material. The machining volume was 104400 mm3. The 

detailed cutting conditions are presented in Table 3-1. These cutting parameters 

were selected according to parameters that are widely used in the industry of 

automotive components manufacturing, such as cylinder head and engine block 

for semi-finishing operations. Semi finish operations during cutting process reflect 

extreme frictions conditions for cutting tools.  

Table 3-1 Cutting conditions used for Ti-MoS2 coated tools evaluation. 

 

Machine tool 

CNC 
Vertical 
Machining 
Centre 

Tool speed [RPM] 5827 

Feed rate [mm/min] 877 

Feed per revolution 
[mm/rev] 

0.15 

Depth of cut [mm] 1 

Cutting speed Vc 
[m/min] 

464 

Total cutting length 
[m] 

1.8 

Workpiece material Al alloy 
SAE 6061 

 

The surface of the worn inserts and the scratches formed during the tribological 

tests were examined by scanning electron microscopy (SEM) in secondary 

electron mode operating at 20.0 kV. Coating composition and element mapping 

images were determined by using Energy-dispersive X-ray spectroscopy (EDX). 

X-ray Photoelectron Spectroscopy (XPS) measurements were employed to 

evaluate the chemical bonding in the coatings.  
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The structural and any phase transformation at the cutting tool/workpiece 

interface along with the chemical composition of the tribo-films were studied by 

X-ray photoelectron spectroscopy (XPS) equipped with a hemispherical energy 

analyzer, an Al anode source for X-ray generation and a quartz crystal 

monochromator for focusing the generated X-rays. A monochromatic Al K-α X-

ray (1486.7eV) source was operated at 50W-15kV. The system base pressure 

was no higher than 1.0x10-9 Torr with an operating pressure that did not exceed 

2.0x10-8 Torr. Before collecting any spectra, the samples were sputter-cleaned 

for 4 minutes using a 4kV Ar+ beam. Pass energy of 280eV was used to obtain 

all survey spectra while pass energy of 69eV was used to collect all high-

resolution data. All spectra were obtained at a 45˚ take-off angle and a dual-beam 

charge compensation system employed to ensure the neutralization of all 

samples. The instrument was calibrated using a freshly cleaned Ag reference foil, 

where the Ag 3d5/2 peak was set to 368eV. All data analysis was performed by 

computer software. 

3.3 Results and discussion 

3.3.1 Combinatorial effects 

3.3.1.1 Ion current measurements  

The combinatorial deposition method allows the rapid development of a range of 

coatings having different chemical compositions [132]. The plasma glow 

discharge during magnetron sputtering produces material sputtered from the 

surface of the target (mainly focused around the circular magnetron track) [82], 

in contrast to the FCVA process where the plasma is focused over a much smaller 

area typically referred to as cathode spots [54]. FCVA studies propose that in the 

absence of a magnetic field, the FCVA plasma exhibits a quadratic drop in density 

of particles from the spot centre [93,105]. Hence, the combination of plasma from 

these two sources produces Ar+ ions, metal Mo and S atom and FCVA Ti+ ions 

colliding in complex elastic collisions in a variety of intensities depending on the 

distance from the source. In the case, neutral-electron collision the energy 

transferred to the neutral from the electron is very small [187]. However, if the 

frequency of the collisions is large, then the collective effect of all these collisions 
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might be significant. On the other hand, neutral-ion collisions result in charge-

exchange producing fast neutral and slow ion [187]. For a large number of 

collisions, the neutral density in the plasma centre can be depleted significantly 

[187]. In order to gather some insight, the variations in ion current from the PVD 

and FCVA sources were collected during deposition (Figure 3-3 (a)). The current 

was averaged for each sample position and measured for 60 seconds at each 

individual source and with both sources started. There was little or no variation in 

the measured ion current when only the PVD MS source was in operation. This 

is due to the stability of the glow discharge typical for MS producing species with 

similar energies generated [188]. On the contrary, arc discharge plasmas 

produce ions more dynamically over the entire surface of the cathode. This 

produces ions with variable charge states: Ti1+, Ti2+, Ti3+, Ti4+  and its distribution 

[189]. E. M. Oks. et al [189] found that for their arc ion source the distribution of 

the ion states was: 5% Ti1+, 35% Ti2+, 54% Ti3+ and 6% Ti4+. That is reflected in 

the greater differences in the ion currents measured in this experiment. As 

expected, the currents generated from the FCVA ions are greater than the ions 

from PVD sputtering [54]. For MoS2 the highest average current can be found at 

sample position labelled b, falling gradually with increasing distance from the 

MoS2 target. However, when only the FCVA source is operational, for Ti, the 

highest currents were found on the sample positions a, b, and e, which indicates 

the tendency of the ionised plasma to expand towards the chamber walls once it 

is away from the linear magnetic filter [105]. Other factors influencing the spread 

of the plasma plume generated by FCVA include pressure gradients, shape and 

the size of the anode, the concentration of neutrals and external magnetic flux 

present in the chamber [54,94]. As magnetron includes permanent magnets the 

magnetic field from them might have affected plasma expansion and ion charge 

[189]. In case of combinatorial deposition FCVA was found to dominate the 

deposition rate as the Ti-MoS2 graph shape matches the shape of the Ti graph 

(Figure 3-3 (a)). However, it is worth noting that the average current for samples 

a and b located the closest to the MoS2 source drops when both sources are 

running. Interactions between neutrals and ions in this region near the MS source 

could result in high intensity collisions between the Ar+ and Ti ions and neutrals 
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resulting in some of the ionized Ti ions losing their energy due to charge-

exchange with neutrals in the region near samples a and b when the MS source 

is running. After collision the fast neutrals are able to escape from the plasma 

centre [187]. This would also explain the increase in ion currents in samples d 

and e. 

3.3.1.2 Chemical composition  

Research studies show that the greatest tribological properties have MoSx 

compositions at S to Mo ratio of around 2 [26,174,175,190] as the chemical 

composition of thin films of MoS2 are significantly affected by the substrate bias 

voltage and working pressure during deposition [170], which in turn affects the 

tribological and oxidation characteristics [191]. Oxygen atoms are smaller than 

sulphur atoms, therefore, they can easily substitute in any sites deficient in 

sulphur forming Mo-O-S, leading to degradation of tribological properties of MoS2 

films in the air [190]. The co-deposition with Ti prevents MoS2 degradation as Ti 

goes into interstitial or substitutional sites in MoS2 and act as a barrier for oxygen 

diffusion, thereby stabilising MoS2 [26]. The chemical composition as a function 

of the sample position of the as-deposited coatings is shown in Figure 3-3 (b). 

Given the 200 nm thickness of these films, the EDX-SEM technique was used to 

quantify the Ti and MoS2 contents in the samples. Figure 3-3 (b) shows that the 

Ti content in the coatings increases relative to the position with the cathodic arc 

source. In fact, the measured chemical compositional variations follow the 

changes in measured ion currents. For samples at positions a and b, are 

dominated by the plasma from the MoS2 source, while the samples at positions 

c, d and e have higher Ti contents. Moreover, samples at positions d and e seem 

to be more influenced by the short distance to the source (similar composition 

~96 at% Ti) than the samples positioned at both a and b. Position c, being 

equidistant from both MoS2 and Ti sources, the Ti content in this sample is 3 

times, greater than the Mo content. This is attributed to the greater deposition 

rate of the cathodic arc source compared to magnetron sputtering [192].   
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Figure 3-3 (a) Ion current measured on each of the five samples (a-e) during 

deposition from MS and FCVA separately, as well as during combinatorial 

deposition. Each measurement made for 60s with 5Hz sampling speed. (b) Ti and 

MoS2 contents (at%) in Ti-MoS2 coatings on five samples (a-e). Measurements 

obtained by EDX mode of SEM. (c) Roughness and thickness for the five samples 

(a-e) deposited with Ti-MoS2 coating. Measurements were done on silicon slides 

using Dektak® profilometer. 
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3.3.1.3 Thickness and roughness  

Figure 3-3 (c) shows the thickness and roughness values for all the deposited 

samples. The lowest thickness value (135 nm) was measured for the sample c 

positioned equidistant to the MS and FCVA sources which was also the sample 

with the lowest measured ion current. There are also notable differences in the 

thicknesses between samples d and e despite having similar compositions. This 

difference is likely due to the proximity of position e to the FCVA source since the 

plasma density is greater in the vicinity of the front of the cathode. In fact, the ion 

current profile across the holder follows to a great extent the measured profile 

thickness. During deposition, besides the charged ionised plasma from the FCVA 

source, macroparticles of molten cathode material created at the cathode surface 

[54] could pass through the linear filter and adhere to the substrate. In some 

cases can decrease the density and adhesion which is undesired as it decreases 

the lifetime of the coating [39]. Figure 3-3 (c) shows that the Ra increases with 

increased proximity to the Ti target. The maximum roughness of 178 nm was 

found for sample e, which is furthest from the MoS2 target and has a Ra that is 

almost 5 times greater than sample a. This shows a direct correlation between 

the deposition technique and the roughness values of the deposited sample.    

3.3.1.4 Frictional properties  

Figure 3-4 shows average friction coefficient for the 5 deposited samples as a 

function of increasing load. For loads above 50 N, a coefficient of friction (CoF) 

ranging from 0.07 to 0.15 was obtained. The measured values are similar to other 

studies for MoST coatings [193]. For hybrid MoS2/Ti coatings deposited using 

combined dc sputtered by high power impulse magnetron sputtering (HiPIMS) 

methods, the reported CoF values between 0.05 and 0.23 depending on Ti 

content [130]. In the present study, the lowest CoF (equal to 0.07) was obtained 

for the sample at positions a and b having a Ti content of around 5 and 28 at% 

respectively, in good accordance with other reported values on samples with 

comparable chemical composition [191]. In fact, it is worth noting that the CoF for 

this composition also had only little variation during ball on flat test independently 

of the load. The low CoF for this particular chemical composition has been related 
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to the formation of thin MoS2 lamellas with good adhesion to the hard titanium 

phase present in these coatings [26]. In this line, other research studies [26,175] 

concluded that the Ti to MoS2 ratio has to be optimised for certain applications as 

too high Ti content may lower the tribological properties due to segregation of 

metallic titanium [175], while too low Ti content will also result in degradation of 

tribological properties over time due to oxidation of MoS2 [174]. Optical 

microscope studies (Figure 3-5) of the scratches support these findings. Coatings 

with high (98 at%) Ti contents (sample d and e), did not provide sufficient 

lubricating properties therefore, material transferred from the ball can be 

observed. The wear track on the sample a reveals coating failure at the start of 

the scratch occurs due to high MoS2 content which is soft therefore fails easily 

under load [174]. 

 

Figure 3-4 Average friction coefficient vs load applied for Ti-MoS2 coatings on five 

samples (a-e). Tests conducted by progressive load unidirectional sliding tests 

using fixed chrome steel ball with 5mm diameter ball sliding against a coated 

sample. Progressive load 5 N-100N applied with 50N/mm loading rate.  
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Figure 3-5 Optical microscope images of scratches after  progressive load unidirectional sliding tests with Cr steel ball for 

increasing progressive load 5 N -100 N.
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Although as the sliding direction does not change the worn coating material piles 

up in front of the ball providing low friction (around 0.08) for the whole length of 

the scratch. However, in case of the machining process where chips are 

constantly removed, and the cutting direction varies the worn coating would not 

be able to provide low friction on the interface tool-machine part. Contrary on the 

coating on sample b, while the scratch is visible confirming a transfer layer was 

formed. Only little delamination (base material exposed) can be observed for 

loads above 80 N, confirming the conclusions drawn from progressive load 

unidirectional sliding CoF vs load graph observed in Figure 3-4. It also proves this 

chemical composition of the coating can successfully provide self-lubricating 

properties of MoS2 while over exceeding its wear resistance. 

3.3.1.5 Progressive load unidirectional sliding tests with Al ball 

To support the milling tests a series of progressive load unidirectional sliding tests 

were performed on all samples using Al balls. This test aimed to simulate to some 

extent the contact between the tool edge and Al in the range of loads (5-100 N) 

and asses the Al sticking to the tool surface. The trials were performed in room 

temperature due to equipment limitations and the degree of Al transferred to the 

insert was determined using an optical microscope. Although this test does not 

fully reflect conditions during dry machining of Al, as the temperatures between 

200°C and 300°C can be expected [20] on the tool-chip interface it still provides 

useful information about the material transfer for different loads. Higher 

temperatures would increase Al plasticity; thus the transfer layer can be expected 

to increase, and this is tested during machining trials in section 3.3.2.1.  

The slightly lighter areas in Figure 3-6 correspond to a transfer layer of Al within 

the wear track. Comparing to other samples a large amount of Al transferred to 

the insert can be found on the sample a for lower loads (<50 N). This can be 

attributed to a high content of soft MoS2 in this coating, therefore, the coating 

debris accumulating in front of the ball becomes entrapped and serves as a self-

lubricating layer at higher loads. There was little Al transferred observed for 

sample b over the entire range of loads, and the Al transferred from the ball is 

present in the form of small discontinuous ‘clumps’. These observations suggest 
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that the composition of sample b is optimum to prevent Al sticking during Al-alloy 

machining, although higher temperatures generated during machining can 

promote more intense Al sticking. Compare and contrast this with samples d and 

e containing a high amount of Ti, where a large amount of Al can be found for 

both compositions, proving poor protection against Al sticking of Ti even in room 

temperature. 

 

 

Figure 3-6 Optical microscope images of scratches after the progressive load 

unidirectional sliding tests with an Al ball, for progressive increasing load 5 N -

100 N.  

3.3.2 Machining results 

Cutting tests were performed under the conditions specified in Table 1. The 

available number of SAE 6061 Al alloy test blocks was limited thus the total length 

of the cut was initially set to 1.8 m. Due to the low cutting length, this test could 

asses the wear only in the first stage (running-in stage) of machining process 

(Figure 2-2). The tools showed no visible flank wear after cutting 1.8 m of Al alloy. 
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After that test was continued up to the length of cut of 3.6 m and still no visible 

flank wear of the tool was observed during optical microscope studies.   

3.3.2.1 EDX element mapping 

EDX mapping was conducted to ascertain an optimum Ti-MoS2 ratio which 

prevented Al sticking to the rake face after dry-machining an Al alloy. The bright 

areas in Figure 6 correspond to Al adhesion sticking to the tool rake face. No 

signs of Al are observed on sample b (28 at%). Sample a, having 5 at% Ti and 

sample c 76 at% Ti, has no aluminium adhering to the tool edge, yet, a thin layer 

of aluminium can be observed on the rake face. It suggests that the composition 

of sample b is optimum to prevent Al sticking to the tool rake face as it keeps the 

best balance between low CoF of the MoS2 and oxidation protection provided by 

Ti which could act as barriers for oxygen diffusion [26]. As there is no material 

adhered to the sample b the surface finish of the machined part, as well as tool 

lifetime, would be improved compared with other samples where BUE is present 

[59,60]. The worst performance was indicated by sample d and e both having 

almost the same composition – around 96 at% Ti. Bulk Ti does not have 

lubricating properties, therefore, coatings on sample d, and e could not provide 

any sufficient protection against aluminium sticking [174].   

Similar results were obtained after the length of cut of 3600 mm (double length of 

cut). This indicates a good tool life of the coated tool. The only difference 

observed between different coatings was the intensity of rake wear due to build-

up edge formation. 
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Figure 3-7 Aluminium element mapping images of flank face of mill inserts with Ti-MoS2 coating after turning of 1.8 m. Element 

mapping obtained with EDX mode of SEM

Al adhered 
Al adhered 

Al adhered Al adhered 

No Al adhered 
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3.3.2.2 XPS analysis 

Samples b and c were chosen for XPS analysis as having almost opposite chemical 

composition, to investigate chemical bonding of tribofilms and how it impacts on the 

degree of sticking of the workpiece material to the rake surface. An analysis of the 

phases formed during the running-in stage can be used to determine the differences 

in performances (protection against aluminium sticking) of the sample b and c. The B 

1S, Ti 2P and Mo 3d peaks associated with B, Ti and Mo were fitted using a Gaussian-

Lorentzian function as shown in Figure 3-8. To allow a direct comparison between the 

results, the percentage of atomic concentrations have been calculated by representing 

the ratio of the intensity to the total intensity of the electrons of the measurement.  

Figure 3-8 (e) and (f) shows that the amount of MoO2 is greater in sample c compared 

with sample b. Mo-O2 is highly undesired as it decreases lubricating properties due to 

volume mismatch between MoO3 and MoS2, which leads to the disintegration of MoS2 

blisters [182].  

However, in Figure 3-8 (a) and (b) higher amounts (8.2 %) of B2O3 can be observed 

in sample b. B2O3 is known as a solid-lubricant, having a similar lamellar structure to 

the graphite and MoS2 [194,195], which is the reason why it is believed this particular 

composition offered the best performance in terms of preventing Al sticking to the rake 

face. Ti2O3 has doublet binding energy at 457.2 and 462.2 in sample b. As can be 

seen in Figure 3-8 (c) and (d), sample c has a greater degree of TiO bonding compared 

to sample b and therefore, forms a greater TiO tribo-oxide layer which is believed to 

be the main reason of poorer wear resistance in Ti-based alloys. It is considered that 

this tribo-oxide is not adherent to the substrate, is also brittle and tends to be 

fragmented therefore does not have any protective role during machining [196,197]. 

Although at temperatures above 600°C tribo-oxides can play a protective role [196], 

machining in this study was performed at temperatures below 300°C. Therefore it is 

most probably the formation of greater amounts of Ti-O tribo-phase in sample c and 

significantly lower amount of lubricating B2O3 (4.7 % while 8.2 % for sample b causes 

a poor wear performance (more intensive sticking of Al on the rake face) than found 

in sample b. 
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Figure 3-8 Sample b (left) and sample c (right) photoelectron spectra of B 1s, Ti 2p and 

Mo 3d on rake face after total 1800 mm of milling. 

3.4 Conclusions 

A hybrid filtered vacuum cathodic arc - magnetron sputtering system was successfully 

used to deposit composite Ti-MoS2 on five TiB2-coated milling inserts with Ti contents 

ranging from 5 to 97 at% which varied according to the distance from both Ti and MoS2 

sources. Tool inserts placed close to Ti source produced at% Ti higher to those placed 

close to MoS2 that had a mixture of Ti and MoS2 contents. Ion current measurements 

revealed that FCVA dominated the deposition rate through the plasma expansion 

towards the chamber walls. Interactions between neutrals from MS and ions from 

FCVA led to the lowest ion current being measured on the sample placed equidistant 

from both Ti and MoS2 sources. There is a correlation between the measured changes 

in the ion current during deposition and variations in thickness, which increased with 

increasing titanium content. The roughness increased with increasing proximity to 
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FCVA source due in part to the influence of unfiltered macroparticles during 

deposition, correlating with large variations ion currents measured on samples placed 

the closest to the Ti source. Combinatorial deposition of Ti with MoS2 led to reduced 

frictional properties of inserts with Ti:MoS2 ratios between 0.05 and 3. Progressive 

load unidirectional sliding tests, EDX mapping and aluminium alloy face milling 

machining tests indicated that a coating with around 28 at% of Ti had the lowest friction 

coefficient 0.07 for loads between 40 and 100 N. This particular composition 

successfully prevented aluminium sticking to the rake of the tool after cutting length of 

3.6 m. This result was confirmed after the ball on flat frictional test with aluminium ball 

for the 20N load as only a little Al was found to be adherent to the scratch. XPS studies 

revealed greater sticking of Al on the rake face with different Ti:MoS2 ratios, and is 

likely caused by the formation of slightly higher amounts of non-protective Ti-O phase 

significantly lower amount of lubricating B2O3. Overall, this study demonstrates the 

potential of combinatorial deposition for rapid development of hard lubricant coatings.  
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4 DLC and DLC-WS2 Coatings for Machining of Aluminium 

Alloys 

This chapter was published in March 2019 as an article in the MDPI Coatings Journal. 

See Appendix D for copyright permission to use as a chapter.  

Tomasz L. Brzezinka, Jeff Ra, Jose M.Paiva, Joern Kohlscheen4, German S. Fox 

Rabinovich, Stephen C. Veldhuis, Jose L. Endrino.  

Available at: https://www.mdpi.com/2079-6412/9/3/192/pdf 

4.1 Abstract 

Machine-tool life is one limiting factor affecting productivity. The requirement for wear-

resistant materials for cutting tools to increase their longevity is therefore critical. TiB2 

coated cutting tools have been successfully employed for machining of AlSi alloys 

widely used in the automotive industry. This paper presents a methodological 

approach to improving the self-lubricating properties within the cutting zone of a 

tungsten carbide milling insert precoated with TiB2, thereby increasing the operational 

life of the tool. A unique hybrid Physical Vapor Deposition system was used in this 

study, allowing DLC to be deposited by FCVA while PVD magnetron sputtering was 

employed to deposit WS2. A series of ~100-nm monolayer DLC coatings were 

prepared at a negative bias voltage ranging between −50 and −200 V, along with 

multilayered DLC-WS2 coatings (total thickness ~500 nm) with varying number of 

layers (two to 24 in total). The wear rate of the coated milling inserts was investigated 

by measuring the flank wear during face milling of an Al-10Si. It was ascertained that 

employing monolayer DLC coating increased the tool steady-state by ~60% compared 

to a TiB2 benchmark. Combining DLC with WS2 as a multilayered coating further 

improved tool life. The best tribological properties were found for a two-layer DLC-WS2 

coating which decreased wear rate by ~75% compared to TiB2, with a measured 

coefficient of friction of 0.05. 

Keywords: self-lubricating coatings; tungsten disulphide; DLC; SEM; EDS; XPS; 

milling; aluminium 
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4.2 Introduction 

Cutting, also called machining, is one of the oldest methods of metalworking, 

comprising three main processes: surface plastic deformation, fracture and chip 

removal [13]. Tool wear is obviously associated with any cutting process, though it is 

a complicated phenomenon; when a chip leaves the cutting zone, it carries with it a 

small number of particles from the worn tool. This causes a progressive change in the 

tool’s cutting edge profile over time, finally reducing the efficiency of the tool [13]. 

Moreover, machining of lightweight alloys, such as aluminium with its high degree of 

plasticity, leads to what we term a built-up edge (discussed in depth in 2.2). In case of 

carbide tools, BUE significantly increases wear due to adhesive interactions between 

grains in the structure of the tool and the workpiece, which form microcracks in the 

tool. These cracks are generated at the interface of the WC phases because of the 

cyclical stress action at the points of adhesion with the workpiece. This leads to the 

separation of carbide grains from the tool surface [13].  

AlSi machining, in particular, requires addressing both high abrasions of the silicon 

particles and BUE formation, thus, most milling inserts for AlSi machining are coated 

with TiB2 (specific properties of TiB2 discussed in 2.5.1) [12]. However, TiB2 brittleness 

sometimes makes it prone to extensive surface damage during the running-in stage 

of wear [184]. Often a large fraction of the hard coating can be worn away at this phase 

prior to the start of the stable wear stage which results from the geometrical adaptation 

of the cutting edge and overall self-organisation of the tribosystem in the running-in 

stage [13]. Self-organisation during friction can be associated with the formation of 

surface tribo-films (secondary structures) such as protective or lubricating oxides [65]. 

From the thermodynamic perspective during self-organisation, the two bodies (tool 

and the surface of machined material) which initially were under different conditions 

achieve equilibrium thus energy and matter flows stops, as well as the thermodynamic 

forces of the system, become equal [13]. The tribo-films can store up to 90% of the 

total friction energy hence serve as a stable zone of a dominating dissipation of energy. 

Once the stable stage is achieved the tool wear rate can decrease by an order of 

magnitude. Because the extensive wear of the coating can limit tool longevity, a low-

friction layer can be deposited on top of the hard coating to protect its surface [180]. 
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Protecting the surface of the hard coating is one of the most important goals of wear-

resistant coatings, especially at low and moderate cutting speeds [198] and during the 

cutting of hard-to-machine materials when adhesive and attrition wear modes 

dominate [13]. Combining the top layer into the multilayer structure can further 

increase the tool lifetime [25]. 

Diamond-like carbon (DLC) is made up of a range of amorphous bonds which, 

depending on the method used for its production, can consist of different types of 

carbon-based materials, either hydrogen-free (ta-C) or containing up to 50% hydrogen 

(a-C: H) [158]. A combination of properties, such as a high hardness of up to 80 GPa, 

high chemical stability, a low coefficient of friction (0.1), high wear resistance and good 

anti-adherent properties, make DLC coatings excellent for aluminium machining [167]. 

Build-up reduction helps to maintain the sharpness of the tool’s cutting edge, limit 

cutting resistance and improve the machinability of aluminium-based alloys with Mg 

and Si additions [167]. The good mechanical properties of DLC arise from its high 

proportion of sp3 bonds, similar to the ones present in the structure of diamond, and 

strongly depend on the energy of the ions produced during the coating deposition and 

on the deposition method [162]. FCVA is one of the PVD methods for producing a 

plasma containing a large fraction of highly charged ions [87]. As the energy of the 

ions can be easily varied by applying a negative bias to the substrate, the ideal ion 

energy (100 eV) for high sp3 content can be achieved [199]. Limitations of DLC and 

methods to overcome them are discussed in section 2.5.2. 

The common solid lubricant used as a low friction coating is tungsten disulphide (WS2), 

which has a lamellar structure [200]. The lamellas are held by weak van der Waals 

bonds, allowing them to slip easily one over one another and resulting in a very low 

coefficient of friction [45,201]. When operating in a wet environment or conditions, 

however, their lifetime decreases due to oxidation of the lamellas’ edges, which 

hinders their sliding leading and increases the CoF [22]. Some research studies show 

that incorporating metallic elements such as Cr and Ti into the WS2 structure can 

densify the coating, thus preventing oxide and moisture penetration and increasing the 

lifetime of the coating [22]. Non-metallic elements such as C can also significantly 

increase the wear resistance due to the presence of W-C phase [202]. DLC and WSx 

were successfully combined before into the multilayer structure to improve the 
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hardness and wear in the wet environments such as the work presented by Fag-er 

Yang et al. [179], where various layer thicknesses rations of  DLC to WSx were 

deposited by RF magnetron sputtering and evaluated under various test 

environments. However, the attempt to use the hybrid deposition system combing 

FCVA with MS to deposit them was not made before.  

In this work, DLC thin film was deposited on a cemented tungsten carbide substrate 

(precoated with 2 µm TiB2 coating), by FCVA discharge using a graphite cathode. The 

objective was to assess the combination of thin DLC films and TiB2 for tools for cutting 

AlSi alloys that traditionally require the use of cutting fluids in the machining industry. 

DLC was then combined in a multilayered structure with WS2 to study tool lifetime 

during AlSi machining.  

4.3 Materials and Methods 

4.3.1 Deposition parameters 

Kennametal EDCT milling inserts (KC410M grade) and Widia SNUN120408 turning 

inserts were used as the substrate material. The tools supplied by Kennametal to be 

used as substrates were as-received with 2 µm of TiB2 deposited by DC magnetron 

sputtering using TiB2 ceramic tiles on a copper backplate.  

The coatings were fabricated in a hybrid FCVA and magnetron sputtering PVD system 

described elsewhere [203]. The schematic of the specific system is shown in Figure 

4-1. It comprises a cathodic arc source equipped with a cone-shaped cathode allowing 

up to 70 A arc current, a linear filter with adjustable magnetic coil (up to 10 A current), 

a magnetron sputtering source (ENI RPG-50) and a rotating substrate holder which 

can be biased (up to 650 V), which can alternate between two PVD sources. Before 

deposition, the inserts were ultrasonically cleaned in an acetone bath for 15 minutes 

and then rinsed in isopropyl alcohol. A rotating substrate holder was employed to 

ensure the uniformity of the deposited coatings. Prior to each coating deposition, the 

system base pressure was below 3 x 10-6 Torr.  
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Figure 4-1  Schematic view of the deposition system (1-vacuum cryopump inlet, 2 – 3’’ 

WS2 sputtering target, 3 – anode, 4 – linear filter, 5 – graphite cathode, 6 – sputtering 

argon inlet, 7 – PVD sputtering power unit, 8 – cathodic arc power unit, 9 – cathodic arc 

argon inlet, 10 – substrate bias power unit, 11 – rotating substrate holder, 12 – substrate 

table).  

4.3.1.1 Monolayer DLC coatings 

FCVA was used to deposit DLC films from a cone-shaped graphite cathode supplied 

by Plasmatechnology (67 mm x 50 mm and 50 mm height). The argon pressure during 

the deposition was 4.5 x 10-3 Torr. A linear filter was used at the exit on the cathodic 

arc anode. To minimise the macroparticle content in the resulting thin films, the filter 

magnetic coil current was set to maximum 10 A. Based on previous studies, arc 

currents during deposition were at 40 A to prevent cathode fracture.  

Five sets of coatings were deposited with the substrate bias varied to confirm it has 

an influence on the DLC coating wear resistance [33]. To avoid substrate overheating 

(above 200 ºC) that would decrease sp3 content [165], the maximum deposition times 

(until the substrate reached 200 ºC) were limited based on previous studies.   
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4.3.1.2 Multilayer DLC-WS2 coatings 

A hybrid FCVA - MS system enabled DLC-WS2 multilayer deposition. Each source 

was switched on sequentially for specific layer deposition. A rotating table allowed the 

substrate holder to move between the two sources. To investigate the influence of the 

number of DLC-WS2 layers on the cutting tool performance during machining trials, 

the target total thickness of the coatings was fixed at 500 nm. Deposition parameters 

(pressure, arc and filtering currents) for DLC layers were kept the same as for the 

monolayers with the substrate bias set to -100 V. WS2 was deposited from a 3-inch 

diameter target using pulsed DC magnetron sputtering with 80 W power and 100 kHz 

frequency to avoid arcing. Five sets of samples were deposited – monolayer WS2 and 

2, 6, 12 and 24 layers of DLC-WS2 in total. Depending on the number of layers, the 

deposition time of certain layers was varied, though total time was the same – 36 

minutes – and volume fraction was always 50% DLC to 50% WS2. 

4.3.2 Aluminium milling performance and characterisation tests 

The tool cutting lifetime was studied by conducting face-milling experiments of the test 

blocks, carried out in an Okuma Cadet Mate CNC vertical machining centre. The DLC- 

and DLC-WS2-coated mill inserts were used to cut an AlSi alloy material. The 

performance of these coatings was benchmarked to a commercial TiB2-coated insert. 

The full cutting conditions are presented in Table 4-1. To observe the tool wear 

changes, between passes, the inserts were removed from the machine and its’ 

dimensions and edges were measured using an optical toolmaker microscope 

(Mitutoyo model TM) and then the cutting process was continued. This procedure 

allowed plotting the graph of tool wear vs machining length. As the milling holder used 

two tools for machining and both of them were assessed. It has to be noted that this 

procedure does reflect the machining process only to some extent as the 

measurements require to stop the machining process thus the tool goes through many 

heating up/cooling cycles. In industrial machining, the cooling down/heating-up cycles 

take place as well when the parts are being changed but their number overall is lower. 

However, this is standard research and industrial practice employed to assess the tool 

life performance [1,152,204]. 
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Tescan dual-beam focused ion beam (FIB) scanning electron microscopy (SEM) was 

employed to study the cross-section of the coatings as well as worn inserts and chips 

collected during the machining. The amount of machined material (Al) adherent to the 

tool was evaluated using the energy-dispersive X-ray spectroscopy (EDX) mode of 

SEM (20 kV). Alicona microscope 3D images were employed to determine the wear 

of the inserts, calculate roughness of the chips, and precisely measure the tool edge 

geometry to compare with an unworn insert.  

Table 4-1 Cutting conditions used for DLC and DLC-WS2 coated tools evaluation. 

 

Machine tool 

CNC 
Vertical 
Machining 
Centre 

Number of cutting edges 2 

Feed rate [mm/min] 1880 

Feed per tooth ft [mm/tooth] 0.05 

Cutter diameter [mm] 25.4 

Tool speed RPM [rev/min] 6265 

Axial Depth of cut ap [mm] 10 

Radial Depth of cut [mm] 1 

Cutting speed Vc [m/min] 500 

Coolant rate flow [l/min] 44 

Coolant concentration [%] 6 

Workpiece material Al-10Si 

 

The CoF was measured using a Teer ST-3001 Tribo Tester during dry reciprocating 

sliding test with a fixed WC 5-mm-diameter ball, applying a constant 5 N load on a 10 

mm distance for 100 cycles. An additional test with ramped load allowed for analysing 

the response of the multilayer coating under a variety of loads; an increasing 

progressive load was applied from 5 to 100 N, at a loading rate of 50 N/min and a 

linear velocity equal to 5 mm/min. The test outcomes include both CoF and wear 

characteristics – that is, adhesion and coating cracking. A series of images for each 

scratch trace were collected using an Olympus Lux optical microscope with 20x 
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magnification. The images were later stitched using Microsoft Image Composite 

Editor. A Dektak stylus profilometer measured the profile of the scratches from Tribo 

Tester dry reciprocating sliding test of the coatings.   

4.4 Results and discussion 

4.4.1 Coating structure and composition 

The cross-sectional images of the coatings prepared using FIB are presented in Figure 

4-2, and the summary of the main properties of the coatings are presented in  and 

Table 4-3. The deposited DLC coatings are not uniform – the thickness across the 

sample varies. As the filter used during the deposition was linear, it allowed some of 

the macroparticles to reach the substrate [54]. Thus they are found as a local increase 

in the thickness of the coating what influences the average film thickness measured 

for each of the biases. For the coatings deposited from -50 V to 125 V the thickness 

is in the range 70-100 nm. The coating deposited with -200 V has a significantly lower 

thickness equal to 45 nm, which results from shorter deposition time rather than from 

the bias voltage itself. The WS2 monolayer, by contrast, is seen to have a uniform 

thickness and a columnar microstructure similar to that observed by other researchers 

[179,202]. The images of DLC-WS2 coatings do not allow us to clearly distinguish 

separate layers, although the DLC macroparticles can be noticed. The combination of 

energetic deposition by FCVA and magnetron sputtering resulted in the DLC layers 

being doped into the structure rather than combined into the multilayer. This can have 

a positive effect on the hardness of the coatings, as F. Yang, Y. Lu et al. [179] 

suggested that destroying the columnar morphology of WS2 can improve the adhesion 

and hardness, leading to better wear resistance. Nevertheless, while the total 

deposition time was the same for all of the DLC-WS2 coatings, the total thickness 

varies and it is the lowest for the highest number of layers. The most probable reason 

is re-sputtering of WS2 caused by bombardment of energetic particles – mostly highly 

charged ions depositing DLC coating [202].  
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Figure 4-2 SEM images of coatings cross-sections prepared using FIB. 

Table 4-2 Monolayer diamond-like carbon (DLC) deposition times, bias and thickness. 

 

4.4.2 Coating hardness 

The results of the coating hardness measurement obtained using nanoindentation 

(average of 10 indents) are presented in Table 4-3. The hardness of around 2.4 GPa 

found for the WS2 monolayer is slightly higher than the one measured by other 

researchers [179], yet, those measurements were done on Si and for 3 µm thick 

coating. The coating deposited in this work is just 0.5 µm thus the substrate could have 

affected the hardness results. With the addition of DLC layers, the hardness increases 

to 6.6 GPa for DLC-WS2 d, which suggests the positive effect of the interface 

strengthening [179]. 

Sample ID 
Dep 
time 
[min] 

Substrate 
bias [V] 

CoF after 
100 
cycles 

Coating 
thickness 
[nm] 

Roughness 
Ra [nm] 

DLC a 

11 

-50 0.22 70 ± 20 230 

DLC b -75 0.21 80 ± 20 400 

DLC c -100 0.22 100 ± 18 410 

DLC d -125 0.22 80 ± 21 230 

DLC e 5 -200 0.37 45 ± 8 380 

TiB2 
benchmark 

- - 0.4 2000 ± 100 230 
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Table 4-3  Deposition times and properties of DLC-WS 2 multilayers. 

Sample 
name 

DLC WS2 

CoF after 
100 cycles 

Total coating 
thickness 
[nm] 

Roughness 

Ra [nm] 
Hardness 
[GPa] Number 

of layers 
Deposition time of 
each layer [min] 

Number 
of layers 

Deposition time 
of each layer 
[min] 

WS2 - - 1 36 0.32 450 ± 50  239.33 2.4 ± 1.1 

DLC - 
WS2 a 

1 12 1 24 0.18 320 ± 40 
123.00 

2.7 ± 0.5 

DLC - 
WS2 b 

3 4 3 8 0.19 310 ± 40 
237.00 

4.3 ± 1.2 

DLC - 
WS2 c 

6 2 6 4 0.50 290 ± 24 
159.00 

5.1 ± 1.1 

DLC - 
WS2 d 

12 1 12 2 0.49 250 ± 28 
214.33 

6.6 ± 1.9 
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4.4.3 Coefficient of friction evaluation 

4.4.3.1 DLC monolayers 

Figure 4-3 shows the dry reciprocating sliding test results for five DLC-coated samples 

together with measurements for TiB2 as a function of a number of cycles. It is important 

to note that the roughness of the films exceeded the DLC coating thickness (~100 nm). 

The origin of such a roughness comes mostly from TiB2 coated substrate, which 

already prior to deposition had Ra=230 nm. Also, the macroparticles created during 

DLC deposition increased it further for some of the coatings, e.g. for DLC c was almost 

doubled (Ra=500 nm). The surface roughness can have a significant influence on the 

friction coefficient, as reported by other researchers [204–210]. If two rough surfaces 

are in contact, the interlocking of “asperities” summits representing the surface 

roughness occurs, what can significantly increase the CoF measured at the beginning 

of the sliding process [210]. In the case of the sliding test smooth WC ball serves as a 

counter-face, thus the interlocking is not significant; however, the exact area of contact 

is limited to the asperities [209]. For the first cycles, the ball surface is in contact just 

with the peaks of the asperities, and “the friction properties depend on the distribution 

of asperities, their height, and their deformation during the process. With the flattening 

of asperities, the contact with the tool gets larger, and this leads to varying friction 

properties” [211]. As reported by J. Takadoum et al. [209] typically, CoF increases 

gradually for a certain sliding distance (or a number of cycles), after it can be expected 

for the CoF to remain constant as a steady-state is achieved.  

CoF equal to 0.25 was measured for TiB2 for the first 16 cycles and then progressively 

increased to 0.4. Similar behaviour has been observed by other researchers [143,212] 

during short-length (100 µm) wear tests. They found that the running-in period lasted 

for around 3000 cycles until a steady-state value of approximately 0.8 was achieved. 

Therefore, based on previous research studies, we assume that the slow adaptation 

of TiB2 will extend the running-in stage of the coated tool during cutting.  

DLC coatings are known for their low CoFs, which are below 0.1 for ta-C [33] and also 

usually form a transfer layer consisting of wear debris with low shear strength 

[167,213]. A transfer layer is typically composed of disordered carbon wear debris from 

the DLC coating, as well as wear debris from the counterface and from any reactive 
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environmental species [166]. In case of the cyclic sliding on rougher surfaces, this 

transfer layer leads to filling in the valleys between the roughness peaks [209]. 

Therefore, this layer typically governs the friction in DLC coatings. As the thickness of 

DLC e was found to be below 50 nm, it may not have been enough to form such a 

transfer layer and affect CoF. As a result, the measured values are close to those of 

the TiB2 underneath. It can be noticed that for the other DLC coatings, the steady-

state CoF is similar and equal to 0.2. However, the adaptation of DLC d is quicker and 

occurs before the end of 20 cycles. The friction of DLC coatings can be considered as 

the sum of adhesive, abrasive and shear mechanisms [213]. While adhesive friction 

is related to the coating microstructure, sliding environment and counter-face, the 

abrasive contribution to DLC’s friction is related closely to the coating roughness [166]. 

Consequently it can be concluded that due to the combination of various factors such 

as high roughness which governs the sliding process, low coating thickness and 

macroparticle presence the measured CoF is higher than the one reported by other 

researchers for ta-C [33].  

 

Figure 4-3 Friction coefficient vs a number of cycles for DLC coatings and reference 

TiB2 coated samples. Test conducted by a dry reciprocating sliding test using a fixed 

WC ball with 5 mm diameter sliding against a coated sample. Constant load 5 N applied 

for 10 mm distance. 
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4.4.3.2 DLC-WS2 multilayers 

DLC-WS2 coatings deposited with different numbers of layers were tested during the 

dry reciprocating sliding test with a WC ball under a constant 5 N over 100 cycles. The 

evolution of friction against a number of cycles is presented in Figure 4-4. The progress 

of the CoF curve indicates that, due to the low hardness of WS2, it failed under the 5 

N load. For the first 20 cycles, the friction actually decreased, as the coating that was 

constantly removed piled up in front of the indenter, filling up to valleys between the 

roughness peaks [209] and forming a low-friction transfer layer [186]. After, between 

45 and 50 cycles, the WS2 was completely worn on the roughness peaks. Therefore, 

the CoF achieved a steady-state equal to the average of the CoF of TiB2 on the 

smoothened peaks and WS2 which accumulated in the valleys. SEM image of the wear 

tracks (Figure 4-5) confirms that coating spallation occurred, which can be noticed on 

the sides of the track. Also, most of the track surface appears to have a darker colour 

representing the exposed TiB2 coating.  

 

Figure 4-4  Friction coefficient vs a number of cycles for DLC-WS2 coatings and 

reference TiB2 coated samples. Test conducted by a dry reciprocating sliding test using 

a fixed WC ball with 5 mm diameter sliding against a coated sample. Constant load 5 N 

applied for 10 mm distance. 
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The EDX analysis proved almost complete wear of the coating in those locations, as 

little WS2 can be recognised. However, there are also some scratches visible, in 

appearance having a similar colour as a WS2 coating, which indicates that the debris 

of WS2 coating remained in the roughness valleys. Also, scratch profiles obtained 

using profilometer shows almost complete penetration through the WS2 coating 

thickness, as the depth of the formed track was of around 480 nm. The introduction of 

an additional DLC layer on top of WS2 (sample DLC-WS2 a) to form a bilayer had a 

significant impact on the frictional properties of the coating system. The CoF measured 

was low (0.15) and only very small increase is observed after 100 cycles. Hard DLC 

serves as a protective layer, while WS2 provides lubrication. Good tribological 

performance is confirmed on the SEM image in Figure 4-5; the track width is narrower 

than for WS2 monolayer, no coating spallation can be observed and EDX 

compositional analysis confirms the presence of WS2 on the track. The rapid 

adaptation of this coating should significantly improve cutting performance when 

applied to the tool, which would be evident especially during the running-in stage of 

the machining. Increasing the number of layers to 6 (DLC-WS2 b) led to an increase in 

the time of indenter-coating system adaptation and for the first 20 cycles the CoF curve 

matches the one of WS2 indicating also for this coating smoothening of the roughness 

peaks occurred. However, it continuously decreased to match a CoF of DLC-WS2 a 

after 100 cycles. This is opposite to what is observed for WS2 monolayer confirming 

the incorporation of DLC layers between WS2 successfully increases it’s wear 

resistance.  However, for DLC-WS2 coatings having the highest number of layers (12 

and 24), a progressive increase of the CoF was recorded up to the value 0.5, indicating 

the rapid failure of these coatings. Introducing a high number of layers can prevent 

crack propagation by stopping it on the interfaces between layers; however, it can also 

increase the intrinsic stress in the coating [214], moving their failure mode from ductile 

into brittle [186], which could be observed for DLC-WS2 c and d. The high value of the 

measured CoF for those two coatings can be attributed again to the influence of the 

roughness and the poor adhesion of the coating to the sharp roughness peaks [209]. 

A ramped scratch load test can analyse the response of the coating to a variety of 

loads, giving information about the friction, wear characteristics and microcracking 

[12]. Figure 4-6 presents the evolution of CoF between the coating material and WC 
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ball for a progressive load of 5–100 N applied over a 10 mm distance. The CoF for 

WS2 monolayer and the DLC-WS2 a bilayer progressively decreased as the load and 

scratch distance increased. Given the assumption that the friction coefficients are 

related to the roughness of the summits [210] progressive decrease of CoF can be 

associated with smoothening the tops of those summits. As the direction of the scratch 

was constant, the small portions of the worn coating accumulated continuously in front 

of the ball, forming a low-friction lubricious layer that can be noticed in the optical 

image of the WS2-coated sample scratch in Figure 7. However, it can be observed that 

at the end of the scratch some coating detachment occurred leading to base material 

(TiB2 coating) exposure. The moment when TiB2 exposure starts is confirmed by 

increased acoustic emission (AE) in Figure 4-8. Contrary, for DLC-WS2 a bilayer no 

significant change of AE can be noticed.  For the maximum load, the CoF for WS2 

monolayer was as low as 0.05, which matches the findings made by other researchers 

[22,25,179]. The DLC-WS2 bilayer ensured a very low CoF of around 0.07, which 

together with previous results from a dry reciprocating sliding test and with no evidence 

of any coating spallation or delamination over the whole 10–100 N range of loads 

(Figure 4-7), confirms its excellent adhesion and lubricious properties. By contrast, it 

can be observed that for DLC c, TiB2 and DLC-WS2 d the roughness governs the CoF 

measurements. It is known that for rough surfaces typically the coating adhesion 

(defined by the smallest load at which the coating is damaged called the critical load) 

is lower [209]. Significant variations of CoF occur as a consequence of constant 

breakage of the roughness peaks [209,215]. The influence of those peak smoothening 

on the CoF depends on the mode of deformation [216]. It can be considered that in 

the case of WS2 monolayer and DLC-WS2 a, the mode is rather plastic thus the CoF 

variations are lower. DLC-WS2 with 24 layers, shows clear signs of coating spallation, 

which can be recognised by peaks on the CoF graph and exposure of the material 

underneath visible in the optical image in Figure 4-7 which corresponds to increased 

AE in Figure 4-8 at around 20 N load. At around 57 N load, the coating is completely 

worn, the coefficient of friction rapidly increases, and the material underneath is 

exposed for the whole width of the scratch. In comparison, the DLC b monolayer spalls 

at around 40 N load.  
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Figure 4-5 SEM image and profile of the scratches after 100 cycles of the dry 

reciprocating sliding test under constant 5 N load. 

 

Figure 4-6 Friction coefficient vs load applied for DLC monolayer, DLC-WS2 multilayers, 

and reference TiB2 and WS2-coated samples. Tests conducted by progressive load 

unidirectional sliding test using fixed WC ball with 5 mm diameter ball sliding against 

a coated sample. Progressive load 5 N–100 N applied with 50 N/mm loading rate. 
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Figure 4-7  Optical microscope images of scratches after the progressive load unidirectional sliding test with WC ball for progressive 

increasing load 5 N -100 N   
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Figure 4-8  Acoustic emission recorded during progressive load unidirectional sliding test with WC ball for progressive increasing load 

5 N -100 N.   
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4.4.4 Machining studies 

Typically, the wear process consists of three stages: the running-in stage, the steady-

state stage and the surface damage stage. In the initial and final stages, the surface 

damage of the tool can be observed, while during the steady-state stage, stable wear 

and friction conditions are typically achieved and, therefore, little or no macroscopic 

damage of the surface is visible [13]. The main goal of tool tribology is to increase the 

time during which the tool is in steady-state and thus decrease tool wear and reduce 

the CoF. These improvements eventually will lead to tool-life enhancement and 

improved workpiece quality (surface finish and dimensional accuracy) [5,13].  

4.4.4.1 DLC monolayer 

Figure 4-9 shows the change in flank wear of DLC- and TiB2-coated tools concerning 

the cutting length during AlSi milling. TiB2 presents a typical wear curve with a running-

in stage for the first 10 metres, then a stable state up to 24 metres, after which 

catastrophic failure occurs leading to high tool wear. All of the DLC coatings 

outperform the benchmark TiB2 coating. For DLC a, the wear curve follows the TiB2 

curve, with a small decrease in tool wear in the steady-state. Nevertheless, while 

coatings on samples DLC b, d and e significantly decreased the wear during the 

running-in stage, only DLC b also limited the machining length needed to achieve 

steady-state, thereby improving the surface finish of the machined parts [59]. Still, the 

width of the stable wear is overall shorter than it is for the TiB2-coated tool. For DLC 

c, on the contrary, which was deposited with -100 V, the wear in the first stage 

decreased compared to TiB2. Moreover, the steady-state stage continues up to 38 

metres of machining length, giving 60% improvement compared with TiB2 and other 

DLC coatings. This DLC coating is found to ensure the best protection on the 

microlever during the running-in stage when the geometrical adaptation of the cutting 

edge happens [13]. This can be attributed to high sp3 content expected for -100 V 

biased samples according to the work of Konkhunthot et al. [162] who based on 

Ramman and XPS analysis concluded 83% of sp3 bonds in the DLC coatings 

deposited by FCVA with -100V bias. Sp3 bonds provide both high hardness of the 

films and low CoF [217]. When the steady-state is achieved, the TiB2 coating 
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underneath can protect the tool material, and thereby the tool life is significantly 

improved. 

   

Figure 4-9 Tool wear curves of KC410M milling inserts with DLC coatings (cutting 

parameters: Vc: 500 m/min, ap = 10 mm, ft: 0.05 mm). 

4.4.4.2 DLC-WS2 multilayers 

The changes in flank wear with respect to the cutting length are presented in Figure 

4-11. changes in flank wear concerning the cutting length are presented in Figure 9. 

The wear curve of the WS2 monolayer confirms the observations made during the dry 

reciprocating sliding test: for the first 12 metres of machining, the WS2 serves as a 

source of lubrication, therefore, the tool wear is lower compared to TiB2, and the 

running-in stage is longer. However, once the WS2 coating wears out, the tool wear 

increases and typical steady state with little wear cannot be observed. Instead, a flat 

part of the curve can be noticed between 16 and 24 metres, after which the rate of the 

tool fracture grows. Similarly, DLC-WS2 d does not present a steady-state but rather 

constant rapid wear. Possibly, as suggested in section 4.4.3.2, a large number of 

layers (24 in total) and microparticles generate high stress in the coating, causing its 

instant failure, with greater wear at the very beginning of the cutting process. As a 

60% increase  
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result of the rapid wear, the cutting forces increase and lead to elevated wear of the 

tool.  

  

 

Figure 4-10  Tool wear curves of KC410M milling inserts with DLC-WS2 coatings (cutting 

parameters: Vc: 500 m/min, ap = 10 mm, ft: 0.05 mm). 

On the other hand, DLC-WS2 a, b and c all outperform both TiB2 and monolayer DLC 

coatings. Interestingly, only DLC-WS2 c, which combines 12 layers in total, presents 

the typical three-stage wear curve with sharp changes between the stages. It is 

noticeable that the machining length was extended up to 28 metres as compared to 

TiB2. In the case of the 2- and 6-layer coatings, the transition between the running-in 

stage and the steady-state is not as pronounced as a TiB2 benchmark sample. The 

DLC-WS2 a curve in particular, flattens after just 5 metres of machining, what indicates 

this multilayer combination of DLC with WS2 ensures rapid adaptation of the tool at 

the very beginning of the cutting process, thereby limiting the initial wear. In spite of 

this, the total machining length was not extended, and the tool wear is just 25% that 

of the TiB2. A rapid adaptation of the tool is essential, especially during finish 

machining when surface finish and dimensional accuracy are essential. 

75% decrease  
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4.4.5 EDX element mapping 

The amount of aluminium that adheres to the cutting edge was assessed using EDX 

element mapping. The Image J software allowed calculation of the area covered by 

the adherent material. SEM images using secondary electrons allowed determination 

of tool wear.  

4.4.5.1 DLC monolayer 

Figure 4-11 presents the SEM micrographs along with EDX elemental analysis Al dot 

maps of the rake surfaces of the DLC-coated milling inserts after machining of Al-10Si. 

Aluminium adhering to the rake edge can be observed in all the samples, however, its 

shape and amount differ, which is more visible on the SEM images.   

Significant Al sticking can be observed for samples DLC a and DLC d. The adherent 

layer is thick and uniform across the edge, which indicates that after a certain 

machining length and elevated tool wear, this DLC coating failed and continuous build-

up of material occurred. For samples b and e, on the other hand, despite the Al sticking 

occurs, it can be observed especially on SEM images that Al splats and thin layers are 

formed rather than large uniform Al build-ups. The amount of Al adhered is lower than 

for the DLC a and d. Especially for DLC b, it is located at the very edge of the tool, 

confirming slightly better performance during the matching test (Figure 4-9). This 

indicates better protection against aluminium sticking provided by these coatings, as 

the Al build-up could partially detach from the tool surface even at the very end of the 

machining process.  

Even though the machining length was longer for sample DLC c, the smallest Al build-

up can be noticed. It forms only a thin layer close to the tool edge. The amount is only 

around 30% of that on the other coated tools, proving that -100 V bias is optimum for 

producing thin DLC coating that facilitates tool adaptation during the running-in stage 

and prevents aluminium adhesion to the tool edge better than does the TiB2 coating. 

This matches the results obtained from machining tests and CoF measurements. 
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Figure 4-11 Aluminium element mapping images of the flank face of mill insert with DLC coating after face milling AlSi alloy. Element 

mapping obtained with EDX mode of SEM. 
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4.4.5.2 DLC-WS2 multilayers 

The Al elemental maps and SEM images of the rake faces of the milling inserts coated 

with the multilayer DLC-WS2 are presented in Figure 4-12. Except for the WS2 

monolayer and DLC-WS2 d, it can be observed that the amount of the Al is lower than 

for DLC. A larger amount of Al adherent can be noticed for the WS2 monolayer, 

confirming the degradation of its tribological properties in the wet environment [202] 

and rapid wear caused by hard AlSi alloy. For DLC-WS2 c and d, crater and abrasive 

flank wear occurred. This indicates that a build-up edge occurred, leading to 

microcrack formation. As a consequence of the cyclical stress, separation of the grains 

from the surface of the tool occurred, which is a typical consequence of the adhesive 

interaction of tungsten carbide grains with the machined material [13,218]. A thin layer 

of Al adhered on the rake face can also be noticed beside the build-up at the very flank 

edge of the tool coated with DLC-WS2 c. 

The lack of crater wear on sample DLC-WS2 a and only slight Al adherent in the form 

of a thin layer indicates that adding DLC into the WS2 film can significantly increase 

tool lifetime [22]. The WS2 provides good lubrication of the tool-chip area, while DLC 

adds wear resistance and prevents oxidation of the WS2 lamellas [179].  

Increasing the number of layers while maintaining the same volume fraction of DLC 

and WS2 could prevent crack propagation and increase the failure resistance of the 

coating [67]. Even though such an attempt was successful for fabrication of WSx/a-C 

coatings using magnetron sputtering [179], in this study applying a deposition method 

as energetic as cathodic arc combined with pulsed DC magnetron sputtering for 

multilayer deposition may have introduced too much stress into the coating. As a 

result, the best tribological performance was achieved for monolayers of DLC and WS2 

combined into a bilayer structure.   
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Figure 4-12 Aluminium element mapping images of the flank face of mill insert with multilayered DLC-WS2 coating after face milling of 

AlSi alloy. Element mapping obtained with EDX mode of SEM. 
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4.4.6 Chip formation 

Figure 4-13 shows the chip material removed during the running-in stage, and the chip 

surfaces after Al-10Si milling using tools coated with TiB2, DLC and DLC-WS2 

coatings, respectively.  

 

Figure 4-13 SEM images of the chip shapes and surfaces.  

To confirm the hypothesis that DLC-WS2 provides better lubrication of the tool-chip 

area than the DLC coating, the roughness of the chips from machining with TiB2, DLC 
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C and DLC-WS2 a was measured using the Alicona 3D digital microscope. As all of 

the chips were collected at the running-in stage when the coatings had not worn, the 

sizes of all of the chips are similar. In appearance, TiB2 chips look smoother, indicating 

this particular coating ensured lubrication and limited Al sticking, thus chip flow could 

be smooth resulting in a smoother surface under the produced chips [167].  

The results indicated that Ra for TiB2 and DLC chips was 0.79 µm and 0.96 µm, 

respectively. The higher roughness of chips from machining using DLC-coated tools 

confirms the observation made during the dry reciprocating sliding test in Figure 4-3 

Nonhydrogenated amorphous carbon films typically have higher CoF than ones 

containing hydrogen [33]. However, their high hardness and anti-adherent properties 

[13] make them perfect for Al alloy machining. Therefore the tool lifetime was improved 

in Figure 4-9. Contrary to the roughness of the chips from cutting with DLC-WS2 a 

coated mill have Ra = 0.38 µm. Friction-reduction and increased wear-resistance can 

be attributed to the formation of a transfer lubricant layer of WS at the tool-chip 

interface during the cutting process [22]. The low roughness of the chips indicates not 

only improved tool longevity (Figure 4-13) but also a better surface finish on the 

machined material.  

4.5 Conclusions 

A hybrid cathodic arc – magnetron sputtering system was successfully used to deposit 

nonhydrogenated thin DLC films and DLC-WS2 multilayers on TiB2 precoated (KC410 

grade) milling inserts. The volume fraction of each multilayered coating was 

maintained while the number of layers was varied. The substrate bias during the DLC 

deposition was found to have a significant influence on the cutting performance of the 

tools. All of the coatings decreased the tool wear compared to TiB2-only coatings. 

However, it was found that a coating produced at -100 V bias could improve machining 

length by 60%. The post-machining tool investigation using an SEM microscopy and 

EDX elemental mapping also revealed that in addition to improved machining length 

also Al adherence to the tool was limited, as only a very low Al BUE was found. 

Combining the DLC deposited at -100 V with WS2 resulted in improved frictional 

performance, as a CoF below 0.2 was recorded for bilayer DLC-WS2 during the 

progressive load unidirectional sliding test. While a low friction coefficient was 
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measured for monolayer WS2 (0.25), its low hardness did not allow it to decrease tool 

wear during the machining process. By contrast, a significant influence on tool wear 

was observed for 2, 6 and 12 layers of DLC-WS2. The best performance was found 

for a two-layer coating which shortened the running-in stage to just 5 metres and 

lowered the tool wear in the stable state four-fold compared to the TiB2-coated tool. 

Friction reduction and increased wear resistance can be attributed to the formation of 

a transfer lubricant layer at the tool-chip interface during the cutting process, as is 

typical for solid lubricants coatings. 
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5 Facilitating TiB2 for filtered vacuum cathodic arc 

evaporation 

This chapter was submitted for publication in the MDPI Coatings Journal and is 

currently undergoing the peer review process. See Appendix C for copyright 

permission to use as a chapter. 

Tomasz L. Brzezinka, Jeff Ra, Jose M.Paiva, Joern Kohlscheen, German S. Fox 

Rabinovich, Stephen C. Veldhuis, Jose L. Endrino. 

5.1 Abstract 

The use of hard lubricious coatings for cutting tools has grown considerably in 

the last decades. The development of the aerospace and automotive industries 

requiring lightweight alloy machining has placed increased demands on coatings 

to improve tool lifetime during machining of alloys such as AlSi. TiB2 is well 

established as a superhard coating with a high melting point and a low coefficient 

of friction. Although borides can be successfully deposited by a variety of Physical 

Vapour Deposition and Chemical Vapour Deposition methods, their brittle nature 

means they cannot be utilised with arc evaporation, which is commonly used for 

the synthesis of hard coatings as it provides a high deposition rate, fully ionised 

plasma and good adhesion. In this work, TiB2 conical cathodes with non-standard 

sintering additives (carbon and TiSi2) were produced, and the properties of the 

base material, such as grain structure, hardness, electrical resistivity and 

composition, were compared to those of monolithic TiB2 using nanoindentation, 

Scanning Electron Microscopy and Energy-dispersive X-ray spectroscopy 

analysis. The dependence of the produced cathodes’ electrical resistivity on 

temperature was evaluated in a furnace with an argon atmosphere. Their arc-

evaporation suitability was assessed in terms of arc mobility and stability by visual 

inspection and by measurements of plasma electrical potential. Also, shaping the 

cathode into a cone allowed investigation of the influence of an axial magnetic 

field on the arc spot.  It has been found that adding C ensures exceptional arc-

spot stability and mobility compared to monolithic TiB2, however, poor cathode 

utilisation results due to the steady generation of cathode flakes. The TiB2 
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cathode containing TiSi2 provided the best balance between arc-spot behaviour 

and cathode utilisation. The cathodes were also used to deposit coatings on 

milling inserts, and their structure, friction and thickness were assessed, as was 

their tribological performance during Al-10Si machining. Despite high observed 

rates of particle and flake generation, the deposited films had low roughness 

values and showed good machining potential when compared to commercial TiB2 

and TiAlN-coated tools.   

Keywords: TiB2; TiB2-C; TiB2-TiSi2; SEM; EDS; XPS; milling; aluminium 

5.2 Introduction 

Aluminium silicon alloys are widely used in various industries, such as aerospace, 

military and construction [219]. These materials are difficult to machine, however, 

because aluminium’s metallic matrix has high adhesive interaction with a tool, 

and silicon’s particles are highly abrasive [61].  

Titanium diboride has a hexagonal structure with boron atoms being covalently 

bonded within the titanium matrix [8]. Its excellent properties, such as high 

hardness (up to 30 GPa) [9], high chemical stability at elevated temperatures, 

and inertness to liquid aluminium [10], make it an ideal material for coating tools 

to provide high abrasion resistance and to reduce built-up edge [11,12]. Different 

CVD and PVD deposition methods can be used to deposit TiB2 coatings. 

Magnetron sputtering is one suitable method for low-temperature deposition of 

TiB2 without the use of explosive or toxic gasses, and it is appropriate for coating 

tools with complicated geometries [136]. Cathodic arc deposition (CAD), 

however, may be a better choice. One of the oldest PVD deposition methods, 

CAD ensures high density and adhesion of coatings and provides significantly 

higher TiB2 deposition rates than MS.  

Reports describing successful and reproducible attempts at cathodic arc 

evaporation of TiB2 are limited [17]. Arc running on TiB2 cathodes is associated 

with several challenges. Compared to classic metallic cathode materials such as 

Ti or Cr, the arc spot on TiB2 tends to stick to a specific location leading to local 
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overheating, cracking and disintegration of the cathode [18]. In addition, arc 

triggering is difficult, and arc stability (time until the arc spot disappears and has 

to be triggered again) is very low [19]. Finally, despite TiB2’s high melting point, a 

high rate of macroparticle generation is observed [18,19]. Two routes have been 

proposed to overcome some of the arc stability issues. Knotek et al. [18] 

subjected reactive deposition (nitrogen); however, the films they deposited were 

TiBN rather than TiB2. They also stated that sintering additives had an influence 

on arc behaviour, but they did not present the exact chemical composition of each 

cathode tested [18]. Trelegilo et al. [19], on the other hand, attempted to 

overcome these problems by using pulsed-arc evaporation. Others who had used 

DC-bias reported that high compressive stress in the deposited coatings led to 

coating fracture. Pulsed high-voltage bias allowed Trelegilo et al. to overcome 

this problem, yet, the physical nature of this solution remains unknown [19]. 

TiB2 electrical resistivity studies performed by other researchers [154] suggest 

that local densification of the cathode material caused by the arc temperature is 

the primary reason for the arc’s sticking to a specific location on the cathode [17]. 

Therefore, to facilitate arc running, TiB2 cathodes should have a density close to 

100 % of their theoretical density (TD). Recently Zhirkov et al. [17] presented the 

first successful and reproducible method to synthesise TiB2 from arc evaporation. 

In their industrial-scale work, a DC arc source was used with cathodes 63 mm in 

diameter. The TiB2 cathodes were produced using a hot pressing method by 

Plansee Composite Materials with a density close to 100% TD. They observed 

that the dissipation of the arc spot improved significantly when there was no 

external magnetic field [17]. In addition, Zhirkov et al. [17] suggested that an 

addition of 1 wt% of carbon powder added into the TiB2 composition before 

sintering can hamper the crack propagation thus further delay the cathode 

destruction. This concept was adopted and reported in the conference 

proceedings [58]. Zhirkov et al. [58] confirmed carbon inclusions serve as 

stopping points for crack propagation as almost no visible cracks were observed 

on the surface of the cathode in comparison to TiB2 cathodes with no carbon 

addition tested before [17]. 
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Producing high-density sintered bulk TiB2 is difficult, however, as it requires high 

pressure and pressing temperatures of up to 2,000 ºC [10,143]. Metallic sintering 

additives such as Ni, Co and Cr have been reported to successfully enhance 

TiB2’s density by forming borides with a low melting point (900–1,100 ºC) and 

good wetting behaviour [10]. Nevertheless, they are not suitable for high-

temperature application [57,137], as the low melting point of metallic additives 

leads to incipient fusion. Based on the studies referred to above, we can conclude 

that the sintering additive for TiB2 cathode production should also meet the 

following requirements: 1) its thermal and electrical conductivity should be similar 

to or higher than that of pure TiB2 (to improve arc dissipation), 2) its thermal 

expansion coefficient should be similar to that of TiB2 (to avoid cathode fracture), 

and 3) it should not change significantly the final composition of the cathode (to 

allow pure TiB2 to be deposited). The most promising non-metallic additives 

meeting some of the above requirements, which were also reported in 

[56,57,137,141,142] for successful application under high temperatures, are 

silicides such as TiSi2, MoSi2 and WSi2. These enhance the liquid phase sintering 

by promoting the formation of TiSi2 [10]. TiSi2, in particular, appears to have 

significant potential for use in cathode production, as its density, thermal and 

electrical conductivity, and thermal expansion coefficient are all close to those of 

monolithic TiB2 [56]. Moreover, the addition of just 5 wt% of TiSi2 is enough to 

ensure a cathode relative density of greater than 99 % during sintering at 1,550 

ºC, while maintaining the fracture resistance and hardness of the monolithic TiB2 

[56]. 

In work described in this paper, we compared the material properties and arc 

behaviour during cathodic arc evaporation of monolithic TiB2, TiB2-C (1 wt%), and 

TiB2-TiSi2 (5 wt%). Our testing equipment used cone-shaped cathodes, which 

allowed for an axial magnetic field configuration rather than the arched circular 

field configuration of typical flat racetrack cathodes. As a result, different arc 

behaviour could be expected, and the previous observations on monolithic TiB2 

[18] and TiB2-C [17] could be confirmed. To benchmark the overall potential of 

new TiB2 cathode compositions for coating deposition, the coatings were 
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deposited on cemented carbide milling inserts, and their performance was 

assessed against commercial magnetron-sputtered TiB2 and TiAlN coatings.  

5.3 Experimental procedure 

5.3.1 Cathode production and testing 

The cathodes used were produced by three companies: Plasmtechnology 

(monolithic TiB2), Plansee (TiB2-C) and Plasmaterials (TiB2-TiSi2). As materials 

other than metals require indirect cooling, a backplate had to be used to avoid 

direct contact between the cooling water and the cathode material. For the TiB2 

and TiB2-TiSi2 cathodes, Cu backplates were used. The roughness of the TiB2-C 

material created additional thermal resistance at the interface between the 

cathode and backplate [91]; therefore, the TiB2-C was fastened to a Mo backplate 

with highly thermally conductive glue. 

5.3.1.1 Cathode testing  

We used a filtered cathodic vacuum arc deposition system for the cathode testing 

and coating deposition (Figure 5-1). The system featured a cone-shaped cathode 

(67 mm x 50 mm and a 50-mm height) which dimensions were recemented by 

the FCVA source manufacturer, and the spot motion around the cathode was 

controlled by focusing and steering magnetic coils wrapped around the anode. 

An additional magnetic coil was used as a linear filter placed between the end of 

the anode and the substrate to minimise the number of macroparticles reaching 

the substrate. The power source allowed control of the arc current (up to 70 A), 

focusing coil (FcC) 3–7 A and filtering coil (FtC) 1–10 A, while the steering coil 

was fixed at 1 A. Prior to each test and deposition, the chamber pressure was 

pumped down to below 3*10-6 Torr. 

5.3.1.1.1 Arc running  

The sample holder was removed, and a mirror was placed at 45º in the middle of 

the chamber to allow direct observation of the cathode during operation through 

the viewport. Each of the cathodes was tested, and parameters such as chamber 

pressure, Ar flow, magnetic field (coils current), and arc current were optimised 
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to allow stable arc running after triggering and good spot mobility (fast motion in 

front of the cathode).  

 

Figure 5-1 Schematic view of the filtered vacuum cathodic arc deposition system 

(1-stabilising coil, 2 – focusing coil, 3 – filtering coil, 4 – cooling pipe,5 – anode, 6 

– trigger, 7 – cathode, 8 – , 9 – argon inlet,10 – rotating substrate holder, 11 – 

substrate table, 12 – mirror, 13 – viewport, 14 – substrate bias power unit, 15-FCVA 

power source). 

The cathode fracture was assessed after arc running; fractured cathode parts 

were collected from around the anode, filter and chamber, and cathode height 

was measured. 

To assess the influence of the magnetic field on the arc spot motion, the substrate 

holder presented in Figure 5-1 was replaced by an insulated metal plate (10 cm 

x 10 cm), and the electric potential between the plate and the ground was 



 

101 

 

measured using a Versastat potentiostat. The data was collected for 60 s for each 

setting. We anticipated that if we observed arc running at the side of cathode and 

a high frequency of arc triggering this would result in a lower potential generated 

by the ions hitting the metal plate, whereas stable arc running at the front face of 

the cathode would result in a higher potential generated at the plate. 

5.3.1.1.2 Electrical resistivity measurements 

As the focus of this work was to produce and test the cathodes, and resources 

were limited, dedicated samples for comparing the electrical resistivity of the 

cathode materials could not be produced. However, the cathode parts that were 

removed after the initial arc-running tests were collected and used to measure 

the dependence of electrical resistivity on temperature. We assembled a special 

rig to do this, consisting of a Versastat potentiostat, tube furnace and platinum 

wire (to limit the influence of oxidation on the measurement).  Each cathode part 

was measured and placed on the ceramic base wrapped by platinum wires with 

1 cm between them as presented in . To secure the part in place, additional nickel 

wires were used. The wires were connected to the Versastat potentiostat, 

allowing resistance measurements at regular intervals to be recorded in the 

computer. Before each measurement, the air was evacuated from the furnace 

using the rotary pump. An argon atmosphere was introduced with a flow of 200 

sccm. The temperature was progressively increased from room temperature at a 

rate of 5 ⁰C/min up to 1,000 ⁰C. DC current was applied to the sample, and the 

resistance was measured. For each cathode material, two samples were 

measured to ensure correct values. As the resistance (R) depends on the cross-

section of the sample (s) and its length (l) the resistivity (𝜌) was calculated based 

on equation (1) to allow comparison between the samples:  

   

𝜌 = 𝑅
𝑠

𝑙
 

(5-1) 
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Figure 5-2  Resistivity rig assembly and sample fixture. 
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5.3.2 Coating deposition and testing 

5.3.2.1 Deposition parameters 

Pieces of silicon wafers, Kennametal EDCT milling inserts and Widia SUN120408 

turning inserts were used as substrate materials. The substrate cleaning prior to 

each deposition included ultrasonic cleaning in an acetone bath for 15 min 

followed by rinsing in isopropyl alcohol. The substrates were then loaded on the 

rotating substrate holder, and the system was pumped down to below 3 x 10-6 

Torr. The substrates were cleaned in situ by Ar etching; a negative 450 V bias 

was applied to the substrate for 10 min under a 10-1 Torr process pressure and a 

100-sccm Ar flow.  

The coating parameters for deposition on the cutting inserts were chosen based 

on initial cathode trials to ensure stable arc running (although, the arc running on 

the monolithic TiB2 cathode was too unstable to allow any coating deposition). 

The argon pressure was 4.5 x 10-3 Torr, the focusing coil current was equal to 5 

A and the filtering coil was set to 10 A, and the substrates were grounded. For 

TiB2-C, the cathode arc current was set to 45 A, while for TiB2-TiSi2 it was set to 

50 A. The deposition time was 2 hours.  

To investigate the influence of substrate pre-heating, and cathode cooling on 

coating thickness, another series of coatings were deposited on silicon samples 

partially covered by Kapton tape. Deposition parameters were kept as described 

above except for the time intervals. The step height was later measured using 

Dektak profilometer. The possibility of cathode overheating during plasma 

generation was investigated. Therefore, the coating was deposited in fixed 

intervals: 5-min deposition intervals alternated with 5-min breaks (substrate 

temperature during this phase was maintained using the heater to avoid 

additional stress being generated in the coating) for 20-, 40- and 100-min total 

deposition times.   
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5.3.2.2  Machining testing and characterisation 

To assess the potential of the coatings deposited on the new cathodes’ faces, we 

performed milling tests on an Okuma Cadet Mate CNC vertical machining centre. 

The cutting conditions are presented in Table 5-1 and were similar for both wet 

and dry machining tests. As the thickness of the deposited coatings was less than 

1 µm, they were benchmarked not only to commercial TiB2-coated (2–3 µm) but 

also to thinner (1 µm) commercial TiAlN-coated and uncoated tools. The 

procedure of measuring the tool wear was discussed in detail in section 4.3.2. 

A Tescan dual-beam focused ion beam scanning electron microscope (SEM) was 

employed to study the cross-sections of the coatings. A Philips SEM microscope 

equipped with energy-dispersive X-ray spectroscopy detector was used to 

investigate the surface and chemical composition of cathodes, deposited 

coatings, chips collected during the machining and tools after use. The EDX also 

allowed also us to explore the aluminium that had adhered to the tool, the area 

of which we later determined using ImageJ software. The cross-section images 

of the chips were obtained on an optical microscope.  

A Teer ST-3001 Tribo Tester was used to assess both friction coefficient and 

adhesion of deposited and benchmark coatings. The CoF was determined using 

a dry reciprocating sliding test with a fixed 5-mm WC ball drawn over the surface 

of the coating for a 10-mm distance for 100 cycles. The adhesion was measured 

using increasing loads (5–100 N) at a 50-N/min loading rate applied at a linear 

velocity equal to 5 mm/min.  

The hardness of deposited coatings and cathode material was determined using 

Micro Materials Ltd. Micro Materials NanoTest nanoindenter. A series of 10 

indents with a 100-mN load for cathodes and 25-mN for coatings was obtained, 

and an average value calculated.  
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Table 5-1 Cutting conditions used for TiB2 coated tools evaluation. 

 

Machine tool 

CNC 
Vertical 
Machining 
Centre 

Number of cutting 
edges 

2 

Feed rate 
[mm/min] 

1880 

Feed per tooth ft 
[mm/tooth] 

0.05 

Cutter diameter 
[mm] 

19 

Tool speed RPM 
[rev/min] 

6300 

Axial depth of cut 
ap [mm] 

10 

Radial depth of 
cut [mm] 

1 

Cutting speed Vc 
[m/min] 

375 

Coolant rate flow 
[l/min] 

44 

Coolant 
concentration [%] 

6 

Workpiece 
material 

Al-10Si 

5.4 Results  

5.4.1 Cathode material  

5.4.1.1 Surface and composition 

The SEM images of the unused cathodes are presented in Figure 5-3. The grains 

of the monolithic TiB2 cathode had sharp edges, and the structure presented a 

high porosity. The sintering process did not result in a high-density cathode. The 

addition of C promoted the reduction of oxides which typically inhibit surface 

mobility. Therefore, rounded grain boundaries can be observed due to improved 
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surface mobility. Also, carbon inclusions could be noticed at some of the grain 

boundaries. The surface morphology of the TiB2-TiSi2 cathode looked dense, and 

grains did not have sharp edges as they did in the monolithic TiB2, indicating the 

TiSi2 additive promoted the formation of a liquid phase during sintering process. 

The average grain size (7.3 µm) was smaller than that for TiB2-C (13.1 µm) but 

slightly larger than that for monolithic TiB2 cathode (5.6 µm). The chemical 

compositions of the cathodes and deposited coatings obtained using EDX are 

presented in Table 5-2. For all cathodes, the stoichiometric composition (B to Ti) 

2:1 was achieved. The recognised carbon content for the TiB2-C cathode was 

around 13 at% and was lower than the Si content for TiB2-TiSi2, which was 5 at%. 

Also, oxygen was present in this cathode at almost 20 at%, which was 

significantly higher than for the other two cathodes. The most probable reason 

for this is Si’s rapidly forming SiO2 while exposed to air. 

 

 

Figure 5-3 SEM images of the virgin cathode surface.  
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Table 5-2 Chemical composition of the cathodes and deposited coatings obtained 

using EDX analysis. 

 

B 
(at%) 

Ti 
(at%) 

C 
(at%) 

Si 
(at%) 

O 
(at%) 

TiB₂ cathode 67 31 

  

2 

TiB₂-C 
cathode 

59 27 13 

 

1 

TiB₂-TiSi₂ 
cathode 

52 23 

 

5 20 

TiB₂-TiSi₂ 
coating 

30 20 

 

8 29 

TiB₂-C 
coating 

31 15 22 

 

12 

 

The coating deposited from the TiB2-C cathode had TiB2 stochiometric 

composition. However, the oxygen and carbon contents were relatively higher 

than those in the cathode itself. Unlike the material of the TiB2-TiSi2 cathode, the 

deposited coating was TiB1.5 rather than TiB2. Also, approximately 7 at% of Si is 

present in the coating structure.  

5.4.1.2 Electrical conductivity 

The temperature dependence of electrical resistivity in the cathodes parts is 

presented in Figure 5-4. Resistivity at room temperature differed for each cathode 

material. The lowest resistivity was for TiB2-C, while monolithic TiB2 gave a 

significantly higher measurement. The density of the cathodes, as well as their 

composition (e.g., the good electrical conductivity of C), would have had a 

significant influence on these results. Although resistivity remained almost 

constant up to 100ºC, it increased almost linearly with increasing temperature for 

all of the cathodes. It is noticeable that the angle of the plot for monolithic TiB2 

was significantly steeper (tanα = 5 * 10-6) than the plots for the other two cathodes 

(tanα = 1 * 10-6), confirming the influence of density on the electrical resistivity of 

TiB2. 
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Figure 5-4 Electrical resistivity dependence on temperature of produced TiB2 

cathodes.  

5.4.1.3 Arc stability 

The initial arc-running tests involved parameter optimisation, arc observations 

and arc stability measurements (number of times the arc had to be triggered 

during 5 min). With the monolithic TiB2 cathode, it was not possible to trigger an 

arc with arc currents lower than 65 A (the power source maximum was 70 A). 

Even when triggered, the arc was not stable; the average time to next triggering 

was just 10 s. Also, the TiB2 cathode arc tended to stick to a specific location on 

the cathode, leading to the extensive cathode fracture presented in Figure 5-5. 

Large cathode chunks could be seen especially in the anode but also around the 

filter.  Arc paths could be observed on the side face of the monolithic TiB2 cathode 

after use.  

By contrast, the TiB2-C cathode experienced exceptional arc stability – once 

triggered, the arc was running for the entire 5 min. The minimum current required 

to achieve a stable arc was 40 A, although it was possible to trigger an arc below 

that current level. During deposition, a constant flow of particles could be 

observed. These particles appeared to be cathode flakes and could be found in 

the filter and around the chamber after the deposition (Figure 5-5). The quantity 
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of particles was significant and led to poor cathode utility; around 9 mm/hour was 

used, while the rate for the typical metallic cathode, e.g., Cr, is approximately 1–

2 mm/hour.  

The TiB2-TiSi2 cathode required approximately 50 A arc current for stable 

deposition. The arc stability was good; arc-spot time was equal to 2 min. Contrary 

to the other two tested cathodes, multi-spot evaporation could be observed at 

times), which should have decreased the cathode fracturing, as it leads to a 

dissipation of the energy between two spots. Particle generation could be 

observed during arc running, and particles were later collected from the chamber 

bottom. However, they appeared to have solidified before reaching the substrate, 

as the resulting coatings were smooth. Some cathode fractures could be found 

in the anode and filter. Still, the amount was significantly smaller than for 

monolithic TiB2, and no visible cathode fracture was observed.  

 

Figure 5-5 Comparison of the cathodes and fractured part in the filter after 60 

minutes of arc running. 

The influence of the magnetic field from both focusing and filtering coils on the 

potential of generated plasma is presented in Figure 5-6 (a)-(d). These graphs 

also represent the overall stability and movement of the arc spot; when the arc 

was triggered frequently or tended to run along the side face of the cathode, the 

potential measured during acquisition time was lower.  
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Reference plots for a Cr cathode are provided (Figure 5-6 (a)), as the Cr cathode 

was known from previous experiments on this setup to have exceptional arc 

movement and stability. It can be seen that above the level of 3 A, an increase of 

the filter coil current (FtC) increased the measured potential, as the filter confined 

the plasma and more ions reached the metal plate. Similarly, an increase of the 

focusing coil current (FoC) increased the potential, as the arc was more focused 

on the front face of the cathode and the plasma was more confined. Interestingly, 

for the high FtC currents, there was little influence of the FoC. The poor stability 

of the arc triggered on the monolithic TiB2 cathode, as ascertained by visual 

observations, was confirmed experimentally in Figure 5-6 (b). For an FoC set to 

3 A, the arc rarely triggered, and when it did so it was running on the side face of 

the cathode, which resulted in low voltage measured. For higher FoC and FtC 

currents, the measured potentials were similar. Only an FtC current of 6–8 A with 

an FoC current at 6 A seemed to allow the arc to be sustained for a longer time 

at the front face of the cathode.  

The influence of the magnetic field on the arc triggered on the TiB2-C cathode 

(Figure 5-6 (c)) appeared to be similar to what had been seen with the Cr cathode, 

as all the lines followed an approximately linear pattern. For minimum settings of 

both FoC and FtC currents, the measured voltage was low (0.5 V), indicating arc 

running at the side face of the cathode. However, once the FtC current reached 

6–7 A, there was a rapid increase in the voltage measured, which indicated that 

the arc was running on the front face of the cathode. Overall, we noted that the 

filtering coil led to the confinement of the plasma, therefore, the higher the FtC 

current was, the higher was the measured ion voltage. Similar behaviour could 

be observed with an increase in FoC current. For the TiB2-TiSi2 cathode, the 

influence of the magnetic field (Figure 5-6 (d)) was less noticeable than for TiB2-

C and Cr. For FtC current values from 1 to 4 A and FoC current from 4 to 7 A, 

similar ion voltages were measured, indicating the arc was running at the side 

face of the cathode.    
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Figure 5-6 Ion voltage measured for different electric currents of focusing and filter 

coils for (a) Cr, (b) monolithic TiB2, (c) TiB2-C, (d) TiB2 -TiSi2 cathode. 
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Once the FtC current was increased, the ion voltage varied. However, 

significantly higher values were achieved when FoC current was 6 to 7 A and FtC 

current was 6 to 9 A, indicating that such a magnetic field combination ensured 

good plasma confinement and arc running only at the front cathode face.  

5.4.2 Coating analysis 

The TiB2 cathodes were used to deposit trial series of coatings to assess their 

overall potential for replacing the commercial TiB2 coatings. The initial trials of 20 

min of deposition produced coatings from both TiB2-C and TiB2-TiSi2 with a 

thickness of approximately 300 nm (Figure 5-7).  

 

Figure 5-7 SEM cross-sectional image of TiB2 coating deposited from TiB2-C 

cathode. 

To obtain thicker coatings, a 2-hour deposition was performed, including a study 

to determine the influence of a -100 V bias applied during deposition, determining 

whether it could provide better adhesion of the films and result in higher coating 

densities. Figure 5-8 presents the SEM images of deposited films. Despite the 

high particle generation observed from both TiB2-C and TiB2-TiSi2 cathodes, films 

produced appeared smooth, with roughnesses of Ra = 15 nm and 18 nm, 

respectively. Some particles with dimensions of 5–7 µm could be found on the 

samples, but they were rare. Despite increased deposition time, the thickness of 
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the deposited films was 500 nm for the TiB2-C cathode and 300 nm for the TiB2-

TiSi2 cathode.  

 

Figure 5-8 SEM images of coatings deposited from different cathodes for 2 hours 

deposition time.  

The coating produced with a -100 V bias had a very low thickness (26 nm) and 

high roughness (Ra = 100 nm) compared to the other coatings. The coating SEM 

image appeared to be rough, with many particles on the surface of the coating. 

The lower thickness than expected was potentially a result of overheating of the 

cathode. To confirm this effect, interval coating deposition tests with running 

periods of 5 min were carried out (as described in the ‘Experimental Procedure’ 

section), which should have allowed for maintaining a low temperature at the 

cathode. Three coatings were deposited using this method, with varied total 

deposition time. The results (Table 5-3) of 20-, 40- and 100-min deposition times 

were coatings with thicknesses of 200, 400 and 780 nm, respectively. Such 

results confirmed that a cathode overheating problem was a critical barrier that 

needs to be addressed.  

Table 5-3 Thickness of the TiB2 coating deposited during interval deposition test. 

Deposition 
time 

Coating 
thickness 

[nm] 

20 min 200 

40min 400 

100 min 780 



 

114 

 

5.4.2.1 Coefficient of friction evaluation 

The CoF measurements obtained from dry reciprocating sliding test under a 5-N 

load for 100 cycles on the produced and commercial TiB2 films are presented in 

Figure 5-9.  

 

Figure 5-9 Coefficient of friction results obtained for the dry reciprocating sliding 

test under 5-N load.  

For the sputtered TiB2 coating, a CoF of 0.26 was measured for the first 16 cycles, 

which increased to 0.4 by the time 100 cycles had been completed. Similar 

behaviour has been observed by other researchers [143,212] during short-length 

(100 µm) wear tests. They found that the running-in period lasted for around 3000 

cycles, until a steady-state value of approximately 0.8 was achieved. By contrast, 

both arc-deposited TiB2 coatings from TiB2-C and TiB2-TiSi2 cathodes adapted 

during the first 15 cycles, at which point they achieved steady CoFs of 0.43 and 

0.47, respectively. 

5.4.2.2 Hardness 

Nanoindentation allowed the hardness values of cathode materials and coatings 

to be measured. The highest value for cathode hardness (Figure 5-10) was 

obtained for monolithic TiB2 and was ~24 GPa. The cathodes with C and TiSi2 
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additions displayed slightly lower hardnesses of ~23 GPa, which is however 

within the error limit. The hardness of the produced coatings was compared to 

that of commercial TiB2 (Figure 5-11).  

 

Figure 5-10 Hardness of the cathodes 

(average of 10 indents for 100 mN load). 

 

Figure 5-11 Hardness of the deposited 

films (average of 10 indents for 25 mN 

load). 

The declared hardness of the commercial TiB2 should be between 20-25 GPa 

[220]. The value  obtained during the nanoindentation was equal to 19.9 GPa.   

The TiB2-C cathode displayed a slightly harder coating (~21.1 GPa) than that of 

commercial TiB2, however, the standard deviation of the indents was also greater. 

By contrast, the coating from the TiB2-TiSi2 cathode displayed a lower hardness 

value (~16.4 GPa), although it was still within the acceptable range, considering 

no coating optimisation (e.g., interlayer or substrate heating) had been applied. 

5.4.2.3 Machining 

In the wear process, three stages can typically be identified: the running-in stage, 

the steady-state and the surface-damage stage. The initial stage allows the tool-

machined part adaptation process, and therefore, it is typically associated with 

increased wear, while once the tool reaches the surface-damage stage, it has to 

be replaced [13]. In the middle, steady-state stable, tool wear and friction are 

achieved, consequently, the tool wear is restricted. To reduce tool wear, it is 

necessary to have a rapid tool adaptation that results in a prolonged steady-state 

stage. Such conditions result in better machined-surface finish and tool-life 
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enhancement [5,13]. Figure 5-12 shows a comparison of the change in flank wear 

of uncoated, TiB2-coated, and TiAlN-coated inserts in terms of cutting length 

during AlSi milling with coolant. Up to ~18 m of machining, the lowest amount of 

tool wear was observed for the TiAlN coating. This coating experienced a 

running-in stage for the first 5 m, then a stable state started and continued up to 

8 m, after which elevated tool wear could be observed. The uncoated tool, by 

contrast, experienced constant wear through 25 m of machining, after which the 

wear speed decreased significantly, indicating the tool was in the stable state, 

which continued until the machining process was stopped at 30 m. A similar path 

was followed by both the commercial TiB2 tool and the tool coated from the TiB2-

TiSi2 cathode. TiB2-C, however, allowed significantly faster tool adaptation, as 

the stable state could be observed after 12 m of machining, while the tool wear 

was lower than for the uncoated tool. 

The uncoated and coated tools from these trials were also tested during dry AlSI 

machining as a way to represent the most extreme conditions. The wear curves 

are presented in Figure 5-13. In dry machining, in the absence of a lubricant, the 

coating serves as a source of lubrication, thus significantly higher wear is 

expected. 
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Figure 5-12 Tool wear curves of KC410M milling inserts with different coatings 

(cutting parameters: cutting speed Vc: 375 m/min, RPM = 6300, feed = 1880 

mm/min).  

 

Figure 5-13 Tool wear curves of KC410M milling inserts with different coatings 

(cutting parameters: cutting speed Vc: 375 m/min, RPM = 6300, feed = 1880 

mm/min, conditions: dry). 
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Commercial TiB2 experienced elevated wear during the running-in stage, after 

which no increase in wear was observed up to 5 m. Thereafter, steady tool wear 

could be seen until wear reached 300 µm, when machining was stopped. The 

TiAlN-coated tool followed a wear curve similar to that of commercial TiB2. 

However, the tool wear in the adaptation phase (first 3 m) was lower, and then, 

rather than going into the stable state, the tool experienced significantly lower 

wear up to 10 m, after which the wear progressed quickly until the cutting process 

was stopped at 25 m of total machining length. The adaptation phase for 

uncoated and TiB2-coated tools required approximately 2 m of machining as well; 

however, the stable state continued up to 8 m. This phase was followed by 

elevated tool wear, although periodic (e.g., for TiB2-C from 8–12 m and 14–16 m) 

stable states were observed.  

5.4.2.4 Tool investigation 

Figure 5-14 and Figure 5-15 present the SEM micrographs and EDX elemental 

analysis (Al represented in green) of the rake surfaces of the worn tools after wet 

and dry Al-10Si machining. The area covered by Al was calculated using ImageJ 

software, and the values added to the images. Al adhering to the rake edge could 

be noticed for all of the samples in Figure 5-14; it was concentrated close to the 

tool edge, and no aluminium was observed at the flank face. The amount of Al 

differed by the tool; the highest could be seen for commercial TiB2, the lowest for 

uncoated and TiB2-TiSi2-coated tool. 

The rake faces of the tools after dry machining differed significantly from those 

rake faces used in the presence of a lubricant. Extensive BUE could be observed 

on all the tools tested (Figure 5-15). Chipping could be noticed for the uncoated 

tool and for TiB2-C, while slightly less was seen for TiAlN and TiB2-TiSi2. The 

uncoated tool had the greatest amount of adhered Al, forming a thick layer on 

both rake and flank faces. In appearance, the smallest amount of BUE was 

present on the TiB2-TiSi2 sample, although the area covered was slightly larger 

than that for TiB2-C. 
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Figure 5-14 Aluminium element mapping images of the rake face of coated mill insert after wet face milling of Al-10Si alloy. Element 

mapping obtained with EDX mode of SEM. 
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Figure 5-15 Aluminium element mapping images of the flank face of coated mill insert after dry face milling of Al-10Si alloy. 

Element mapping obtained with EDX mode of SEM. 
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5.4.2.5 Chip comparison 

Analysis of the chips resulting from machining with TiAlN and TiB2-C-coated tools 

indicated those tools had the greatest and the least flank wear, respectively, after 

30 m of wet AlSi machining. Optical images of the chip cross-section displaying 

the chip microstructure as well as a secondary electron image of the under 

surface are presented in Figure 5-16. Systematic chip segmentation could be 

recognised on the TiB2-C chip undersurface, confirming good chip-tool lubrication 

[221] was provided; therefore, continuous chip flow had taken place.  

 

Figure 5-16 Optical images of the chip microstructure after machining with 

coolant: (a) TiAlN and (c) TiB2-C coated tools. SEM images of the chip under 

surface: (b) TiAlN (d) TiB2-C coated tools. 

By contrast, although some chip segments could be recognised on the TiAlN chip, 

those segments were irregular, which indicated the chip flow was not continuous 

and no plastic deformation had occurred [198]. 
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The microstructure and undersurface of the chips obtained from dry machining 

with uncoated, TiB2 and TiB2-TiSi2 coated tools are presented in Figure 5-17. 

Regular segments could be observed on all of the chips. However, the segments 

from the uncoated tool were several times larger than those from other tools. 

Such chips can be observed when ploughing action takes place instead of cutting, 

as lubrication is not provided [219,222,223]. Lack of lubrication on uncoated tools 

resulting in limited plastic deformation could be observed on the chip 

microstructure as well; many of the grains were undeformed. On the other hand, 

grain elongation typically associated with good chip-tool area lubrication 

[221,224], which improves chip flow speed, was observed on chips from both TiB2  

and TiB2-C.  

 

Figure 5-17 Optical images of the chip microstructure after dry machining: (a) 

uncoated and (b) commercial TiB2-coated and (c) TiB2-TiSi2-coated tools. SEM 

images of chip under surface: (d) uncoated and (e) commercial TiB2-coated and (f) 

TiB2-TiSi2-coated tools. 
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5.5 Discussion 

5.5.1 Cathode material 

5.5.1.1 Monolithic TiB2 

The hardness of the virgin cathode material is equal to 24 GPa and is consistent 

with previous observations [9]. However, the grain structure observed on SEM 

micrograph (Figure 5-3) indicated that sintering in the liquid phase was not 

achieved, as mostly sharp grain edges are present. No sinter additives that could 

promote liquid-phase sintering [143] were used; therefore, considering the low 

self-diffusion coefficient of TiB2, which makes it difficult to densify [10], high 

density was not achieved. The electrical resistivity of this cathode (Figure 5-4) at 

room temperature is significantly higher than for the other cathodes produced in 

this work, and it grows more quickly with increasing temperature. This 

observation matches the results of other researchers [154] who studied the 

influence of the structure and density of TiB2 on its resistivity. They concluded 

that good densification could decrease the effect of increasing temperature on 

TiB2 resistivity. The high temperatures created by the arc can locally melt TiB2 

[18], leading to its densification. Zhircov et al. [17] proposed that if the density of 

the virgin cathode was not high, this local densified cathode area could have 

significantly lower electrical resistivity. The specific arc motion depends on a 

variety of factors (magnetic fields, local impurities, phases) [94]. However, the 

increased conductivity caused by densification can lead to the arc spot sticking 

to a specific location on the TiB2 cathode. Such behaviour was observed when 

running the arc on the produced monolithic TiB2 cathode; observations by eye 

confirmed the arc was sticking to a particular location. Also, a very high 

(compared to other cathodes) arc current (65 A) was required to trigger the arc. 

The need for high arc current confirms lower electrical conductivity, which 

correspondingly resulted in poor arc stability and significant cathode fracture 

caused by high local temperature (more energy carried by the arc spot). The 

dependence of the thermal expansion coefficient of boride on its temperature can 

be considered as one of the main reasons for the cathode destruction [9].  
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Cathode spots can move randomly around the cathode, and spot motion has to 

be controlled to prevent erosion of supporting structures [54]. The spot motion 

can be restricted by insulating shields; however, much more definitive control can 

be ensured only by applying a magnetic field [91]. Typically in industry, a 

racetrack configuration is used with an arched circular field produced by a 

magnetic coil [225] or permanent magnet [100]. Previous studies [18] suggested, 

however, that in the case of arc evaporation of TiB2, the removal of the magnetic 

field can decrease cathode fracturing by preventing overheating of a certain area 

(circular race track) on the cathode [102]. Zharkov et al. [17] completely removed 

the magnetic field, which resulted in a stable and reproducible plasma generation. 

For the cone-shaped cathode used in this work, the focusing coil applies an axial 

magnetic field that focuses the arc spot on the front face of the cathode [93]. The 

filter coil is used mainly to confine the plasma and guide it towards the substrate, 

but it also influences the arc spot [99]. As the fields coexist, their elimination would 

result in arc stability problems and spot movement mostly on the side face (where 

it is triggered) [54,91]. This concept is confirmed by ion voltage measurements 

on a Cr cathode. When the minimum coil current settings allowed in this system 

are used, the measured voltage is very low. Also, the magnetic field of the 

focusing coil has the greatest influence on the average ion voltage, and above 6 

A of FtC current, the effect of the FoC is limited. For these reasons, limiting the 

magnetic field when using a monolithic TiB2 cathode does not improve arc 

stability, as it did for other researchers [17,18]. In fact, for FoC, arc triggering is 

almost impossible. For the highest FoC and FtC currents, the arc is triggered but 

its high instability throughout the range of currents is the main influence on the 

measured ion voltage.  

5.5.1.2 TiB2-C 

The TiB2-C produced cathode has a well-densified structure (99.9% TD according 

to the manufacturer specification), though the grains are larger than for the other 

cathodes. To achieve good densification without using sintering additives, 

temperatures close to 2000ºC were used. Extensive grain growth at high 

temperatures has been reported before and is typical for boride materials 
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[140,226]. The good densification of the cathode resulted in higher room-

temperature conductivity (compared to the other cathodes produced) and 

significantly lower dependence of conductivity on temperature. Also, the 

hardness of the virgin cathode is found to be close to that of monolithic TiB2, 

indicating the addition of C did not have a negative effect on the mechanical 

properties. The arc stability was substantially improved over the monolithic TiB2; 

the minimum arc current needed was just 40 A, and optical observations 

confirmed good arc mobility. For low FoC and FtC currents, the arc tends to run 

on the side face of the cathode, resulting in low measured ion voltage. However, 

increasing currents of both the FoC and the FtC increases the measured ion 

voltage, and ion voltage is greatest when both of these coils are set to their 

maximum values. We noticed that an FtC current of 4–5 A is required to confine 

the plasma to the metal plate used for measurement, as increasing the FoC 

current above this level results in a significant increase of measured ion voltage.   

Densification and the addition of C lead to arc stability. The carbon inclusions 

locate around TiB2 crystals and, having better stress resistance, can serve as 

stopping points for propagating cracks [156,227], although this does not stop 

completely the destruction of the cathode during arc operation. As evidence of 

this, constant generation of cathode flakes could be observed when running the 

arc, no matter what parameters were used. The flakes could be found everywhere 

around the chamber, though their highest concentration was in the anode and 

filter tubes. Possibly, the flakes are created as follows: A crack forms and 

propagates at the cathode surface because of the thermal shock created by the 

arc spot, but, it stops at the carbon inclusion [31]. Due to the explosive nature of 

the arc spot [97], a weakly attached flake is released, the spot moves to a different 

location, and the process repeats. This constant generation of flakes is also the 

reason for exceptional stability of the arc on this particular cathode, as the tiny 

volume of the material affected (melted) by the arc is being constantly removed, 

thus the spot is pushed to start at the new, virgin location. Although the arc 

movement and stability are improved, the utilisation of the cathode as a result of 

flaking is poor, with approximately 9 mm of the cathode being consumed per hour. 
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The same cathode (same composition and manufacturer) was used by Zhircov 

et al. [58] in their work; they, however, do not describe such high cathode 

consumption. The high cathode consumption in our work may be due to the 

different arc source configuration used (i.e., a cone-shaped cathode). Zhircov et 

al. [17], used the typical racetrack cathode equipped with a protective stainless 

steel ring [17], which possibly limited wear. Also, better cathode cooling could be 

providedd, as their cathode is thinner than the cone-shaped one.     

5.5.1.3 TiB2-TiSi 

The grain structure of TiB2-TiSi2 indicates good densification, and no extensive 

grain growth can be observed. The electrical resistivity at room temperature is 

slightly higher than that observed with the TiB2-C cathode. However, resistivity 

does grow with increasing temperature in a manner similar to that of TiB2-C, 

confirming good densification [154]. TiSi2’s phase is liquid at temperatures below 

1,700 ºC, therefore, it can wet TiB2 [141]. Despite TiSi2 having a lower hardness 

(8–10 GPa) [228], its addition did not affect the hardness of the TiB2-TiSi2. A 

hardness of 23 GPa was measured, which is close to the hardness of monolithic 

TiB2 (24 GPa). Arc stability and mobility are improved over those seen with 

monolithic TiB2, and the minimum arc current required is 50 A. Unlike other 

cathodes tested, multi-spot evaporation (many small spots distributed over a 

larger area) can be observed. This behaviour is typically observed on poisoned 

cathodes (deposition in a reactive gas atmosphere), as the ion bombardment 

charges the contaminants, thereby creating an electric field that enhances the 

emission of electrons [54].  The rate of charging and the field enhancement and 

emission onset are very fast, and several emission centres switch on 

simultaneously [17]. TiSi2 crystals can serve as ‘contaminants’, the energy per 

spot is reduced, and a more extensive area is heated by the arc current. As a 

result, local overheating is reduced, which stabilizes the arc and limits the thermal 

shock, which in turn limits cathode cracking [54].  

The high abundance of particles seen during the arc evaporation is typically 

associated with a material having a low melting point [54]. Since TiB2 has a high 
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melting point (~3,500 K) [140], it is expected to produce an insignificant number 

of droplets. However, once the arc is triggered, extensive particle emission can 

be observed visually as a glowing spark, and these are also found around the 

chamber after deposition. Similar observations of intense emission of visible 

droplets have been reported by other researchers [17,18]. Another mechanism 

for particle generation from materials with a high melting point has been 

proposed, one that differs from the generally accepted mechanism that is based 

on the presence of a molten bath and varied plasma pressure [54]. Given the high 

degree of flaking of the TiB2-C cathode, we can suggest that particles are 

produced due to the constant destruction of the thin surface layer of the cathode 

caused by explosive nature of the arc spot. The layers are smoothed by the high 

temperature of the arc. As a result, new crystals can be accessed, which 

decreases the chance that the spot will be immobilised at a single location.  

The ion voltage measurements indicate that the stable arc running at the front 

face can be achieved, although it requires a certain distribution of the magnetic 

field generated by filtering and focusing coils. Similarly to the TiB2-C cathode, for 

FtC currents below 4–5 A, low ion voltage is measured. The optimum currents 

appear to be an FtC of 8–9 A and an FoC of 6–7 A. 

5.5.2 Analysis of deposited coatings 

There is no reflection of the intensive flux of glowing particles on the film surfaces. 

As expected, most of those particles are solid and too big for possible attachment. 

The film surfaces are smooth, with roughness Ra = 15–18 nm, and only a few 

droplets are measured. The stoichiometric composition of the coating produced 

using the TiB2-C cathode is close to that of monolithic TiB2. The hardness of the 

produced coating is slightly higher (21 GPa) than commercial TiB2 (19GPa) 

confirming the addition of C did not deteriorate mechanical properties of the TiB2. 

For the TiB2-TiSi2 cathode, the depletion of B can be observed and may be 

explained by the previously shown dependence of spatial plasma distribution on 

ion mass [17]. It is known that lighter elements typically have a wider distribution, 

and a reduced intensity along the cathode normal can be expected for lighter ions 
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as compared to heavier elements [229]. This is consistent with the observed 

reduction of B, compared with Ti, in a film. The lower B content results in lower 

hardness (16.4 GPa) compared to commercial TiB2 obtained for this coating. 

However even though this hardness value is lower than for commercial TiB2 it is 

still high and can be considered as success, since it was obtained for the very 

first coating deposited from the cathode with novel composition. When used for 

wet machining, both coatings provide good lubrication and decrease tool wear. 

In fact, TiB2-C seems to achieve a steady-state after 13 m and shows little wear 

increase up to 30 m, exceeding all other coatings tested. In the absence of a 

lubricant, higher temperatures are achieved, and the coating serves as a source 

of lubrication [230]. As the thickness of deposited films from our cathodes was 

lower than 1 µm, they were not able to prevent tool wear. Extensive built-up edge 

occurred, which can be observed on EDX element maps. Although BUE is 

undesirable, it can serve as a protective layer that detaches once reaching a 

certain size [71]. The BUE growth can be observed on the plot as a flat segment 

that rapidly increases once the BUE detaches.     

The initial trials on grounded samples indicated the deposition rate should be 

equal to 900 nm/hour. However, when the deposition time was raised, it resulted 

in coatings having just 300 nm and just 26 nm for the biased sample. Application 

of bias increases the energy of the ions. Therefore, higher compressive stress is 

introduced in the coating [82]. Treglio et al. [19] reported that a -75 V bias applied 

during pulsed arc TiB2 deposition leads to fracture and flaking of the coating, 

which becomes thin and rough. The high roughness of the coating deposited with 

a -100 V bias in our work supports this conclusion. When a range of biases from 

0 to -100 V was applied during a 5-min deposition of thin film, no difference in 

thickness was observed, confirming that at least a certain thickness has to be 

achieved to cause coating destruction by compressive stress [19]. As for the 

grounded substrates, Knotek et al. [18] and Zhirkov et al. [17] do not report 

observing thickness limitation, although they also do not report their actual 

coating thicknesses.  
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The following parameters were considered as potentially contributing to the 

unexpectedly thin coatings: low thermal conductivity of TiB2 (25 W/m*K); greater 

length of the cathode compared to racetrack configurations; indirect cooling, 

consequently, an interface with a certain thermal resistance was created between 

the cathode and Cu backplate. Considering these, we propose cathode 

overheating as the primary reason for the low thickness of the resulting coatings. 

Only 10 % of the arc current is transformed into the ion energy [54], while the rest 

is used to heat the cathode. In case of an insufficient cathode cooling rate, the 

front face of the cathode becomes seriously overheated, which leads to an 

increase in electrical resistivity (see Section 3.1.2 Electrical conductivity), which 

in turn increases the temperature even further. Such behaviour can increase the 

number of droplets being produced, and as it was found these droplets solidify 

before reaching the substrate rather than becoming part of it, coating deposition 

rate decreases drastically. The solution we proposed in this paper was to preheat 

the substrate before the deposition to 200 ºC (the maximum for the system) and 

to perform deposition in 5-min evaporation steps, leaving 5-min breaks to cool 

down the cathode (with the substrate temperature being maintained by heaters 

to avoid coating stress). This method allowed us to successfully deposit a 780-

nm-thick film during 100 min total evaporation time. Our method was a proof-of-

concept and indicated that good cathode cooling is essential for TiB2-coating 

deposition. In the case of this system configuration with cone-shaped cathodes, 

higher-flow, very-low-temperature coolant should be used, and the height of the 

cathode could be decreased to limit the thermal gradient.     

5.6 Conclusions 

We evaluated the use of TiB2 for arc evaporation after first densifying its structure 

and adding non-metallic sinter additives such as C and TiSi2. We successfully 

tested a cylindrical cone-shaped cathode configuration and compared its 

attributes to those of monolithic TiB2 cathodes. The additives did not significantly 

affect the material hardness. The cathodes have a bulk hardness of 23–24 GPa. 

Arc was difficult to trigger in monolithic TiB2 cathodes and required high arc 

currents of 65 A. Arc spots were found to stick at certain locations, leading to 
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extensive local fracturing of the cathode. We found TiB2-C required the lowest 

current setting (40 A) to trigger an arc and provided the best arc-spot stability and 

mobility. Carbon inclusions successfully prevented crack propagation, although 

they did not stop crack initiation, which resulted in high cathode flaking and poor 

target utilisation. Good densification of both TiB2-C and TiB2-TiSi2 cathodes limits 

the influence of temperature on the conductivity of the cathode material. We 

observed multi-arc evaporation when operating a TiB2-TiSi2 cathode and found it 

decreases the fracturing of the cathode. The currents required to trigger a TiB2-

TiSi2 cathode are slightly higher (50 A) than for TiB2-C. Contrary to previous 

reports, appropriate distribution of magnetic fields from filtering and focusing coils 

was found to be essential for maintaining stable and mobile arc spots on TiB2-C 

and TiB2-TiSi2 cathodes.  

Only TiB2-C and TiB2-TiSi2 provided arc stability allowing deposition of coatings 

on the cutting tools. Despite an intense flux of microparticles, the deposited films 

are smooth with Ra = 15–18 nm, indicating the droplets solidify before reaching 

the substrates. TiB2-C cathode produced films with TiB2 stochiometric 

composition and hardness comparable to the commercial TiB2. Flank wear 

assessment during AlSi machining revealed that this TiB2-C coating provides 

better protection against abrasive wear than a commercial coating over the 

course of 35 m of machining. The deposition from TiB2-TiSi2 resulted in coatings 

that have a understoichiometric composition. This depletion of boron results in 

lower measured hardness. However, the machining tests showed good wear 

protection, resulting in decreased tool wear. We also found that overheating leads 

to extensive particle generation, which significantly decreases the deposition 

rate. Deposition in 5-minute steps allowed deposition of 780-nm-thick films, 

indicating coating cathode temperature has to be controlled and kept low.
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6 General discussion 

This chapter expands the discussions covered within each chapter by drawing 

general conclusions, comparing the results and their impact on the current 

knowledge. Except “Contribution to knowledge” the sub-sections of the 

discussion are directly related to the three coating systems investigated.   

6.1 Combinatorial deposition for rapid optimisation of 

lubricious coatings for cutting tools 

MoS2-Ti coatings were reported to be successfully implemented for coating 

cutting tools (section 2.5.3), especially when combined with hard undercoating. 

Also, previous publication [130] adopted hybrid HIPIMS-MS deposition method 

for synthesising these coatings. The deposition methods successfully adopted in 

this thesis expand this concept by using even more energetic FCVA with MS for 

Ti-MoS2 deposition on top of hard TiB2 coating. The Ti:MoS2 ratio has to be 

optimised to ensure the balance between the lubricating properties of soft MoS2 

and protective role of Ti. To ensure fast sample production the use of 

combinatorial deposition was proposed. Although the concept is not new, so far 

it has been used mostly in the semiconductor industry, with just one approach of 

using for optimisation of hard coatings (section 2.4.5), still, the silicon wafer was 

used as a substrate. No studies were found to use this technique for optimisation 

and deposition on cutting tools. In the proposed solution the samples are placed 

on the sample holder located equidistant from both FCVA and MS sources. To 

assess the degree of combinatorial control and understand the relation between 

the sample composition, roughness and thickness with plasma interactions, novel 

approach incorporating measurements of ion current by potentiostat has been 

implemented (Figure 3-2).  

The experiments show that the chemical composition of the coatings changes 

relative to the distance from each deposition source (Figure 3-3). Nevertheless, 

the FCVA tends to dominate the deposition as the Ti content in the sample placed 

equidistant from both sources was three times greater than MoS2 content. In 

other setups, when only MS sources were employed for combinatorial deposition, 
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the reported ratio of the components in the canter point of the Si wafer was around 

1:1:1 [50]. This observation confirms that FCVA plasmas contain much more 

energetic ions, which dominates the neutrals from MS. The results show the 

combinatorial deposition using hybrid FCVA - MS produces samples with 

chemical composition ranging from few at% to almost 100 at% for each of the 

components used.  

The measurements of the ion current provide an important knowledge about the 

plasma interaction and distribution when hybrid deposition is used (Figure 3-3 

(a)). For the MS the ion current drops gradually with the increasing distance from 

the source. However, the experiment with only FCVA operating showed that the 

highest ion current is measured on the sample located the furthest from the 

source. This unexpected observation can be explained by the tendency of the 

plasma to expand towards the walls and pressure gradients generated by the 

pressure plume [105]. Although, as the magnetic field strongly affects the plasma 

(section 2.4.2.2) the proximity of magnetron’s permanent magnets influences the 

plasma distribution. A large fraction of the ions produced by FCVA is bent towards 

the magnetron direction, while the samples located close to the FCVA source are 

more likely to be reached by the non-energetic macroparticles. For this reason, 

the ion current close to the FCVA is lower than close to MS. This would be an 

important factor when adopting combinatorial deposition for other geometries of 

the hybrid deposition chamber. Primarily the industrial coating chambers 

commonly use multiple sources (e.g. few magnetrons) thus their influence on the 

plasma distribution can be even higher and will have to be considered when 

designing the deposition chambers.  

When both sources were operating simultaneously, the average current 

measured for the two samples located with high proximity to MS was lower than 

when only FCVA was operating. The region close to MS is saturated with 

neutrals. Therefore Ti ions could lose their energy due to high-intensity collisions 

with neutrals [187]. Because of charge-exchange, the neutrals can escape from 

the plasma centre. The ion current profile across the holder was found to reflect 

the profile of the coating thickness (Figure 3-3 (c)) to a great extent, while the 
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roughness reflected the proximity to the FCVA source. The FCVA source used in 

this thesis employs linear filter which due to its geometry allows some of the 

macroparticles to reach the substrate [54].  As the highest roughness was found 

for the sample located the closest to the FCVA, it indicates not all the 

macroparticles were filtered. Due to low energy compared to the ions, the 

microparticles cannot reach the samples located further from the FCVA source, 

thus, the roughness decreases. 

To evaluate the frictional properties of the produced coatings, progressive load 

unidirectional sliding test method was used. The typical test employing chrome 

steel ball and progressive load allowed CoF and adhesion measurements. The 

CoF was in the range between 0.07 and 0.14, similar to the one reported for 

HiPIMS-MS deposition method (section 3.3.1.4). From the optical images of the 

wear tracks (Figure 3-5), it can be concluded the best lubrication and adhesion 

were provided by the sample having 28 at% (sample b) of Ti. Higher MoS2 

(sample a) content can provide better lubrication, yet, the coating wears 

completely above 7 N load. On the other hand, very high Ti content does provide 

excellent adhesion, though little lubrication, therefore, materials transfer from the 

sliding ball occurs. To evaluate the protection against Al sticking provided by the 

deposited coatings additional progressive load unidirectional sliding tests were 

carried out with Al ball serving as an indenter. Only a little Al transfer was 

observed on the wear track of sample having 28 at% of Al and more for the 

compositions with higher Ti content what confirmed this composition is optimal 

for both ensuring low CoF and prevent Al sticking.  

The real-life application of the deposited coatings was assessed by dry machining 

of Al alloy using coated milling tools. Due to limited availability of the blocks to be 

machined (as explained in section 1.5) the machining length had to be limited to 

1.8 m. Nevertheless, for the coatings produced, it allowed assessing the level of 

protection against Al sticking provided in higher temperatures (typically 200-

300ºC during dry machining [20]) than during the sliding tests. Also, the protective 

tribo-oxides, which form at the beginning of the machining process could be 

studied. With a help of element maps of the tool edge obtained using EDX after 
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machining tests, it was found that while for samples d and e having high Ti at% 

content the Al sticking was significant, for samples a and c only thin layer of Al 

was found on the tool edge. In accordance with the conclusion from the sliding 

tests sample b appeared to have an optimum composition preventing Al sticking 

as no Al adhering to the edge could be seen. Even though the machining length 

was doubled (up to 3.6) for the sample b, still no Al adhered was observed on the 

EDX Al mapping image of the tool flank face. 

The lubricious and protecting tribofilm formation is desired during the running-in 

stage of machining to promote tool adaptation (section 2.5.3.1). Tribofilms are 

self-organised patterns which result from the transformation of existing surface 

layers by means of interaction with the environment [204]. They can carry our 

protective and lubricating functions. MoS2 coating typically wears when MoO2 is 

formed, which due to volume mismatch with MoO3 which promotes disintegration 

of MoS2 blisters. XPS analysis revealed that sample b had a lower content of 

MoO2 comparing to sample c, which performed worse during the tribological 

tests. More intense sticking of Al to sample c can also be justified by the higher 

content of brittle, TiO tribo-oxide, which does not play protective a role in the 

machining temperatures used in this study (below 300 °C) [196,197] and 

significantly lower amount of lubricating B2O3 (4.7 % while 8.2 % for sample b).  

To sum up; the experiments showed that combinatorial deposition could be 

successfully adopted for coating cutting tools using hybrid FCVA-MS. This 

combination of methods has vast potential for optimisation of tool coatings as 

proved to provide manufacturing flexibility of multi-sample production under the 

same process condition but with varying chemical composition. The tribological 

tests confirmed Ti-MoS2 coating improves the protection against the Al sticking 

to the milling inserts precoated with TiB2. The best results were found for the 

sample containing 28 at% of Ti.  

6.2 Lubricious hard coatings for AlSi machining 

Deposition of thin lubricious Ti-MoS2 layer optimised using combinatorial 

deposition proved its effectiveness for preventing BUE and improving frictional 
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properties. Another solution studied in this project attempted to employ for similar 

purpose DLC coating, which takes full advantage of the energetic nature of FCVA 

plasma (section 2.5.2). A high fraction of ions in the plasma allows not only to 

deposit hydrogen-free DLC but also tailor the energy of bombarding particles by 

substrate bias adjustment. When specific ion energy is used (around 100 eV), the 

resulting films contain more than 85 % of sp3 bonds. The experiments performed 

in this part of the thesis attempted to optimise the DLC coating for wet machining 

of Al-10Si alloy by substrate-bias adjustment. This alloy is more abrasive than 

SAE 6061 used for Ti-MoS2 testing due to the higher content of abrasive Si.  

An important limitation of hydrogen-free DLC is the operating and deposition 

temperature which should not exceed 200 ºC [33]. The initial measurements 

indicated such temperature is achieved after 5 - 11 minutes depending on the 

substrate bias applied.  The high heating rate of the substrate can be related to 

small dimensions of the milling inserts used and small diameter of the substrate 

holder (comparing to the industrial holders), what limits the possibility of the 

substrate to cool down by radiation. As a result of deposition time limitation, the 

deposited coatings were found to be in the thickness range between 45 and 100 

nm. Another study [167] confirmed DLC coating with 100 nm thickness could 

decrease the roughness of the machined AlMg2.5 and AlCu4.5Si12 alloys 

comparing to the uncoated tool. The purpose of DLC deposition in this thesis was 

to prevent severe damage to the tool in the initial stage of the machining. Base 

on “smart” multilayer coating design [13] the sufficient thickness of the interaction 

volume in the running-in stage is between 0.1 to 1 µm. Therefore, it was expected 

for the thin DLC film to improve the tool life.  

To avoid material transfer from the ball due to abrasive nature for Si 

(nanohardness of around 10 GPa [231]), harder WC-Co (nanohardness of 12-20 

GPa depending on carbide volume fraction [232]) has been used during the 

sliding tests. The measurements of the CoF indicated significant improvements 

in the frictional properties; most of the deposited DLC coatings provided rapid 

adaptation (CoF increasing for only 20 cycles), with the CoF equal to around 0.22 

compared to 0.40 for TiB2 after 100 cycles (Figure 4-3). However, due to the 
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combination of various factors such as high roughness which governs the sliding 

process, low coating thickness and macroparticle presence the measured CoF is 

higher than the one reported by other researchers for ta-C [33]. Ideally, the 

roughness of the substrate should have been lower to decrease the influence of 

the roughness on the CoF. Although the samples were as-received TiB2 coated 

therefore pre-deposition polishing was not an option. In addition, the sliding tests 

were carried in dry conditions (due to testing equipment limitations) while the 

further AlSi milling tests were done in wet conditions. The addition of cooling liquid 

decrease the influence of roughness as the liquid containing also some sort of 

lubricant would fill the roughness valleys [71]. The machining tests revealed that 

most of the coatings decreased the wear in the running-in stage of the machining 

comparing to TiB2 benchmark tool. Moreover coating deposited with -100V not 

only significantly increased the stable state up to 38 meters, but also limited the 

overall tool wear in this stage. Following EDX Al element mapping confirmed the 

lowest amount of Al adhered to this particular tool. The outstanding improvements 

provided by the coatings deposited with -100 V bias can be attributed to the high 

sp3 bond content expected for this value of the bias which other studies found to 

be of around 83 % [162]. 

Next experiments examined if hybrid FCVA-MS deposition system can be 

successfully employed for hard, lubricating coating deposition. A previous report 

[179] indicated that amorphous carbon could be combined with solid lubricant 

WS2 to improve its wear resistance in various environments. However, no studies 

of using hybrid deposition method for this purpose could be found. The 

experiments performed in this project combined the best performing DLC 

monolayer (deposited with -100 bias) with sputtered WS2 layers. CoF 

measurements were obtained during the dry reciprocating sliding test and 

showed the drawback of solid lubricants such as WS2 which is the wear by 

blistering (section 2.5.3.1). Although the CoF after 20 cycles is low (around 0.17) 

and then progressively increases up to 60 cycles where it stabilises and matches 

the CoF of TiB2.  The decrease in friction is caused by filling up the valleys 

between the roughness peaks [209] and forming a low-friction transfer layer [186]. 
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Though, as the direction of the ball changes in the middle of each cycle part of 

the transfer layer is left behind. The spalled coating is well visible on the SEM 

images of the wear tracks (Figure 4-5). Contrary when WS2 is combined with one 

DLC layer, the initial CoF is low (around 0.14), only minor increase can be seen 

after 100 cycles, and no spalled coating can be observed on the SEM image. The 

adhesion testing during progressive load unidirectional sliding test revealed that 

both of WS2 and DLC-WS2 (2 layers) ensured good adhesion and lubrication in 

the whole range of the loads applied. Better performance of WS2 in adhesion test 

comparing to wear test can be attributed to the fact, that the adhesion test is 

unidirectional. Thus, the transfer layer is kept in front of the ball, and the 

increasing load pushes it back to the substrate  [186]. Contrary DLC-WS2 d having 

24 layers shows clear signs of coating spallation by exposure of the material 

underneath visible in the optical image in Figure 4-7 and a corresponding 

increase of AE in Figure 4-8. 

The objective of combining DLC with WS2 was to further improve the adaptation 

of the tool due to the lubricating properties of WS2. The AlSi milling test shows 

that this attempt was successful (Figure 4-10). DLC-WS2 multilayer coatings 

having two, and six layers significantly decreased both the wear and the length 

of the running-in stage. Two-layer DLC-WS2 also resulted in decreased tool wear 

in the stable state which is just ¼ of the benchmarked TiB2 coated tool. Further 

chip evaluation indicated lower distances between chip segments visible on the 

chip undersurface comparing to DLC monolayer and TiB2 benchmark tools. More 

frequent chip segmentation typically indicates proper tool-chip area lubrication 

which increases the chip flow speed [222]. It should be recognised that for a full 

assessment of the performance of produced coatings the surface finish (e.g. 

roughness) of the machined blocks should have been checked. However, as the 

machining trials for this project were done externally such investigation could not 

be undertaken for this occasion.  

The coating solutions discussed in this section expand the knowledge about the 

application and deposition methods of DLC and DLC-WS2 multilayers. It is shown 

that if the deposition parameters are tailored, just 100 nm DLC layer can almost 
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double the stable state length of TiB2 coated tool what can lead to material saving 

and machining cost reduction. This finding meets the research question and 

proves FCVA can be successfully employed to improve mill inserts coating 

solution for AlSi machining application. Due to the low thickness of the coating 

required, the overall cost of the tool production should not increase significantly. 

Combining DLC with WS2 can further decrease the tool wear by decreasing the 

length of the running-in stage. The lower tool wear in the stable state should result 

in a better surface finish of the machined part.  

6.3 Arc evaporation of TiB2 

Following the development of coatings improving existing TiB2 pre-coated tools, 

this PhD project attempted to employ FCVA for deposition of TiB2 itself. As arc 

evaporation of TiB2 cathodes was known to be challenging these trials were done 

in the last stage of the project. Therefore, extensive knowledge and experience 

with the FCVA coating system could be gained during the trials with less 

challenging Ti and graphite cathodes used for preceding coatings from the 

project. Consequently, it was significantly easier to understand the challenges of 

TiB2 arc evaporation and propose possible solutions. Limited reported attempts 

indicate the following issues [17–19]: 

• Arc spot is sticking to a specific location on the cathode surface. 

• Low arc stability (must be triggered very). 

• Difficulties with triggering. 

No studies were found of the arc spot behaviours on TiB2 cone-shaped cathodes. 

The shape is dictated by the different geometry of the source which employs an 

axial magnetic field, thus the distribution of the magnetic field is different and the 

cathode utilisation is typically better than in racetrack cathodes (section 2.4.2.2). 

For the reported attempts, which adopted racetrack cathodes the absence of an 

external magnetic field improved arc spot movement due to dissipation of the arc 

energy over a larger area [17–19]. To assess if similar phenomena occur when 

cone shape is used, the experiments were initially performed on monolithic TiB2 

cathode. Results show that in this configuration strong magnetic field is 
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necessary to not only keep the arc spot on the front face of the cathode but also 

allow its triggering (Figure 5-8). Although, the arc spot tends to stick to a specific 

location and high arc currents (65 A which is almost the maximum of the system) 

were required to trigger it. This arc spot behaviour also confirmed that exceptional 

densification of TiB2 is essential to facilitate stable arc evaporation what was 

suggested before in the published work [17]. The full densification during hot 

pressing is challenging due to the low self-diffusion coefficient, high melting point 

and oxygen contamination of the precursor powders [144]. The use of high 

temperatures (~2000°C) ensures near the theoretical density of TiB2 [10] 

although, this leads to extensive grain growth and anisotropy of the hexagonal 

structure which is associated with internal stress development and associated 

microcracking during the cooling phase [140]. The use of conventional sintering 

aids such as Ni, Co, Fe which decrease the sintering temperature by promoting 

liquid phase sintering is not applicable for production of cathodes for FCVA, as 

the use of metallic aids leads also to degradation of hardness and high-temperature 

properties (described in depth in the section 2.5.1.1). One of the option options is 

to employ Hot Isostatic Method (HIP) which employs the simultaneous application 

of heat and hydrostatic pressure thus produces near 100% TD materials while 

limiting the grain growth. However, both equipment and tooling are more 

complex, the operation is inherently batch rather than continuous, and the 

processes overall are more expensive than the sequential approach of 

compaction followed by conventional sintering [233]. 

Based on the above observations two additional cathodes were produced using 

hot pressing method; TiB2-C and TiB2-TiSi2. They represent two different 

approaches to solve the issues; TiB2-C uses high sintering temperatures to 

provide the 100 % TD, while the addition of carbon stops the crack propagation. 

The addition of TiSi2 was carefully decided base on the thermal compatibility with 

TiB2 and ability to decrease sintering temperature when used in quantities no 

higher than 5 wt%. Such addition of TiSi2 improves sinterability of TiB2 two ways; 

firstly TiSi2’s phase is liquid at temperatures below 1,700 ºC, thus it can wet TiB2 

[141]. Also, it is well known that nonoxide powders are inherently contaminated by a 
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thin oxide layer – in case of TiB2 it is: TiO2 and B2O3. G.Raju et al. [144] reported that 

the presence of such a surface oxide layer adversely affects the densification of the 

TiB2 materials by surface diffusivity. The results of experiments conducted by G.Raju 

et al. [144] indicate that if TiSi2 is added to the powder mixture it reacts with the TiO2 

surface layer of the TiB2 particles and forms Ti5Si3 and SiO2 phases consequently 

enhancing the densification of TiB2 by grain shape accommodation.  

Ideally, all three cathodes should have been produced by the same manufacturer 

to limit the influence of equipment and overall production methods on the 

condition of produced cathodes. Although due to project timescale constraints 

and overall readiness of the manufacturers to test new compositions, it was not 

possible to achieve for this PhD thesis project.  

For the initial assessment of the cathode performance, the arc spot behaviour 

was evaluated by eye through the mirror placed in the middle of the chamber. 

These observations reviled exceptional mobility and stability of the arc on TiB2-C 

cathode. Although high flux of cathode flakes was generated, which results in a 

significant consumption of the cathode – around 9 mm per hour. Similar 

behaviour was reported by Zhirkov et al. [17,58], although the exact cathode 

utilisation was not described. TiB2-TiSi2 cathode ensured good arc stability, with 

spontaneous macroparticle emission. Though, these droplets solidified before 

reaching the substrate, therefore, do not affect the coating roughness. 

The ion voltage measurements provided quantitative data to support this optical 

observation. The TiB2-C cathode is similarly influenced by the magnetic field as 

Cr cathode. Ion voltage increases with an increasing magnetic field (Figure 5-6 

(a)), which not only confines the plasma but focuses the arc spot in the front face 

of the cathode. Other researchers reported before that for the FCVA configuration 

with the conical cathode, the external magnetic field cannot be eliminated entirely 

[91]. Instead it has to be tailored for specific cathode material what can be 

observed especially for TiB2-TiSi2 cathode. High ion voltage is achieved only for 

a specific combination of magnetic fields from filtering and focusing coils (Figure 

5-6 (d)). Lastly, for monolithic TiB2 none of the magnetic field configurations 
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provided high ion voltage, indicating the arc spot was not stable and could not be 

sustained on the front face of the cathode.  

Typically, spot immobilisation on TiB2 is explained by the dependence of the 

resistivity of TiB2 on density (section 2.5.1.3). High temperature from the arc spot 

locally densifies the cathode, thus, decreases its electrical resistivity promoting 

the spot immobilisation as it “prefers” the area with good electrical conductivity. 

Similar observations were made before on graphite cathodes as the electrical 

resistivity of graphite decreases with the temperature [54]. The measurements of 

TiB2 cathodes material resistivity obtained in this study confirm the conclusions 

made by other researchers [154]; the rate of the resistivity increase with 

temperature is significantly greater for monolithic TiB2 comparing with both TiB2-

C and TiB2-TiSi2.  

This PhD thesis also conducted brief study of initial coating, limited by the 

resources and time, to asses if TiB2 coatings deposited using FCVA can 

potentially be used to coat cutting tools. Therefore, it was not expected for these 

coatings to outer perform the commercial TiB2 coating (as it would require further 

optimisation coating deposition parameters such as temperature or interlayer), 

rather than indicate the capability. Base on the step-deposition experiments 

(section 5.4.2) it was found that the cathode overheating limits the maximum 

thickness of the coatings, which can be deposited (section 5.4.2). Such limitation 

was not reported for the race track TiB2 cathodes, having significantly lower 

thickness thus better cooling rate. Only 2/3 of the power supplied to the arc is 

used for the material removal [91]. Hence, essential changes in the cooling 

system such as decreasing the temperature of the coolant or increasing the flow 

are therefore suggested to overcome this issue. Section 2.4.2.5 describes in 

great detail the heat flow within the cathode-coolant interface.  

Even though the thickness of the deposited coatings was below 500 nm, they 

provided good lubrication of the tool-chip area and improved the chip flow what 

resulted in decreased tool wear (section 5.4.2.3). In case of the wet machining, 

the best performance was achieved for TiB2-C coated tool which after 35 m 
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reached stable phase (Figure 5-12). The studies of chips showed systematic 

segmentation, which was not observed on the TiAlN coated tool. Regular chip 

segmentation typically indicates proper lubrication of the tool-chip area as the 

chip flow is continuous [221].  

Dry machining requires an excellent lubrication to prevent BUE and allow 

tribofilms to form [13]. All of the tested tools were still in the running-in stage after 

35 m of machining. Although the wear curves of uncoated tool suggest its 

outstanding performance especially compared to commercial TiB2 coated tool 

(Figure 5-13) the chip flow significantly differs. Lack of lubrication resulted in 

limited plastic deformation. This is observed in the chip microstructure (Figure 

5-17); for the uncoated tool no elongated grains can be noticed. Contrary to chips 

produced by TiB2-TiSi2 and commercial TiB2 coatings show systematic chip 

segmentation and many elongated grains which typically indicate good tool-chip 

area lubrication [221,224]. Therefore, based on the findings of other researchers, 

it can be expected that for longer machining lengths (up to 5000 m) extensive 

flank edge chipping would occur on uncoated tool due to BUE detachment 

[13,152]. Contrary coated tools would develop lubricious and protective tribo-

oxides, thus providing stable state and extending the machining length [204].  

The experiments and solutions proposed in this section contribute to the 

knowledge of arc evaporation of TiB2 and highlight different arc spot behaviour 

on the cone-shaped cathodes. TiB2-C cathodes were before successfully 

adopted for racetrack configuration. Yet, when cone shape is used the poor 

cathode utilisation prevents its use for large scale. Also, adjustment of the 

magnetic field was found to be essential to ensure good arc stability, what differs 

from the suggestions made for other cathode shapes. The proposed addition of 

TiSi2 provides significant improvement and allows stable arc evaporation of TiB2. 

Also, the produced films indicate after further research arc evaporation could be 

used for large scale production of TiB2 coatings. 
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6.4 Contribution to knowledge 

The findings of this thesis contribute to the current knowledge concerning TiB2 

and its usage for coating cutting tools. The original contribution of this project is 

summarised below: 

• Providing first analysis of the plasma ion current generated during hybrid 

FCVA-MS deposition, based on chamber configuration. 

• Prove that the combinatorial depostion can be succesfully employed to 

deposit lubricious Ti-MoS2 coatings. 

• Unique study of the influence of substrate distance from magnetron and 

FCVA on the chemical compositio thickness and roughness of advanced 

Ti-MoS2 coatings. 

• First use of hybrid FCVA-MS deposition to produce DLC-WS2 composite 

coatings. 

• Prove that the lifetime of TiB2 coated milling inserts can be improved by 

deposition of various thin (<500 nm), lubricious top layers: Ti-MoS2, DLC 

and DLC-WS2. 

• Original use of TiSi2 sintering additives to produce cathodes for FCVA and 

facilitate arc spot movement during evaporation. 

• Unique study of the magnetic field influence on the substrate ion voltage 

of plasma produced from Cr, monolithic TiB2, TiB2-C and TiB2-TiSi2 

cathodes. 

• Indication that TiB2 can be succesfully deposited using FVCA on milling 

inserts. 

• Although the FVCA deposition parameters has to be optimised it was the 

first study comparing the machining pertofmance of milling inserts 

commercially coated by MS TiB2 with the ones coated using FVCA.  

Part of the contribution to the knowledge of this project is also expanding the 

ideas previously reported in the literature: 
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• TiB2-C previously reported to be used in the arc evaporation sources 

with 2D geometries of the cathode (see section 5.1) was successfully 

employed in the source having a cone 3D geometry (cone). 

• The knowledge about the magnetic field influence on the arc spot 

movement was expanded by the studies of its behaviour on TiB2 cone-

shaped cathodes. 

• DLC was effectively applied to improve WS2 coating tribological 

performance in machining processes, only use of soft amorphous 

carbon was reported previously (see section 4.1). 

Finally, some of the findings confirm the observations reported previously in the 

literature: 

• Electrical resistivity and its changes in elevated temperatures 

strongly depends on TiB2 density.  

• TiB2 densification is essential to facilitate the arc movement on the 

cathode surface. 

• Negative substrate bias can influence the tribological properties of 

the deposited DLC coating. 
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7 Conclusions 

This project aimed to produce hard, low friction coatings increasing tool lifetime 

during lightweight alloy machining by adopting filtered vacuum cathodic arc and 

its combination with magnetron sputtering. The aim has been accomplished, and 

the main conclusions from this thesis are: 

1. Hybrid FCVA-MS deposition method was for the first time successfully 

employed for the deposition of lubricating coatings. The machining testing and 

analysis revealed that from all of the investigated coatings compositions, three 

can be recommended for AlSi milling: 

1.1. Ti-MoS2 coating having around 28 at% of Ti content for dry machining 

applications. This particular composition successfully prevented Al 

sticking to the tool edge after cutting 3.6 m of Al alloy and was found to 

have lowest CoF of 0.07 for the loads between 40N and 100 N. XPS 

studies revealed that higher amount of non-protective Ti-O phase could 

be possibly identified as a reason for greater sticking of Al to the coated 

tools having different Ti:MoS2 ratios.  

1.2. Thin (100 nm) DLC film deposited with -100 V bias as it increases the 

machining length of TiB2 precoated milling inserts by around 60% and 

decreases the BUE effect due to better wear protection of the tool during 

the running-in stage of the machining.    

1.3. DLC-WS2 bi-layer combining the DLC layers deposited with -100 V bias 

and sputtered WS2 layers into a total of ~500 nm thick coating. This 

particular combination shortened the running-in stage to 5 meters. The 

total tool wear in the stable state was found to be four times lower than 

for benchmarked TiB2 coated insert which occurred likely due to improved 

lubrication of the tool-chip area provided by WS2 layer. Also, CoF of 0.2 

was measured for this coating.  

2. Necessary hybrid FCVA-MS deposition system upgrades such as 

implementation of planetary rotation of the substrate holders, new gas flow 

controllers and substrate biasing allowed combinatorial and multilayer coating 
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deposition. The following conclusions can be made from the trials with 

coatings produced using this system: 

2.1. The combinatorial deposition can be effectively employed to deposit Ti-

MoS2 coatings with Ti content ranging from 5 to 97 at %. Ion current 

measurements indicated a correlation between the variation of the 

thickness and roughness of the coatings in terms of the ion current. 

2.2. The incorporation of rotating substrate holder designed based on the 

industrial solution allowed for the deposition on DLC monolayers with 

different substrate biases. By alternating the holder between FCVA and 

WS2 sources, composite DLC-WS2 coatings can be deposited.  

3. TiB2 can be facilitated for arc evaporation in the deposition system with cone-

shaped cathode if appropriate sintering additives are used followed by deep 

understanding of deposition parameters influencing the arc behaviour: 

3.1. Unless densified close to 100% TD monolithic TiB2 is not suitable for arc 

evaporation; triggering the arc requires very high arc currents (65 A), 

while the arc tends to stay at a specific location on the cathode surface 

leading to fracture. 

3.2. Producing cathodes with densities close to 100 % TD was identified as 

the primary factor in promoting the arc spot movement. 

3.3. TiB2-C cathode provides an exceptional arc spot stability and mobility with 

a triggering current of 40 A even if low magnetic field is used to steer the 

arc spot.. The addition of 1 wt% prevents crack propagation into the 

cathode material. However, the explosive nature of the arc spots still 

generates cracks on the working surface of the cathode. Therefore an 

extensive cathode “flaking” occurs resulting in poor utilisation. The 

resulted hardness is similar to monolithic TiB2 (24 GPa).  

3.4. TiB2-TiSi2 cathode ensures the best balance between the arc stability and 

cathode utilisation with the triggering current of 50 A. Optimising magnetic 

field distribution was found to be essential to promote the arc spot 

movement at the front face of the cathode and for our system optimum 

focusing coil current was equal 7 A to  while for filtering coil 8 A.   
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4. The developed TiB2 cathodes allowed coating deposition, which was 

analysed and tested. The main conclusions are: 

4.1. Although extensive flux of microparticles is observed for TiB2-C cathode, 

the deposited coatings are smooth (Ra=18 nm) and have a stoichiometric 

composition. The flank wear of the coated tool was lower than for 

commercial TiB2 coating during both wet and dry machining.  

4.2. The EDX measurement indicate that the coating produced from TiB2-TiSi2 

cathode has an under stochiometric composition. This composition 

decreased the tool wear and improved the chip flow during dry machining.  

4.3. Arc evaporation can produce TiB2 coatings with hardness close (21 GPa 

from TiB2-C cathode and 16.4 GPa from TiB2-TiSi2 cathode) to that of 

commercial TiB2 coating (20 GPa).  

4.4. The cathode cooling is essential for TiB2 deposition in FVCA sources 

quipped in cone-shaped cathodes. Thick coating deposition was achieved 

by depositing in 5-minute steps with short breaks to allow cathode cooling. 

This method allowed to deposit 780 nm thick film in 40 minutes.  

 



 

 

 

 

  



 

149 

 

8 Recommendations for future work 

The present project demonstrated the possibility of improving the tool lifetime by 

thin lubricious coating and indicated how to facilitate TiB2 for arc evaporation. 

However, there is still a room for future work: 

1. Optimise further Ti-MoS2 coatings for dry machining. This coating proved to 

effectively prevent Al sticking to the tool, however an extensive wear studies 

should be performed to allow use in larger scale. 

1.1. Deposit wider range of chemical compositions. To fully understand the 

relation between coating composition and preventing BUE, larger number 

(>10) of samples should be coated using the multi-sample concept.  

1.2. Perform full scale machining tests. The machining length should be 

extended to reflect the real-life usage and proof the effectiveness of 

proposed coating solution.  

1.3.  Evaluate the Ti-MoS2 coated inserts during wet machining to understand 

if the cutting performance of the coated tool is improved also in the wet 

conditions.  

2. Further studies of DLC and DLC-WS2 coatings.  

2.1. Deposit the DLC coatings using 90-degree bend filter. This filter should 

eliminate the microparticles, therefore the resulting films will be uniform. 

2.2. Evaluate the sp2 and sp3 bonds in coatings obtained depending on the 

bias using e.g. EELS or AES and relate it with the machining performance 

of the samples.  

2.3. Attempt to double the DLC coating thickness and evaluate its influence 

on tribological properties.  

2.4. Evaluate the influence of certain DLC or DLC-WS2 lubricious coating on 

the roughness of the matching surface. The tests performed in this thesis 

showed the significant improvement on the tool wear curve, however 

better lubrication should also decrease the roughness of the machined 

surface, what would be an important factor for commercialisation. 

2.5. Deposit and characterise DLC-WS2 coatings with different DLC to WS2 

ratios to further optimise the tribological characteristics. 
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3. Further development of TiB2 cathodes for arc evaporation into a commercial 

product.  TiB2-TiSi2 cathodes showed potential, however, to be used in large 

scale, further research and optimisation has to be performed:  

3.1. Sinter monolythic TiB2 cathodes using spark-plasma sintering. The results 

show that densifying the cathodes close to 100% of TD is essential. 

Recent developments in spark plasma sintering suggest using this 

method TiB2 can be fully densified without using sinter additives while 

maintaining the fine grain structure. Potentially if this production method 

was found to be successful new additives could be searched to improve 

the thermal conductivity, what could completely prevent cathode fracture.  

3.2. Produce and test TiB2-TiSi2-C cathode. This is an exciting concept as 

TiB2-C showed an exceptional arc stability, while TiB2-TiSi2 presented 

much better cathode utilisation. Possibly these two cathode compositions 

combined could result in TiB2 material ideal for arc evaporation, as TiSi2 

addition would improve sinterability while addition of graphite would stop 

crack propagation.  

3.3. Improve the cathode cooling. Solving the cathode overheating issue is 

essential for a commercialisation. There are various possibilities; increase 

the coolant flow and decrease its temperature, decrease the thickness of 

the cathode or bond the backing plates with a bonding material having 

good thermal conductivity.  

3.4. Optimise the coating deposition. Substrate heating could be used to 

decrease the excessive coating stress. Also, an interlayer e.g. Ti would 

significantly improve the coating adhesion. Substrate bias voltages and 

polarity should be also extensively studied to ensure good coating 

adhesion with minimum compressive stress and coating stoichiometry.  

3.5. Produce and test TiB2-TiSi2 cathode with different geometry. Commercial 

evaporators commonly use flat, rectangular racetrack cathodes rather 

than cone shaped. As the magnetic field distribution is different therefore 

the arc behaviours can vary as well.   
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APPENDICES 

Appendix A Hybrid FCVA – MS deposition setup 

In this section the main parts of the system assembly and deposition setups are 

presented. One of the objectives of this thesis was to upgrade hybrid FCVA - 

magnetron sputtering deposition system to allow multilayer and composite 

coatings deposition. Among all the most significant upgrades and approaches 

are: 

• New gas flow controllers and full range vacuum gauge – this allowed better 

control of the process conditions. 

• Rotating substrate holder with individual rotation of each sample. The 

holder allowed also substrate biasing and could alternate between FCVA 

and MS sources. This upgrade was essential to allow DLC coating 

(biasing) and DLC-WS2 multilayer (alternating between sources) 

deposition. 

• Pulsed DC magnetron sputtering power supply – necessary for WS2 

deposition.  

• Feed-through to allow connection of the cables to samples for ion current 

measurements. 

• Using mirror to observe arc spot movement on the cathode surface.  

• Substrate Ar etching capability – ensures good surface preparation prior 

to deposition.  
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Figure_Apx A-1 Hybrid FCVA-MS deposition setup. 

 

Figure_Apx A-2 Deposition chamber arrangement and rotating substrate holder 

with individual rotation of each sample.  
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Figure_Apx A-3 Sample arrangement for ion current measurements during 

combinatorial deposition. 

 

Figure_Apx A-4 Macroparticles observed when running TiB2-TiSi2 cathode 
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Figure_Apx A-5 Arc spot movement on the cathode observation using mirror 

placed in the middle of the deposition chamber.  
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Appendix B Alicona 3D images 

This section includes the 3d images of the tool profiles after machining obtained 

using Alicona 3D. These are supplementary images to the SE and EDX maps of 

summarised in section 0.  

 

Figure_Apx B-1 Alicona 3D image of TiB2-C coated milling insert after machining 

35 m of  AlSi with coolant. 

 

Figure_Apx B-2 Alicona 3D image of TiB2-TiSi2 coated milling insert, after 

machining 35 m of  AlSi with coolant. 
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Figure_Apx B-3 Alicona 3D image of TiAlN coated milling insert, after machining 

35 m of  AlSi with coolant. 

 

Figure_Apx B-4 Figure_Apx B-5 Alicona 3D image of commercial TiB2 coated 

milling insert, after machining 35 m of  AlSi with coolant. 
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Appendix C SEM and optical microscope images of the 

chips. 

This section summarises most of the chip images obtained when writing this 

thesis. Some of them were analysed in sections 4.4.6 and 5.4.2.5.  

Secondary electron (SE) mode of SEM was used to obtain the images of the 

chips produced during AlSi machining. Figure_Apx C-1 and Figure_Apx C-2 

present the whole chips produced with DLC and DLC-WS2 coated tools and  1000 

times magnified images free and back surfaces of the chip. In some of the 

zoomed images, e.g. DLC-WS2 B residues of the coolant which could not be 

removed during ultrasonic cleaning in acetone bath can be seen.  

Figure_Apx C-3 and Figure_Apx C-4 present the whole chip images as well as 

50 times zoomed free and back surfaces of the chips produced with uncoated, 

TiAlN, commercial TiB2, TiB2-C and TiB2-TiSi2 tools during wet and dry machining 

respectively. Ta o allow better understanding of the chip morphology those chips 

were later placed into the resin, cut and polished to allow investigation of the 

cross section, therefore, morphology e.g grain elongation could be studied. 

Figure_Apx C-5 and Figure_Apx C-6 present the images of the chip cross 

sections obtained using optical microscope. The pictures produced in back 

scattered electron (BSE) mode present the same chip cross sections as the 

optical images, though the chips were etched in the solution of methanol, 

hydrochloric acid, citric acid and hydrofluoric acid to allow evaluation of the chip 

segmentation.  
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Figure_Apx C-1 SEM images of chips obtained during machining with DLC coated 

tools. 
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Figure_Apx C-2 SEM images of chips obtained during machining with DLC-WS2 

coated tools. 
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Figure_Apx C-3 SEM images of chips obtained during wet machining with 

uncoated, TiAlN, commercial TiB2, TiB2-C and TiB2-TiSi2 coated tools. 
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Figure_Apx C-4 SEM images of chips obtained during dry machining with 

uncoated, TiAlN, commercial TiB2, TiB2-C and TiB2-TiSi2 coated tools. 
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Figure_Apx C-5 Optical images of the chip cross sections and their BSE images 

obtained after etching. Chips produced during wet machining with uncoated, 

TiAlN, commercial TiB2, TiB2-C and TiB2-TiSi2 coated tools. 
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Figure_Apx C-6 Optical images of the chip cross sections and their BSE images 

obtained after etching. Chips produced during dry machining with uncoated, 

TiAlN, commercial TiB2, TiB2-C and TiB2-TiSi2 coated tools. 
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Appendix D Use of the journal articles in the thesis 

Chapter 3 and 4 are published journal papers in the MDPI Coatings. They could 

be used in this thesis in accordance with the open access policy as it falls within 

the personal use. 

 

 

 


