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Abstract 
Composite ceramic cutting tools such silicon aluminium oxynitride or ‘SiAlONs’ have often been 

utilised for machining heat resistant super-alloys such as Inconel 718. SiAlON ceramic cutting 

tools possess a very useful set of mechanical properties, which range from high hot hardness to 

high wear resistance, to thermochemical inertness, and have very high thermal shock 

resistance. However, when SiAlON milling tools are used to machine nickel based super-alloys 

such as Inconel 718, SiAlON milling inserts experience rapid tool wear and very short tool life 

compared to carbide tooling. 

The work presented in this thesis attempts to understand the benefit of applying protective 

chemical vapor deposition (CVD) coatings to both positive (RPGN) and negative (RNGN) 

CTIS710 SiAlON milling inserts. The research addresses a hypothesis that a hard protective 

wear resistant coating will dilute the effects of thermomechanical and diffusion wear on the flank 

and rake faces of the inserts. Therefore, there has been focus on determining if these dilution 

effects will improve the wear resistance and prolong the tool life of SiAlON ceramic milling 

inserts. 

The thesis is split into four main studies, the first of which has focused on preliminary research 

that concentrates on developing knowledge and understanding of machining Inconel 718 with 

ceramic turning inserts and chip morphology. The flank results of the turning machine trials 

concluded that CTIS710 SiAlON ceramic should be selected for the later machining trials and 

tribological testing. 

The second and third parts of this thesis are focused on understanding the wear mechanisms of 

CVD coated SiAlON ceramics. A series of three axis machining trials were undertaken with CVD 

coated SiAlON (Coating A and Coating B) inserts. In addition to the machining trials, tribological 

tests were undertaken. The machining trials and tribological tests extracted valuable information 

that would influence the process development route for developing Coating C. The main output 

from this part of the thesis concluded that an interrupted tool path exacerbated the primary wear 

mechanisms, and textured amorphous aluminium oxide (α-Al2O3) displayed very high 

thermomechanical wear resistance and adhesion characteristics. The results of the tribological 

tests concluded that amorphous aluminium oxide (α-Al2O3) had superior adhesion wear 

resistant characteristics and was selected for Coating C.  
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There has been a particular focus on using readily available coating materials and coating 

techniques that are currently adopted by Ceratizit UK & Ireland. The final part of this thesis has 

focused on conducting three and five axis machining trials with Coating C inserts and comparing 

the flank wear to uncoated SiAlON milling inserts.  

The main conclusion from the research is that uncoated CTIS710 SiAlON milling inserts 

exhibited better wear resistance than the Coating C SiAlON milling inserts. The results from the 

five axis machining trials managed to prove a sub-hypothesis for this thesis, in that, if SiAlON 

ceramic inserts are used in a continuous/near continuous cutting environment the flank wear 

would decrease and consequently, the tool life would increase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

 

List of Publications 
 

L. Osmond, D. Curtis, and T. Slatter, ‘Chip formation and wear mechanisms of SiAlON and 

whisker-reinforced ceramics when turning Inconel 718’, Wear, vol. 486–487, p. 204128, Dec. 

2021, doi: 10.1016/j.wear.2021.204128. 

L. Osmond, I. Cook, and T. Slatter, ‘Tribological Properties of Multilayer CVD Coatings 

Deposited on SiAlON Ceramic Milling Inserts’, J. Manuf. Mater. Process., vol. 7, no. 2, p. 67, 

Mar. 2023, doi: 10.3390/jmmp7020067. 

L. Osmond, I. Cook, D. Curtis, and T. Slatter, ‘Tool life and wear mechanisms of CVD coated 

and uncoated SiAlON ceramic milling inserts when machining aged Inconel 718’, Proc. Inst. 

Mech. Eng. Part B J. Eng. Manuf., p. 09544054231180653, Jun. 2023, doi: 

10.1177/09544054231180653. 

 

 

 

 

 

 

 

 

 

 

 

 

  



vi 
 

Table of Contents 

 
Acknowledgements ii 

Abstract iii 

List of Publications v 

Table of Contents vi 

Nomenclature xii 

Table of Abbreviations xiv 

Chapter 1 Introduction and Motivation 1 

1.1 Aim and Objectives 4 

1.2 Outline of Thesis 4 

Chapter 2 Literature Review 7 

2.1 Historical Background of Cutting Tools 7 

2.2 Terminology Used in Metal Cutting 7 

2.3. Workpiece Materials – Super-alloys 8 

2.3.1 Nickel Based Super-alloys 10 

2.3.2 Inconel 718 10 

2.3.3 Machining Characteristics of Nickel Based Super-Alloys 11 

2.3.4 Machining Induced Changes to Microstructure 11 

2.4 High Speed Machining 11 

2.5 Cutting Processes and Chip Formation 12 

2.5.1 Segmented Chips 12 

2.6 Heat Generated During Milling 15 

2.6 Cutting Force 16 

2.7 Types of Wear Mechanisms for Ceramic Cutting Tools 17 

2.7.1 Flank Wear 18 

2.7.2 Rake Face or Crater Wear 19 

2.7.3 Depth of Cut Notch Wear 19 

2.7.4 Adhesion Wear 20 

2.7.5 Edge Cracks (Micro-cracks), Chipping, Flaking 20 

2.7.6 Diffusion Wear (Solid Solution Wear) 22 

2.7.7 Thermo-mechanical Wear – (Oxidation, Chemical Reaction) 23 



vii 
 

2.7.8 Plastic Deformation 24 

2.8 Tool Materials (Excluding Ceramics) 24 

2.8.1 High Speed Steels 25 

2.8.2 Cemented Tungsten Carbide 25 

2.8.3 Poly-crystalline Cubic Boron Nitride (Ultra Hard Cutting tools) 26 

2.9 Ceramic Cutting Tool Materials 26 

2.9.1 Development of Ceramic Cutting Tool Materials 26 

2.9.2 Manufacturing Processes for Ceramic Cutting Tools 27 

2.9.3 Silicon Nitride Based Ceramics 27 

2.9.4 Silicon - Aluminium - Oxy - Nitrides (SiAlONs) 28 

2.10 Coating Techniques for Ceramic Materials 28 

2.10.1 Physical Vapour Deposition Techniques 29 

2.10.2 Chemical Vapour Deposition Techniques 32 

2.11 Coating Selection for Ceramic Cutting Tools 36 

2.11.1 Material Selection for Protective Coatings 36 

2.11.2 Mechanical Properties of Coatings 37 

2.11.3 Adhesion Characteristics of Coatings 38 

2.11.4 Evolution of CVD Coating Microstructure 40 

2.12 Summary 42 

Chapter 3 Experimental Techniques and Methods 43 

3.1 Introduction 43 

3.2 Tool Wear and Life Characterization 46 

3.2.1 Round Insert Wear Technique 46 

3.2.2 Tool Life Characterization Technique 48 

3.3 Coating Selection Process for Experiments 49 

3.3.1 Coating Selection Process for Experiment Two 49 

3.3.2 Coating Selection Process for Experiment Four 50 

3.4 Metallurgical Sample Preparation 51 

3.4.1 Metallographic Polishing 51 

3.5 Imaging Techniques and Analysis 52 

3.5.1 Non-contact 3D Profilometer (Focus-Variation Type) 52 

3.5.2 Digital Imaging Techniques 52 

3.5.3 Scanning Electron Microscopy (SEM) 52 



viii 
 

3.6 Micro-scratch Testing Technique of Thin Film Coatings 53 

3.7 Pin on Disc Testing Techniques 54 

3.8 Experiment One Method 55 

3.8.1 Experiment One - Machining Operations (Test No T1.1-T8.2) 55 

3.8.2 Experiment One - Tool Materials 55 

3.8.3 Experiment One Cutting Conditions (Test T1.1-T8.2) 56 

3.8.4 Experiment One - Workpiece material 56 

3.8.5 Experiment One - Tool Life Criteria (Test No T1.1-T8.2) 56 

3.9 Experiment Two Method 57 

3.9.1 Experiment Two - Machining Operations (Test No M1-M13) 57 

3.9.2 Experiment Two - Cutting Tool Path Selection and CAM Programming 57 

3.9.3 Chip Thinning Effect 58 

3.9.4 Experiment Two - Tool Materials and Coatings 60 

3.9.5 Experiment Two Cutting Conditions (Test No M1-M13) - Interrupted Cut Insert Wear 

Test Machining Trial 61 

3.9.6 Experiment Two - Workpiece material 62 

3.9.7 Experiment Two - Tool Life Criteria (Test No M1-M13) 62 

3.9.8 Experiment Two - Insert Wear Imaging and Wear Measurement 63 

3.9.9 Experiment Two - Cutting Force Measurement 65 

3.9.10 Experiment Two - Data Analysis – Cutting Force and Insert Wear Data 65 

3.10 Experiment Three Method 67 

3.10.1 Experiment Three - Scratch Testing - Machine Setup 67 

3.10.2 Experiment Three - Machine Setup - Pin on Disc Testing 67 

3.10.3 Experiment Three - Tool Materials and Coatings 68 

3.10.4 Experiment Three Test Conditions – Pin on Disc Tests 69 

3.11 Experiment Four Method 70 

3.11.1 Experiment Four (Test No M14-M15) - Machining Operations 70 

3.11.2 Experiment Four (Test No M16-M17) - Machining Operations 70 

3.11.3 Experiment Four (Test No M16-M17) - Cutting Tool Path Selection and CAM 

Programming 70 

3.11.4 Experiment Four - Tool Materials and Coatings 75 

3.11.5 Experiment Four Cutting Conditions (Tests M14-M15)- Interrupted Non-continuous 

Toolpath Machining Trial 75 



ix 
 

3.11.6 Experiment Four Cutting Conditions (Tests M16-M17) - Continuous/Near-continuous 

Machining Trial 75 

3.11.7 Experiment Four (Tests M16-M17) - Workpiece material 79 

3.11.8 Experiment Four - Tool Life Criteria (Tests M14-M15) 79 

3.11.9 Experiment Four - Tool Life Criteria (Tests M16-M17) 79 

3.12 Summary 79 

Chapter 4 Initial Machining Trials and Chip Morphology Analysis 81 

4.1 Introduction 81 

4.2 Preliminary Research - Chip formation and wear mechanisms of SiAlON and whisker-

reinforced ceramics when turning Inconel 718 81 

4.2.1 Tool wear (Test No T1.1-T4.2) 82 

4.2.2 Tool Wear (Test No T5.1-T8.2) 87 

4.3 Chip analysis 90 

4.3.1 Sample 1 – (Test No T4.2) 91 

4.3.2 Sample 2 - (Test No T3.1) 92 

4.3.3 Sample 3 – (Test No T8.1) 93 

4.3.4 Sample 4 - (Test No T7.2) 94 

4.4 Discussion 96 

4.4.1 Insert Wear Analysis 96 

4.4.2 Chip Morphology Analysis 97 

4.5 Conclusions for (Test No T1.1-T8.2) 99 

4.6 Summary 99 

Chapter 5 Tool Wear Analysis Under Interrupted Cutting Conditions 101 

5.1 Introduction 101 

5.2 Influence of Uncoated and Coated Inserts on Cutting Force 103 

5.3 Tool Failure Mechanisms 107 

5.4 Tool life curves 117 

5.5 Conclusions for (Test No M1-M13) 118 

5.6 Summary 118 

Chapter 6 Coating Characterization of Coating A and B 121 

6.1 Introduction 121 

6.2 Results - Scratch Testing Analysis 121 

6.3 Results – Pin-on-disc Test Analysis 130 

6.4. Comparing Tribological Analysis with Machining Trial Analysis 138 



x 
 

6.5 Conclusions for Pin-on-disc Testing 139 

6.6 Conclusions Scratch Testing 140 

6.7 Summary 140 

Chapter 7 Coating C Tool Wear Analysis and Development Machining Trial Results 142 

7.1 Introduction 142 

7.2 Results (Test No M14-M15) 143 

7.2.1 800m-min Coating C (Test No M14) Results 144 

7.2.2 900m-min Coating C (Test No M15) Results 147 

7.3 Results – Uncoated SiAlON Insert Wear Results (Test No M16A-B) 148 

7.3.1 Uncoated RNGN SiAlON Milling Insert (Test No M16 Part A) Results (Stages 1–4) 149 

7.3.2 Uncoated RNGN SiAlON Milling Insert (Test No M16 Part A) Results (Stages 5-8) 151 

7.3.3 Uncoated RPGN SiAlON Milling Insert (Test No M16 Part B) Results (Stages 9-11)

 153 

7.3.4 Uncoated RPGN SiAlON Milling Insert (Test No M16 Part B) Results (Stage 12) 155 

7.4 Results – CVD Coated SiAlON Insert Wear Results (Test No M17A-B) 156 

7.4.1 Coating C RNGN SiAlON Milling Insert (Test No M17 Part A) Results (Stages 1-3) 156 

7.4.2 Coating RNGN SiAlON Milling Insert (Test No M17 Part A) Results (Stages 4-6) 157 

7.4.3 Coating C RNGN SiAlON Milling Insert (Test No M17 Part A) Results (Stages 7-8) 159 

7.4.4 Coating C RPGN SiAlON Milling Insert (Test No M17 Part B) Results (Stages 9-10)

 161 

7.4.5 Coating C RNGN SiAlON Milling Insert (Test No M17 Part B) Results (Stages 11-12)

 162 

7.5 Tool Life Data (Test No M1-M17) 164 

7.6 Conclusions for Test No M14-M15 186 

7.7 Conclusions for Test No M16-M17 186 

7.8 Summary 187 

Chapter 8 Conclusions 190 

8.1 Conclusions 190 

8.1.1 Objective One 190 

8.1.2 Objective Two 190 

8.1.3 Objective Three 191 

8.1.4 Objective Four 191 

8.1.5 Objective Five 192 

8.2 Contribution to Knowledge and Novelty 193 



xi 
 

8.3 Recommendations for Future Work 193 

8.3.1 Methodology Development 193 

8.3.2 Future Coating Development 195 

Chapter 9 REFERENCES 197 

Appendix A 207 

Appendix B 208 

Appendix C 209 

 

  



xii 
 

Nomenclature 
  Units 

α  Alpha or Amorphous  

ae Radial Engagement  mm 

Ap Depth of Cut  mm 

 𝜑seg  Shear Angle at the Chip Segment  (°) 

β  Beta  

δ Delta Phase Platelet  

d Pin or Ball Diameter  mm 

DoC Depth of Cut  mm 

D Disk Diameter  mm 

D  Diameter of Milling Cutting Tool  mm 

Deff  Effective Cutting Diameter of Milling Cutting Tool  mm 

Ds  Segmentation rate  

𝛿sb  Shear Band Thickness  

fz Table Feed Rate mm/min 

F Normal Force on The Pin N 

Fc Cutting Force N 

FPT Feed Per Tooth mm/rev 

Fr Resultant Cutting Force N 

Ft Tangential Cutting Force N 

Fy Table Feed Thrust Force N 

h  Undeformed Chip Thickness mm 

hc  Average Thickness of the Segmented Chips mm 

IC Insert Diameter mm 

IR  Insert Radius mm 

Lc  Critical Load (Newtons)  

Lc1 Lower Critical Load  N 

Lc2 Higher Critical Load N 

lN The Distance in mm Between the Start of the Scratch Track mm 

Lrate The Rate of Force Application in specific test N/min 

Lstart The Preload Stylus Force in Newtons Established at The Start of The 

Scratch Test 

N 

hc_min  Minimum Experimental Chip Thickness mm 

hc_max  Maximum Experimental Chip Thickness mm 

mN Milli-newton N 

nm Nanometre m 

ρseg  Chip Segment Angle (°) 

Pch  Pitch Between Chips   

Psb  Depth of Segmentation  

rc  Chip Ratio   

R Wear Track Radius  mm 

Φ  Shear Angle (°) 

S Spindle Speed Revs/min 



xiii 
 

Tf   Table Feed Rate mm/min 

Vbb  Flank Wear mm 

VBB, minor Flank Wear Minor Cutting Edge mm 

VBB, major Flank Wear Major Cutting Edge  mm 

Vc  Cutting Speed m/min 

Vchip Average Sliding Velocity of Chip  

Vs Average Sliding Velocity Along Shear Plane  

Vseg Average Sliding Velocity of Segmented Chip  

w Rotation Velocity of the Disk (m/s) m/s 

Xrate The Rate of Horizontal Displacement in The Specific Scratch Test mm/min 

𝛾 1  Rake Angle   (°) 

𝛾  Primary Shear Zone  

γ Nickel Solid-Solution Austenite Matrix  

γ’  Gamma Prime   

γ’’  Gamma Double Prime   

𝛾seg  Average Shear Strain in Segmented Chip   

𝛾sb  Average Shear Strain in the Shear Bands   

Z Number of Inserts  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiv 
 

 Table of Abbreviations  
ALD  Atomic layer deposition 

Al2O3 Aluminium oxide 

AlCl3 Aluminium trichloride  

AMRC Advanced manufacturing research centre 

ASBs Adiabatic shear bands 

NH3 Ammonia  

BCT Body centred tetragonal  

BUE Built up edge 

CO Carbon monoxide 

CBN  Cubic boron nitride 

CrN  Chromium nitride 

Cr2O3 Chromium oxide 

EngD Engineering doctorate 

FCC  Face centered cubic 

FoF Factory of the future 

GPa Gigapascal 

GBs Grain boundaries 

HFCVD  Hot filament chemical vapour deposition  

HSS  High speed steel 

HSM High speed machining 

H2 Hydrogen  

HCl Hydrogen chloride 

MN-MCD  Monolayer-micrometric  

MN-SMCD  Monolayer–sub-micrometric  

KTC Knowledge transfer centre 

MPa  Megapascal 

MRR  Metal removal rate 

MRV Metal removal volume 

MT-MCD  Multilayer-micrometric  

N2 Nitrogen gas (N2) 

SEM Scanning electron microscope 

SiAlON  Silicon aluminium oxynitride 

SiC  Silicon carbide 

TiAlN  Titanium aluminium nitride 

TiC  Titanium carbide  

TiCrAlN  Titanium chromium aluminium nitride  

TiN Titanium nitride 

TiSiN  Titanium silicon nitride 

TiCl4 Titanium tetrachloride  

TiZrN  Titanium zirconium nitride 

WC  Tungsten carbide 

WRA  Whisker-reinforced alumina 

Y2O3 Yttrium oxide 



1 
 

Chapter 1 Introduction and Motivation 
 

Heat-resistant super-alloys such as Inconel 718 and Waspaloy exhibit excellent mechanical 

strength and structural stability at elevated temperatures, therefore super-alloys create a very 

challenging machining environment for cutting tools. One such cutting tool material which 

display promising results when machining the likes of Inconel 718 are SiAlONs. This particular 

cutting tool material is a substitutional solid substitution of silicon nitride (Si3N4) and aluminium 

oxide (Al2O3) microstructure with additions of yttrium. Substitutional solid solutioning of these 

three elements creates a silicon aluminium oxynitride milling composite ceramic microstructure 

with a chemical composition of (Si3N4+Al2O3+Y2O3). This chemical composition is also known by 

the trade abbreviation “SiAlON”. However, SiAlON milling tools experience rapid tool wear as a 

result of the intense machining environment. One of the main motivations for this research is to 

find a cost-effective improvement, which will improve the machining performance and overall 

tool life of SiAlON milling tools when machining nickel-based alloys. 

Therefore, the present doctoral thesis attempts to understand the benefit of applying protective 

CVD coatings to both positive (RPGN) and negative geometry (RNGN) CTIS710 SiAlON milling 

inserts. The application of a protective coating to the surface of a SiAlON milling insert, works 

around the research hypothesis that a hard protective coating will dilute the effects of 

mechanical, thermochemical and diffusion wear on the flank and rake faces of the inserts during 

high-speed machining trials. Tribological experiments were also conducted to ascertain the 

stability of the applied coating systems. The successful application of a suitable protective 

coating system to SiAlON milling insert, will undoubtedly increase productivity in high value 

industries such as aerospace and the oil and gas sectors.  

During the research, worn CVD coated RNGN and RPGN SiAlON inserts were analysed and 

compared to uncoated RNGN and RPGN inserts to clarify the benefits of applying hard 

protective coatings. Three studies were conducted using the mentioned experiments to develop 

greater understanding of what coating system were effective. These studies are described in 

each thesis chapter, and they are comprised of wear assessments of SiAlON ceramic milling 

inserts and chip morphology analysis, an analysis of the tribological wear characteristics of the 

coating systems, and finally, a wear assessment of SiAlON ceramic milling inserts when 

operating in a 5-axis machining environment.  The aerospace sector is currently experiencing a 

significant downturn due to the global impact of CoVid-19. The worldwide travel ban has had big 



 

2 
 

financial impacts on airlines, which has been equally felt by aerospace companies around the 

world [1]. Both Boeing and Airbus have very large aircraft order books at present, but even they 

have felt the impact of CoVid-19, which has impacted the output from aero-engine 

manufacturers such as General Electric’s aircraft engines division, Pratt and Whitney, and Rolls 

Royce.  

As a result, air travel will require a steady return to its original passenger volumes over the 

coming years. Airbus claims that the global market forecast report for air traffic is set to increase 

by 4.9 % annually between the years 2007-2026 [2]. With regards to commercial market outlook 

report for global airline aircraft during the years 2018-2038, global airline aircraft fleet numbers 

are set to rise as more fuel-efficient airliners replace less fuel-efficient aircraft in a bid to reduce 

emissions [3]. As a result of Covid-19, airlines are applying more pressure to aircraft 

manufacturers such as Boeing and Airbus to achieve evermore demanding emission levels, 

fuel-burn targets and now, more cost-effective aircraft. 

 In order to meet these continually stringent emission and fuel burn targets, the percentage of 

super-alloy content in gas turbines will be required to increase. Since the 1950s, super-alloy 

weight percentage in aero-gas turbines was 10%, whilst in today’s modern turbofan gas 

turbines, super-alloy weight percentage has increased to 50% [4]. The reason for the increase 

usage of superalloys is down to the greater requirement of airlines to reduce greenhouse gas 

emissions and improving fuel efficiency. The improvements in fuel efficiency are attained when 

modern turbofan gas turbines run at higher operating temperatures which necessitates the 

increased use of nickel-based superalloys. 

One of the most versatile and widely used super-alloys that is utilised in aero-gas turbine 

construction, oil and gas components, and spacecraft components is the nickel-based alloy, 

Inconel 718. This particular nickel-based alloy is used in the manufacture of aerospace 

components, such as bladed disks (blisks), turbine/compressor discs, compressor aerofoils and 

structural engine components. Together with the aerospace industry, another industry sector 

which also saw the weight percentage of nickel-based alloys increase was the oil and gas 

industry. As the oil and gas industry moved more towards coastal regions, and the wells that 

were being drilled were experiencing higher pressures and temperatures, which together with 

highly corrosive liquids, resulted in acidic drilling environments [5]. Inconel 718 is defined as a 

difficult material to machine due to the high work-hardening rates of the tool, rapid tool wear and 

high cutting temperatures that are experienced by the machine tool during the machining 

process. 
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This means low cutting speeds and feed rates are required, with long expensive cycle times and 

low manufacturing productivity being the end result. One current high speed machining 

technique, which can help with reducing the prospective manufacturing lead times and cost of 

producing complex nickel-based alloy components, is milling with ceramic cutting tools.  

Milling super-alloys such as Inconel 718 with ceramic inserts can provide metal removal rates 

four times higher than when using carbide milling tools. The typical cutting speed for carbide 

tools is 100 m/min when compared to 600 m/min, typically used for ceramics. Wear rates for 

ceramic cutting tools are highly prolific on the flank and rake face [6]. The extreme cutting 

environment, which is generated during the ceramic machining process, causes rapid tool wear.  

However, when SiAlON ceramic cutting tools are operated at cutting speeds in the region of 

700-1000 m/min the level of cutting force reduces as the temperature increases in the chip tool 

interface. The rise in temperature in the chip/tool interface causes the Inconel 718 

microstructure to lose a substantial amount of its yield strength and therefore induces rapid 

plastic deformation during the machining process [7]. 

The sequence which influences the deformational behaviour of Inconel 718 is heavily related to 

the high temperature characteristics of the fine dispersion of gamma prime (γ’) and gamma 

double prime (γ’’). The submicron age hardening effects for Inconel 718 is a result of the fine 

dispersal of Ni3Nb body centred tetragonal (BCT) gamma double prime (γ’’) precipitates 

together with the gamma prime (γ’) to assist Inconel 718 in attaining a high strength 

microstructure [8], [9] and [10]. The BCT Ni3Nb (γ’’) phase also contributes to rapid reductions in 

strength above temperatures of 650°C, which is a result of the (γ’’) phase having a lower solvus 

temperature than the (γ’) phase.  

That said, when SiAlON ceramics are operated at high cutting temperatures in the present of 

elements such as iron, the SiAlON microstructure become vulnerable to thermochemical wear 

mechanisms such as diffusion wear. Tribo-chemical interactions are initiated between the rake 

face of the SiAlON insert and the hot Inconel 718 chips [11], [12]. The silicon in the SiAlON 

microstructure has a high affinity for the iron In the Inconel 718 microstructure which results in 

diffusion between the SiAlON and Inconel 718 via solid solution. This in turn causes crater wear 

to form on the rake face, which is vulnerable to notch wear and potential catastrophic insert 

failure. Therefore, the present doctoral thesis aims to examine the main hypothesis of 

determining the benefit of adding a protective wear resistant coating to dilute the effects of the 

wear mechanisms.  



 

4 
 

1.1 Aim and Objectives 
Given the research hypothesis, the main aim of this work was: To determine what coating 

system provides the best cutting performance and tool life and see how the cutting performance 

compares to uncoated SiAlON ceramic inserts when high-speed milling of Inconel 718.  

Where the main research objectives were:  

1. To review existing literature on (a) workpiece material and machining characteristics of 

nickel based super-alloys (b) cutting processes and chip formation (c) tool and coating 

wear and failure mechanisms; (d) ceramic cutting insert materials; (e) coating 

techniques; (f) coating selection for coated ceramic cutting insert materials, in order to 

understand the gap in knowledge in this area of cutting tool development. 

 

2. To plan and carry out experimental testing to collect coating cutting performance, cutting 

force signal data and tool wear data. To establish what is the most effective coating 

system for protecting SiAlON milling inserts when machining nickel based super-alloys.  

 

3. To establish what coating technique would be suitable and would be able to deposit a 

coating with high adhesion properties suitable high temperature wear properties. A 

series of insert wear machining trials and tribological testing will be conducted. The 

tribological tests will involve pin-on-disc and scratch testing and in-depth analysis via 

SEM techniques. Other in-depth wear analysis will be conducted via non-contact 3D 

profilometer (focus - variation type) scans.  

  

4. To assess the wear of SiAlON ceramic milling inserts and clarify the optimum cutting 

parameter for machining nickel based super-alloys. 

 

5. To evaluate and select the coating system which delivers the desired cutting 

performance and tool life. 

 

1.2 Outline of Thesis 
  

1. The thesis has been submitted in the University of Sheffield \Publication format thesis 

style. As such, it is written and structured with four sequential chapters, with three of the 
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four chapters having been published at the time of submission, which forms a coherent 

body of work. 

2. Chapter 2 reviews the literature that focuses on the history of cutting tools, chip 

formation, wear mechanisms, ceramic cutting tool materials, coating techniques, coating 

material selection and the metallurgy of nickel based super alloys. The chapter gives a 

broad understanding of these subject area and process of how they are applied to this 

type of high-performance tooling application. 

3. Chapter 3 presents the experimental techniques and analysis methods that were utilised 

throughout this research study. 

4. Chapter 4 presents published work titled “Chip formation and wear mechanisms of 

SiAlON and whisker-reinforced ceramics when turning Inconel 718. The paper defines 

the optimum cutting conditions and wear characteristics of SiAlON and whisker-

reinforced ceramics when turning solution annealed Inconel 718. The research 

characterises the level of tool wear of SiAlON and whisker-reinforced ceramics and the 

type of chip formation when machining solution annealed Inconel 718. The research 

provided an early insight into machining Inconel 718 with ceramic inserts. The results of 

a literature review highlighted the lack of research which had focused on coated SiAlON 

milling inserts. Determining the benefits of adding a protective CVD coating to a SiAlON 

insert became the focus of the remaining chapters.  

5. Chapter 5 presents published work titled ‘Tool life and wear mechanisms of CVD coated 

and uncoated SiAlON ceramic milling inserts when machining aged Inconel 718’. The 

paper presents the tool life and the associated wear mechanisms of CVD coated and 

Uncoated SiAlON inserts when face milling Inconel 718. The research characterises the 

levels of cutting force, wear mechanisms and tribological interaction of coated and 

uncoated SiAlON inserts with the Inconel 718 samples. The research also establishes 

the failure mechanisms for the coated SiAlON milling inserts, and what should be utilised 

in future protective coating systems. 

6. Chapter 6 presents published work titled ‘Structure and Tribological Properties of 

Multilayer CVD Coatings Deposited on to the SiAlON Ceramic Milling Inserts’. The paper 

presents the failure mechanisms of two Coating A and Coating B when subjected to pin-

on-disc and scratch testing. The research in this chapter looks to combine the 

conclusions of Chapter 5 and Chapter 6, to provide further substantiation of what CVD 

coating materials should be utilised in future protective coatings. 
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7. Chapter 7 presents research which has utilised conclusions from Chapter 5 and Chapter 

6, and has focused on comparing the wear characteristics of uncoated SiAlON milling 

inserts and SiAlON milling inserts that have been CVD coated with Coating C. The 

chapter is split into two parts, part A and part B. Part A focuses on the machining trial 

that utilised interrupted non-continuous 3-axis toolpaths to machine precipitation 

hardened Inconel 718 samples with Coating C inserts. Part B focuses on the machining 

trial that utilised a combination of continuous and near-continuous 5-axis toolpaths to 

machine two bar blades from precipitation hardened Inconel 718. The wear 

characteristics and attained tool life of the Coating C inserts were compared with that of 

the uncoated inserts. The machining trials have provided some interesting results in 

terms of wear characteristics and tool life, some important conclusions will be found in 

this chapter. 

8. The final chapter, Chapter 8 will present the general conclusions, which will include a 

summary of all of the discussions that are written in this thesis, followed by two sections: 

contributions and novelty, further future work. The second section will refer to the future 

work and the implications of continuing the research. 
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Chapter 2 Literature Review 
 

This chapter provides a critical review of the relevant literature along with justification as to why 

these have been selected by the author during the experimental work. However, although the 

majority of the relevant literature is discussed in this chapter, other relevant literature will be 

discussed in later chapters. 

2.1 Historical Background of Cutting Tools 
The development of suitable cutting tool materials is process that has taken place over the last 

120 years. The development of high-speed steels took place in the early part of the 1900’s. 

English metallurgist Robert Forester Mushet began to experiment with different alloying 

elements such as manganese and tungsten that ultimately lead to creation of high-speed steels 

which were utilised during the industrial revolution. The development of high-speed steels ran in 

parallel to rise of consumer products, demand for high productivity also came from industry 

sectors such as the automotive and defence sectors. The rise in demand called for harder more 

durable high-speed steels and early development of cemented tungsten carbide cutting tool 

materials [13]. During years of 1923 – 1925 a series of patents and developments for tungsten 

carbide were attained by Spriggs et al. [14]. Spriggs et al also concludes that Friedrich Krupp 

Aktiengesellschaft of Essen, were the first manufacturers of hard metals. By 1929 the grain size 

of tungsten carbide had been further refined by Krupp researchers.  

2.2 Terminology Used in Metal Cutting 
The Cutting speed of the milling cutting tool (Vc), is the rate at which the workpiece moves 

across the cutting edge of the tool and is measured in metres per minute (m/min). Table Feed 

rate (fz) is defined as the distance travelled by the machine table for each revolution of the 

cutting tool and is calculated in millimetres per revolution (mm/rev). Depth of cut (Ap) is the 

thickness of the material that needs to be removed from the stock material or near net shape in 

the z-axis direction and is expressed in millimetres (mm).   

Metal removal rate (MRR) is a parameter which is often used to determine the efficiency of a 

machining operation i.e., turning, milling, and grinding; it is the product of cutting speed of the 

cutting tool, feed rate and the depth of cut. The rake face is the cutting tool surface which the 

chip flows during the machining processes. The flank face is the cutting tool surface of the tool 

over which the freshly cut surface of the workpiece passes. The primary cutting edge is the 
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intersection of the flank with the rake face and forms the cutting edge; Secondary cutting edge, 

is the remainder of the cutting edge which may not actually be engaged in the cutting process. 

Shear zones there are two major zones of shear when a chip forms. One is the primary shear 

zone which is the boundary between the unsheared work material and the chip. And the other is 

the secondary shear zone, also known as flow zone which, is the interface between the tool and 

the chip on the rake face. 

2.3. Workpiece Materials – Super-alloys 
Objective 1a focuses on looking at workpiece materials and the machining characteristics of 

nickel-based alloys. Super-alloys are a branch of high-performance alloy which have 

predominantly a nickel, cobalt, or iron matrix, strengthened with a series of intermetallic 

compounds like chromium, aluminium, titanium, tungsten, niobium, tantalum, and molybdenum, 

as seen in Figure 2.1. In Figure 2.2, a list of some of the super-alloys which have either a nickel, 

iron or cobalt matrix can be seen. A lot of the super-alloys that can be seen in Figure 2.2 were 

developed over 75 years ago. The likes of nickel-based alloy Nimonic 75 were the very first 

turbine blade alloys used in the jet engine designed by Sir Frank Whittle. Some of the most 

thorough research into super-alloy development has been conducted by Reed et al.[15]. The 

research that has been completed by Reed et al, looks at the full cycle of nickel based super-

alloy development from the early wrought nickel-based alloys to the most advanced single 

crystal nickel-based alloys. 

Figure 2.1.Categories of important alloying elements in constitution of nickel alloys and their relative 
positions in the periodic table. [15] 

This image has been removed by the author of this thesis for copyright reasons
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Table 2.2.  Mechanical properties of Inconel 718 (AMS5663). [17] 

2.3.3 Machining Characteristics of Nickel Based Super-Alloys 
Machining nickel-based alloys results in rapid wear of the cutting tool due to the highly abrasive 

austenitic microstructures which is exhibited by all nickel based super-alloys. The austenitic 

microstructure creates an intense environment for all types of cutting tool be it a tungsten 

carbide insert; ceramic insert or cubic boron nitride insert. High cutting forces, high cutting 

temperatures and localised heating of the cutting edge are the end result of the machining 

process. 

2.3.4 Machining Induced Changes to Microstructure 
When machining difficult to machine materials such as nickel based super-alloy Inconel 718, the 

machining process can induce surface changes in the form of white layer and a swept grain 

microstructure on the near surface. When ceramic cutting tools are used to machine Inconel 

718, the chip/tool interface generates high cutting temperatures and high levels of insert wear. 

This particular machining environment and insert wear rate has a profound influence on the 

depth of surface transformation and white layer generation. Machining induced white layer is 

generated during phase transformation and plastic deformation of the immediate surface layer 

of the workpiece material. The level of white layer is driven by insert wear which can vary from 

0.024 mm up to 0.060 mm in depth [18]. Assessing the level of machining induced white layer is 

of key importance as it determines the level of material that may need to be removed to prevent 

reduction in the fatigue life of industry components. One such area of machining induced white 

layer non-destructive assessment, has focused on establishing the size of machining induced 

white layers and plastic deformation with x-ray diffraction peak breath measurements [19].  

2.4 High Speed Machining 
In the last two decades, high speed machining (HSM) has gained a lot of interest and attention 

with regards to improving productivity in high value manufacturing sectors such as automotive 

and aerospace [20]. Machining nickel based super-alloys such as Inconel 718 at high cutting 

speeds, results in high metal removal rates and low cutting forces. High speed milling of Inconel 

718 results in a high-quality surface finish and high manufacturing productivity [21]. Machining 

nickel-based alloys at high cutting speeds requires specialist spindle setups, high machine bed 

This image has been removed by the author of this thesis for copyright reasons
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stability, high machine power capability, specialist CAD/CAM packages and cutting tools 

(endmill or inserts) that withstand high temperature machining environments. Spindle speeds 

used for high-speed machining for creating curved surfaces in Inconel 718 can range from 

3000-17000 rev/min. However, when spindle speeds are too high the tool wear is excessive due 

to the poor thermal conductivity and work hardening characteristics of Inconel 718 [22]. 

Machining nickel-based alloys with ceramic cutting tools comes under the high-speed machining 

category. Machining Inconel 718 with ceramic endmills can require spindle speeds of up to 

18000 rev/min, to achieve a cutting velocity of 300-400 m/min. High cutting speeds (above 315 

m/min) are required with ceramic cutting tools to induce a reduction in resultant cutting forces as 

a result of thermal softening of the Inconel 718 microstructure [23]. Cutting speeds for ceramic 

inserts are lower with respect to cutting speeds required by endmills. Typically, spindle speeds 

for ceramic inserts can be in the range of 10000 rev/min, which can attain a cutting velocity of 

800 m/min. These cutting speeds are required for effective thermal softening of the Inconel 718 

microstructure which reduces tool wear and improves tool life.  

2.5 Cutting Processes and Chip Formation 

2.5.1 Segmented Chips 
Objective 1b focuses on looking at the cutting processes and chip formation. Segmented chips 

are predominantly formed when machining high strength materials such nickel-based 

superalloys. Inconel 718 exhibits poor thermal conductivity properties, which are highly 

influential when it comes to the formation of segmented chips [24]. The heat which is generated 

in the chip tool interface causes the severe plastic deformation of the cut chip material as can 

be seen in Figure 2.5.  

Figure 2.5. SEM images of the segmented Inconel chip cross-section at: (a) VC = 900 m/min; (b) VC = 500 
m/min. [25] 

This image has been removed by the author of this thesis for copyright reasons
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Inconel 718 retains its high tensile strength to temperatures of 650°C, and this causes 

fluctuations of the specific cutting forces and shear strain energies. These fluctuations in 

specific cutting forces and shear strain energies during the chip formation deformation process, 

tend to focus along localized intense shear bands [26]. Segmented chips are produced due to 

the tendency of thermal softening and localized shear band deformation; Hao et al states that 

shear band deformation in the Inconel 718 chip strain harden to the point of fracture. The 

localized shear bands and deformation twinning are identified in Figure 2.5(a) and (b). 

The feathering effect that is represented in Figure 2.6, highlights the evenly spaced localised 

shear band that take place during high-speed machining of materials such as Inconel 718.  

Figure 2.6. (a) Patterns of the serrated chips at fz =0.07mm=tooth, Ap=1.5 mm, and ae=19.0 mm.(b) SEM 
images of serrated chips. [24]  

In Figure 2.7 a serrated chip formation model is depicted, Ulutan et al [27] states the model 

analytically describes serration process of a chip, which ultimately creates a saw- tooth shape.  

This image has been removed by the author of this thesis for copyright reasons
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Figure 2.7. Serrated chip formation model and its hodograph. [27] 

The shear band thickness (𝛿sb) and the pitch of these chips (Pch) become important factors 

when determining the shear strain at the adiabatic shear band. Ulutan et al concludes that in 

order to ascertain the experimental chip thickness, an arithmetic average can be utilised to 

attain this chip thickness. In order to calculate the average shear strain the model in Figure 2.7 

can be adopted. Nickel based alloys chip formation undergoes adiabatic shearing and crack 

formation. The segmentation rate (Ds) is calculated using the minimum (hc_min) and maximum 

(hc_max) experimental chip thicknesses along the serrated chips where their locations are 

indicated in Figure 2.7.  

𝐷𝑠 =  
ℎ𝑐_𝑚𝑎𝑥−ℎ𝑐_𝑚𝑖𝑛

ℎ𝑐_𝑚𝑎𝑥
                                                Equation 2.1 

The chip ratio (rc) is defined by the ratio of undeformed chip thickness (h) (or feed in orthogonal 

cutting) to the average thickness of the segmented chips (hc). 

𝑟𝑐 =  
ℎ

ℎ𝑐
                                                                                       Equation 2.2 

The shear angle (𝜙) can now be calculated by utilizing the measured chip ratios using the 

following formula, which is then derived by using the ratio (rc) of undeformed chip thickness (h) 

to the average chip thickness (hc) and rake angle (𝛾1). 



This image has been removed by the author of this thesis for copyright reasons
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The cutting edge will drop in temperature up to cutting up to a cutting speed of 600 m/min and 

then will increase beyond this cutting speed. In Chapter 7, the importance of cutting temperature 

becomes very evident on tool life and tool wear. Controlling the fluctuation in cutting 

temperature with well refined toolpaths, has proven in later chapters to be highly influential and 

had a positive effect on flank wear versus material removal volume. 

The primary increase in cutting temperature is generated in the chip/tool interface, the cutting 

temperature increases further still as the tool begins to wear. The link between tool wear and 

cutting temperature is shown graphically in Figure 2.9.  

Figure 2.9. Orthogonal cutting process (schematic) at distinct conditions of the tool(a) standard tool; (b) 
worn-out tool. [29] 

2.6 Cutting Force 
Determining the cutting forces in a machining process is an important parameter to clarify. The 

magnitude of the cutting force necessary to cause a shearing action on the metal workpiece can 

vary somewhat depending on the mechanical properties of metal being cut. Understanding the 

behaviour of certain metals when being cut has had direct impact on design and manufacture of 

machine tools, so they have sufficient rigidity, mechanical properties and eliminate vibration 

during the machining process. The design of suitable tool geometries is further enhanced with 

the accurate measurement of the forces present in metal cutting process. The forces present 

during the cutting process can be resolved into three components which are shown in Figure 

2.10.  

This image has been removed by the author of this thesis for copyright reasons
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The first component is the cutting force (Fc) which is usually the largest force acting on the rake 

face in the direction of the cutting velocity. (Ft) is the tangential cutting force and (Fr) is the 

resultant cutting force. 

 

Figure 2.10. Schematic of cutting force in metal cutting. 

The table feed thrust force in (Fy) direction is directly linked with the cutting force, which cutting 

tools will experience during the machining process. Finally, the resultant force (Fr) is the true 

cutting force which is shearing the material. 

2.7 Types of Wear Mechanisms for Ceramic Cutting Tools 
Objective 1c looks to focus on the types of wear mechanisms experienced by ceramic cutting 

tools. The machining of nickel-based super-alloys inherently causes rapid tool wear and 

degradation of ceramic cutting tools; as a result, ceramic inserts experience a range of different 

wear mechanisms when cutting nickel-based alloys. Figure 2.11 shows a typical SiAlON milling 

insert. 

 

Figure 2.11. CVD coated SiAlON ceramic RNGN milling insert. 
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In the forthcoming sections some of primary and secondary wear mechanisms experienced by 

ceramic inserts are discussed. One focus for this project is understanding the wear and failure 

characteristics of ceramic cutting tool materials, which is important for improving the tool life and 

making ceramic cutting tools more reliable in the workplace.  

Another area of interest is predicting the fracture characteristics of SiAlONs. A typical SiAlON 

ceramic cutting tool matrix mainly constitutes a mixture of α-SiAlON grains and β-SiAlON 

whiskers with the remaining matrix volume being filled with yttrium oxide (Y2O3), which 

influences densification and reinforcement of the SiAlON microstructure with glassy phases. 

When SiAlON microstructures are subjected to sufficient levels of stress, β-SiAlON whiskers 

separate from the SiAlON matrix, leading to crack nucleation [30].  Hao et al also state that 

preventing this separation characteristic would lead to better fracture resistance and more 

resistance to cyclic impact loads.  In the next section, the types of wear mechanisms that are 

experienced by ceramic cutting tool materials are discussed. 

2.7.1 Flank Wear  
Milling insert flank wear can be attributed to the amount of frictional heat and flank forces, 

caused because of chip sliding along the rake face. The sliding process generates abrasive 

wear and causes a series of deleterious effects on the rake face. During up-milling and down-

milling operations have a direct impact on the life of the SiAlON cutting tool, which has been 

explored in detail by author like Tian et al. [31]. In the relevant research conducted by Tian et al, 

SiAlON milling inserts were operated at cutting speeds of 600, 1000, 1800 and 3000 m/min 

when machining Inconel 718.  

The research conducted by Tian et al developed a thorough understanding of the effects of up 

and down-milling on the flank face wear of SiAlON milling inserts. Tian et al. [31] determined 

that a cutting speed of more than 1000 m/min must be used to get optimal tool life. However, in 

Chapter 5 and Chapter 7, it is concluded that the optimal cutting speed for machining 

precipitation hardened Inconel 718 is between cutting speeds of 800-900 m/min. SiAlON 

ceramics have excellent high temperature capabilities and resistance to thermal shock, which 

means that SiAlON ceramic have been used at high cutting speeds. The high thermal shock 

resistance allows SiAlON ceramics to have high resistance to fracture. Later studies have 

determined that SiAlON milling inserts have higher flank wear-resistance compared to whisker-

reinforced alumina milling inserts [32], [33], as can be seen in Figure 2.12.  
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Figure 2.12. Flank face wear patterns of SiAlON ceramic grade KY1540 under different cutting speeds 
(metal removal volume of 1500 mm3): (a) Vc = 900 m/min, (b) Vc = 1100 m/min, (c) Vc = 1300 m/min, (d) 

Vc = 1800 m/min, (e) Vc = 2500 m/min and (f) Vc = 3000 m/min. [32] 

They also note that flank wear reduces with an increase in cutting speed from 900 m/min to 

1400 m/min but ultimately leads to higher rates of adhesion wear when increased to 3000 

m/min. 

2.7.2 Rake Face or Crater Wear 
Rake face wear is due in part to the frictional forces and cutting temperatures which are being 

generated in the shear zone. As the chips slide over the rake face, abrasive particles that are 

found in the nickel-based alloy metallic microstructure, such as titanium carbides, niobium 

carbides and aluminium oxides begin to wear away the ceramic cutting tool. The rake face wear 

is attributed to high contact pressures and high temperatures due to the high frictional forces 

that are generated in the shear zone between the swarf chip and cutting tool [24]. At high cutting 

temperatures, crater wear is also caused by diffusion of the SiAlON cutting tool into tool piece. 

This is due to the affinity between iron in the Inconel 718 material and the silicon in the SIAlON 

cutting tool. Race face wear is of particular interest to this research and has been analysed at 

length in Chapter 4, 5, 6 and 7. 

2.7.3 Depth of Cut Notch Wear 
One of the main failure modes when machining nickel-based alloys with ceramic cutting tools is 

depth of cut notch wear. Authors like Xiao et al. [34] and Shalaby et al. [35] investigated and 

determined that one of the primary failure mechanisms for ceramic cutting tools is notching and 

determining the amount of wear and time a ceramic cutting tool can endure is important. Depth 

of cut notch wear is highly dependent on understanding the wear characteristics of the cutting 

tool material. Shalaby et al suggest that notch wear appears on primary cutting edges and 
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trailing edges of the cutting inserts. They state that steep stresses, work-hardened surfaces, 

adhesion, and temperature gradients are potential causes for notching. Improving the resistance 

to notching is paramount for improving the life of ceramic cutting tools. 

2.7.4 Adhesion Wear  
Adhesion wear is very evident during the high-speed machining of nickel-based alloys such as 

Inconel 718, as can be seen in Figure 2.13a and Figure 2.13b. To reduce the effects of 

adhesion wear, it is necessary to reduce the amount of friction that is generated in the chip/tool 

interface. The investigation that was conducted by Liu et al. [36], achieved promising results by 

applying a hard titanium carbo-nitride (TiCN) coating onto the surface of the SiAlON turning 

insert.  

Another investigation that was found to be of relevance in the present research was conducted 

by Çelik et al. [37]. Çelik et al achieved success in improving adhesion wear-resistance by 

adding titanium nitride (TiN) particulates into the SiAlON matrix. These relevant studies 

conducted by Lui et al and Çelik et al highly influenced a critical review of literature to see 

whether coated SiAlON milling inserts should be pursued. Adhesion wear is of high interest to 

this research and is highly prevalent in Chapter 5. 

Figure 2.13. (a) Shows the flank face abrasion and adhesion of an uncoated SiAlON insert, (b) shows the 
flank face abrasion and adhesion of a coated SiAlON insert. [36] 

2.7.5 Edge Cracks (Micro-cracks), Chipping, Flaking 
Ceramic cutting tools (due to their brittle microstructure) are inherently more at risk of 

catastrophic tool failure. One of the failure mechanisms that contributes to this catastrophic tool 

failures is via edge cracks or micro-cracks which is captured in Figure 2.14.  

This image has been removed by the author of this thesis for copyright reasons
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Figure 2.14. (a) SEM image of chipping, (b) and (c) are magnified SEM images of micro cracks on the 
flank face of KY1540 SiAlON milling insert at a cutting speed of Vc = 900 m/min. [32]  

Authors including Molaiekiya et al. [38] and Shalaby et al. [39] have investigated that micro-

cracks are generated via a combination of factors, such as high temperatures and mechanical 

contact pressures in the chip/tool interface, together with interrupted cuts. These factors can 

ultimately lead to thermal fatigue of the ceramic cutting tool material, this is more apparent in 

SiAlON cutting tools. Reducing the creation of micro-cracks where feasible will improve the 

longevity and tool life of SiAlON cutting tools [23]. Figure 2.14a, 2.14b and 2.14c show typical 

chipping that takes place on the flank face. Tian et al notes that using the correct cutting 

parameter will help prevent edge cracks that consequently result in chipping and flaking of the 

flank face. Figure 2.15 images (a) and (b) show typical flaking that takes place on the rake race 

of the cutting tool.  

 

Figure 2.15. (a) SEM image of flaking (b) magnified SEM image of rake face of KY4300 WFA milling 

insert at a cutting speed of Vc = 500 m/min. [32] 
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Fine tuning the cutting parameters so that flaking and chipping is prevented where possible is of 

obvious importance, and must be implemented for all machining strategies [31].  

2.7.6 Diffusion Wear (Solid Solution Wear) 
One of the principal reasons for studying the benefits of applying a protective coating to SiAlON 

milling inserts, has been to dilute the effects of diffusion wear mechanisms. When silicon nitride-

based ceramic and silicon aluminium oxynitride ceramic cutting tools are used to machine 

materials with high iron content, especially at high temperatures above 1000°C. Nickel based 

alloys such as Inconel 718 typically contain, 17-18% iron. Therefore, when silicon nitride-based 

ceramic and silicon aluminium oxynitride ceramic cutting tools are used to machine Inconel 718, 

diffusion wear will take place.  

Diffusion wear is believed to be one of the secondary wear mechanisms contributing to a 

reduction in tool life when machining nickel-based super-alloys. Diffusion wear will take place 

when the temperature of the chip/tool interface causes mass transfer between the nickel-based 

alloy and the ceramic cutting tool. In diffusion or solid solution wear, the cutting tool material 

diffuses into or forms a solid solution with the evacuated nickel alloy chip material as seen in 

Figure 2.16. Figure 2.16 shows the structure of the diffusion interface, which takes place 

between the SiAlON substrate and Inconel 718. Therefore, the flank and rake face of the cutting 

tool edge is broken down and craters begin to form.  

So, finding ways of reducing diffusion wear is of key importance for this research. The 

investigation by Diniz et al. [40], was focused on milling gray cast iron at high cutting speeds 

with both SiAlON ceramic and carbide tools. And the investigation by Diniz et al established that 

the probable cause of the tool wear for the SiAlON inserts to be diffusion wear.  

Çelik et al. [37] and Sun et al. [41] also present studies that suggest diffusion wear is one of the 

dominant wear mechanisms contributing to flank and rake face wear when SiAlON milling 

inserts are used to machine Inconel 718. 

Addhoum et al. [42] present a closer more in depth study, which explores the diffusion reactions 

which take place between silicon nitride-based ceramics and nickel-based alloys take place at 

1100°C  with the formation of liquid phases. Addhoum et al also conclude that silicides, 

carbides, and potentially nitrides, are created due to the complex interaction mechanism and 

chemical reactions that take place between the silicon nitride-based ceramic cutting tool and the 

nickel-based alloy chip. 
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Figure 2.16. Schematic illustration of the structure of diffusion interface between SiAlON and Inconel 718 
alloy. [43]  

Further to the investigation that was conducted Addhoum et al, is the relevant study that was 

conducted by Çelik et al. [43], who state high-speed machining of nickel-based alloy Inconel 718 

produces a chip-to-tool interface which is continuous/ near-continuous sliding movement on the 

rake face of the cutting tool. Çelik et al also noted that the chemical wear-resistance of α/β – 

SiAlON ceramics when machining Inconel 718 at high cutting speeds is dependent on the ease 

of diffusion product formation and the structural integrity of the SiAlON substrate when 

subjected to thermal and mechanical stresses.  

2.7.7 Thermo-mechanical Wear – (Oxidation, Chemical Reaction) 
Stephenson et al. [44] claim that oxidation occurs when constituents of the tool (especially the 

binder used in the tungsten carbide (WC) tools) react with atmospheric oxygen, while Vleugels 

et al. [45] concludes in their research that the primary wear mechanism for machining steel is 

chemical wear, and that the inter-diffusion of silicon, iron and yttrium between the ceramic 

cutting tool material and the steel workpiece was a lot less apparent than when machining solely 

iron. Vleugels et al also claim that the degradation of the cutting tool is due chemical 

disassociation of the SiAlON grains that ultimately leads to creation of craters on the rake face 

of the SiAlON cutting tool. Sun et al suggest that chemical wear contributes heavily to flank and 

rake face wear and also contributes to notch wear. Thermomechanical wear such as oxidation 

and thermal cracks can be seen in Figure 2.17. 

This image has been removed by the author of this thesis for copyright reasons
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Figure 2.17. SiAlON insert showing thermo-mechanical wear on the rake face. Figure taken from 
publication arising from this thesis. [46] 

2.7.8 Plastic Deformation 
Plastic deformation of SiAlON cutting inserts is an indirect wear process, which results in the 

degradation of the cutting-edge geometry by the application of heat and pressure. Plastic 

deformation occurs when cutting materials with poor machinability characteristics like super-

alloys and certain high alloyed steels. Due to high stresses involved during machining of 

materials with high yield strength, plastic deformation of the tool materials, even at low speeds 

takes place. 

2.8 Tool Materials (Excluding Ceramics) 
Cutting tool materials requirements differ greatly and depend not only on the machining process 

but also on the material that needs to cut. Several different toughen to super hard materials 

have been created to tackle the problems that are associated when machining certain metals, 

alloys, plastics and even ceramics. Essentially the cutting tool selection is based in accordance 

with material to be cut and the cutting conditions. Typical cutting tool material characteristics are 

as follows: 

1. High hardness and strength at elevated temperatures. 

2. Good resistance to thermal shock. 

3. High resistance to thermal oxidation and impact loads. 

4. High compressive, shear and tensile strength. 

5. High resistance to deformation. 

6. High chemical inertness. 
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2.8.1 High Speed Steels 
At the beginning of the 19th century a new tool material was invented by Taylor and White, they 

had invented what would be classed today as high-speed steel (HSS). However, Rizzo et al. 

[47] states that the first alloy to be formally called high speed steel, was patented by the 

Crucible Steel Co in the beginning of the 20th century. The AISI T1 steel designation contains 

weight percentage 0.7% carbon, 18.0% tungsten, 4.0% chromium 1.0% vanadium and Iron 

being the remaining element to make up the AISI T1 steel grade.  

Rizzo et al maintain that the alloy design for high-speed steel remained unchanged for the first 

40 years; until additions of 12% cobalt were substituted for tungsten. The improved heat 

treatment technique of high-speed steel allowed for significant increases in metal removal rates. 

During World War two, metallic raw material such as tungsten and vanadium were in short 

supply and new leaner alloy content high speed steels needed to be developed. The necessity 

for leaner alloy high speed steels brought about the creation of the M-series of high-speed steel. 

The vanadium and tungsten were substituted for molybdenum and the AISI M2 HSS steel was 

established in the 1950’s.  

The molybdenum (Mo) grades or M series contain 3.5-10% molybdenum (Mo) with chromium 

(Cr), vanadium (V), tungsten (W) and cobalt (Co) as the other alloying elements. Rizzo et al. 

[38] concludes that M-series high speed steels can be manufactured either by casting or via 

powder metallurgy techniques. Incorrect processing of cast HSS will result in undesirable 

microstructural features and non-even distribution of the carbides. Rizzo et al states that 

refinement of the eutectic carbide dimensions and homogenous distribution of carbides 

throughout the matrix is highly important in achieving high cutting performance and hot 

hardness.    

2.8.2 Cemented Tungsten Carbide 
Ever since their creation in the early twentieth century in Germany, cemented tungsten carbide 

cutting tools have been in utilised for their superior hot hardness, chemical stability and 

substantially higher cutting performance when compared to high-speed steels. Rizzo et al 

explains that tungsten carbide is manufactured as a mixture of tungsten carbide powder and 

cobalt which acts as binder and holds the tungsten carbide together. This cobalt binder is the 

primary limiting factor when it comes to cutting temperature. As this binder is heated to above 

600-700°C the thermal stability of the tungsten carbide microstructure begins to wane. Powder 

metallurgy techniques have been the preferred way of producing complex cutting tool 
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geometries and features. The fine tungsten carbide powder, which is bonded with cobalt, has 

helped to raise the production rate several fold when machining cast iron.  

It was later discovered that this type of cutting tool material would not deliver the same 

improvements when machining high temperature alloy steels, nickel-based alloys, and stainless 

steels. This short tool life was due to severe crater wear on the rake face of the tool. 

Subsequently it was discovered that high temperature chemical interactions between the tool 

and the chip were responsible for this wear pattern. Improvements were made by coating the 

cemented tungsten carbide tools with titanium carbide and later with aluminium oxide via 

chemical vapour deposition and plasma vapour deposition techniques. Mohammad et al. [48] 

and Krishnan et al. [49] states tool failure modes are related to attrition and lead to exposure 

and result in built up edge. 

CVD and PVD coated carbide cutting tools have allowed for higher cutting speeds (m/min), feed 

rates (mm/rev) and depths (mm), which is has resulted in significant gains in productivity. 

Textured carbide cutting tools are also gaining interest in regard to machining nickel-based 

alloys and 316 stainless steel. Khan et al. [50] and Soni et al. [51] concludes that the tool wear 

resistance is substantially increased, this is due to the reduction in friction and heat that is 

generated using a textured surface. 

2.8.3 Poly-crystalline Cubic Boron Nitride (Ultra Hard Cutting tools) 
Poly-crystalline cubic boron nitride (PCBN) is an ultra-hard refractory compound of nitrogen and 

boron. Vel et al. [52] states the high hardness comes from the intralayer B-N bonds are highly 

covalent and the interlayer bonds are weak van der waal bonds. The weak van der waal bonds 

are one of the reasons why PCBN tooling have the tendency to chip. 

2.9 Ceramic Cutting Tool Materials 

2.9.1 Development of Ceramic Cutting Tool Materials 
Objective 1d consists of understanding ceramic cutting tool development and the materials that 

have been developed for the past forty years. Whitney et al. [53] state in early 1970s ceramic 

research that aluminium and oxygen could be substituted for silicon and nitrogen in the β-phase 

Si3N4 crystal structure. The solid substitution process would ultimately form silicon-aluminium-

oxygen-nitrogen solid solutions, commonly known as β-phase SiAlONs.  

Ceramic cutting tool development continued further as processes for producing ceramic cutting 

tool materials suitable for machining nickel-based super-alloys were refined early on in the 

1980’s and 1990’s by Vigneau, J. et al. [54], Aucote et al. [55], Brandt et al. [56] and Richards at 
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al. [57]. Aucote et al and Vigneau, J. et al conducted comparison studies of the cutting 

performance between whisker-reinforced alumina (WRA), SiAlON ceramics and tungsten 

carbide cutting tools.  

The early comparison research that was conducted by Vigneau, J. et al. [54], Aucote et al. [55], 

Brandt et al. [56] and Richards at al. [57] helped to clarify the machining capabilities, wear 

mechanisms and the manufacturing challenges of producing these new ceramic cutting tools. 

Research conducted by Choudhury at al. [16] in the late 1990s continued the development 

process with a machinability study, which compared tungsten carbide, ceramic and cubic boron 

nitride (CBN) cutting tools when machining nickel-based alloys. Choudhury et al concluded that 

whisker-reinforced alumina and SiAlON cutting tool flank wear resulted from diffusion wear.   

Another comparative study related to ceramic tooling was conducted by Grigoriev et al. [58], 

comparing in detail the characteristics of the four main families of ceramic cutting tool but also 

comparing these characteristics with competing cermet and tungsten carbide cutting tools. The 

four families of ceramic cutting tool assessed in the study were Al2O3-based ceramics, Si3N4-

based ceramics, SiAlON-based ceramics, and cermet tool materials. 

2.9.2 Manufacturing Processes for Ceramic Cutting Tools 
The most tried and tested manufacturing approach for manufacturing ceramic cutting tools, 

relies upon the hot isostatic pressing of finely ground ceramic powders at a high temperatures 

and pressures. Jack et al. [59] state that sufficiently dense cutting tool inserts can be produced 

from α-silicon nitride powder at a isostatic pressures of 30 MPa in graphite dies at 1700-1800°C, 

which results in a β-silicon aluminium oxynitride cutting tool. 

2.9.3 Silicon Nitride Based Ceramics 
At present there is large variety of non-oxide ceramic cutting tools, which are based on silicon 

nitride that are widely available. Current silicon nitride cutting tool materials can be arranged into 

two groups, the first group is silicon nitride and other group is SiAlON tool materials. Silicon 

nitrides cutting tools have high strength, high fracture toughness and very high resistance to 

thermal shock, which is due to low expansion properties of SiAlON materials. Silicon nitride 

ceramic tools at present can be manufactured with different quantities of elements that can used 

for different machining applications. Jack et al. [59] goes onto state that additives such as 

yttrium oxides are added to reduce the porosity of silicon nitride cutting tools via the promotion 

and of glasses phases. 
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2.9.4 Silicon - Aluminium - Oxy - Nitrides (SiAlONs) 

When silicon nitride (Si3N4) is subjected to a substitution process where aluminium and oxygen 

can be substituted for silicon and nitrogen, a group of tough, highly abrasion-resistant ceramics 

are created. Table 2.3 compares the properties of other ceramic cutting tool materials and the 

standard K10 tungsten carbide grade with SiAlON.  

Table 2.3. Comparison of different cutting tool material properties. [58] 

Silicon nitride powder compacts are sintered to full density using combinations of rare-earth 

oxides such yttrium oxide (Y2O3) and alumina sintering aids, which helps take a porous matrix of 

silicon aluminium oxynitride powder and form a dense ceramic material. The high hot hardness, 

thermal shock resistance and excellent wear-resistance characteristics of SiAlONs allow for 

improved machining capability when machining materials, such as nickel-based alloys. 

2.10 Coating Techniques for Ceramic Materials 
Objective 1e focuses on looking at the coating techniques for ceramic materials. One of the 

fundamental challenges with the application of ceramic cutting tools has been the unpredictable 

nature of brittle fracture. The other challenge relates to the amount of tool life that can be 

attained from a ceramic cutting tool, be it an insert or solid end-mill. Improving the fracture 

resistance and wear-resistance of SiAlON ceramics requires the right amount of β-Si3N4 (β-

SiAlON) and α-Si3N4 (α-SiAlON) to be sintered with yttrium oxide (Y2O3) to strengthen the 

overall microstructure of the SiAlON ceramic. Rosenflanz et al. [60] noted that adding the 

correct amount of β-Si3N4 (β-SiAlON) will improve the fracture resistance. The wear-resistance 

of SiAlON-based ceramics is usually acquired through the correct additions of α-Si3N4 (α-

SiAlON), due to its higher hardness.  
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The tooling substrate is heated by radiative heaters, a plasma is generated and then the 

substrate is cleaned via ion-etching. The deposition of the coating is controlled via reactive 

sputter ion-plating and then allowed to cool. Some of the earliest PVD-coated ceramic insert 

research was conducted by Gatto et al. [61] in 1997, which assessed the benefit of applying a 

chromium nitride (CrN) and TiAlN coating to a silicon carbide whisker-reinforced aluminium 

oxide cutting insert via PVD techniques.  

The next comprehensive study was conducted by Peng et al. [64] in 2003: the research focused 

on applying titanium nitride (TiN) films with pulsed high energy density plasma techniques. The 

research conducted by Peng et al concluded that the adhesive strength of the TiN film coating 

onto the silicon nitride ceramic cutting tool substrate provided satisfactory results. The pulsed 

plasma coating technique also allowed the TiN film coating to attain a very high critical load up 

to 80 milli-Newton mN, measured by a nano-scratch tester.  

Another comprehensive study focused on applying a multi-layered coating via PVD techniques 

was conducted by Dobrzański et al. [65] in 2004. It focused on understanding the structure and 

properties of applying PVD titanium-aluminium-silicon nitride (TiAlSiN) coatings to silicon nitride 

(Si3N4) ceramic cutting tool substrates.  

The principle aims of the research looked to establish which coating had the best adhesive 

properties and wear-resistance characteristics. Applying protective wear resistant coatings via 

PVD techniques, produces very hard, wear resistant coatings that have prolonged the longevity 

of ceramic cutting tools. However, very hard PVD coatings are more susceptible to chipping and 

flaking due to their hard coating microstructure, especially if the tool/coating interfacial layer 

suffers from poor interfacial bonding between the ceramic substrate and interfacial layer [65]. 

Similar research conducted by Soković et al. [66] in 2005 and Dobrzański et al. [67] in 2006, 

focused on discussing the tribological characteristics of coatings that have been applied with 

PVD and CVD techniques, conclusions from which stated that CVD coatings attained higher 

adhesion characteristics when applied to the ceramic cutting tool substrates, when compared 

with to PVD coatings.  

The multi-layered CVD coatings that were applied to the aluminium oxide + silicon carbide 

whisker (Al2O3 + SiC(w)) and silicon nitride (Si3N4) increased the tool life of the insert when 

compared to PVD coatings which had been applied to the same ceramic tool substrate. The 

PVD coatings suffered from poor adhesion characteristics and as a result, attained critical load 

values far lower than the CVD coatings. Dobrzański et al concluded that one of the main 
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reasons for the CVD coating having higher adhesion strength was down to the high temperature 

heat activated processes that create the coating-forming elements. 

Recent research has highlighted that applying a coating to a ceramic insert can improve its 

strength. The research conducted by Staszuk et al. [68] in 2017 and Volosova et al. [69] in 2018 

state that adding the following PVD coatings, titanium nitride (TiN), aluminium nitride (AlN), 

diamond like coating (DLC), titanium zirconium nitride (TiZrN), titanium chromium aluminium 

nitride (TiCrAlN), to the surface of SiAlON, Al2O3 + TiC and Al2O3 + SiC ceramic cutting tool 

inserts can improve the tool life by as much as 50%. Staszuk et al noted that covalent 

interatomic bonds of the isomorphic AIN coating, exhibited much better adhesion to SiAlON 

inserts than the isomorphic TiN coating.  

Something that has also taken place in parallel to the improved coatings is the PVD coating 

techniques themselves. Baptista et al. [70] claim that PVD techniques have continued to be in a 

constant state of evolution from improved energy consumption to better reactor designs. As a 

result of these improvements, better coating adhesion characteristics are more easily attained, 

leading to improved capability of the coatings. Figure 2.19 shows a schematic of two 

conventional PVD techniques that are utilised to coat ceramic cutting tools. 

 

Figure 2.19. Schematic of two conventional PVD processes (a) Sputtering PVD technique and (b) 
evaporating PVD technique using ionized Argon (Ar+) gas. [70]  

In the last five years, nano-scale coatings have found precedence as they deliver even greater 

control, reliability, and tool life. Grigoriev et al. [71] mention that the application of PVD multi-

layered composite coating to mixed ceramic (Al2O3) cutting tools can deliver increased wear-

resistance and better tool reliability, which is important when companies consider using ceramic 

cutting tools. 
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2.10.2 Chemical Vapour Deposition Techniques 
Another way of applying a coating to a cutting insert involves using chemical vapour deposition 

(CVD) techniques. Fukui et al. [72] claim the application of thin ceramic film coatings to protect 

cutting inserts began in 1969, when West German company, Krupp, began using CVD 

techniques to deposit titanium carbide (TiC) film coatings onto tungsten carbide cutting tools. 

The commercialization of CVD in the 1970s, when the titanium nitride (TiN) and titanium carbo-

nitride (TiCN) coatings were first applied to tungsten carbide cutting tools. Fukui et al clarify that 

CVD techniques form coatings whereby chemical reactions take place at temperatures close to 

1000°C inside a chamber. 

Such high temperature chemical reactions produce residual stresses in the thin film coating due 

to the difference in thermal expansion coefficient between the cutting tool substrate and the thin 

ceramic film coating. Fukui et al further state the CVD coating process produces uniform 

coatings with excellent adhesion characteristics. CVD coatings have high purity and high 

crystallinity, and multi-layer coating can be achieved with ease. Table 2.4 highlights some of the 

benefits that CVD coatings have compared to PVD coatings. 

Table 2.4. Comparison between CVD and PVD method. [72] 
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The benefits of using ceramic cutting tools for machining cast iron, steels and super-alloys have 

been apparent for 30 years. Thus, researchers are continuing their pursuit of improving the wear 

capability and reliability of ceramic cutting inserts, as increased interest, and demand from 

industry for greater tool life continue to grow.   

SiAlON ceramic cutting inserts have found great acceptance in the automotive sector for 

machining grey cast iron brake discs. Early research that is relevant to this research which had 

took place in the mid 1990’s, suggest applying a CVD titanium oxy-carbide coatings to Al2O3 

index-able inserts resulted in considerable improvements in tool life [78]. Some of the recent 

research has focused on applying CVD TiN-Al2O3 coatings to a SIAlON cutting tool delivered a 

three-to five-fold increase in tool life when machining grey cast iron with continuous and varied 

depth of cuts. The results demonstrated the CVD TiN-Al2O3 coating improved the wear and 

oxidation resistance of the SiAlON inserts and improved resistance to crack propagation. The 

SiAlON inserts’ resistance to crack propagation was enhanced with a CVD TiN-Al2O3 coating, 

due to the elimination of grinding marks and potential stress concentration formed during the 

insert manufacturing process [79]. 

An interesting aspect of chemical vapour deposition coatings has been the application of 

monolayer-micrometric (MN-MCD), monolayer–sub-micrometric (MN-SMCD) and multilayer-

micrometric (MT-MCD) diamond films. Chen et al [80] discuss applying MN-MCD, MN-SMCD 

and MT-MCD super hard diamond film coatings onto silicon nitride with hot filament chemical 

vapour deposition (HFCVD). The research concluded that MT-MCD diamond film coatings 

attained low friction coefficients and high wear-resistance.  

Pierson et al. [77] state two common reactions for creating titanium nitride (TiN) which is 

highlighted in red in Equations 2.7 and 2.8. The CVD reactants are titanium tetrachloride 

(TiCl4), nitrogen gas (N2), ammonia (NH3), hydrogen (H2), hydrogen chloride (HCl). 

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (1)  𝑇𝑖𝐶𝑙4 +  ½𝑁2 +  2𝐻2 →  𝑇𝑖𝑁 +  4𝐻𝐶𝑙    Equation 2.7 

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (2) 𝑇𝑖𝐶𝑙4 +  𝑁𝐻3 +  0.5𝐻2 →  𝑇𝑖𝑁 +  4𝐻𝐶𝑙𝐸        Equation 2.8 

Reaction 1 takes place at a temperature from 900°C to 1200°C , with the best results obtained 

at 1000 °C. Reaction 2 takes place at a temperature from 480°C to 700°C. Pierson et al. [77] 

state a common reaction for creating titanium carbo-nitride (TiCN) which is highlighted in red in 

Equation 2.9.  

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (3) 𝑇𝑖𝐶𝑙4 +  𝑥𝐶𝐻4 +  ½(1 − 𝑥)𝑁2 +  2(1 − 𝑥)𝐻2 →  𝑇𝑖𝐶𝑥𝑁1 − 𝑥 + 4𝐻𝐶𝑙  Equation 2.9 



35 

Reaction 3 takes place in a hydrogen (H2) atmosphere at a temperature of approximately 

1000°C. Pierson et al. [69] state a common reaction that takes place via the hydrolysis process 

of aluminium trichloride. This process is used for the deposition of aluminium oxide (alumina), 

highlighted in red in Equation 2.10. 

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (4)  2𝐴𝑙𝐶𝑙_3  +  3𝐻_2  +  3𝐶𝑂_2  →  𝐴𝑙_2 𝑂_3  +  3𝐶𝑂 +  6𝐻𝐶𝑙  Equation 2.10 

The CVD reactants are aluminium trichloride (AlCl3), carbon monoxide (CO), hydrogen chloride 

(HCl). Reaction 4 is based on a classic water-gas reaction which takes place in an excess 

hydrogen atmosphere; the optimum temperature of the reaction takes place at 1050°C at low 

pressure. 

The species transport and reaction sequence which takes place during chemical vapour 

deposition, is a complex process and is illustrated schematically in Figure 2.21. The reactant 

gases that are used to create α-Al2O3 CVD coatings involve the utilisation of aluminium 

trichloride (AlCl3), carbon monoxide (CO), hydrogen chloride (HCl). The gas phase reaction will 

take place and species will diffuse to the surface of the substrate from the boundary layer. 

Once the species have transported to the surface of the substrate there will be reactions with 

the substrate. If the activation energy is high enough the valence electrons will begin to 

exchange, and this starts the absorption of reactants into the surface of heated substrate. 

Further chemical reactions will take place and homogenous nucleation will take place and the 

island will start to grow in the interfacial layer. Then the desorption of the species take place and 

is removed with gaseous by-products. 

Figure 2.21. Transport and reaction sequence during CVD. [77] 
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2.11 Coating Selection for Ceramic Cutting Tools 
Objective 1f focuses on looking at the coating selection process for protecting ceramic cutting 

inserts. Protective coatings have been adopted for improving the wear, oxidation, and chemical 

resistance of cutting tools since the 1970s. Bobzin et al. [81] discuss the historical development 

of CVD and PVD processes and the necessary process of improvement, allowing for continuous 

improvements in cutting tool performance. Coating selection is heavily influenced by the 

dominant failure mechanisms that the coating is likely to experience during the machining 

process. Figure 2.22 shows graphically types of tool failure mechanisms based on cutting speed 

temperatures. Figure 2.22 also influences what type of coating materials will be necessary to 

resist this mechanism of tool failure. 

Figure 2.22. Dominant failure mechanisms influencing cutting tools depending on the cutting temperature. 
[81] 

2.11.1 Material Selection for Protective Coatings 
Material selection for hard wear-resistant protective coatings is of paramount importance. 

Materials selected for coatings should be suited to the final machining application. Coatings 

selected for the purpose of protecting SiAlON cutting tools need to include material elements, 

which adhere to the surface of the SiAlON cutting tool and provide increased resistance to 

abrasion, oxidation, and thermochemical wear, such as diffusion wear. As a result, the types of 

materials that are best suited to wear-resistant coatings and the chemical in bonding 

characteristics of such compounds [82]. Figure 2.23 shows the layer configuration that is 

typically used for coating tungsten carbide inserts. 
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Table 2.5. Characteristics of the PVD and CVD coatings deposited on the sintered tool materials. [76]  

1) Chemical composition (mass concentration. of elements, %): C 0,80; N 2,00; Ti 48,70; Ta 13,50; Ni 
4,70; Co 8,60; W 21,65. This image has been removed by the author of this thesis for copyright reasons

2) Commercially available inserts from various manufacturers.

The critical load (Lc N) values captured in Table 2.5 clarify that CVD coating techniques create 

more robust coatings when applied to Si3N4 cutting tools. The Lc N values highlighted in Table 

2.5 are the main way of testing the adhesion strength of the coating. 

2.11.3 Adhesion Characteristics of Coatings 
The adhesion strength of a protective coating is a key characteristic that determines how long a 

coating will essentially stay on the surface of the cutting tool substrate. Determining key 

adhesion characteristics becomes a key part of this research and is discussed at length 

later in this Thesis. The coating of ceramic cutting tools has been around since the 1980s 

however coating ceramics with good adhesive properties has been a challenge.  

A series of methodologies have been developed to test the adhesive characteristics and 

toughness of a hard coating and thin films. Nano-indentation techniques are utilised to test the 

bond strength between the tooling substrate and the hard coating/film. Scratch testing is utilised 

to evaluate the adhesion of a coating to the tool substrate Increased acoustic emissions are 

used to determine when and to what degree the coating has failed [85]. As a result of in depth 

tribological testing for ascertaining adhesion, it is CVD coatings that clearly attain better 

adherence to Si3N4 cutting tool substrates due to the thermically activated chemical reactions 

that take place at high temperature of 1000°C [67]. 
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Table 2.6 compares the coating capability of CVD, ALD and PVD coating techniques and 

highlights which technique has the potential for applying a reliable coating onto a ceramic insert. 

Table 2.6. Attribute comparison of CVD, ALD, and PVD processes (M= molecular beam epitaxy, S= 
sputtering, E= evaporation, P = pulsed laser deposition). [87]  This image has been removed by the author of this 
thesis for copyright reasons

The benefits of using atomic layer deposition (ALD) techniques for creating improved grain 

structure of CVD and PVD coatings, which correlates in greater control of the mechanical 

properties of the coating can be attained [87], [88].  

2.11.4 Evolution of CVD Coating Microstructure 
The refinement of the microstructure of a protective wear resistant coatings has gained a lot of 

prevalence in the last 15 years. Figure 2.25 shows the improvement in the textured α-Al2O3 

CVD coating microstructure from a crystallographic point of view [89]. 

Figure 2.25. Cross-sections of CVD Al2O3 coatings investigated; α-Al2O3 〈0001〉 texture (a), α-Al2O3 

〈101¯2〉 texture (b), α-Al2O3 〈101¯2〉 stronger texture (c), α-Al2O3 〈101¯4〉 texture (d) and κ-Al2O3 (e). [89] 

Early research concluded that controlling the orientation and texture of the α-Al2O3 coating 

demonstrated lower rates of wear when compared to κ-Al2O3. The lower rates of wear for highly 

textured α-Al2O3 coating, are thought to be due to the controlled microchipping and deformation 

rates of the texture microstructure in the 1014 basal plane [89]. Figure 2.26(a) shows a 

This image has been removed by the author of this thesis for copyright reasons
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Figure 2.28. SEM secondary electron micrographs showing the surface morphologies of the α-alumina 
coatings. (a) and (b) The basal plane (0001) is parallel to the surface. (c) The prismatic plane (011¯0) is 

parallel to the surface. [91] 

When the textured α-Al2O3 coatings are grown parallel to the surface, the coating microstructure 

exhibits very high resistance to deformation. The high resistance to deformation will be an 

important tribological characteristic for future coating systems that are analysed in detail in 

Chapters 5, 6 and 7 of this thesis. 

2.12 Summary 
This chapter has endeavoured to give a comprehensive appreciation of the literature that have 

supported the decisions that have been taken throughout the course of research. This chapter 

has presented and reviewed previous work which is thought to be relevant to the application of 

this thesis. SiAlON’s as a cutting tool material exhibit a series of impressive mechanical 

characteristics, which makes it highly effective at machining of nickel based superalloys at high 

cutting speed and attaining high material removal rates. The high potential material removal 

rates allow for high levels of productivity. However, the effective productivity which can be 

attained when using SIAlON milling inserts is inhibited by the rapid rates of tool wear.  

While there has been significant previous research in the fields of ceramic cutting tool 

development, the wear mechanisms of associated ceramic cutting inserts and coating 

development. It is evident that a fundamental knowledge gap does exist in regard to the cutting 

performance of coated SiAlON milling inserts. Specifically, SiAlON milling inserts which are 

used to machine nickel-based alloys. Therefore, a significant proportion of this investigation will 

concentrate on understanding the benefits of depositing a series of protective wear resistant 

coatings on to the surface of the SiAlON milling inserts. 

This image has been removed by the author of this thesis for copyright reasons
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Chapter 3 Experimental Techniques and Methods 
 

3.1 Introduction 
After assessing previous studies that have been completed in this field, with a primary focus on 

the challenges that are discussed in the Chapter 1. It is evident that representative data needs 

to be collated, in order to define the benefit of applying specific coating systems for protecting 

SiAlON milling inserts, when machining nickel based super alloys. Therefore, this chapter 

focuses on the design and implementation of machining trials, coating characterization and 

development, which is intended to provide the datasets and in-depth analysis for subsequent 

chapters.  

Prior to main EngD research being conducted, the first experiment involved a preliminary 

machining trial which was conducted on a CNC turning centre with same CTIS710 SiAlON 

grade that was utilized throughout the milling inserts wear trials. The preliminary machining trial 

provided valuable experience and understanding of how composite ceramic cutting tools 

degrade and wear when machining nickel-based alloys and the influence on chip formation and 

metallurgical expects, which are discussed in depth in later chapters of this thesis. Three top-

level tables give an overall understanding of the experimental machining trials that have been 

completed during the course of this engineering doctorate is given in Table 3.1, Table 3.2 and 

Table 3.3. 

Table 3.1. All completed turning EngD machining trial experiments. 

 
Experiment 

No 

 

Test 
No 

 
Machining 
Operation 

Tool 
Material  

Bar 
Sections 
Machined 

Cutting 
Speed 

(m/min) 

Feed rate fz 
(mm/tooth) 

Depth of 
Cut (Ap) 

mm 

Radial 
Engagement 

(ae) (mm) 

 
One 

T1.1, 
T1.2 

 
Turning  

SiALON 
Grade 1481 

1-1 to 1-2 250 0.20 2.0 N/A 

 
One 

T2.1, 
T2.2 

 
Turning 

SiALON 
Grade 1481, 
chamfered 

2-1 to 2-2 250 0.20 2.0 N/A 

 
One 

T3.1, 
T3.2 

 
Turning 

CTIS710 
SiAlON 

Uncoated 
3-1 to 3-2 250 0.20 2.0 N/A 

 
One 

T4.1, 
T4.2 

 
Turning 

WRA 
Alumina 

4-1 to 4-2 250 0.20 2.0 N/A 

 
One 

T5.1, 
T5.2 

 
Turning 

SiALON 
Grade 1481 

5-1 to 5-2 300 0.20 2.0 N/A 

 
One 

T6.1, 
T6.2 

 
Turning 

SiALON 
Grade 1481, 
chamfered 

6-1 to 6-2 300 0.20 2.0 N/A 

 
One 

T7.1, 
T7.2 

 
Turning 

CTIS710 
SiAlON 

Uncoated 
7-1 to 7-2 300 0.20 2.0 N/A 

 
One 

T8.1, 
T8.2 

 
Turning 

WRA 
Alumina 

8-1 to 8-2 300 0.20 2.0 N/A 
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Table 3.2. All completed 3-axis milling EngD machining trial experiments. 

Experiment 
No 

Test 
No 

Machining 
Operation 

Tool 
Material 

Bar 
Sections 
Machined 

Cutting 
Speed 

(m/min) 

Feed rate fz 
(mm/tooth) 

Depth 
of Cut 
(Ap) 
mm 

Radial 
Engagement 

(ae) (mm) 

Two M1 
3-axis Milling

CTIS710 

SiAlON 

Uncoated 

1-1 to 1-4 700 0.1 1.0 30 

Two 
M2 

3-axis Milling
CTIS710 

SiAlON +Type 

A Coating 

1-1 to 1-2 700 0.1 1.0 30 

Two 
M3 

3-axis Milling
CTIS710 

SiAlON +Type 

B Coating 

1-1 to 1-4 700 0.1 1.0 30 

Two 
M4 

3-axis Milling
CTIS710 

SiAlON 

Uncoated 

2-1 to 2-5 800 0.1 1.0 30 

Two 
M5 

3-axis Milling
CTIS710 

SiAlON +Type 

A Coating 

2-1 to 2-5 800 0.1 1.0 30 

Two 
M6 

3-axis Milling
CTIS710 

SiAlON +Type 

B Coating 

2-1 to 2-4 800 0.1 1.0 30 

Two 
M7 

3-axis Milling
CTIS710 

SiAlON 

Uncoated 

3-1 to 3-5 900 0.1 1.0 30 

Two 
M8 

3-axis Milling
CTIS710 

SiAlON +Type 

A Coating 

3-1 to 3-4 900 0.1 1.0 30 

Two 
M9 

3-axis Milling
CTIS710 

SiAlON +Type 

B Coating 

3-1 to 3-2 900 0.1 1.0 30 

Two 
M10 

3-axis Milling
CTIS710 

SiAlON 

Uncoated 

4-1 to 4-4 1000 0.1 1.0 30 

Two 
M11 

3-axis Milling
CTIS710 

SiAlON +Type 

A Coating 

4-1 to 4-4 1000 0.1 1.0 30 

Two 
M12 

3-axis Milling
CTIS710 

SiAlON +Type 

B Coating 

4-1 to 4-2 1000 0.1 1.0 30 

Two M13 3-axis Milling

CTIS710 

SiAlON +Type 

B Coating 

'Retest' 

2-1 to 2-3 800 0.1 1.0 30 

Four 
M14 

3-axis Milling

CTIS710 

SiAlON +Type 

C Coating 

2-1 to 2-3 800 0.1 1.0 30 

Four 
M15 

3-axis Milling

CTIS710 

SiAlON +Type 

C Coating 

3-1 900 0.1 1.0 30 
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Table 3.3. All completed 5-axis milling EngD machining trial experiments. 

 
Experiment 

No 

 

Test 
No 

 
Machining 
Operation 

Tool 
Material 

Bar 
Sections 
Machined 

Cutting 
Speed 

(m/min) 

Feed rate fz 
(mm/tooth) 

Depth 
of Cut 
(Ap) 
mm 

Radial 
Engagement 

(ae) (mm) 

 
Four 

M16A 
 

5-axis Milling 
CTIS710 

SiAlON 

Uncoated 
1-4, 5-8 840 0.06 1.5 35.5-10.0 

 
 

Four M16B 

 
5-axis Profile 

Milling 

 

CTIS710 

SiAlON 

Uncoated 
9-11, 12 880 0.07 1.0 26.14-7.0 

 
 

Four M17A 

 
5-axis Milling 

CTIS710 

SiAlON 

+Type C 

Coating 

1-3, 4-6, 7-8 840 0.06 1.5 35.5-10.0 

 
 

Four M17B 

 
5-axis Profile 

Milling 

 

CTIS710 

SiAlON 

+Type C 

Coating 

9-10, 11-12 880 0.07 1.0 26.14-7.0 

As introduced in Section 1.1 and 1.2, the main drive of the research is focused on developing an 

understanding of the benefits of applying a CVD coating onto the surface of silicon aluminium 

oxynitride ceramic cutting tools, when milling Inconel 718. Therefore, to understand these 

benefits, a thorough understanding of the wear and failure mechanism of certain ceramic 

materials is required. The wear mechanisms which are exhibited by the ceramic material, is 

matched in parallel with detailed understanding of what materials and microstructures can 

potentially improve wear resistance and tool life. The different experimental techniques that 

were utilised for each of the chapters are captured in Table 3.4. 

Table 3.4. Experimental Techniques for each chapter. 

 
 

Chapter 
No 

 

Experiment 
No 

 
Round 

Insert Wear 
Technique 

Tool Life 
Characterisation 

Technique 

Scratch 
Testing 

Technique 

Pin-on-
Disc 

Technique 

Non-contact 
3D 

Profilometer 
Imaging 

Digital 
Imaging 

Technique 

 
Four One 

 
Yes No No No Yes Yes 

 
Five 

Two 

 
Yes 

Yes No No Yes No 

 
Six 

Three 

 
No 

No Yes Yes Yes No 

 
Seven 

Four 

 
Yes 

Yes No No No Yes 
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3.2 Tool Wear and Life Characterization 

3.2.1 Round Insert Wear Technique 
Machining nickel-based alloys such as Inconel 718 generates significant amounts of thermal 

energy in the chip/tool interface for round geometry button inserts. Round geometry button 

inserts will be utilised in Experiment One, Two and Four. Inconel 718 exhibits high temperature 

mechanical strength properties, high resistance to deformation and low coefficient of thermal 

conductivity, which in turn creates a very challenging environment for cutting tool materials. 

Tungsten carbide (WC-Co) cutting tools are regularly utilized to machine complex, expensive 

and safety critical components either via milling or turning operations.  

The influence of this extreme machining environment is captured in the research conducted by 

Jadam et al. [92]. The machinability characteristics of PVD coated cermet’s and PCBN 

(Polycrystalline Cubic Boron nitride) materials in comparison to uncoated WC-Co tools. The 

WC-Co, Cermet and PCBN all suffer from high amounts of notch wear and rake face wear. 

Ceramic cutting tools exhibit different mechanical characteristics to WC-Co, Cermet and PCBN 

cutting tools.  

Ceramic cutting tools materials such as silicon aluminium oxynitride (SiAlON) have high hot 

hardness, chemical inertness, very high oxidation resistance and high resistance to thermal 

expansion and fracture. SiAlON ceramics can used to machine nickel-based alloys at cutting 

speeds of 1000 m/min in high milling operations. Machining nickel-based alloys at cutting 

speeds of up to 1000 m/min results in significant amounts of tool wear in a matter of minute as 

stated by the research conducted by Guo et al. [93]. But the very high cutting speeds are 

complimented with high feed rates, which culminates into high metal removal rates (MRR), 

which is the principal reason for using ceramic cutting tools. 

Insert wear measurements with round inserts are principally focused on the flank face, although 

rake face wear is still important measurement to capture. The flank wear measurement value 

can determine the level of tool life that can be attained with round geometry button inserts. 

Round geometry button inserts will be utilised later experimental activities in Experiment One, 

Two and Four. The flank wear measurements can also signify where inherent insert failure 

initiates from and how much material can be removed before the insert must be replaced. The 

cutting edges which are involved in face milling operations are captured in Figure 3.1.  





This image has been removed by the author of this thesis for copyright reasons
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The process of cutting tool degradation is depicted in Figure 3.4, whereby the cutting tool 

material wears in a three-stage process.  

The initial wear region is usually small, the steady wear region is much larger and encapsulates 

the main flank wear measurements. The severe wear region is also small and will have the final 

flank wear measurement. The three-stage wear process is particularly evident later on in 

the results Section 5.4 and Section 7.5. 

Figure 3.4. Variation of the flank wear rate with cutting time, showing the initial wear, steady wear, and 

severe wear periods. [44]  

3.3 Coating Selection Process for Experiments 

3.3.1 Coating Selection Process for Experiment Two 
As discussed earlier in Section 2.11, the selection of protective wear resistant coatings for 

demanding cutting tool applications are influenced primarily by the cutting conditions. Coating A 

was a typical CVD coating system that was typically used by Ceratizit for coating tungsten 

carbide inserts. Therefore, Coating A was used for comparative needs. For the coating selection 

process for Coating B, results from an in-depth literature review were utilised. The research that 

has been completed previously that focused on the depositing wear resistant coatings onto the 

ceramic inserts [66], [67], [95], had a big influence on the what coating elements should be 

selected for Coating B. The research conducted by Dobrzanski et al concluded that CVD 

coating TiN + Al2O3 attained the best critical load (Lc) values and exhibited the least amount of 

flank wear (VBB).  

This image has been removed by the author of this thesis for copyright reasons
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Based on the results from the literature review aluminium oxide and titanium nitride was 

selected for Coating B. Aluminium oxide (Al2O3) was selected as it has high thermodynamic 

stability, high hot hardness, high resistance to chemical wear and exhibits high adhesion to 

SiAlON ceramic. Titanium nitride (TiN) was selected based on the high wear resistance and 

resistance to deformation. Al2O3 and TiN are also readily used by Ceratizit on an industrial 

production level, which meant the costs associated with introducing these CVD coated SiAlON 

inserts into production would be small. Figure 3.5 highlights the multilayer and bilayer coating 

systems for Coating A and Coating B and mechanical characteristics of each coating element. 

 

Figure 3.5. Experiment two coating microstructure and mechanical characteristics. [96] 

3.3.2 Coating Selection Process for Experiment Four 
The selection process for Coating C was influenced by the results that were attained in the 

machining trials in Chapter 5 and coating characterization in Chapter 6. Figure 3.6 highlights the 

single layer coating system that was selected for Coating C and the mechanical characteristics 

of a single layer of amorphous Al2O3.  

A single layer system was selected for Coating C, as there was a desire to improve the wear 

deformation characteristics of the Coating C CVD coating. In the previous coating systems that 

were used for Coating A and B, the CVD layers that made up the coating system varied from 

0.5 µm - 2 µm thick. The premise with Coating C, was to use a single 6.5 µm thick amorphous 
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Al2O3 CVD coating. It was hoped that a thicker CVD coating would have more structural stability 

and have better resistance to deformation at high cutting temperatures. 

Figure 3.6. Experiment Four coating microstructure and mechanical characteristics. 

3.4 Metallurgical Sample Preparation 

3.4.1 Metallographic Polishing 
Bakelite is an electrically conductive materials which is moulded around four swarf chip 

samples. The low electrical conductivity properties of Bakelite help to view electrically 

conductive samples with either a scanning electron microscope or transmission electron 

microscope.  

In order for the Inconel 718 microstructure to be analysed, the Bakelite samples had to be 

mounted in Buehler simplimet 1000 automatic mounting press and prepared via grinding and 

polishing operations on the Buehler auto-met 250 machine. Carbi-met 320 [P400] 35-micron grit 

size pad, carbi-met 400 [P800] 22-micron grit size pad and carbi-met 600 [P1200] 15-micron grit 

size pads.The polishing sequence that was utilized to polish the mounted Bakelite chip samples 

are stated in Table 3.5. 

Table 3.5. Metallographic Polishing Sequence for Inconel 718 Mounted Samples. [97] 

This image has been removed by the author of this thesis for 
copyright reasons
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3.5 Imaging Techniques and Analysis  

3.5.1 Non-contact 3D Profilometer (Focus-Variation Type) 
To study the wear of SiAlON milling inserts during and after machining trials and after the 

scratch tests had been completed, an Alicona SL non-contact profilometer was used. The 

orientation of the worn SiAlON milling inserts was either kept on a flat surface to take top-down 

images of the wear regions or the SiAlON milling inserts. 

3.5.2 Digital Imaging Techniques 
To study the wear of SiAlON milling inserts and Inconel 718 chip morphology during and after 

the machining trials had been completed, a Keyence digital microscope and Leica digital 

microscope was used.  

3.5.3 Scanning Electron Microscopy (SEM) 
To study microstructures at higher magnifications, a Hitachi TM3030 Plus scanning electron 

microscope (SEM) was used to capture images of coated inserts that had been subjected to 

micro scratch testing. The Hitachi TM3030 SEM was also used to take images at different 

magnification to analyze the level of deformation that the swarf chip samples had sustained. 

The setup that was utilized for capturing the SEM images of the scratched SiAlON inserts is 

seen in Figure 3.7. 

 

Figure 3.7. (a) SEM scratched SiAlON insert setup, (b) scratched insert on 45 degrees insert support, (c) 
z-axis sample setup. 
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3.6 Micro-scratch Testing Technique of Thin Film Coatings 
Determining the minimum and maximum adhesion and mechanical failure characteristics of thin 

film coatings is paramount in determining useful life of the coating. The process of improving of 

improving the coating is based on the data that is extracted from micro-scratch testing 

techniques. These techniques for this tribological research were conducted to ASTM:C1624-22. 

This standard provides the framework to which the micro-scratch testing should be conducted 

to. Figure 3.8 graphically shows the micro scratch process where a diamond stylus is moved in 

a linear direction whilst an applied normal force is increased. As the applied normal force is 

increased the progressive damage increases. 

Figure 3.8. Micro Scratch Test Method Schematic. [98] 

An example of the scratch test setup is shown in the schematic in Figure 3.9. This specific test 

standard is applicable to a wide range of hard ceramic coatings with a composition consisting of 

carbides, nitrides, oxides, diamond, and diamond-like carbon that have been deposited on 

ceramic and metal substrates. The test provides an engineering measurement of the practical 

adhesion strength of the coating. Evaluation of the adhesion characteristics of both coatings 

was investigated on each of the inserts using the scratch test on the Bruker UMT Tribo-lab 

device, by moving the diamond stylus along the examined specimen’s surface with a gradually 

increasing load (0-100 N; 100 N/min). 

This image has been removed by the author of this thesis for copyright reasons
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The level of wear that the disc and pin/ball sustain during the test will depend on the mechanical 

properties of the both the disc and pin/ball. For the tests that have been conducted for this 

research project, the standard ASTM G99-17: Standard test method for wear testing with a pin 

on disk apparatus was adopted to provide a framework to for testing the wear characteristics for 

the two CVD coated SiAlON inserts. 

3.8 Experiment One Method 
The aim of Experiment One has been to look at comparing the wear characteristics of four 

different ceramic turning inserts at cutting speeds of 250 m/min and 300 m/min, when machining 

solution annealed Inconel 718 (AMS5662). The focus of Experiment One has been to determine 

which ceramic tool material exhibits the highest wear resistance. The ceramic tool that exhibits 

the highest wear resistance was selected for the rest of the experimental trials. 

3.8.1 Experiment One - Machining Operations (Test No T1.1-T8.2) 
A machining trial was conducted on a high precision turning machining centre (a DMG MORI 

NLX2500/700), fitted with a high-pressure coolant delivery system, this was used throughout 

Experiment One. A refractometer was used throughout the machining trial experiments to take 

measurements of the cutting fluid (Blaser-Swisslube Vasco 7000 water-miscible, vegetable 

ester based, high performance cutting fluid). The cutting fluid concentration level was monitored 

and maintained at 10%. Flood cutting fluid supply was used in all the eight sets of test cuts and 

kept at 2 MPa pressure. 

3.8.2 Experiment One - Tool Materials  
Two different type of ceramic turning inserts SiAlON ceramic turning inserts tools were used 

during the machining trial and they were held in the machining centre by the supplier-

recommended tool holder (a CRGNL 2525 M12-07) for external turning operations. The two 

grades of ceramic that were used in the machining trial have slightly different material 

characteristics. The typical properties of whisker-reinforced alumina (Al2O3+ SiCw) ceramic 

inserts and silicon aluminium oxynitride (SiAlON) ceramic inserts can be viewed in Table 2.3. G. 

Brandt et al [56] discuss in their research the route of manufacture of whisker-reinforced 

alumina inserts. The hot-pressing process generates a high strength anisotropic whisker 

distribution of silicon carbide, which is preferably perpendicular to the face of the insert. The 

SiAlON inserts are a substitutional solid substitution of silicon nitride, aluminium oxides, and 

yttrium oxide. The cutting conditions for experiment one can be viewed in Table 3.6. 



 

56 
 

3.8.3 Experiment One Cutting Conditions (Test T1.1-T8.2) 
Each combination of tool material and process parameters was tested twice, as can be seen in 

Table 3.6. Test cut numbers T1.1-T1.2, T2.1-T2.2, T3.1-T3.2 and T4.1-T4.2 were conducted at 

250 m/min, with a feed rate of 0.20 mm/rev and constant depth of cut (Ap) of 2.0 mm. Test 

numbers T5.1-T5.2, T6.1-T6.2, T7.1-T7.2 and T8.1-T8.2 were conducted at 300 m/min, with a 

feed rate of 0.20mm/rev and constant (Ap) of 2.0 mm. For each of the test numbers, the (T) in 

front of the number represents turning test. 

Table 3.6. Cutting conditions for Experiment One. 

Test Cut 
number 

Tool material Insert 
Identification 

Letter 

Cutting 
Speed 

(m/min) 

Feed Rate 
(mm/rev) 

Depth of 
Cut (mm) 

Material 
Removal 

Rate 
(mm3/s) 

T1.1, T1.2 SiAlON Grade 1 A 250 0.20 2 160 

T2.1, T2.2 SiAlON Grade 1 
(chamfered) 

B 250 0.20 2 160 

T3.1, T3.2  SiAlON Grade 2 C 250 0.20 2 160 

T4.1, T4.2 Whisker - 
Reinforced 

Alumina 

D 250 0.20 2 160 

T5.1, T5.2 SiAlON Grade 1 A 300 0.20 2 200 

T6.1, T6.2 SiAlON Grade 1 
(chamfered) 

B 300 0.20 2 200 

T7.1, T7.2 SiAlON Grade 2 C 300 0.20 2 200 

T8.1, T8.2 Whisker – 
Reinforced 

Alumina 

D 300 0.20 2 200 

 

3.8.4 Experiment One - Workpiece material 
A single workpiece piece of solution-annealed (27HRC) Inconel 718 round bar, nominally 100.0 

mm diameter and 350.0 mm in length, was used In Experiment One. The solution annealing 

heat treatment was conducted 1021 – 1038°C. The chemical composition and mechanical 

properties of Inconel 718 (AMS5662) are given in Table 2.1 and Table 3.7.   

Table 3.7. Mechanical Properties of Inconel 718 (AMS5662).  

Yield stress 
(MPa) 

Tensile stress  
(MPa) 

Strain 
(%) 

Elastic 
modulus (GPa) 

Thermal conductivity 
(W/m K) 

Density 
(kg/m3) 

751 939 23.3 206 11.6 8470 

 

3.8.5 Experiment One - Tool Life Criteria (Test No T1.1-T8.2) 
The default conditions for tool failure are when tool flank wear scar is measured at 1.0mm or 

more. This tool flank wear limit was stipulated by ISO 3685:1993. 
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3.9 Experiment Two Method 
The aim of Experiment Two has been to look at comparing the machining performance of CVD 

coated and uncoated CTIS710 SiAlON milling inserts when machining aged hardened 

(AMS5663) Inconel 718 test samples. The focus of Experiment Two has been to determine the 

impact of hard protective coatings and their effectiveness on increasing the tool life and metal 

removal rates of SiAlON milling inserts. Four sets of milling insert wear test trials were 

conducted to ascertain the impact on tool life when applying a hard CVD coating to a CTIS710 

SiAlON milling insert. 

The milling insert wear tests consisted of using two CVD coated and uncoated milling inserts for 

each set. Each set of tests will adopt four different speeds and feed rates. A constant depth of 

cut of 1.0 mm was employed for each of the milling wear tests. The depth of cut was selected 

based on certain chip thickness (Hex) values which is discussed further in Section 3.9.3. A 

Kistler dynamometer will be utilised to measure the cutting forces during the machining process 

to clarify any variance between the uncoated and coated milling inserts. 

3.9.1 Experiment Two - Machining Operations (Test No M1-M13) 
The machining operations for this experiment took place on DMG Mori NVX5080 three axis 

machining centre. The machine structure of NVX 5080 2nd Generation including guideways has 

been thoroughly optimized to achieve high accuracy and high rigidity. The NVX5080 has a 

maximum spindle speed of 15000 min-1 and has Fx-axis, Fy-axis, and Fz-axis travel speeds of 

30000 mm-1. The milling operations were conducted in dry conditions, the NVX5080 local 

exhaust ventilation system was employed to remove unwanted dust before opening the access 

door. 

3.9.2 Experiment Two - Cutting Tool Path Selection and CAM Programming 
One of the most important processes which has a direct effect on the tool life and the types of 

wear mechanisms that the cutting inserts encounter, whilst cutting difficult to machine materials 

such as Inconel 718, is tool path selection and CAM programming. The custom cutting tool path 

highlighted in Figure 3.11 were designed to minimise fluctuations in the specific cutting forces 

that the inserts experienced during the machining trial. Each of the sections involved machining 

12-off 1.0 mm depth of cut (Ap). 
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Figure 3.11. Siemens NX CAM model assembly 3D view of cutting tool path. [100] 

3.9.3 Chip Thinning Effect 

Throughout the machining process the maximum chip thickness (Hex) must be maintained at a 

constant level to avoid fluctuations of specific cutting forces, which contribute to premature tool 

failure. Equation (3.1) was used to calculate a value that would prevent shocking the cutting tool 

during the machining process of each 1.0 mm Ap and insert diameter (IC) [101]. 

𝐻𝑒𝑥 = 𝐹𝑧 ×  √(4 ×
𝐴𝑝

𝐼𝐶
− (2 ×

𝐴𝑝

𝐼𝐶
)

2

)                                Equation 3.1 

Another important factor regarding the cutting forces is the spindle speed (S) (revs/min) and 

cutting speed (Vc) (m-min) this has a direct impact on the level of cutting force and quantity of 

heat that is being generated in the primary shear zone. The diameter (D) of the milling tool also 

has influential impact on the how quickly a milling tool can rotate governing the limitations of 

current spindle arrangement in the latest 5-axis milling machines and machining centres. 

𝑉𝑐 =  
𝜋∗𝐷∗𝑆

1000
                                    Equation 3.2 

An important factor in attaining the true cutting speed of the milling insert holder is to define the 

effective diameter (Deff) Insert radius (IR), depth of cut (DoC). 

𝐷𝑒𝑓𝑓 = 𝐷 − 2 ∗ 𝐼𝑅 + 2 ∗ √(𝐷𝑜𝐶 ∗ (2 ∗ 𝐼𝑅 − 𝐷𝑜𝐶)             Equation 3.3 
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Another machining parameter which also has a direct impact on cutting force is the table feed 

rate (fz). Maintaining a constant feed per tooth (FPT) value of 0.1 mm/rev is heavily influenced 

by the number of inserts (Z) and spindle speed (Vc).  

Fz = FPT * Z * Vc                                     Equation 3.4 

Figure 3.12 highlights how the chip thickness can change and very much depends on which Ap 

is adopted. A 30.0 mm radial engagement (ae) was used for each cut as this would help to 

maintain the chip thickness during the Experiment Two. A 30.0 mm radial engagement meant a 

complete section of material could be removed in one cut. The radial engagement has a direct 

on the specific cutting force that the insert experience during the machining process. Therefore, 

the radial engagement needs to be maintained where possible. 

 

Figure 3.12. Schematic representation of the chip thinning effect. [24] 

The selection of cutting speeds, feed rates, depth of cut, and radial engagement for Experiment 

Two, were influenced by the machining research which was conducted by AB Sandvik 

Coromant. Figure 3.13 displays a comparison between cutting speed (Vc) versus maximum chip 

thickness (Hex) and the potential wear effects on the cutting inserts and the workpiece material. 

The potential optimum (Hex) is captured in the grey ‘application’ box.  
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Figure 3.13. Cutting Speed (VC) versus Maximum Chip Thickness (Hex). [102] (Courtesy of AB Sandvik 

Coromant) 

3.9.4 Experiment Two - Tool Materials and Coatings 
The round SiAlON milling inserts will have a TiCN + Al2O3 multilayer coating (type A) and an 

optimised ceramic coating (Type B), both coatings were applied via chemical vapour deposition 

techniques at Ceratizit’s Ruette facility in Austria can be viewed in Table 3.8. The oxide coatings 

were deposited at a temperature of 1000°C, the deposition rate was 1-2 µm per hour. A MaxiMill 

A262.40.R.04-1204 insert holder and BT40 spindle were utilised for all the machining tests, 

which had a maximum cutting diameter of 40.0 mm.  Four inserts were used in each milling test.  

Table 3.8. Round insert grades to be tested in Experiment Two. 

Geometry Insert Grade Coating Grade Manufacturer 

Round (RNGN)  CTIS710 SiAlON  Uncoated  Ceratizit 

Round (RNGN)  CTIS710 SiAlON 

+Type A coating

CVD 6 µm TiN-TiCN-Al2O3 coating 

with α-Al2O3 – black colour  Ceratizit 

Round (RNGN)  CTIS710 SiAlON 

+Type B coating

CVD coating optimised for Silicon 

Nitride (SiN) ceramics: 3-4 µm α-

Al2O3 – TiN coating – yellow colour 

 Ceratizit 

This image has been removed by the author of this thesis for copyright reasons
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 The set of milling trials for Experiment Two used the following cutting parameters. For each of 

the test numbers, the (M) in front of the number represents milling test.:  

1. At the start of each test the new and unused insert will be imaged for reference.  

2. Tool wear life Test M1, M4, M7, M10 will be conducted with an uncoated CTIS710 milling 

insert. 

3. Tool wear life Test M2, M5, M8, M11 will be conducted with a coated CTIS710 (Type A 

Coating) milling insert.  

4. Tool wear life Test M3, M6, M9, M12 and M13 will be conducted with a coated CTIS710 

(Type B Coating) milling insert.  

For each test to be successful 169.64 cm3 will need to be removed. The 169.64 cm3 of material 

will be machined away in five 12.0 mm long sections. Once the section has been successfully 

machined away, the tool will be removed so that wear data for the inserts can be gathered on 

the Zeiss microscope (As shown in Section 3.9.8). The five sections of material to be removed 

will account to 33.929cm3 each. 

3.9.5 Experiment Two Cutting Conditions (Test No M1-M13) - Interrupted Cut Insert 

Wear Test Machining Trial 
Tool wear life Tests M1, M2 and M3 were conducted at a cutting speed of 700 m/min, a feed 

rate of 0.10 mm/tooth, table feed rate of 2610 mm/min and a depth of cut of 1.0 mm. 

Tool wear life Tests M4, M5, M6 and M13 were conducted with an uncoated CTIS710 milling 

insert at a cutting speed of 800 m/min, a feed rate of 0.10 mm/tooth, table feed rate of 2983 

mm/min and a depth of cut of 1.0 mm. Successful tests have remove 169.64 cm3 of material. 

Test 13 was a repeated test with Coating B inserts. 

Tool wear life Tests M7, M8 and M9 were conducted at a cutting speed of 900 m/min, a feed 

rate of 0.10 mm/tooth, table feed rate of 3356 mm/min and a depth of cut of 1.0 mm. Successful 

tests will remove 169.64 cm3 of material. 

Tool wear life Tests M10, M11 and M12 were conducted at a cutting speed of 1000 m/min, a 

feed rate of 0.10 mm/tooth, table feed rate of 3729 mm/min and a depth of cut of 1.0 mm. 

Successful tests will remove 169.64 cm3 of material. Tool condition will be checked, and images 

taken on the Zeiss microscope after each section has been machined, this information was 

used to create S/N curves. An additional sample will be machined so that comparable amount of 

cutting time is attained by each test. 
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3.9.6 Experiment Two - Workpiece material 

Each machining trial utilised a single piece of precipitation hardened Inconel 718 round bar 

stock 60.0 mm diameter x 86.0 mm long were used for the trial. A portion of the material 

residual material from other machining research projects at Sheffield. The prior stock came in 

the form as solution annealed (AMS5662) round bar billet 101.60 mm diameter x 350.0 mm long 

was provided by a Maher Ltd via an in-kind contribution.  

Maher Ltd also provided another in kind contribution in the form of two pieces of Inconel 718 

60.0 mm diameter X totalling 1480.0 mm in length of alloy 718 to AMS 5662 specification. The 

precipitation hardening heat treatment (AMS5663) for the 60.0 mm diameter x 85.0 mm long 

specimens was conducted by Special Steels Group in Sheffield. As the material was supplied in 

the solution annealed (AMS5662) condition an aging heat treatment was conducted at Special 

Steels to age harden the Inconel 718. 

The AMS5663 precipitation hardening heat treatment for the 60.0 mm diameter states the 

following: Aged at 726°C for 8:03 hours and then cool furnace to 621°C and hold for a further 8 

hours and cool in air. This heat treatment process is typically used for attaining Inconel 718 at 

43-45 Rockwell C hardness. The mechanical properties of the samples were verified on a 

Rockwell hardness testing machine. The average hardness of the sample was 44 Rockwell C, 

which means the samples have a max tensile strength of 1417 MPa. 

3.9.7 Experiment Two - Tool Life Criteria (Test No M1-M13) 
The tool life criteria for this machining trial were selected to gain a greater understanding of the 

true machining tool life limit with which these three SiAlON ceramic inserts can perform within. 

Traditionally in industry, SiAlON ceramic milling inserts are changed are quickly changed once 

typical flank wear (Vbb) has surpassed 1.0 mm. The basis for the selection of the wear criteria 

for this experimental work was influenced by previous experimental studies that were conducted 

by Tian et al [32], Yildirim et al [103] and Guo et al [93].  

These three studies highlighted that ceramic milling inserts can still perform their function of 

removing material during a machining process, even if the inserts have sustained significant 

amounts of the flank and rake face wear. Therefore, based on the flank wear results which have 

been recorded in these three studies the following tool life criteria was selected. Once flank 

wear for any of the four inserts had surpassed 2.5 mm (Vbb) or the insert has sustained 

significant damage on the rake face the test was stopped. The distance travelled by the cutting 
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tool, volume of metal that has been removed and a flank wear measurement is captured after 

each bar section has been removed. 

The following tool life criteria was used: 

1. The maximum flank wear (Vbb) land reaches 2.5 mm, once this value is surpassed the test is 

stopped to prevent tool failure. 

2. Chipping (flaking) or premature failure occurs after the first cut of Inconel 718 sample had 

been machined. 

3.9.8 Experiment Two - Insert Wear Imaging and Wear Measurement 

A Zeiss Discovery V8 microscope was used for examining the worn inserts throughout the 

machining trials. The Zeiss microscope allowed for quick and efficient image capture during the 

machining trial. Figure 3.14 and Figure 3.15 shows the setup that was utilised for capturing the 

multitude of wear on the rake face for each of the four SiAlON inserts. 

 

Figure 3.14. (Image a) Machine trial work-piece setup on the DMG Mori NVX5080 machining centre, 
(Image b-c) Zeiss set-up for rake and flank wear measurement. [100] 
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A USB microscope was also considered as an alternative means of capturing the level of wear 

that the inserts, however the Zeiss microscope was deemed to be a superior image capturing 

technique as its setup was more stable and the images were of higher quality. 

 

Figure 3.15. Rake face wear examination setup on the Zeiss discovery V8 digital microscope. 

Figure 3.16 shows the setup that was utilised for capturing the magnitude of wear on the flank 

face for each of the four SiAlON inserts. This set-up helped with the timely and efficient image 

capture of all the flank wear images that will be analysed in this Thesis. 

 

Figure 3.16. Flank face wear examination setup for the Zeiss discovery V8 digital microscope. 
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3.9.9 Experiment Two - Cutting Force Measurement 
A Kistler 9139AA dynamometer was used to measure cutting forces during the machining 

process. Figure 3.17 shows the setup that was utilised for capturing the cutting force data that 

was generated at the four cutting speeds of 700, 800, 900 and 1000 m/min. This particular set-

up was adopted due to it being very similar to what will be adopted in industry. 

 

Figure 3.17. Machine trial work-piece setup on the DMG Mori NVX5080 machining centre. 

This machine trial work-piece setup was selected to keep it as close to a real-world machining 

setup that is like to be used in industry. This set-up was designed to put the inserts under 

sufficient duress during the machining process to make sure that they would be experiencing 

realistic cutting forces during the machining trial. 

3.9.10 Experiment Two - Data Analysis – Cutting Force and Insert Wear Data 
Analysis of the cutting force data and insert wear data that was created during the machining 

trial has proven to be a challenging area of this project. The challenge has come in the form of 

manipulating very large comma separated value (.csv) files and extracting useful information. A 

cycle rate of 20000 Hz was utilised for each section and each section involved twelve 1.0 mm 

depths of cut. Each section required 120 seconds of force capture time, which ultimately caused 

the CSV files to be 2400000 data cells in length. 

This resulted in CSV files which were too big to open completely in excel, as excel has a cell 

length limit of just over a 1 million cells. The CSV files can be opened but only a portion of CSV 

file will be displayed in excel. Therefore, it was determined that MATLAB 2020a be utilised for 
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opening the CSV by importing the CSV file into Matlab 2020a and then generating a MAT. File 

which is specific Matlab file for exporting data. Once the data is in a .mat file format reduced the 

overall size of the data and means it can be readily analysed in Matlab so that Matlab Figure 

and PNG files can be created for further analysis.  

Figure 3.18 illustrates the process which was utilised for generating the cutting force data and 

also the process for extracting useful pieces of information. 

 

Figure 3.18. Cutting Force vs Time and Flank Wear vs Cutting Distance Data Collation Framework. 

The cutting force signal data that was collated in Dyno-ware software, in the Fx-axis, Fy-axis and 

Fz-axis was used to calculate the resultant cutting force (Fr). The resultant cutting force was 

then calculated in Matlab 2020a using the Equation (3.5). 

𝐹𝑥𝑦𝑧 = (𝐹𝑥2 + 𝐹𝑦2 + 𝐹𝑧2)0.5                          Equation 3.5 
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3.10 Experiment Three Method 
The aim of Experiment Three has attempted to characterize the structure and mechanical 

properties such as adhesion and wear resistance of two different CVD coatings. These two CVD 

coatings have been deposited onto silicon aluminium oxynitride round (RNGN) milling inserts. 

3.10.1 Experiment Three - Scratch Testing - Machine Setup 
Evaluation of the adhesion characteristics of both coatings was investigated on each of the 

inserts using the scratch test on the Bruker UMT Tribo-lab device, by moving the diamond stylus 

along the examined specimen’s surface with a gradually increasing load (0-100 N; 100 N/min). 

The stylus’s travel speed was 10 mm/min; and acoustic emission detector’s sensitivity was AE 1 

to record the elastic waves, the elastic waves are generated because of deformation and 

propagation of the fractured microstructure with an increasing normal force underneath the 

stylus. Further Information on the scratch testing analysis is provided in Section 6.2. 

3.10.2 Experiment Three - Machine Setup - Pin on Disc Testing 
The pin-on-disc tests themselves were carried out on a Bruker UMT Tribolab machine as seen 

in Figure 3.19, in accordance with the ASTM standard for this method (ASTM G99-17). A sliding 

distance of 1000 metres equalling a time of 8 minutes and 19 seconds for a complete test was 

stipulated by ASTM G99-17. 

 

Figure 3.19. Pin-on-disc set up on the Bruker UMT Tribolab. 
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3.10.3 Experiment Three - Tool Materials and Coatings 
Six inserts (Figure 3.20(a-b)) were used throughout the experimental tests, a single insert for 

each of the Coating A and Coating B inserts were used in the scratch testing. For the pin on 

disc testing two round SiAlON ceramic milling inserts with TiN + TiCN + Al2O3 multilayer coating 

(Coating A); and two round SiAlON ceramic milling inserts multilayer coated with Al2O3 + TiN 

(Coating B), which had been optimised for coating the SiAlON ceramic inserts. used in the pin-

on-disc testing. A single insert for both coating A and coating B were used in the scratch testing. 

As mentioned earlier both coatings were applied via chemical vapour deposition (CVD) 

techniques at the manufacturer’s ‘Ruette’ facility in Austria, on a Sucotec (SCT600TH) 

industrial-scale CVD machine. The oxide coatings were deposited at a temperature of 1000°C, 

the deposition rate was 1-2 µm per hour. 

 

Figure 3.20. (a) CTIS710 SiAlON ceramic +Type A coating - CVD 6 µm thick TiN-TiCN-Al2O3 coating with 
α-Al2O3 (Corundum structure) – black colour, (b) CTIS710 SiAlON ceramic +Type B coating - CVD 
coating optimised for Silicon Nitride (SiN) ceramics: 3-4 µm thick α-Al2O3 – TiN coating – yellow colour. 

The physical properties of the uncoated and CVD-coated SiAlON ceramic milling inserts, and 

the two CVD coating grades, are stipulated in Table 3.9.  

Table 3.9. Physical properties of uncoated and CVD-coated SiAlON ceramic milling inserts.  

Tool Material 
Grade 

SiAlON Insert 
Composition 

Insert 
Shape 

SiAlON Insert Mechanical Properties 

Fracture 
toughness 
(MPa⋅m1/2) 

Density 
(g/cm3) 

Vickers 
Hardness 

(Hv) 

 Hardness 
(GPa) 

 
CTIS710 
SiAlON  

Uncoated  
Si3N4 + Al2O3 

+ Y2O3 
 

 

(RNGN) 
120400 

 
 

7 
 
 

3.3 
 
 

1800 
 
 

17.65 
 
 

 

CTIS710 
SiAlON +Type A 

coating 
 

CTIS710 
SiAlON +Type B 

coating 
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3.10.4 Experiment Three Test Conditions – Pin on Disc Tests 
A Hertzian analysis was conducted to ascertain the diameter of the ball counter specimens that 

could replicate average contact pressures of 3.6 GPa, experienced by the SiAlON ceramic 

insert rake face when machining materials such as Inconel 718 in high-speed face milling 

machining environments [104]. The pin-on-disc tests themselves were carried out on a Bruker 

UMT Tribolab machine as in Figure 3.19, in accordance with the ASTM standard for this method 

(ASTM G99-17) [99] with conditions presented in Table 3.10. To reach the designated 1000 m 

sliding distance as in Table 3.10, the tests would each need to last 496 seconds for a complete 

test was stipulated by ASTM G99-17.  

Table 3.10. Pin-on-disc test parameters used in this study. 

Test 
No 

Tool 
Material 

Friction 
Track 

Diameter 
(mm) 

Ball 
Diameter 

(mm) 

Ball 
Specimen 
Material 

 

Ball 
Specimen 
Hardness 

(HRC) 

Linear 
Velocity 

(m/s) 
 

Load 
(N) 

Sliding 
Distance 

(m) 

1a 

CTIS710 
SiAlON + 
Type A 
Coating 

8 4 
AISI 

52100-
steel 

60-67 2.0 78 1000 

1b 

CTIS710 
SiAlON + 
Type B 
Coating 

8 4 
AISI 

52100-
steel 

60-67 2.0 124 1000 

2a 

CTIS710 
SiAlON + 
Type A 
Coating 

8 4 
AISI 

52100-
steel 

60-67 1.0 78 1000 

2b 

CTIS710 
SiAlON + 
Type B 
Coating 

8 4 
AISI 

52100-
steel 

60-67 1.0 124 1000 

 

The differing loads for the pin-on-disc tests which are stipulated in Table 3.10, were established 

by Hertzian analysis. The loads (N) in Table 3.10 are half of those calculated from Hertzian 

analysis due to stability issues which were encountered with the initial pin-on-disc test. The 

characterisation of the developed surface wear tracks and scratches was achieved with 

observations made on a Hitachi TM3030 scanning electron microscope. Ten nano-indentation 

hardness tests were conducted on each of the Coating A and Coating B inserts for each of 

which the indentation load was ramped up to 100 mN.  

The resulting indentation depths (See Appendix B) ranged from 557 nm to 1132 nm for Coating 

A and 479 nm to 1857 nm for Coating B. The results of nano-indentation hardness tests had 
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significant scatter for both Coating A and Coating B (See Appendix B). This scatter means that 

the true hardness has proven to be very difficult to attain accurately, therefore value from the 

literature have been used in this analysis. 

3.11 Experiment Four Method 
The aim of experiment four has endeavoured to compare the machining performance of both 

CVD coated and uncoated CTIS710 SiAlON milling inserts, when machining age hardened 

(AMS5663) Inconel 718 test samples. Experiment four has been completed in two parts, Tests 

M14-M15 essentially repeated experiment two by reusing the same interrupted three axis CAM 

program to machine five sections away with twelve 1.0 mm cuts. Tests M16-M17 utilized 

continuous to near continuous cylindrical and elliptical tool paths to form a bar blade from age 

hardened Inconel 718. The principal focus of this two-part experiment is to clarify the difference 

between non-interrupted and interrupted toolpaths, and how these toolpaths have an effect on 

tool wear and subsequentially tool life. The other focus of Experiment Four has been to 

determine the impact of a hard protective single layer coating and the effectiveness on 

increasing the tool life and metal removal rates of SiAlON milling inserts. 

3.11.1 Experiment Four (Test No M14-M15) - Machining Operations  
The machining operations for this project took place on XYZ800HD three axis machining centre. 

The XYZ800HD has a max spindle speed of 12000 min-1 and has x-axis, y-axis and z-axis travel 

speeds of 24000 mm-1. The milling operations were conducted in dry conditions. 

3.11.2 Experiment Four (Test No M16-M17) - Machining Operations  
The machining operations for this experiment took place on DMG Mori MTX2500 Five axis mill 

turn machining centre. The machine structure of NTX2500 2nd Generation including guideways 

has been thoroughly optimized to achieve high accuracy and high rigidity. The milling operations 

were conducted in dry conditions. 

3.11.3 Experiment Four (Test No M16-M17) - Cutting Tool Path Selection and CAM 

Programming 
The process of creating the CNC programmes and custom toolpaths for experiment four Tests 

M16-M17 has involved a series of iterations which has taken place in consultation with senior 

engineers at the AMRC. After a few in-depth reviews of the tool paths had been completed in 

Vericut, It was concluded that the 3D CAD aerofoil model should be simplified. The 

simplification of the tool path has created a concise link between Test No M1-M15 and Test No 

M16 and M17. 
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The simplification process included simple cylindrical mill turning operations (Stages 1-8). The 

simple cylindrical mill turn operations involved utilising eight of the sixteen machining 

operations, which would account for 50 percent of the total NC programmes used to machine 

the bar blades. These continuous programmes would create a machining environment that was 

completely opposite to the machining environment that the milling inserts had experienced in 

Tests M14-M15. The continuous spiral (Streamline) toolpaths created a greater link from a 

physics point of view as the continuous tool paths had a completely non-interrupted machining 

environment in the chip/tool interface. Whereas the previous machining trials (Experiment two) 

for Tests M1-M15 had utilised interrupted cuts. The elliptical near/continuous tool paths (Stage 

9-12) would account for the other 50 percent of the NC programmes would adopt positive 

geometry insert to machine a simple elliptical aerofoil profile.  

The machining of the elliptical profile would satisfy the requirement of the EngD to produce an 

industrially focused geometry. 

The custom cutting tool path shown in Figure 3.21 is a representation of the toolpath which has 

been created in Siemens NX. This toolpath represents the type of machining environment of the 

DMG Mori NTX2500 five-axis machining centre machine tool. The continuous/near continuous 

tool paths were designed to minimise fluctuations in maximum chip thickness (Hex), cutting 

temperature and specific cutting forces by programming the cutting tool to tangentially engage 

and exit from cut. The tangential engagement into cut resulted in a gradual decrease in radial 

engagement (ae) in cut from 35.5 mm to 10.0 mm. The radial engagement was then kept at a  

 

Figure 3.21. Siemens NX CAM model assembly 3D view of cutting tool path. 
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The cutting tool then radially travelled through a full 360° cut and tangentially exited the cut 

workpiece via the Fy-axis direction. The tangential engagement into and out of cut together with 

the radial change in toolpath direction is graphically shown in Figure 3.21. 

The near-continuous elliptical tool paths that were used to machine the aerofoil were designed 

to minimise variations in specific cutting forces. The elliptical tool paths reduced the bar 

diameter in the Fx-axis direction, with a gradual increase and decrease in radial immersion to 

create the 2D aerofoil geometry as can be seen in Figure 3.22.  

The gradual ramp into cut with elliptical near-continuous tool path worked favourably in reducing 

the fluctuations in specific cutting force and helped to prevent the SiAlON ceramic inserts from 

experiencing cutting forces that could cause premature tool failure. 

  

Figure 3.22. Cross section near net shape circular continuous and elliptical near-continuous toolpath. 

Each of the near net shapes that can be seen in Figure 3.23 are offset from each other by 5.10 

mm on each side. The distance of 5.10 mm was selected through a process of refinement in 

Vericut software. The refinement process focused on the engagement depth of cut in Vericut, 

which would fluctuate upon engagement if the near net shape offset distance was not correct.  
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Figure 3.23. Siemens NX circular continuous and elliptical near-continuous near net shape. 

The continuous and near continuous too paths that are shown in Figure 3.23 and Figure 3.24 

represent the two different types of circular and elliptical spiral toolpaths that were utilised to 

machine bar blades. As can be seen in Figure 3.24 and Figure 3.25, both of the continuous and 

near-continuous toolpaths roll into cut. The rolling into cut means the tools experience a gradual 

increase in radial immersion, which results in full tool immersion initially and then reduces down 

to the specified radial engagement distance as stipulated in Table 3.3. Rolling into cut was 

adopted to reduce the shock on the inserts upon engaging with the workpiece material. 

 

Figure 3.24. Continuous toolpath development. 
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Figure 3.25. Near-Continuous toolpath development. 

The circular spiral toolpaths allowed for minimal fluctuations in cutting temperature in the 

chip/tool interface, which meant cutting forces were kept as constant as possible. The elliptical 

spiral toolpaths allowed for near minimal fluctuations in cutting temperature in the chip/tool 

interface. However, in order to form the aerofoil geometry, the depth of cut increased from 0 mm 

to 1.0 mm and then ramped down from 1.0 mm to 0 mm in the Fy-axis on DMG Mori NTX2500 

machine.  

To avoid collisions between the two cutting tools and the tailstock in the machine. A generic 

motion positioning program was inserted before and after each NC program. This was so that 

the two cutting tools could enter into and out of machining area safely and under complete 

control by the machine operator. Figure 3.26(a-b) represents the generic motion positioning that 

was used throughout the machining trial. 

 

Figure 3.26. (a) Generic motion into cut, (b) Generic motion out of cut. 
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3.11.4 Experiment Four - Tool Materials and Coatings 
The original composition of Coating C as seen in Table 3.11, is a 6.5 µm thick α-amorphous 

Al2O3 coating, which has been applied via chemical vapor deposition (CVD) techniques. 

However, due to a coating error a thin 0.5 µm thick layer of TiN was deposited onto the surface 

of the α-amorphous Al2O3 coating. A post processing operation was utilised to remove the 0.5 

µm thick TiN coating on the rake face of the round button (RNGN) SiAlON milling inserts. The 

thin layer of TiN could not be removed on the flank face. The coating was applied via chemical 

vapour deposition techniques at Ceratizit’s Ruette facility in Austria. The oxide coatings were 

deposited at a temperature of 1000°C, the deposition rate was 1-2 µm per hour. 

Table 3.11. Round insert grades to be tested in PhD experiment Four. 

Geometry Grade Coating Grade Manufacturer 

Round (RNGN)  CTIS710 

SiAlON 

  

Uncoated 

  

Ceratizit 

Round (RPGN)  CTIS710 

SiAlON 

  

Uncoated 

  

Ceratizit 

  

Round (RNGN) 

 CTIS710 

SiAlON +Type 

C coating 

 CVD 6.5 µm Al2O3 coating 

with α-Al2O3 (Corundum 

structure) – black colour 

  

  

Ceratizit 

  

Round (RPGN) 

 CTIS710 

SiAlON +Type 

C coating 

 CVD 6.5 µm Al2O3 coating 

with α-Al2O3 (Corundum 

structure) – black colour 

  

Ceratizit 

 

3.11.5 Experiment Four Cutting Conditions (Tests M14-M15)- Interrupted Non-

continuous Toolpath Machining Trial 
The cutting conditions for experiment four-part A looked to essentially recreate where possible 

the conditions that were experienced in experiment two on the DMG Mori NVX5080 with Tests 

M1-M13, but on the XYZ800HD three axis machining centre. A cutting speed of 800 and 900 

m/min, a feed rate of 0.10 mm/tooth, table feed rate of 3356 mm/min and a depth of cut (Ap) of 

1.0 mm. For each test to be successful 169.64 cm3 needed to be removed. 

3.11.6 Experiment Four Cutting Conditions (Tests M16-M17) - Continuous/Near-

continuous Machining Trial 

This section will analyse the method which have been used to collate the results during the 

latest set of milling insert wear machining trials. The trials were conducted at the AMRC factory 
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of the future. For a test to be successful, the bar blade needs to be completely machined. To 

establish a relationship with the previously completed machine trials, the bar blade machining 

trial was split into two parts (Test M16A-B and Test M17A-B).  

Tests M16A and M17A of the machining trial was used as a direct comparative to the previously 

completed non-continuous machining trial, which used uncoated and CVD coated RNGN 

SiAlON milling inserts. Tests M16A and M17A utilised staggered continuous spiral tool paths 

which reduced the bar diameter with a constant radial Ap of 1.5 mm at a cutting speed of 

840m/min and a feed rate of 1807.68 mm/min (0.06 mm/tooth). Inserts were changed based on 

flank and rake face wear. (Stages 1-8) 

In Tests M16B and M17B of the machining trial the uncoated and CVD coated RPGN inserts 

were used to machine a simple 2-D aerofoil geometry via elliptical 5-axis spiral tool paths. Tests 

M16B and M17B utilised staggered near-continuous elliptical spiral tool paths which reduced the 

bar diameter with a maximum radial depth of cut (Ap) which ramped up from 0 to a maximum of 

1.0 mm at a cutting speed of 880m/min and a feed rate of 2250.36 mm/min (0.07 mm/tooth).  

Insert were changed based on flank and rake face wear. (Stages 9-12) 

The utilisation of both a main spindle and sub-spindle machine setup has provided high 

workpiece stability during the machining trial. The setup that is shown in Figure 3.27 has 

contributed favourably to the tool life that has been attained by both the uncoated and coated 

SiAlON inserts. 

 

Figure 3.27. Partly machined Inconel 718 sample utilising spiral continuous toolpaths. (DMG Mori 
NTX2500 five-axis machining centre). 
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The spiral tool paths that have been adopted in the machining trial are seen in Figure 3.28. The 

selection of spiral toolpaths was determined principally for stability reasons. 

 

Figure 3.28. Spiral and elliptical spiral tool paths utilised for the bar blade machining trial. 

The removal of the workpiece material with continuous spiral and near-continuous elliptical 

spiral tool paths, results in the workpiece material being removed uniformly. The adoption of 

continuous spiral to near-continuous elliptical spiral tool paths culminates in minimal fluctuation 

in cutting temperature in the chip/tool interface.  

The NC programme which reduced the bar diameter utilised a radial engagement which varied 

from 35.10-10.0 mm with a constant radial depth of cut (Ap) of 1.5 mm. The radial immersion is 

at its highest upon engagement into cut and lowest upon exiting out of cut in the Fy-axis 

direction. The NC programme that formed the 2-d elliptical aerofoil utilised a radial engagement 

which varied from 27.5-7.0 mm with a depth of cut (Ap) of which varies from 0-1.0 mm. For the 

2-d elliptical aerofoil, the radial immersion is at its highest upon engaging into cut and lowest 

upon exiting out of cut in the Fy-axis direction. The test number, machining parameters and test 

sequence which have been used in the machining trials are stipulated in Table 3.12. 
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Table 3.12. Test parameters machining trial. cutting conditions, used in this Test No 16A-B and 17A-B. 

All the RNGN inserts had an axial rake angle - 7.1°, Radial rake angle -12.3° and 0.1 mm edge chamfer.  

All the RPGN inserts had an axial rake angle 3°, Radial rake angle -1.8° and 0.1 mm edge chamfer. 

Test No Tool 

Material 

Insert 

Edge 

Number 

Completed 

NC 

Programmes 

Stage 

No 

Cutting 

Speed 

(m/min) 

Table Feed 

rate fz 

(mm/tooth) 

Depth 

of Cut 

(Ap) 

mm 

Radial 

Engagement 

(ae) (mm) 

M16-part 

A 

CTIS710 

RNGN 

SiAlON 

1.1 
NC2076-010 -

NC2076-040 
1-4 840 0.06 1.5 35.5-10.0 

M16-part 

A 

CTIS710 

RNGN 

SiAlON 

2.1 
NC2076-050 -

NC2076-080 
5-8 840 0.06 1.5 35.5-10.0 

M16-part 

B 

CTIS710 

RPGN 

SiAlON 

1.1 

NC2076-090 - 

NC2076-110 
9-11 880 0.07 0-1 26.14-7.0 

M16-part 

B 

CTIS710 

RPGN 

SiAlON 

2.1 NC2076 -120 12 880 0.07 0-1 26.14-7.0 

M17-part 

A 

CTIS710 

RNGN 

SiAlON + 

Type C 

Coating 

1.1 
NC2076-010 

NC2076-030 
1-3 840 0.06 1.5 35.5-10.0 

M17-part 

A 

CTIS710 

RNGN 

SiAlON + 

Type C 

Coating 

2.1 
NC2076-040 

NC2076-060 
4-6 840 0.06 1.5 35.5-10.0 

M17-part 

A 

CTIS710 

RNGN 

SiAlON + 

Type C 

Coating 

3.1 
NC2076-070 

NC2076-080 
7-8 840 0.06 1.5 35.5-10.0 

M17-part 

B 

CTIS710 

RNGN 

SiAlON + 

Type C 

Coating 

1.1 

NC2076-090  

NC2076-100 
9-10 880 0.07 0-1 26.14-7.0 

M17-part 

B 

CTIS710 

RNGN 

SiAlON + 

Type C 

Coating 

2.1 

NC2076-110  

NC2076-120 
11-12 880 0.07 0-1 26.14-7.0 
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3.11.7 Experiment Four (Tests M16-M17) - Workpiece material 
Two round bar pieces of precipitation hardened Inconel 718 were supplied by Maher Ltd to 

(AMS5663) specification. These two round bars are from a different batch of material that was 

used in Experiment Two. Each machining trial utilised a single piece of precipitation hardened 

Inconel 718 (AMS5663) round bar stock 60.0 mm diameter x 350.0 mm long were used for the 

trial. The mechanical properties of the Inconel 718 workpieces were stipulated in Table 3.13 and 

the information is collated from the Certificate of Conformity cert no: 50063/1 and ASTM E18.   

Table 3.13. Mechanical Properties of Inconel 718 (AMS5663). 

 

3.11.8 Experiment Four - Tool Life Criteria (Tests M14-M15) 
The tool life criteria for this machining trial are the same as Experiment Two, which is stated in 

Section 3.9.7. The sample workpiece material that was used in Section 3.9.6 was also used for 

Test no M14-M15. 

3.11.9 Experiment Four - Tool Life Criteria (Tests M16-M17) 
The default conditions for tool failure are when tool flank wear scar is measured at 2.0 mm or 

less. For this particular machining trial, the tool life was also influenced by on-machine sensors 

that measured vibration. The DMG Mori NTX2500 main spindle vibration sensor had to be 

adhered to, as once a vibration threshold is surpassed the main spindle would stop immediately. 

The level of vibration was heavily influenced by the level of wear the inserts had sustained. 

Regular monitoring of the insert wear was therefore required.  

3.12 Summary  
This chapter has detailed the experimental techniques that have been utilized to characterize 

the tribological mechanisms, tool wear and material interaction that are exhibited by uncoated 

and CVD coated SiAlON milling inserts. 

This chapter covered the key aspects associated with tool wear and tool life characterization 

and looks at the coating selection process that has been used to select coating selection. This 

chapter has also considered the procedure of metallographic preparation and the imaging and 

analysis techniques which provide a key understanding, of how CVD coated SiAlON milling 

inserts compare to uncoated SiAlON milling inserts. 

Hardness 
(HRC) 

Yield 
stress 
(MPa) 

Ultimate 
Tensile 

Strength 
(MPa) 

Strain 
(%) 

Elastic 
modulus 

(GPa) 

Thermal 
conductivity 

(W/m K) 

Density 

(kg/m3) 

43 1112 1390 23.3 206 11.6 8470 
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The simple machining trial that was discussed at the start of this chapter, was employed to 

develop a thorough understanding of the type of wear mechanisms that ceramic inserts undergo 

when machining Inconel 718. The first, second, third and fourth experiments which are 

discussed in this chapter all used the same grade of silicon aluminium oxynitride SiAlON 

CTIS710 grade. The first experiment was highly influential in the selection of this grade of 

SiAlON for the subsequent second, third and fourth experiment, principally because of the high 

wear resistance that was demonstrated in the first experiment.   

This chapter however also discusses each of the experiments, the chosen device (machine tool, 

tribological equipment), parameters, and why these experiments have been adopted to achieve 

different objectives that were set out in Chapter one. Additionally, all the experiments were 

planned to deliver specific results and conclusion which could be used to compare the 

performance between coated and uncoated SiAlON inserts.  
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Chapter 4 Initial Machining Trials and Chip Morphology Analysis  
Author’s note: The work in this chapter in Sections 4.1, 4.2, 4.4.1 and 4.5 has been published in 

Wear Osmond et al. [46]. 

4.1 Introduction 
This chapter will include the published preliminary research, which focused on comparing the 

wear results of different ceramic turning when turning solution annealed Inconel 718 at different 

cutting speeds. 

4.2 Preliminary Research - Chip formation and wear mechanisms of SiAlON and 

whisker-reinforced ceramics when turning Inconel 718  
 
The research which I undertook in this chapter was focused on turning solution-annealed 

Inconel 718 with different ceramic grades of button insert. This preliminary work helped me 

develop some basic experience of machining Inconel 718 with ceramic inserts, something which 

influenced my decision to focus on developing ceramic milling inserts in future experimental 

trials. The research focused on the chip formation and wear mechanisms of silicon aluminium 

oxynitride SiAlON ceramic and silicon carbide whiskers reinforced alumina (WRA) (Al2O3 + 

SiCw) round (RNGN) inserts, when turning solution-annealed Inconel 718 (27<HRC<30) with a 

10% concentration cutting fluid.  

As discussed in Section 3.8, four sets of cutting trials were conducted at a cutting speed of 250 

m/min and another four at 300 m/min, the machining conditions are captured in Table 4.2. The 

turning inserts that were used in Experiment One are captured in Table 4.1. The results showed 

that using SiAlON turning inserts at a cutting speed of 300 m/min delivered the best results in 

terms of tool flank wear, total tool life, and work-piece surface finish.  

Table 4.1. Turning insert identification. 

Test Cut 
number 

Insert 
Identification 

Letter 

Tool Material 
Classification 

Tool Material Edge Chamfer (mm) 

T1.1, T1.2, 
T5.1, T5.2 

A SiAlON Grade 1 SiAlON Grade 1481  

T2.1, T2.2, 
T6.1, T6.2 

B SiAlON Grade 1 
(chamfered) 

SiAlON Grade 1481  
0.10mm 

T3.1, T3.2, 
T7.1, T7.2 

C SiAlON Grade 2 SiAlON Grade 
CTIS710 

 

T4.1, T4.2, 
T8.1, T8.2 

D Whisker 
Reinforced 

Alumina 

Whisker Reinforced 
Alumina Grade 

CTKS710 
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The morphology of the Inconel 718 chip, at cutting speeds above 250 m/min, presented an 

intense shear band localisation in the primary shear zone of the chip/tool interface, which led to 

chip segmentation. 

Table 4.2. Cutting conditions for Experiment One. 

Test Cut 
number 

Tool material Insert 
Identification 

Letter 

Cutting 
Speed 

(m/min) 

Feed Rate 
(mm/rev) 

Depth of 
Cut (mm) 

Material 
Removal 

Rate 
(mm3/s) 

T1.1, T1.2 SiAlON Grade 
1 

A 250 0.20 2 160 

T2.1, T2.2 SiAlON Grade 
1 (chamfered) 

B 250 0.20 2 160 

T3.1, T3.2  SiAlON Grade 
2 

C 250 0.20 2 160 

T4.1, T4.2 Whisker - 
Reinforced 

Alumina 

D 250 0.20 2 160 

T5.1, T5.2 SiAlON Grade 
1 

A 300 0.20 2 200 

T6.1, T6.2 SiAlON Grade 
1 (chamfered) 

B 300 0.20 2 200 

T7.1, T7.2 SiAlON Grade 
2 

C 300 0.20 2 200 

T8.1, T8.2 Whisker – 
Reinforced 

Alumina 

D 300 0.20 2 200 

 

The results showed that using SiAlON turning inserts at a cutting speed of 300 m/min delivered 

the best results in terms of tool flank wear, total tool life, and work-piece surface finish. The 

morphology of the Inconel 718 chip, at cutting speeds above 250 m/min, presented an intense 

shear band localisation in the primary shear zone of the chip/tool interface, which led to chip 

segmentation. 

4.2.1 Tool wear (Test No T1.1-T4.2) 
The first set of test cuts involved using Insert A (SiAlON grade 1, 250 m/min, 0.20 mm/rev, 2.0 

mm depth of cut (Ap). Large vibrations were encountered over 50 % of the first cut due to the 

faster than expected degradation of the cutting edge. 

Figure 4.1  shows the wear scar of Insert A after the first ceramic cut that was conducted on the 

Inconel 718 round bar. The tool was subsequently deemed to have failed because the wear 

scar that was generated in the first cut exceeded the default wear scar limit of 1.0 mm. 
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Figure 4.1. Image of the width and height of the wear scar on Insert A (SiAlON Grade 1). Image captured 
on Alicona infinite-focus SL microscope. 

Figure 4.2 clearly shows the wear scar that was generated after the first cut. The images show 

the flank edge of the insert at the top part of image and rake face on the bottom part of the 

image. The large crater that is visible clearly shows signs of flank wear on the top part of the 

image and crater wear and notch wear.  

 

Figure 4.2. Wear scar on turning insert B (SiAlON Grade 1) after Test Cut T1.1. Test was classed as a 
failure. 
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A second test utilised Insert B (SiAlON Grade 1), but with a 0.1 mm chamfer on at the same 

cutting conditions. Vibrations were encountered again, over 25 % of the second cut, but at a 

reduced level, apparently due to the chamfer. Figure 4.3 has managed to capture the entire 

wear scar. The potential reason for large amounts of the wear is likely due to the high fluctuation 

of tensile and compressive stresses that were being generated in the shear zone between the 

workpiece and the insert [46]. 

 

Figure 4.3. Wear scar on turning Insert B (SiAlON Grade 1) after Test Cut T2.2. 

The third set of test cuts of the machining trial used Insert C (SiAlON Grade 2). Figure 4.4 

shows a wear scar on turning Insert C (SiAlON Grade 2) after Test Cut T3.2.  

 

Figure 4.4. Wear scar on turning Insert C (SiAlON Grade 2) after Test Cut T3.2. 

Tool 5 provided noticeable results when compared to first two sets of test cuts with the insert 

demonstrating excellent resistance to abrasion. Insert C showed no real signs of flank wear, 

crater wear or notch wear. The cutting edge was in very good shape after the first test cut. 
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There were slight signs of abrasion on the rake face but that was to be expected considering the 

cutting conditions. Insert C is a standard grade for machining nickel-based alloys, and it 

performed as expected. 

The same flank wear and notch wear patterns that can be seen with Insert A and Insert B also 

affect Insert C, but visually show less abrasive wear of the rake and flank face of the insert. The 

reason for the improved resistance to abrasion, flank wear and notching are that that Insert C 

seems to demonstrate higher hot hardness and a tougher microstructure. The tougher 

microstructure will come from the inclusion of more β-SiAlON grains, and the abrasion 

resistance and hot hardness will come from the α-SiAlON. The β-SiAlON is a substitutional solid 

solution of aluminium and oxygen in beta Si3N4, and α-SiAlONs are a solid solution of yttrium, 

oxygen and nitrogen in alpha Yx (Si Al)12 (O N)16. From the visual information captured in 

Figure 4.4, the α- and β-SiAlONs in Insert C look to have been hot-pressed to form an insert 

with superior hot hardness, toughness and abrasion resistance when compared to Insert A and 

Insert B.  

The fourth test of the machining trial used Insert D (whisker-reinforced alumina). The test 

consisted of two cuts at equal length and depth. In Figure 4.5, a wear scar on turning Insert D 

after Test Cut T4.2 is shown. During the fourth test, very few vibrations were encountered over 

of the course of the fourth cut. The reason for the little vibration is likely due to the high strength 

and abrasion resistance of the cutting edge. The mechanical properties of whisker-reinforced 

alumina inserts are shown in Table 2.3, indicating that whisker-reinforced alumina grades of 

insert have a higher modulus and fracture toughness when compared to Insert A and B, which 

aids the inserts’ ability to resist the intense cutting conditions. 

 

Figure 4.5. Wear scar on turning Insert D (whisker-reinforced alumina) after Test Cut T4.2. 
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The fourth set of test cuts provided noticeable results when compared to first two sets of test 

cuts. Insert D again showed no real signs of flank wear, crater wear or notch wear. The cutting 

edge was exhibited very little wear after Test Cut T4.1 There were signs of abrasion on the rake 

face, which are caused by high temperatures being generated in the tool/chip interface. The 

high temperatures are due to the low thermal conductivity of Inconel 718 and the abrasion of the 

cutting tool against hard Ni3Nb particulates distributed within the Inconel 718 material. The lack 

of wear is visible in Figure 4.5 and the insert delivered as expected. 

Insert D suffered from similar flank, rake and notch wear patterns that can be seen with Inserts 

A, B and C but were significantly less than Insert A and B. The reasons for the high abrasion 

resistance are due to the higher overall hardness of alumina than that of silicon nitride (Si3N4) 

based ceramics such as SiAlON. The rake face wear of Insert D is slightly worse than that of 

Insert C. From the information in Figure 4.6, it appears that whisker-reinforced alumina inserts 

have lower hot hardness than that of that SiAlON.  

 

Figure 4.6. Measured flank wear (Vbb) experienced for each test cut at a cutting speed of 250 m/min. 

However, the silicon carbide whiskers distributed throughout the alumina matrix provide 

increased fracture resistance and abrasion resistance. The abrasion resistance of Insert C was 

better than Insert A and B and highlights that Insert C has marginally better wear resistance 

than Insert D. Each test cut was repeated twice so that intended amount of material was 

removed. Figure 4.6 is raw data directly gathered from the machining trial, so no error bars have 

been included in the graph. 
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4.2.2 Tool Wear (Test No T5.1-T8.2) 
During the fifth set of test cuts (SiAlON Insert A, 300 m/min, 0.20 mm/rev, 2.0 mm Ap, there 

were no signs of any large vibrations as encountered in the first test. 

Figure 4.7. show the wear scar on turning Insert A after Test Cut T5.2. The reason for the 

reduction in vibration is likely due to the higher surface speed and the lack of degradation is 

clearly visible. The increase in surface speeds has generated higher cutting temperatures in the 

primary and secondary deformation zones, which in turn reduces cutting forces required to cut 

the material. The higher surface speed also reduces the ploughing effect that caused the earlier 

vibration with Insert A and Insert B in Test Cuts T1.1 and T2.1. 

 

Figure 4.7. Wear scar on turning Insert A (SiAlON Grade 1) after Test Cut T5.2. 

Figure 4.7. highlights the improvement in wear resistance. The improvements in wear resistance 

have come from an increase in surface speed from 250 m/min to 300 m/min, which has 

definitely had a positive effect and helped reduced the amount of wear that is generated whilst 

in cut. The higher surface speed has managed to stabilise the cutting process and helped to 

reduce the vibration that was experienced with Insert A in Test Cut T1.1. The increase in 

surface speed will have increased the cutting temperature between the Inconel 718 workpiece 

and the insert, hence this reduces the yield point of the Inconel 718 and the subsequent cutting 

forces that the Insert A experiences. The rake face wear that is visible in Figure 4.7. indicates 

better abrasion resistance, which is down to localised heating and softening of the Inconel 718, 

in turn reducing the amount of wear that the cutting insert experienced. 
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The sixth set of test cuts used Insert B (SiAlON Grade 1). Again, the test consisted of two cuts 

at equal length and depth. Figure 4.8 shows a wear scar on turning Insert B after completing 

Test Cut T6.2. The 0.10 mm chamfer on Insert B together with the increase in surface speed, 

delivered improved wear resistance and reduced notch and crater wear. The rake face wear 

that is visible in Figure 4.8 indicates better abrasion resistance.  

 

Figure 4.8. Wear scar on turning Insert B (SiAlON Grade 1) after Test Cut T6.2. 

The seventh set of test cuts used Insert C (SiAlON Grade 2), consisting of two cuts at equal 

length and depth. In Figure 4.9, a wear scar on turning Insert C (SiAlON Grade 2) after Test Cut 

T7.2 is shown.  

 

Figure 4.9. Wear scar on turning Insert C (SiAlON Grade 2) after Test Cut T7.2. 

The seventh set of test cuts once again provided noticeable improvements in insert wear results 

when compared to six other sets of test cuts that had taken place beforehand. Insert C showed 
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no real signs of flank wear, crater wear or notch wear. There were slight signs of the abrasion 

on the rake face but that was to be expected and the lack of wear is visible in Figure 4.9. The 

same wear features that can be seen in Test Cut T5.1 and Test Cut T6.1, are also evident in 

Test Cut T7.1 but considerably less wear was visible. The increase in surface speed has 

certainly improved the wear resistance of the inserts throughout the second set of tests. It is 

hypothesised that the reason for the improved resistance to abrasion, flank wear and notching is 

that Tool 5 has a higher hot hardness, lower rates of thermal expansion and thermal 

conductivity and a tougher microstructure. It is clear that the tougher microstructure will come 

from the inclusion of more β-SiAlON grains, and the abrasion resistance and hot hardness will 

come from the α-SiAlON. The α-SiAlON and β- SiAlONs in Tool 5 look to have been hot-

pressed to form an insert with superior hot hardness, toughness and abrasion resistance when 

compared to Insert A and Insert B. 

The eighth set of test cuts utilised Insert D (whisker-reinforced alumina grade). The test 

consisted of two cuts at equal length and depth. Figure 4.10 shows a wear scar on turning Insert 

D (whisker-reinforced alumina grade) after Test Cut T8.2. During the eighth set of test cuts, very 

few vibrations were encountered.  

 

Figure 4.10. Wear scar on turning Insert D (whisker-reinforced alumina grade) after Test Cut T8.2. 

The eighth set of test cuts provided noticeable results when compared to Test Cuts T5.1-T5.2 

and T6.1-T6.2. Insert D showed no real signs of flank wear, crater wear or notch wear. The 

cutting edge was in very good shape after Test Cut T8.1. There were slight signs of the 

abrasion on the rake face, but that was to be expected considering the cutting conditions. The 

lack of wear is visible in Figure 4.10, likely due to the mechanical properties of whisker-

reinforced alumina microstructure. The results indicate that Tool 6 has a higher modulus and 

fracture toughness when compared to Insert C (SiAlON grade 1, (Insert A and Insert B). Insert D 
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is also standard whisker-reinforced alumina grade for hard turning nickel-based alloys and has 

also delivered results as expected. Insert C (SiAlON Grade 2) has attained the least amount of 

flank wear and this is shown in Figure 4.9. Insert C and Insert D generated similar small wear 

scars when subjected to the same cutting conditions as the other test cuts. All of the cutting 

tools experienced considerably less vibration when the cutting speed was increased to 300 

m/min. Figure 4.11. is raw data directly gathered from the machining trial, so no error bars have 

been included in the graph. 

  

Figure 4.11. Measured flank wear (Vbb) experienced for each test cut at a cutting speed of 300m/min. 

Test cuts T3.1-T3.2 (Insert C) and test cuts T7.1-T7.2 (Insert C) showed the lowest insert wear 

when compared to the other test cuts. Tool 5 ultimately outperformed Insert A, B and D in this 

regard. Each test cut was repeated twice so that correct amount of material was removed.  

4.3 Chip analysis  
The image analysis resulted in one image being captured for each of the four swarf chip 

samples. Digital images were taken at 200x resolution. The images captured on a Keyence 

VHX digital microscope highlighted the chip morphology and visually showed the level of 

deformation that the chip underwent as a result of the machining process. The images for each 

sample show in detail the brittle failure zones; the highly deformed microstructure of the chip 

visually highlighted the segmented chip morphology which was a result of fluctuation in specific 

shear forces during the machining process. The deformation characteristics of Inconel 718 chips 

followed slip lines and the Burgers vectors of dislocations that are apparent in a face centre 
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cubic crystal structure, these slip lines are shown in a Thompson tetrahedron which highlights 

the correlation between the slip lines [105].  

4.3.1 Sample 1 – (Test No T4.2) 
Sample 1 chips were produced with Insert D (whisker-reinforced alumina grade) at 250 m/min, 

0.20 mm/rev, 2.0 mm Ap. Figure 4.12 shows an optical image demonstrating the common chip 

morphology characteristics of machining Inconel 718 at a cutting speed of 250 m/min. Figure 

4.12  displays a serrated Inconel 718 swarf chip sample which has been produced during Test 

No T4.2. The maximum chip thickness (hc_max) and minimum chip thickness (hc_min) are 

displayed in Figure 4.12. The ratio of hc_max and hc_max provides the amount of segmentation 

(Ds), which is discussed earlier in Section 2.5. Segmentation analysis has been undertaken on 

swarf samples for T4.2, T.3.1, T.8.1 and T7.2. The variation in chip thickness and the amount of 

segmentation is captured in Figure 4.16 and Figure 4.17. During the machining process, the 

Inconel material deformed along localised shear planes and formed segments of different 

heights. The serrated chip morphology associated with Inconel 718 is highly influenced by 

cutting speed, as high cutting speed induce high levels of temperature in the chip/tool interface. 

The high temperatures in the chip/tool interface results in high level of thermoplastic 

deformation [106]. 

 

Figure 4.12. Test Cut T4.2 Image magnified 200x. 
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The face centre cubic structure and high strength of Inconel 718 encourage plastic deformation 

to take place along the (111) planes and in the direction of the (112) plane and this takes place 

when the material is subjected to a stress state, which is below the shear stress state that 

causes slip systems. If the stress state inverts, then it will follow the (110) plane direction 

instead of the (111) plane direction.  

4.3.2 Sample 2 - (Test No T3.1) 
Sample 2 chips were produced with an Insert C (SiAlON grade 2) at 250 m/min, 0.20 mm/rev, 

2.0 mm Ap. Figure 4.13 shows a digital image, which visually display the common chip 

morphology characteristics of machining Inconel 718 at a cutting speed of 250 m/min. Figure 

4.13 shows a serrated chip morphology which is visually similar to the chip morphology that is 

seen in Figure 4.12. The degree of variation in hc_max and hc_min for the five segments that is seen 

in Figure 4.13  is also seen in Figure 4.12. Although not visible in Figure 4.13, one of the 

reasons for the formation of this chip morphology is due to adiabatic shear as a result of 

instability in the chip/tool interface [107].  

 

Figure 4.13. Test Cut T3.1 image magnified 200x. 

The Inconel 718 chips are characterised to have relatively low deformation in the main section 

of the segments and evenly positioned localised intense, shear bands between each of the 
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segments. The chip morphology as in Figure 4.12 and  Figure 4.13 is formed as a result of 

period thermoplastic shear instability in the shear plane, which is suggested in adiabatic shear 

theory [107]. 

4.3.3 Sample 3 – (Test No T8.1) 
Sample 3 chips were produced with an Insert D (whisker-reinforced alumina grade) at 300 

m/min, 0.20 mm/rev, and 2.0 mm Ap. Figure 4.14 show a digital image which demonstrate the 

common chip morphology characteristics of machining Inconel 718 at a cutting speed of 300 

m/min. The increase in cutting speed from 250 m/min to 300 m/min intensified the localisation of 

the critical shear stress into localised bands which increases the segmentation rate. The 

increase in segmentation is seen more clearly in Figure 4.17, where the segmentation rate 

increases when the cutting speed is increased from 250 m/min to 300 m/min. 

 

Figure 4.14. Test Cut T8.1 image magnified 200x. 

The cutting temperatures of the primary shear zone also rose with an increase in the cutting 

speed. Similar results were gathered by Hao et al. [26]. In their study of characterising shear 

band localisation in Inconel 718 that had been machined at high cutting speeds.  
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Even though Test Cut T8.1 has been conducted at 300 m/min, the chip morphology is very 

different to the chip morphology that has been produced in Test Cut T7.2 which is displayed in 

Figure 4.15. 

4.3.4 Sample 4 - (Test No T7.2) 
Sample 2 chips were produced with an Insert C (SiAlON Grade 2) at 300 m/min, 0.20 mm/rev, 

2.0 mm Ap. Figure 4.15 shows a digital image displaying the common chip morphology 

characteristics of machining Inconel 718 at a cutting speed of 300 m/min. The serrated chip 

morphology that is displayed in Figure 4.15, exhibits a much higher segmentation rate (Ds) and 

a higher difference between the hc_max and hc_min  as displayed in Figure 4.16 and Figure 4.17. 

The segmentation rate has been calculated using Equation 2.1 in Section 2.5.1 The increase in 

speed from 250 m/min to 300 m/min for Test Cut T7.2 exhibits more severe plastic deformation 

as result of higher cutting temperatures in the chip/tool interface. The consequence of higher 

chip/tool interfacial temperatures concludes in higher strain rates and grain refinement and 

formation of adiabatic shear bands (ASBs). The adiabatic shear bands in Figure 4.15, are 

represented by faint angular bands.  

 

Figure 4.15. Test Cut T7.2 image magnified 200x. 
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The higher rates of grain refinement is due to higher rates of dislocation in the austenitic 

microstructure, which accumulates higher rates of segmentation [108]. In high speed turning 

operations that are evident in Test Cut 4.2, 3.1, 8.1 and 7.2, high strain rates are the principal 

reason for dislocations and grain deformation, which contributes to the formation of chip 

morphology [108]. 

 

Figure 4.16. Variation in chip thickness for Sample 1-4 

 

Figure 4.17. Segmentation rate for sample 1-4. 
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For Test Cut T7.2 looks to have sustained more instability in the chip/tool interface. The 

instability results in strain rates which higher degree of plastic deformation, which has resulted 

in a chip segmentation which is evident in Figure 4.15.  

The type of serrated chip morphology which can be viewed in Figure 4.15 is also highly evident 

in the study which was conducted by Zhang et al. [109], that study was particularly focused on 

the evaluation of the fluctuation of cutting forces when turning Inconel 718. 

4.4 Discussion 

4.4.1 Insert Wear Analysis 
During the machining trial, one of the prominent factors that was of interest was the amount of 

vibration which was encountered by each test cut. In Test Cut T1.1, large vibrations were 

experienced by the machine and the cutting tool. Figure 4.1 shows the result of these vibrations 

and Figure 4.2 shows how these large vibrations have had a catastrophic effect on the life of the 

tool. The reasons for the high vibrations could be due to the failure of the cutting tool edge for 

Test Cut T1.1 (Insert A). The roll in to cut will have generated an initial shock which caused a 

large crater to form on the cutting tool edge. This is interesting because the same roll in to cut 

approach was utilised throughout the machining trial. Notch wear is also visible, and the first cut 

generated a large amount of flank wear. The decision to fail the insert was taken due to it 

surpassing the default value of 1.0 mm for a wear scar.  

Test Cut T2.1 also encountered some vibration over the first 25.0 mm of the cut and then 

stopped and cleaned up to provide a good surface finish. The flank wear in Test Cut T2.2 was 

still pretty high when compared to the other test cuts and the wear scars for Test Cut T2.2 were 

measured to be just under the default failure value. Test Cut T3.1 and T3.2 adopted the same 

0.20 mm/rev feed rate and 2.0 mm Ap, but the surface finish was a lot better than the first two 

sets of test cuts when conducted at a 250 m/min surface speed. Test Cut T3.1 and Test Cut 

T3.2 delivered higher abrasion resistance results when compared to the first two test cuts.  

Test Cut T4.1 also delivered notable abrasion resistance when subjected to the same cutting 

conditions. There was very little vibration encountered in Test Cut T4.1- T4.2 (Insert D), the 

reduction of vibration contributed to a subsequent reduction in overall wear that the insert 

sustained and this is visible in Figure 4.5 and Figure 4.10. Insert D showed high stability and 

high resistance to notching and resistance to flank wear. The novelty of this turning research 

focuses on attaining higher productivity that can be achieved when machining Inconel 718 at 

higher cutting speeds. The research study conducted by Altin et al. [110], concluded that high 

rates of insert wear were prominent above a cutting speed of 250 m/min. However, the study 
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conducted by Osmond et al. [46], concluded that rate of flank wear actually reduce when cutting 

speeds are increased above 250 m/min to 300 m/min. 

In the second part of the turning trial the cutting speed was increased from 250 m/min to 300 

m/min. The increase in cutting speed from 250 m/min to 300 m/min in the second part of the 

turning trial highlighted signified a marked improvement in the wear resistance capability of the 

inserts for Test Cuts T5.1-T5.2 (Tool 3), T6.1-T6.2 (Tool 4), T7.1-T7.2 (Insert C) and T8.1-T8.2 

(Insert D). The improvement can be attributed to the higher cutting temperatures being created 

in the tool-chip interface as a result of the increase in cutting speed; this in turn reduced the 

perspective yield strength of the Inconel 718 material and the necessary cutting forces. The 

improvements in insert wear resistance followed the increase in cutting speeds which was 

clearly evident with T7.1-T7.2 (Insert C). The high wear and thermal shock resistance of Insert 

C (CTIS710 SiAlON substrate grade) is also apparent in Section 5.3 and Section 7.3. 

The variation in chip morphology is a result of the fluctuations in cyclic specific shear forces 

being higher than that of continuous cutting forces, and it is this that causes the serrated chip 

morphology. The serrated chip effect is a result of shear bands forming between each of the 

serrated edges. The width of the shear band should decrease as the cutting speed is increased.  

Throughout the machine trial, the finish cut diameter was measured to see what level of 

accuracy was achieved with each cut. Some work-piece spring-back was observed in the 

material in the Fy axis and some loss of rigidity in the machine. The required material removal 

was never exactly 273 cm3, but apart from the failure Test Cut T1.1, all the test cuts were 

deemed to be a success.  

4.4.2 Chip Morphology Analysis 
During the study of the chip morphology and the stain hardening of the Inconel 718 chip, the 

focus was to gain an understanding of what happens to the swarf chip at different cutting 

speeds. The high cutting speeds that were used to create the Bakelite samples yielded shear 

localised chips. In each of the samples, a segmented and serrated edge chip profile typical of 

high-speed turning was evident. There were two stages involved in the chip formation process 

at these types of speeds. One stage comprised plastic instability and the other stage involved 

strain localisation in a narrow band in the primary shear zone.  

The other stages which were involved in the formation of the Inconel 718 chip at high cutting 

speeds involved the formation of segments as the cutting tool advanced. Sample two seemed to 

show slightly higher shear localisation when compared to samples one - this was due to the 
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increase in cutting speed. During the latter stage, the chip experienced significant amounts of 

shear. The high cutting speed caused the chip to deform locally; the deformation in the localised 

shear bands ultimately causing the chip material to strain harden to the point of fracture. As the 

cutting speed increased, the length of contact between the segments decreased, which 

increased the shear strain, evident in Figure 4.15, which showed feathered chip segments were 

the result of reduced amounts of contact. The increase in periodic segmentation was due to the 

increase in cutting speed and this was evident in sample three, in Figure 4.15.  

The discontinuous chips that were produced at cutting speeds of 250 m/min and 300 m/min all 

ultimately led to chip fracture due to strain localisation in the primary shear zone. The primary 

shear zone was exposed to higher cutting temperatures when the cutting speed increased from 

250 m/min to 300 m/min. With the increase in cutting speeds, the cutting forces reduced 

because of the higher shear zone temperatures, reducing the yield strength of the Inconel 718 

material. 

The cutting conditions that were experienced at the two cutting speeds by the chip and the 

cutting tool were extreme. The poor thermal conductivity properties of Inconel 718 concentrated 

the heat into narrow deformation shear bands, which generate highly deformed localised chip 

segments. This created an extreme machining environment. The extreme cutting conditions 

caused the simultaneous fluctuation between the stress and strain in the Inconel 718 material. 

The extreme cutting environment ultimately yielded the shear localised chip in all four of the 

Bakelite samples used in this study. When machining hard to machine materials such as 

Inconel 718, it is important to utilise the correct machining parameters such as cutting speed, 

feed rate and depth of cut as these parameters have a noticeable effect on the amount tool 

wear that is generated, and ultimately, the tool life.  

When using ceramic cutting tools, a compromise needs to be made so that the tool life is 

optimum with the serrated type of the swarf chip that is being produced. The surface finish of 

the Inconel 718 after the second cut with all four different ceramic turning inserts was very good 

indeed, which signifies that a cutting speed of 300 m/min and feed rate of 0.2 mm/rev can attain 

a good surface finish. This cutting speed will obviously result in an increase in intense shear 

band localization within the chip. The use of a 300 m/min cutting speed and 0.2 mm/rev feed 

rate will result in higher productivity and will allow for a good surface finish, which is ultimately 

what we have ascertained from this package of research.  
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These sort of cutting conditions have been advised by industrial cutting tool suppliers for a few 

years. Even though these cutting conditions are typical, the level of wear that has been 

ascertained during this machining trial is an improvement on what has been achieved in 

previous research studies Altin et al. [110] and Zeilman et al. [111]. 

4.5 Conclusions for (Test No T1.1-T8.2) 
The conclusions which have been drawn for this wear of inserts study for turning tools are as 

follows:  

1. Several wear mechanisms (flank, crater, notching, and plastic deformation) can 

occur and specifically when using round inserts, flank and notch wear are dominant. 

Notch wear was the most predominant wear mechanism that was captured during 

this machining trial. 

2. The optimum cutting speed for machining Inconel 718 is 300 m/min. At cutting 

speeds above 250 m/min, intense shear band localisation in the primary shear zone 

of the chip/tool interface leads to increasing levels of chip segmentation and failure.  

3. It is recommended that a SiAlON grade 2 (CTIS710 SiAlON grade) round cutting tool 

insert is used for rough machining of Inconel 718. 

4.6 Summary 
This chapter has attempted to establish a thorough understanding of some of wear 

characteristics that are exhibited by ceramic inserts when machining nickel-based superalloys 

such as Inconel 718. The two main objectives of this chapter were: (1) to ascertain the different 

wear mechanism which influence tool life and lead to tool failure, and (2) to ascertain how 

increasing the surface speed has a direct impact on the metallurgical morphology of the chip 

samples. What is established in this chapter is that high amounts of the thermal energy are 

generated in the chip tool interface and these high temperature result in high insert wear rates.  

This chapter has also provided a crucial introduction regarding the wear characteristics of 

CTIS710 SiAlON grade when machining Inconel 718. The turning research that has been 

completed in this chapter provided the early evidence which influenced the decision to select 

CTIS710 SAlON grade for future machining trials. This grade of SiAlON was selected and used 

throughout all the later milling machining trials and tribological testing. Coating technologies 

have a been explored in previous machining trials. As discussed in Section 2.7.4, the benefits of 

depositing a protective wear resistance coating onto a SiAlON turning insert have been 

analysed in detail by Lui et al. [36]. The analysis conducted by Lui et al, and the subsequent 

reduction in wear which was attained in the study influenced my decision to look much deeper 
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into the literature concerning coated SiAlON tooling. As a result of an in-depth literature review, 

a gap in the knowledge was found concerning coated SiAlON ceramic milling tools for 

machining nickel based super alloys.  
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Chapter 5 Tool Wear Analysis Under Interrupted Cutting 

Conditions 
Author’s note: The work in this chapter has been published in the Proceedings of the Institution 

of Mechanical Engineers, Part B: Journal of Engineering Manufacture Osmond et al. [100]. 

5.1 Introduction  
The machining environment that is created when machining aged Inconel 718 with SiAlON 

ceramic milling inserts suffers from very high attrition. Especially if this particular machining 

environments are compared to traditional machining environments that carbide tooling is 

exposed to. Therefore, one of the key motivations of this chapter, has been to understand and 

develop a thorough understanding of what coating elements and coating systems perform well 

in this extremely harsh machining environment.  

The purpose of the research in this chapter is to gain further understanding and knowledge in 

regard to machining Inconel 718 with coated SiAlON ceramic cutting tools. In Chapter 4, a 

series of turning trials with different ceramic turning inserts were conducted. As a result of the 

flank wear results from those turning trials, the CTIS710 SiAlON grade (Insert C) was selected 

for the rest of the EngD machining trials and other tribological research.  

Chapter 5 will look to explore what types of coating elements and coating systems are effective 

at protecting SiAlON ceramic milling inserts when machining aged Inconel 718. Chapter 5 will 

also analyse the effect the coating elements have on the microstructure of swarf chips, which 

are formed at different cutting speeds, as seen in Table 5.1.  

In Sections 3.2.1-3.2.2 of Chapter 3, tool wear capturing techniques are discussed as well as 

the 3D profilometric, which have been used throughout this chapter. Section 3.9 provides the 

basis of the machining techniques, machining strategy and data capturing techniques that have 

been used throughout this chapter. 

This chapter will look at the cutting force and insert wear analysis results that have been created 

during the completion of Tests M1-M13. Tests M1-M13 involved the interrupted, non-continuous 

milling insert wear machining trials, which were conducted at the AMRC knowledge transfer 

centre (KTC). The test number, machining parameters and test sequence, which have been 

used in the machining trials, are stipulated in Table 5.1.  
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Table 5.1. Test parameters machining trial. cutting conditions, used in this study. All inserts had an axial 

rake angle -7.1°, Radial rake angle -12.3° and 0.1 mm edge chamfer. 

Test No 
Tool 

Material  

Bar 
Sections 
Machined 

Cutting 
Speed 

(m/min) 

Feed rate fz 
(mm/tooth) 

Depth of 
Cut (Ap) 

mm 

Radial 
Engagement 

(ae) (mm) 

M1 
CTIS710 
SiAlON 

Uncoated  
 1-1 to 1-4 700 0.1 1.0 30 

M2 

CTIS710 
SiAlON 
+Type A 
Coating 

 1-1 to 1-2 700 0.1 1.0 30 

M3 

CTIS710 
SiAlON 
+Type B 
Coating 

 1-1 to 1-4 700 0.1 1.0 30 

M4 
CTIS710 
SiAlON 

Uncoated  
 2-1 to 2-5 800 0.1 1.0 30 

M5 

CTIS710 
SiAlON 
+Type A 
Coating 

2-1 to 2-5 800 0.1 1.0 30 

M6 

CTIS710 
SiAlON 
+Type B 
Coating 

 2-1 to 2-4 800 0.1 1.0 30 

M7 
CTIS710 
SiAlON 

Uncoated  
 3-1 to 3-5 900 0.1 1.0 30 

M8 

CTIS710 
SiAlON 
+Type A 
Coating 

3-1 to 3-4 900 0.1 1.0 30 

M9 

CTIS710 
SiAlON 
+Type B 
Coating 

3-1 to 3-2 900 0.1 1.0 30 

M10 
CTIS710 
SiAlON 

Uncoated  
4-1 to 4-4 1000 0.1 1.0 30 

M11 

CTIS710 
SiAlON 
+Type A 
Coating 

4-1 to 4-4 1000 0.1 1.0 30 

M12 

CTIS710 
SiAlON 
+Type B 
Coating 

4-1 to 4-2 1000 0.1 1.0 30 

M13 

CTIS710 
SiAlON 
+Type B 
Coating 
'Retest' 

2-1 to 2-3 800 0.1 1.0 30 
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Up-milling operations were conducted under dry conditions and no through-air cooling was 

applied to the cutting tool due to a limitation of the test platform, which might have caused 

fluctuation in cutting temperature. The thirteen samples were machined at cutting speeds 

ranging from 700-1000 m/min with a constant feed per tooth (fz) of 0.1 mm/tooth and constant 

axial depth of cut (Ap) of 1.0 mm in the Fz-direction and the radial engagement (ae) of 30.0 mm. 

The feed per tooth, depth of cut and the 30.0 mm radial engagement were selected to maintain 

chip thickness (Hex) where possible.  

For the removal of each bar section, the metal removal volume was 33.93 cm3. A maximum of 

five bar sections were removed for each of the cutting speeds with the three different inserts. A 

new set of four inserts was used for each of the four cutting speeds. For each test to be deemed 

successful, 169.64 cm3 of material had to be removed as this would have removed all five 

sections of the Inconel 718 sample. The 169.64 cm3 of material was machined away in five 12.0 

mm long sections, as seen in Figure 3.11.  

Once the section had been successfully machined away, the tool was removed from the 

machine and the inserts kept in position so that insert flank and rake face wear data could be 

gathered using the optical microscope. Each of the five sections of material that were removed 

individually accounted for 33.93 cm3 of the total volume of material removed. After each bar 

section of material had been removed, cutting force measurements and insert wear 

measurements were taken. The cutting distance which the inserts had achieved was also 

collated and plotted against insert wear.  

5.2 Influence of Uncoated and Coated Inserts on Cutting Force 

The primary aim of this chapter is focused on identifying if a protective coating can improve the 

machining performance, tool life and wear characteristics of SiAlON ceramic milling inserts. In 

order to identify if a protective coating would improve the wear characteristics of SiAlON 

ceramic milling inserts. The tool life and wear performance of two CVD coated SiAlONs milling 

inserts was compared to that of uncoated SiAlON milling inserts. From the data that was 

attained a series of wear patterns emerged. At the start of machining, Bar Sections 1-1, 2-1, 3-1 

and 4-1, the stability of the Inconel 718 workpiece is at its lowest.  

What counters this loss of stability is the amount of cutting force necessary to machine each bar 

section, which is also at its lowest as the inserts have not sustained any significant amounts of 

wear in the early stages of the test. Figure 5.1(a-b) shows the level of average cutting force in 

the Fx-axis, Fy-axis and Fz-axis throughout the machining trial. 
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Figure 5.1. (a) Average Cutting Force versus Machined Bar Section at 700 m/min (Test No M1-M3) and 
800 m/min (Test No M4-M6, M13), (b) Average Cutting Force versus Machined Bar Section at 900 m/min 

(Test No M7-M9) and 1000 m/min (Test No M10-M12). 

The other reason for the high cutting forces in the Fx-axis, Fy-axis and especially the Fz-axis axis 

when compared to other research conducted by Molaiekiya et al. [38] and Tian et al. [31], is 
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and the Coating A inserts experienced higher mechanical shock between the tool and the 

workpiece.  The higher mechanical shock which is encountered between the outer Al2O3 of 

Coating A and the workpiece. This is likely due to the higher frictional characteristics of Al2O3 

when compared to the outer layer of TiN for Coating B. The frictional coefficients and 

deformation characteristics of Coating A and Coating B are analysed in further detail in Chapter 

6 with scratch and pin-on-disc testing. The Coating B inserts experienced lesser fluctuations in 

the average resultant cutting force at cutting speeds ranging from 700 to 900 m/min, which is 

likely due to the low friction characteristics of the titanium nitride outer coating.  

However, this lower cutting force requirement changed when the cutting speed was increased 

from 900 m/min to 1000 m/min. Figure 5.1(a-b), highlights the impact of the thermal softening 

effect in the chip/tool interface, which led to a large reduction in the hardness and the shear 

stress which is necessary to remove each cut of workpiece material. This in turn also led to 

large reductions in the level of mechanical shock between the tool and workpiece which was 

evident by the sound of each cut. 

5.3 Tool Failure Mechanisms 
The types of tool failure patterns for the rake and flank faces are shown in Figure 5.3-Figure 5.6 

and show that the wear mechanisms at high cutting speeds on the flank and rake face are 

flaking, chipping, notch wear and adhesive wear. These types of rake and flank face wear 

patterns has taken place at a cutting speed of 700, 800, 900 and 1000 m/min, when high-speed 

face-milling of Inconel 718 at fz=0.1 mm/tooth, Ap=1.0 mm, and ae=30.0 mm. It is clearly 

evident in (Region 1 and 2 in Figure 5.3) that Coating A has poor adhesion to the CTIS710 

SiAlON substrate (insert).  

The main reason for the poor adhesion is likely due to the bonding interlayer being titanium 

nitride (TiN) the metallic bonding structure of which has created a weak interfacial bond with the 

covalent SiAlON substrate microstructure. As a result, Coating A degrades and chips off the 

flank face a higher rate than that has been demonstrated by Coating B.  

The thermal stability and adhesive properties of Coating B originate from the high strength ionic 

bonding characteristics of aluminium oxide Al2O3 interfacial layers with the covalent 

microstructure of SiAlON substrate, which is shown graphically in Figure 2.21 in Section 2.10.2. 

The creation of an adherent interfacial coating layer provides a stable foundation for the outer 

layer of titanium nitride to be deposited onto, which is shown graphically in Figure 2.24 in 
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Section 2.11.3. The higher stability and superior adhesive characteristics of Coating B can be 

seen in (Region 3 in Figure 5.3.) and in (Region 4 in Figure 5.3.). 

 

Figure 5.3. Flank wear visible (a-c) 700 m/min (Test No M1) and Flank wear visible (f-h) 700 m/min-(Test 

No M3), material removed is 101.80 cm3, flank wear visible (d-e) 700 m/min (Test No M2) material 
removed is 67.86 cm3.  

In (Region 1 and 2 Figure 5.4) and in (Region 3 and 4 in Figure 5.4) begins to show the 

degradation of Coating B and the coating B retest, and after the completion of Bar Sections 2-2 

and 2-3 test cuts it appears that Coating B certainly has better adhesive characteristics when 

compared to Coating A. The reflective shiny surface that is seen in (Region 1 and 2 in Figure 

5.3, (Region 5 and 6 in Figure 5.4) represents freshly revealed SiAlON substrate, which 

indicates the Coating A has been removed. Conversely, (Region 3 and 4 in Figure 5.3) show the 

Coating B still adhered to the SiAlON substrate. However, once the TiN outer layer of Coating B 

is exposed to temperatures above 800°C it begins to oxidise, during which each cut leads to a 

rapid reduction during which each cut leads to a rapid reduction in its mechanical properties, 

significantly reducing its adhesive characteristics and causes further coating failure.  
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Figure 5.4. Flank wear visible (a-c) 800 m/min (Test No M4), Flank wear visible (d-f) 800 m/min (Test No 
M5), Flank wear visible (g-i) 800 m/min (Test No M6), Flank wear visible (j-l) 800 m/min (Test No M13). 

For all the material removed is 101.80 cm3. 
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Zhu et al. [112] conclude that the ceramic ionic and covalent bonding phases do create strong 

interfacial bonds which contributes to the thermo-mechanical properties and their stability at 

high temperatures when compared to metallic phase bonds of titanium nitride. The weaker 

interfacial metallic phase bonds are the reason why the Coating A has flaked off the insert in the 

early stages of this set of test cuts (Region 3 and 4 Figure 5.5). Thouless et al. [113] proposed 

that once the stability between the substrate and the coating interfacial layer is weakened, 

microcracks begin to form due to the distribution of the cutting forces through brittle weak 

interfacial phases. As the three different types of inserts were used to machine Bar Sections 1-

3-1-4, 2-3-2-5, the inserts ultimately succumbed to fracture as result of progressive tool damage 

on both the flank and rake face and with the increase in the volume of metal removal. The 

progressive wear of the three different types of inserts took place due to presents of high 

mechanical and thermal stresses taking place in the primary shear zone of the chip/tool 

interface and secondary wear zone on the flank face. The variation of high tensile and 

compressive stresses is generated by the heating and cooling of the cutting tool through each 

cutting cycle. The effects of the heat and cooling cycles were evident when the Coating B 

inserts could not complete Bar Sections (3-3-3-5) and (4-3-4-4) due to the quantity of wear that 

had been sustained by the Coating B inserts after machining Bar Sections (3-1-3-2) in Figure 

5.5(g) and Figure 5.6(h) and Bar Sections (4-1-4-2) in Figure 5.6(g). 

This was also apparent with the Coating B in (Regions 1 and 2 in Figure 5.5), because of 

isolated craters forming on the flank face. The isolated craters are likely as a result of the 

coating being removed via thermomechanical wear from the SiAlON substrate and diffusion 

wear taking place at temperatures in excess of 1000°C. At cutting temperatures over 1000°C 

the silicon nitride in the SiAlON milling inserts has a strong affinity for the iron in the workpiece 

material. This strong affinity between the silicon nitride and the iron initiates solid solution 

between the flank face of Coating B inserts and the workpiece, which causes rapid degradation 

of the flank face. The uncoated SiAlON ceramic inserts have less wear when compared to the 

coated SiAlON inserts. 

The uncoated SiAlON inserts for the test cuts at 700, 800 and 900 m/min demonstrated the best 

wear resistance characteristics when compared to the coated SiAlON inserts. This lack of wear 

can be attributed to a chip/tool interface which created a superior sliding contact interaction 

between the Inconel 718 workpiece material and uncoated SiAlON inserts. The stable 

engagement into cut allowed for more consistent cutting forces, cutting temperatures and 

material removal, which contributed to extending the tool life of the uncoated SiAlON inserts. 
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Even though the uncoated inserts generated higher cutting forces than Coating B inserts as 

captured in Figure 5.1. The uncoated SiAlON inserts machined five bar sections when 

compared to four sections that were machined with Coating B inserts. Therefore, the wear 

resistance of the uncoated SiAlON inserts was higher than the Coating B inserts. 

 

Figure 5.5. Flank wear visible (a-c) 900 m/min (Test No M7) and (d-f) 900 m/min (Test No M8) the 
material removed for both is 101.80 cm3, Flank wear visible (g-h) 900 m/min (Test No M9) the material 

removed is 67.86 cm3. 

The chip/tool interface created by the coated SiAlON inserts has exhibited less stability. The 

lack of stability is a result of the less favourable sliding contact interaction between the Inconel 

718 workpiece material and coated SiAlON inserts. The less stable engagement in cut resulted 
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in coating wear and degradation, which contributes to variation in the cutting forces, cutting 

temperatures and how the workpiece material is removed.  

 

Figure 5.6. Flank wear visible (a-c) 1000 m/min (Test No M10) and (d-f) 1000 m/min (Test No M11) the 
material removed for both is 101.80 cm3, Flank wear visible (g-h) 1000 m/min (Test No M12) the material 

removed is 67.86 cm3. 

A non-contact 3D profilometer (focus variation type), was used to scan the three different types 

of inserts are shown in Figure 5.7-Figure 5.10. Figure 5.7 highlights the types of primary and 

secondary wear mechanisms which the uncoated, Coating A and Coating B inserts sustained 

when facing milling Bar Sections (1-1-1-4) of Inconel 718 at a cutting speed of 700 m/min. 

Secondary wear mechanisms such as oxidative wear are visible on the rake face (Region 1 in 

Figure 5.7) and abrasive wear is visible on the cutting edge of the rake face for the uncoated 

and Coating A inserts (Regions 3 and 5 in Figure 5.7). As represented in Figure 5.7, non-

contact 3D profilometer (focus variation type) scans were taken of Insert 1 and 3 for Test No M1 

and Test No M2 and Insert 2 and 4 for Test No M3. 
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Flaking and chipping are evident on the rake face for the uncoated and Coating A inserts 

(Regions 2 and 4 in Figure 5.7). The flaking and chipping take place due to the change in 

cutting edge as result of abrasive wear, which causes the contact pressures in the chip/tool 

interface to increase to a point that it causes the SiAlON ceramic microstructure to shear along 

the grain boundaries. The shearing effect along the grain boundaries causes a wave like 

multilayer topography to form as can be seen on the rake face of the Coating B inserts (Regions 

6 and 8 in Figure 5.8).  

Primary wear mechanisms such as crater wear are visible on the flank face of the Coating B 

inserts (Regions 6 and 7 in Figure 5.8). During the machining process, as the three types of 

inserts sustain more wear on the flank and rake faces and remove more metal, the level of 

vibrations begin to increase. Once the coatings delaminate and flake off the inserts, a cutting 

surface with different coating thicknesses on both the rake and flank faces of the Coating A and 

Coating B inserts is created which contributed to the exacerbation of the insert wear 

mechanisms. 

 

Figure 5.7. Non-contact 3D profilometer (focus variation type) scan: Test No M1(a-b) and Test No M1 (c-
d) the material removed for both is 135.716 cm3, Test No M1 (c-d) the material removed is 67.858 cm3. 
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Figure 5.8 highlights the types of wear which the inserts sustained when facing milling Bar 

Sections (2-1-2-5) of Inconel 718 at a cutting speed of 800 m/min. Once again flaking and 

chipping are evident on the rake face for the uncoated and Coating A inserts (Regions 1, 2, 6, 

and 8 in Figure 5.8). The level of insert wear is reflected by the volume of metal that has been 

removed as Bar Sections (2-1-2-5) were machined by the uncoated and Coating A inserts. As 

represented in Figure 5.7, non-contact 3D profilometer (focus variation type) scans were taken 

of Insert 2 and 3 for Test No M4-M6 and Test No M13. 

 

Figure 5.8. Non-contact 3D profilometer (focus - variation type) scan: Test No M4 (a-b) and Test No M5 
(c-d) the material removed for both is 169.645 cm3, Test No M6 (e-f) the material removed is 135.716 

cm3, Test No M13 (g-h) the material removed is 101.787 cm3. 
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Isolated chipping and flaking were also evident on the rake face for the uncoated and Coating A 

inserts (Regions 3 and 4 in Figure 5.8). The isolated chipping and flaking are likely a result of 

fluctuating tensile and compressive stresses being distributed across the rake face. Oxidative 

wear is yet again visible on the rake face for all the inserts (Regions 5, 7, 9, 10 and 11 in Figure 

5.8). 

As the cutting speed was increase up to 900 m/min and 1000 m/min the type of insert wear 

mechanisms changed. Figure 5.9 highlights the types of wear mechanisms which the all the 

inserts sustained when facing milling Bar Sections (3-1-3-5) of Inconel 718 at a cutting speed of 

900 m/min. Adhesive wear had been apparent throughout the machining tests, but adhesive 

wear was more prominent at cutting speeds of 900 m/min and 1000 m/min with the uncoated 

inserts (Region 1 in Figure 5.9). This increase in adhesive wear is due to an increase in 

temperature in the chip/tool interface and the localised welding and fusing of the chip onto the 

surface of the uncoated inserts. As represented in Figure 5.9, non-contact 3D profilometer 

(focus variation type) scans were taken of Insert 2 and 4 for Test No M7 and M8 and Insert 1 

and 2 for Test No M13. 

 

Figure 5.9. Non-contact 3D profilometer (focus - variation type) scan: Test No M7 (a-b) the material 
removed is 169.645 cm3, Test No M8 (c-d) the material removed is 135.716 cm3, Test No M9 (e-f) the 

material removed is 67.858 cm3. 
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Coating A sustained significant amounts of chipping, flaking and crater wear (Regions 3, 4 and 

5 in Figure 5.9) and Coating B inserts had chipping, flaking and crater wear (Regions 6 and 7 in 

Figure 5.9). However, the bilayer coating of Coating B failed after machining Bar Sections (3-1-

3-2). This is likely due to titanium nitride (TiN) outer layer oxidising as a result of the increased 

cutting speed and cutting temperature. 

The oxidised surface ablates off the surface of the insert causing the uneven sliding surface 

contact to exacerbate the flank and rake face wear. The uneven surface contact contributes to 

high fluctuations in the tensile and compressive stresses in the chip/tool interface and shortens 

the tool life of the Coating B inserts. As represented in Figure 5.10, non-contact 3D profilometer 

(focus variation type) scans were taken of Insert 1 and 2 for Test No M10 and Insert 2 and 4 for 

Test No M11 and Test No M12. 

 

Figure 5.10. Non-contact 3D profilometer (focus - variation type) scan: Test No M10 (Images a-b) and Test No 

M11 (c-d) the material removed for both is 135.716 cm3, Test No M12 (e-f) the material removed is 
67.858 cm3. 
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Figure 5.10 highlights the types of wear which all the inserts sustained when facing milling Bar 

Sections (4-1-4-4) at a cutting speed of 1000 m/min. The failures that had been evident for 

Coating B at a cutting speed of 900 m/min were also evident when the inserts were tested at 

1000 m/min. Coating B failed after machining Bar Sections (4-1-4-2), with the TiN outer coating 

degrading in the same way that had been experiences in the previous test that were completed 

at 900 m/min. Flaking, chipping Figure 5.10 shows that all three types of insert suffer from 

flaking and chipping (Regions 1, 3, 5, 6, 7 and 9 in Figure 5.10) with tool fracture happening with 

Coating B (Regions 8 and 10 in Figure 5.10). What must also be noted is how the Coating A 

inserts improved in wear resistance, in comparison to the uncoated inserts as the cutting speed 

was increase in cutting speed up to 1000 m/min.  

5.4 Tool life curves 
The tool life curve which is shown in Figure 5.11 describes the magnitude of flank wear which 

each of the three different CTIS710 SiAlON ceramic milling inserts experienced when operated 

at a cutting speed of 700, 800, 900 and 1000 m/min.  

 

Figure 5.11. 700 m/min (Test No M1-M3), 800 m/min (Test No M4-M6 & M13), 900 m/min (Test No M7-

M9), 1000 m/min (Test No M10-M12). 
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The 1.0 mm depth of cut and feed per tooth of 0.1 mm/tooth remained constant throughout the 

entire machining trial. Over the four sets of cutting speeds, the uncoated CTIS710 milling inserts 

achieved the best overall wear resistance and resistance to sudden failure. The CVD coated 

SiAlON ceramic milling inserts have performed well at cutting speeds of 700 m/min and 800 

m/min regarding flank wear measurements that were captured from in the earlier sets of test 

cuts. 

When the cutting speed was increased to 900 m/min and 1000 m/min, however, Coating B 

seemed to suffer from a series of exacerbated wear mechanisms ranging from 

thermomechanical wear, oxidation, abrasive wear, crater, and notch wear, which ultimately led 

to poor tool life and high tool wear rates.  

Coating A appeared to perform better when the cutting speed was increased. The increase in 

cutting performance is likely due to Coating A being removed from the surface of the SiAlON 

substrate rather easy during the machining of the sections one and two. Once Coating A has 

subsequently been removed from the surface of the SiAlON, it leaves a clean fresh cutting 

surface which can be used in the machining of the latter sections. 

5.5 Conclusions for (Test No M1-M13) 
 The following conclusions can be drawn from this study:  

1. The uncoated SiAlON inserts achieved more consistent cutting performance in terms of 

material removed from the workpiece for a given magnitude of insert flank wear. 

2. Coating B generated less cutting force when machining initial sections when compared 

to A and the uncoated inserts. 

3. The degradation of Coating B is due to the presence of oxidised titanium nitride, 

exacerbating flank and rake face wear. 

4. Titanium nitride in CVD coatings should not be used for protecting SiAlON ceramic 

milling inserts due to their poor thermal performance.  

5.6 Summary 
The present chapter looks to develop further understanding and explore the main research 

hypothesis. Therefore, Test No M1-M13 has focused on clarifying what coating elements and 

coating system would increase the tool life of CTIS710 SiAlON milling inserts. The use of CVD 

coatings is well established in literature, as this coating technique has proven to deposit 

abrasion resistant elements on to the surface of ceramic substrates that attain high adhesion 

and greatest resistance to delamination. This chapter has attempted to establish a thorough 
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understanding of some of the wear characteristics, cutting forces and metallurgical aspects of 

chip morphology, when using coated and uncoated ceramic inserts to machine Inconel 718.  

The main output from of completing Test No M1-M13, has identified that amorphous grade 

Al2O3 has exhibited high thermo-mechanical stability and high adhesion to the CTIS710 milling 

insert substrate, throughout the two-part machining trial. The amorphous grade Al2O3 bonded 

very well on an interatomic level with the CTIS710 milling insert substrate. Although the Al2O3 

was utilised in the Coating A outer layer, it is the Al2O3 interfacial layer that is represented in 

Coating B that was of real interest for later chapters in this thesis. However, the machining 

performance of Coating B inserts was impeded by the poor wear performance and oxidation 

resistance of the titanium nitride outer coating for Coating B. Coating A also suffered with the 

inclusion of titanium nitride in the interfacial layer, as the adhesion characteristics that were 

exhibited by Coating A were poor.  

Another key output from Experiment Two has focused on the simplifying the coating systems 

and how this will improve the tribological contact at the chip/tool interface. The multilayer 

coating system for Coating A failed rapidly and the bilayer coating system for Coating B adhered 

so well to the CTIS710 SiAlON; that the bilayer coating of Coating B actually exacerbated the 

primary and secondary wear mechanisms and reduced the tool life.  

Therefore, it was determined that improvements in tool life and wear characteristics could be 

attained by depositing a single layer of amorphous Al2O3 on to the CTIS710 SiAlON substrate. 

The single layer coating system would exploit the high thermo-mechanical stability of 

amorphous Al2O3 and the high adhesion characteristics. The novelty of this 3-axis high speed 

milling trial has provided different layers of information about the different types of wear 

mechanisms, which effect SiAlON ceramic milling inserts when machining Inconel 718. The 

layers of novel information focus on wear resistance, resistance to oxidation, adhesion to the 

SiAlON substrate and thermochemical resistance of the coated and uncoated inserts. The 

coating wear mechanisms that have been witnessed in the work completed by Osmond et al. 

[100] are also evident in Section 7.2 and Section 7.4.  

To further develop the understanding of what coating elements should be utilised in Coating C, 

the next chapter will look to gain further knowledge and develop a greater understanding of the 

tribological and mechanical characteristics of the two CVD coatings. This will be accomplished 

with a series of tribological tests in the form of scratch testing, pin-on-disc testing and nano-

indentation testing. Experiment Three will look to compare the results and conclusions of 
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tribological tests and compare them with the results and conclusions that have been drafted in 

this chapter. The cross comparison is hoped to provide useful information which can be 

extracted to influence the development of Coating C.   
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Chapter 6 Coating Characterization of Coating A and B 
Author’s note: The work in this chapter has been published in the Journal of Materials and 

Manufacturing Processes Osmond et al. [96].  

6.1 Introduction 

This chapter will include the published research, which focused at the tribological tests that were 

conducted on two CVD coated SiAlON milling inserts. The wear resistance testing of the two 

coatings was attained via the pin-on-disc method. The tests were conducted to ascertain a 

thorough understanding of the wear characteristics of the two coatings, which were deposited 

onto the silicon aluminium oxynitride SiAlON ceramic inserts. Understanding of the adhesion 

characteristics of the two CVD coatings was attained via scratch testing. As a result of 

fractographic examination of the two CVD coatings via scanning electron microscope images, it 

was established that the adhesion and wear characteristics of coating A and coating B varied 

extensively. 

6.2 Results - Scratch Testing Analysis 
The purpose of the research in this section of Chapter 6 is to gain further knowledge in regard to 

the adhesion properties of the two CVD coatings that have been deposited onto the CTIS710 

SiAlON substrate. In Sections 3.5.1 and 3.5.3 and Section 3.6 of Chapter 3, the 3D 

profilometric, scanning electron microscopy techniques and scratch testing techniques are 

discussed; these techniques have been utilised throughout Sections 6.2 and 6.3 of this chapter. 

Section 3.6 provides the foundation of the scratch techniques that were utilised to perform the 

two scratches.  

The analysis from the scratch testing has confirmed that Coating A had suffered from 

substantial amounts of wear, sudden fracture of the coating, which resulted in delamination, as 

seen in Figure 6.1(a) and Figure 6.1(c), as the level of scratch force was increased. 

Figure 6.1(b) and Figure 6.1(d) indicate that Coating B had endured very little wear and no 

coating delamination. A scanning electron microscope (SEM) was used to perform an 

examination of the two CVD-coated SiAlON ceramic milling inserts, and this visual SEM 

analysis is captured in Figure 6.3-Figure 6.11.  

From observations it was noted that the amount of adhesion to the SiAlON ceramic substrate of 

CVD Coating A, (TiN+TiCN+Al2O3), varied quite considerably when compared to the adhesion 

attained by Coating B, (Al2O3+TiN). The highly adherent properties that were exhibited by 

Coating B are due to the high strength interfacial bonds that are created between the SiAlON 



 

122 
 

ceramic substrate and the interfacial layer of amorphous α-Al2O3 during the CVD coating 

process.  

 

Figure 6.1.(Non-contact 3D profilometer (focus—variation type) scan of (a,c) the Coating A scratch and 
(b,d) the Coating B scratch. 

The high temperature chemical vapor deposition process takes place in the region of 1050°C, 

which is an ideal temperature for chemical reactions to take place to create the amorphous α-

Al2O3 polymorphs. The high temperatures establish high thermal interfacial bonding energies to 
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be created between the SiAlON ceramic substrate and the gaseous AICl3/H2/C02 vapor gas 

mixture of atoms. Previous work conducted by Vuorinen et al. [114] and Fredriksson et al. [115] 

concluded that as vapor decomposes and begins to nucleate and bond with the SiAlON ceramic 

substrate, the amorphous α-Al2O3 polymorphs will begin to grow, layer by layer, to create an 

amorphous aluminium oxide coating.  

However, the work conducted by Ruppi et al. [90], which focused on controlling the orientation of 

α-Al2O3 crystals, proposes that when α-Al2O3 polymorph layers grow perpendicularly on the 

basal 0001 plane to substrate, as a result of layer growth, a highly textured, hexagonal, closed 

packed microstructure is formed, which in turn creates a highly thermodynamically stable 

coating.  

The textured aluminium oxide α-Al2O3 microstructure provides high stability and resistance to 

the fluctuating shear and tensile stresses, which prevents the creation of fracture cracks 

between the interfacial bonding layer and the SiAlON ceramic substrate.  

It is the stability of the α-Al2O3 interfacial layer, which provides the resistance to deformation, 

that is evident in Figure 6.8 and Figure 6.11. During the Coating A and Coating B scratch tests, 

a diamond stylus was subjected to a linearly increasing load of 100 N/min whilst being drawn at 

a rate of 10 mm/min across the coated surface up until the point of adhesion failure, and a 

critical load was reached. 

Typically, before a hard coating begins to fail, it will suffer from the formation of microcracks at 

the surface of the scratch. Therefore, determining the “lower critical load” (LC1) is important for 

clarifying the minimum load value at which the cracks first begin to develop. Another important 

value to determine is the “higher critical load” (LC2), which determines when complete 

delamination of the coating begins. 

 

One of the key tasks of the research in this chapter, was determining the critical load strength of 

the two coatings, which was important in defining the difference in mechanical properties 

between Coatings A and B. The critical scratch loads for two stages of coating deformation are 

captured in Figure 6.2. 

 

Equation (6.1) was used to calculate the critical load LCN value for both Coating A and Coating 

B. LC1 – the critical scratch load in N, Lrate – the rate of force application (N/min) in specific test, 

lN – the distance in mm between the start of the scratch track, Xrate – the rate of horizontal 
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displacement (mm/min) in the specific scratch test and Lstart – the preload stylus force in 

newtons established at the start of the scratch test.  

 

 

Figure 6.2. Critical Scratch Load Damage Features in Progressive Load Test. [96] 

For both coatings, the LC2 = LC1. This is due to Coating A catastrophically failing in the 

coating/substrate interface after a linear distance of 1.057mm. The coating/substrate interface 

failure of Coating A resulted in complete delamination of the coating for the rest of the scratch. 

Coating B deformed but did not fail at any point along the entire scratch, therefore LC2 = LC1.  

 

𝐿𝐶1 = [𝐿𝑟𝑎𝑡𝑒 − {
𝑙𝑁

𝑋𝑟𝑎𝑡𝑒
}] + 𝐿𝑠𝑡𝑎𝑟𝑡                               Equation 6.1 

𝐶𝑜𝑎𝑡𝑖𝑛𝑔 𝐴 𝐿𝐶1 = [100(N/min) − {
1.057(mm)

10(mm/min)
}] + 0 = 10.57N ± 0.001N  

𝐶𝑜𝑎𝑡𝑖𝑛𝑔 𝐵 𝐿𝐶1 = [100(N/min) − {
9.89(mm)

10(mm/min)
}] + 0 = 99.01N ± 0.001N  

 

For both coatings, the LC2 = LC1. This is due to Coating A catastrophically failing in the 

coating/substrate interface after a linear distance of 1.057mm. The coating/substrate interface 
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failure of Coating A resulted in complete delamination of the coating for the rest of the scratch. 

Coating B deformed but did not fail at any point along the entire scratch, therefore LC2 = LC1.  

 

Figure 6.3. Coating A scratch Position 1, 2, 3, 4 at x30 Mag. 

The image that is shown in Figure 6.3 highlight the deformation of the scratch at different 

stages. The weak adhesive properties of Coating A are demonstrated in Figure 6.4(a-b), Figure 

6.5(a-b), Figure 6.6(a-b) and Figure 6.7(a-b). 

 

 

Figure 6.4. (a) Coating A Scratch Position 1, Initial scratch LC1, (b) Coating A scratch Position 2 Coating 
fracture and delamination position, at x180 magnification. 
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The inadequate adhesion being to the SiAlON ceramic substrate, demonstrated by Coating A, 

was due to the low strength interfacial bonds that had been formed between the titanium nitride 

(TiN) interfacial bond layer and SiAlON ceramic substrate.   

 

Figure 6.5.(a) Coating A scratch position 3 (continued delamination and spalling) and (b) Coating A 
scratch position 4 (end of the scratch SEM) at ×180 magnification. 

After 1.0 mm of linear travel at a load of 10.57 N ± 0.001 N, tensile and shear stresses 

culminated in a sudden total fracture of the coating. Therefore, LC1 = LC2 for Coating A, which 

was 10.57 N ± 0.001 N.  

 

Figure 6.6. (a) Coating A Scratch Position 1, Initial scratch LC1, (b) Coating A scratch Position 4, End of 
Scratch SEM, at x400 magnification. 

The inability of Coating A to adequately distribute the linearly increasing tensile and shear 

stresses throughout the coating microstructure resulted in the delamination of Coating A from 



 

127 
 

the SiAlON ceramic substrate. Characteristically, hard coatings deteriorate from small cracks 

prior to failure, though here, Coating A failed catastrophically as result of brittle and weak 

interfacial layers, which in turn initiated the delamination of the rest of the coating as load was 

increased. 

 

Figure 6.7. (a) Coating A Scratch Position 1, Initial scratch LC1, at x1000 magnification (b) Coating A 
Scratch Position 1, Initial scratch LC1, at x1500 magnification. 

As the coating load increased, the spalling effects increased, and this is evident in Figure 6.6(b). 

The principal cause for the abrupt failure of Coating A can be credited to the low strength 

interatomic bonds being initiated between the isomorphic phases of titanium nitride (TiN) (lattice 

structure) in which metallic bonds occur. 

These metallic bonds do not have the same capability to share valence electrons with the 

SiAlON covalent microstructure on an interatomic level as ionic bonds of Al2O3 have. The 

metallic covalent interactions between TiN and SiAlON ceramic atoms resulted in the creation of 

low-strength energy sites for nucleation, which in turn initiated the creation of low-strength 

interatomic bonds between the covalent microstructure of the silicon aluminium oxynitride 

(SiAlON) ceramic. Hence, once the TiN and the SiAlON ceramic interfacial bonds were exposed 

to adequate fluctuating shear and tensile stresses, interfacial cracks started to propagate and 

were thus the root cause of Coating A catastrophically failing after travelling 1.0 mm. 

 

The image in Figure 6.8 highlights the deformation of the scratch at different stages. Figure 6.9 

and Figure 6.10 illustrate the lack of coating deformation and subsequent delamination. There is 

no noticeable cracking when compared to the level of wear that can be viewed in Figure 6.3 and 

Figure 6.7 with Coating A. 
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Figure 6.8. Coating B scratch Position 1, 2, 3, at x30 magnification. 

Figure 6.9(a-c), Figure 6.10(a-b) and Figure 6.11(a-b) highlight the lack of physical degradation 

of the coating, which suggests that the interface that was created between the α-Al2O3 and the 

SiAlON ceramic substrate formed high strength interatomic bonds.  

 

Figure 6.9. (a) Coating B scratch Position 1, (b) Coating B scratch Position 2, (c) Coating B scratch 
Position 3, at x180 magnification. 

Aluminium oxide (α-Al2O3) ionic bonds have the capability to share valence electrons with the 

SiAlON ceramic covalent microstructure. This resulted in the electronegativity interactions 

between Al2O3, and SiAlON ceramic atoms, which initiated high energy sites for the nucleation 
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of the α-Al2O3 interfacial layer atoms onto the surface of the SiAlON ceramic substrate. High 

interatomic bonds were then formed with the covalent microstructure of the silicon aluminium 

oxynitride (SiAlON) ceramic. 

 

Figure 6.10. (a) Coating B scratch Position 1, (b) Coating B scratch Position 3, at x400 magnification. 

Furthermore, the tribological interaction of the diamond stylus between Coating A and B was 

different as the friction coefficient between the aluminium oxide (α-Al2O3) outer layer of Coating 

A was slightly higher than the titanium nitride (TiN) outer layer of Coating B, but not significantly 

so. However, this particular characteristic would have had an effect on the sliding contact 

stresses, which were transmitted through the stylus tip into the surface of the coating. 

 

Figure 6.11. (a) Coating B scratch Position 1, (b) Coating B scratch Position 3, at x1000 magnification. 
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Nonetheless, Coating B succeeded in withstanding the fluctuating shear and tensile stresses, 

which were transmitted through the stylus up to a maximum load of 100 N.  

Therefore, the LC1 value for Coating B was >100 N, and, since there had not been any 

deformation or complete failure in Coating B, LC1 = LC2; thus, the higher critical load, LC2, is >100 

N. The lack of deformation for Coating B is represented by the width of the wear scar in Figure 

6.10(a) and Figure 6.10(b). As a result of Coating B exhibiting superior resistance to 

deformation, and due to the complete lack of delamination, it is suggested that amorphous α-

Al2O3 should be utilized in this type of coating and for future coating applications. 

 

6.3 Results – Pin-on-disc Test Analysis 
In Section 3.1.2 and 3.3.3 and Section 3.3.2 of Chapter 3, the 3D profilometric, scanning 

electron microscopy techniques and pin-on-disc techniques are discussed, these techniques 

have been utilised throughout Section 6.3 and 6.5 of this chapter. Section 3.3.2 and 3.3.5 

provides the basis of the pin-on-disc techniques that were utilised to perform the pin-on-disc 

testing on the two coated SiAlON inserts.  

The results of pin-on-disc testing for Coating A and B for Tests 1a and 2a are shown in in Figure 

6.12 and Test 1b and 2b are shown in Figure 6.13, respectively. From the Hertzian analysis, the 

applied loads that Coating B was subjected to were higher than the applied loads that Coating A 

were subjected to. This is because of the better resistance to deformation of the coating 

microstructure that is exhibited by Coating B when compared to the stability of Coating A. 
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Figure 6.12. Friction coefficient plot vs. time (seconds) vs. friction force (N): (a) Test 1a and (b) Test 2a for 
Coating A. 

To reach the required 1000 m sliding distance stipulated in ASTM Standard Test Method G-99-

17 [99], the tests would each need to last 496 seconds. As a result of the contact conditions the 

two CVD coatings quickly degraded after about 22 seconds at linear velocity 2.0 m/s in Test 1a 

and Test 1b. 
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Figure 6.13. Friction coefficient plot vs. time (seconds) vs. friction force (N): (a) Test 1b and (b) Test 2b for 
Coating B. 

For the first three seconds for the Tests 1a and 1b, the applied loads of 78 N and 124 N were 

applied to the surface of the CVD coated inserts. The insert support fixture was spun up to a 

linear velocity of 2.0 m/s for the first test. Then the test fixture was spun up to a linear velocity of 

2.0 m/s for the second test. The applied loads were applied by the actuator and measured by 

the load cell transducer, together with a sliding velocity of 2.0 m/s for Test 1a and Test 1b, 

which culminated in Coating A failing after 24.81 seconds Figure 6.12(a). The calculated sliding 

distance and the times are shown in Table 6.1. 

Table 6.1. Pin-on-disc test Sliding Distance Results.  

Test 
No 

Tool Material 
Linear 

Velocity 
(m/s) 

Load (N) Time (s) 
Sliding 

Distance 
(m) 

1a CTIS710 SiAlON +Type A Coating 2.0 78 24.81 29.78 

1b CTIS710 SiAlON +Type B Coating 2.0 124 22.64 27.16 

2a CTIS710 SiAlON +Type A Coating 1.0 78 35.56 42.67 

2b CTIS710 SiAlON +Type B Coating 1.0 124 31.54 37.84 

Once the fixture had reached a linear velocity of 2.0 m/s, the 4.0 mm diameter 52100-steel ball 

counter specimen quickly succumbed to high frictional forces in the contact region and began to 

degrade and wear quickly. The friction coefficient for Coating A, as seen in Figure 6.12(a), 

remained constant until the adhesion between the now heavily worn steel ball counter 

specimen, as seen in Figure 6.14 and Coating A (Region 4 in Figure 6.16a) resulted in 
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delamination of Coating A (Regions 1 and 2 in Figure 6.15) and (Regions 5 in Figure 6.16b). 

Once Coating A began to delaminate and the coefficient of friction increased sharply, Test 1a 

was stopped. 

The primary reason for the failure of Coating A is likely due to the weak interfacial bonds being 

created between interfacial layer of titanium nitride (TiN) and the SiAlON ceramic substrate. 

Although Test 1b for Coating B lasted a slightly shorter period of time at 22.64 seconds, and 

Coating B was exposed to a higher applied load, the improved wear characteristics of Coating B 

when compared to Coating A are evident in Figure 6.17. The red boxes seen in Figure 6.15, 

Figure 6.16, Figure 6.17, Figure 6.18, Figure 6.19, Figure 6.20, Figure 6.21 and Figure 6.22 

signify areas of interest for further magnification. 

 

Figure 6.14. (a) Worn 4mm diameter 52100 steel ball pin-on-disc Test 1a- Coating-A, (b) Unused 4.0 mm 
diameter 52100 steel ball. 

 

Figure 6.15. SEM images of Coating A after pin-on-disc Test 1a: (a) ×50 magnification, (b) ×800 
magnification. 

The high hardness contributes to low friction between the steel ball counter specimen, when 

compared to the frictional characteristics of the aluminium oxide Al2O3 outer layer of Coating A. 
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Figure 6.16. SEM images of Coating A after pin-on-disc Test 1a, (a) x1500 magnification, (b) x3000 
magnification. 

The high resistance to delamination of Coating B (Regions 1, 2, in Figure 6.17) and (Regions 4, 

5, in Figure 6.18), compared to the delamination of Coating A (seen in Regions 1, 2 in Figure 

6.15) and (Region 5 in Figure 6.16b). The friction coefficient for Coating B fluctuated slightly, as 

seen in Figure 6.13(a). The fluctuating friction forces levelled out until the adhesion between the 

now heavily worn steel ball counter specimen and Coating B became excessive, as represented 

in Figure 6.14. 

 

Figure 6.17. SEM images of Coating B after pin-on-disc Test 1b, (a) x50 magnification, (b) x800 
magnification. 

The higher adhesion characteristics, greater resistance to deformation and delamination of 

Coating B were likely attained due to high interfacial ionic/covalent bonds being created 

between the interfacial layer of amorphous α-Al2O3 and the SiAlON ceramic substrate. 
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Figure 6.18. SEM images of Coating B after pin-on-disc Test 1b, (a) x1500 magnification, (b) x3000 
magnification. 

The lower friction characteristics of titanium nitride (TiN) micro-structure can be attributed to the 

higher stability characteristics. Shoja et al. [116], concluded that α-Al2O3 coatings plastically 

deform on the rake face at different locations with different slip systems. The basal slip system 

is mostly activated during deformation, which is followed by the first and second prismatic slip 

systems. 

This type of deformation correlates into a controlled and effective dispersion of the applied loads 

between the steel ball counter specimen and Coating B. The high stability characteristics and 

low coefficient of friction of the TiN outer layer, together with the higher stability and robustness 

of the amorphous α-Al2O3 interfacial layer of Coating B compared to Coating A, created a 

coating microstructure that was equipped to resist and distribute the high loads being applied. 

M’Saoubi et al. [117], conclude in their research that that a textured α-Al2O3 microstructure that 

has a controlled crystal orientation. M’Saoubi et al also conclude that subsurface α-Al2O3 layers 

was the result of the activation of basal slip mechanism, which is attributed to a combination of 

shear stress at high cutting temperatures on the rake face. The high resistance to deformation 

as can be seen in Figure 6.17 and Figure 6.18. The textured microstructure exhibits very high 

stability when subjected to high load forces at ambient temperatures have been applied. 

For Tests 2a and 2b (Figure 6.19, Figure 6.20, Figure 6.21, and Figure 6.22) the test fixture 

linear velocity was reduced to 1.0 m/s when compared to the linear velocity of 2.0 m/s that was 

utilised in Tests 1a and 1b for Coating A and B. The reduction in linear velocity was undertaken 

to investigate if this would have an impact on the sliding distance that could be attained before 

failure and the wear characteristics that had been evident in Test 1a and 1b for both Coating A 
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and Coating B. The friction coefficient for Coating A, as seen in Figure 6.12(b), remained near-

constant until the adhesion between the now heavily worn steel ball counter specimen as 

represented in Figure 6.14. 

 

Figure 6.19. SEM images of Coating A after pin-on-disc Test 2a, (a) x50 magnification, (b) x800 
magnification. 

 

Figure 6.20. SEM images of Coating A after pin-on-disc Test 2a, (a) x1500 magnification, (b) x3000 
magnification. 

However, when the insert support fixture had reached a linear velocity of 1.0 m/s, the 4.0 mm 

diameter steel ball counter specimen began to degrade and wear as result of the high forces in 

the contact region. The degradation of the Coating A and the steel ball was slightly slower and 

resulted in the Test 2a being stopped after a time of T=35.56 seconds. The friction coefficient as 

seen in Figure 6.12(b) remained near constant, until the adhesion between the heavily worn 

steel ball counter specimen and Coating A (Regions 5 and 6 in Figure 6.20) resulted in 

delamination. Once Coating A began to delaminate and the coefficient of friction increased 
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quickly, from 0.43 up to 2.7 as seen in Figure 6.12(b), Test 2a was stopped. Coating A failed as 

result of weak interfacial bonds being created between the titanium nitride (TiN) interface layer 

and SiAlON ceramic substrate. What was apparent in both Tests 1a and 2a for Coating A and 

Tests 1a and 2a for Coating B, was that the steel ball degraded quickly, which is represented in 

Figure 6.14. The degradation was due to thermomechanical wear of steel ball counter 

specimen, which is evident by the formation of circular metallic wear tracks being left on the 

insert rake face (Region 1 and 2 in Figure 6.21a).  

 

Figure 6.21. SEM images of Coating B after pin-on-disc Test 2b, (a) x50 magnification, (b) x800 
magnification. 

 

Figure 6.22. SEM images of Coating B after pin-on-disc Test 2b, (a) x1500 magnification, (b) x3000 
magnification. 

The metallic wear track was a result of degradation and wear of the steel ball counter specimen 

(Figure 6.14), which in turn increases the contact area. Once the adhesion between the worn 
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steel ball counter specimen and the outer layer of the Al2O3 was sufficient, the tensile stresses 

being induced into the coating microstructure in the contact region, prompted the titanium nitride 

(TiN) interfacial layer to shear, which quickly resulted in coating delamination. For Test 2b with 

Coating B, the high stability of Coating B is evident in Figure 6.21 and Figure 6.22. 

The lack of deformation of the Coating B can be in seen in (Regions 1 and 2 in Figure 6.21). 

What was clear from Tests 1b and 2b, was that the bilayer (Al2O3+TiN) micro-structure of 

Coating B resisted the compressive stress being induced into the coating microstructure. The 

resistance to the fluctuating compressive stresses originated from high interfacial bonds being 

created in the Al2O3 coating/SiAlON ceramic substrate interface, which reduced the rate of 

deformation of the interface. The high wear resistance, and low coefficient of friction of titanium 

nitride (TiN), created a contact which suffered from less adhesion and, in turn, the level of 

fluctuating stresses, which led to coating failure. Test 2b for Coating B was stopped as result of 

the steel ball failing due to significant thermomechanical wear. 

6.4. Comparing Tribological Analysis with Machining Trial Analysis 
For comparison, the images seen in Figure 6.23 show SiAlON milling inserts that have been 

CVD coated with Coating A and Coating B. These inserts came from the same batch that have 

been used in the experimental tests for the pin-on-disc and scratch testing.  

 

Figure 6.23. Coating A RNGN Insert Test (a) 700 m/min (b) 800 m/min, Coating B RNGN Insert Test (c) 
700 m/min (d) 800 m/min. 
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These inserts were used in a previously completed machining trial, that utilized face milling 

operations. The Coating A and Coating B RNGN SiAlON milling inserts were used to machine 

precipitation hardened Inconel 718 specimens, with 1.0 mm Ap and 3-axis machining toolpaths. 

The typical cutting speed for machining Inconel 718 with SiAlON milling inserts varies from 500–

1000 m/min, as stated in previous studies [38],[23],[103]. 

Comparing the images of Coating A in Figure 6.23(a-b) to Figure 6.15, Figure 6.16(a-b), Figure 

6.1(c), Figure 6.3 and Figure 6.4(a-b), there is good correlation between coating failure, coating 

removal and delamination similarities and the results of pin-on-disc and scratch testing for 

Coating A. If the images (Region 1 in Figure 6.15(a)), (Region 2 in Figure 6.15(b)) and (Region 

5 in  Figure 6.16(b)) are compared with (Region 1 and 2 in Figure 6.23(a-b)), there is a coating 

failure and fracture and delamination. The shiny light greyish surface that is evident above 

coating (Region 1 in Figure 6.15(a)), (Region 2 in Figure 6.15(b)) is a freshly revealed surface of 

SiAlON substrate. 

 

The same similarities and correlations are also evident for Coating B when comparing Figure 

6.23(c-d) to Figure 6.17(a-b), Figure 6.1(d), Figure 6.9(a-c), Figure 6.10(a-b) and Figure 6.11(a-

b) in terms of coating removal, with Coating B exhibiting high resistance to deformation and 

delamination. If (Region 2 in Figure 6.17(b)) and (Region 5 in Figure 6.18(b)) are compared with 

(Region 3 and 4 in Figure 6.23(a-b)), there is very little degradation or delamination of the 

Coating B coating. Which shows consistent correlation between the resistance to deformation, 

coating delamination and the results of pin-on-disc and scratch testing for Coating B. 

6.5 Conclusions for Pin-on-disc Testing  
The following conclusions can be drawn from this study:  

1. Amorphous α-Al2O3 has very high stability as an interfacial layer coating and demonstrated 

very high resistance to deformation when subjected to high tensile and shear stresses. When 

amorphous α-Al2O3 is deposited onto coating materials such as TiN and TiCN, the high stability 

is effectively lost due dependence on metallic coating microstructures, which lacks sufficient 

structural stability when subjected alternating shear and tensile stresses. Therefore, multi-

layered coating system such as TiN+TiCN+Al2O3 should be avoided for this type of cutting tool 

application. 

2. TiN as a coating material has demonstrated a series of mechanical and tribological 

characteristics. Other favourable characteristics are the low frictional interactions between the 
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52100 steel balls in the pin on disc tests and the diamond stylus in the scratch tests. TiN has 

also demonstrated very high resistance to wear and abrasion. However, TiN has also exhibited 

low stability in the interfacial layer of Coating A. This has created a coating microstructure that is 

not able to resist and distribute the high compressive forces being applied in applications such 

as this.  

6.6 Conclusions Scratch Testing  
 

1. Coating A (TiN+TiCN+Al2O3) has exhibited significantly less adhesion to the SiAlON ceramic 

substrate than Coating B. This is due to low interfacial metallic /covalent bonds being created 

between the interfacial layer of amorphous TiN and the SiAlON ceramic substrate. 

2. Coating B (Al2O3+TiN) was effectively bonded with the SiAlON ceramic substrate compared 

Coating A. This is due to high interfacial ionic/covalent bonds being established between the 

interfacial layer of amorphous α-Al2O3 and the SiAlON ceramic substrate. 

 

6.7 Summary 
The present chapter has endeavoured to develop further understanding and explore the main 

research hypothesis which has been laid out by this project. 

Therefore, one of the key motivations of this chapter, has been to develop a thorough 

understanding of what failure mechanisms are exhibited by the coating elements and coating 

systems.  

Experiment Three has focused on characterising the structure and tribological properties of 

Coating A and Coating B with two well established tribological tests, which is scratch testing and 

pin-on-disc testing. This chapter has attempted to establish a thorough understanding of how 

the two coatings fail and what useful information can be used to influence the development of 

Coating C. 

As discussed before in Chapter 5.6, Experiment Two identified that amorphous grade Al2O3 had 

performed really well throughout the two-part machining trial. Experiment Two also identified 

that amorphous grade Al2O3 had bonded very well on an interatomic level with the CTIS710 

milling insert substrate. 

The impressive bonding characteristics of amorphous grade Al2O3 that had been displayed in 

the two-part machining, were also exhibited in the scratch and the pin-on-disc tests. The highly 
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positive scratch testing results provided great early evidence, that amorphous grade Al2O3 

should be utilised in the future coating applications. The novelty of the scratch and the pin-on-

disc results has provided further understanding of how well amorphous grade Al2O3 has bonded 

with the CTIS710 SiAlON milling substrate. The pin-on-disc results further clarified the 

importance of utilising amorphous grade Al2O3 in future coating systems. 

The results of Experiment Four will look to extract useful information that has been collated in 

this chapter and Chapter 5 to develop Coating C. From the results and conclusions that have 

been established in Chapter 5 and Chapter 6, Coating C will come in the form of a single CVD 

layer of amorphous grade Al2O3. Coating C will be thicker than Coating A and Coating B as it is 

hoped the thicker coating structure will have higher microstructural stability at high 

temperatures. A series of three and five axis machining trials will be undertaken, to clarify if 

Coating C will improve the tool life and wear characteristics when compared to uncoated 

CTIS710 SiAlON milling inserts. 
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Chapter 7 Coating C Tool Wear Analysis and Development 

Machining Trial Results 
All of the previous experimental chapters have included different objectives, which have 

contributed to and influenced the decisions for this final chapter.  

Chapter 4 helped to develop some experience with using ceramic cutting tools to machine 

Inconel 718. It also helped determine what grade of ceramic was best suited to this research, in 

terms of thermomechanical wear resistance.  

Chapter 5 helped to develop knowledge and experience with milling Inconel 718 at high cutting 

speeds. It also contributed to the selection of certain coating materials that are thought to have 

the capability to endure this intense machining environment.  

Chapter 6 has provided further important information regarding the tribological properties of 

certain coating materials. The important adhesion information that was collated from the 

tribological testing proved to be invaluable and influenced my decision to select just a single 

thicker layer of amorphous α-Al2O3 for use in Coating C. The utilisation of a single layer of α-

Al2O3 would simplify the chip/tool interface, which was hoped would deliver an improvement in 

the wear characteristics of the coating and improve the tool life. 

7.1 Introduction 
This chapter will determine whether Coating C, is effective at protecting SiAlON ceramic milling 

inserts when machining aged Inconel 718. Chapter 7 will also analyse the effect that continuous 

to near-continuous toolpaths have on the wear characteristics and tool life when compared to 

interrupted non-continuous toolpaths. In Section 3.2, tool wear capturing techniques are 

discussed and Section 3.11 provides the basis of the machining techniques, machining strategy 

(5-axis mill turning) and data capturing techniques that have been used throughout this chapter. 

This chapter will look at the insert wear analysis results that were generated with the completion 

of Tests M14 and M15 and that of Tests M16 and M17. The results for Test M14 and M15 were 

generated at Ceratizit’s facility based at the Advanced Manufacturing Park (AMP) in Rotherham. 

Tests M14 and M15 involved interrupted, non-continuous milling insert wear machining trials. 

Tests M16 and M17 have been conducted at the AMRC Factory of the Future (FoF) and 

continuous to near continuous machining trials. which continuous to near continuous machining 

trials. The test number, machining parameters and test sequence, which have been used in the 

machining trials, are stipulated in  
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Table 3.2 and Table 3.3 and Table 7.1.  The flank wear, tool life, time in cut and material 

removal volume are all directly compared between Tests M1-M17 in Table 7.3. 

7.2 Results (Test No M14-M15)  
In this section, the machining trial described in Section 3.11.1 will be discussed. Two age 

hardened Inconel 718 test samples were machined with CTIS710 SiAlON ceramic milling 

inserts CVD coated with Coating C.  

Tests M14 and M15 involved machining aged Inconel 718 specimens at cutting speeds of 800 

m/min and 900 m/min with a constant feed per tooth of 0.1 mm and constant depth of cut (Ap) of 

1.0 mm. The two cutting speeds of 800 m/min and 900 m/min had been selected from Tests 

M1-M13. The two cutting speeds were selected due to the higher tool life that had been 

exhibited by the Coating A and B and uncoated SiAlON inserts. The aim of Tests M14 and M15, 

was to understand the benefits of applying a CVD coating (Coating C) to SiAlON milling inserts. 

The insert wear data was captured using a USB microscope. 

The results in Section 7.2 will look at the insert flank and rake face wear results, which have 

been collated during Tests M14 and M15. For a test to be successful, five sections are required 

to be machined away with x12-off 1.0 mm Ap whilst using the same cutting edge. Individually 

each section of material accounted for 33.929 cm3. A successful test would mean that 169.64 

cm3 of material would have been removed as shown in Figure 3.11.  

All of the bar sections were machined with an initial full radial engagement (ae) of 30.0 mm, 

which stays constant for about two thirds of cut and then the radial immersion reduces as each 

test cut travels through a full 360° and exits tangentially out of cut in the Fy-axis direction. The 

test number, machining parameters and test sequence which have been used in the machining 

trials are stipulated in Table 7.1.  

Table 7.1. Test parameters machining trial. cutting conditions, used for Test No M14 and M15. All inserts 
had an axial rake angle -7.1°, Radial rake angle -12.3° and 0.1mm edge chamfer. 

Test 
No 

Tool Material  
Bar 

Sections 
Machined 

Cutting 
Speed 

(m/min) 

Feed rate fz 
(mm/tooth) 

Depth of 
Cut (Ap) 

mm 

Radial 
Engagement 

(ae) (mm) 

M14 
CTIS710 SiAlON 
+ Type C Coating 

 2-1 to 2-3 800 0.1 1.0 30.0 

M15 
CTIS710 SiAlON 
+ Type C Coating 

 3-1  900 0.1 1.0 30.0 
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7.2.1 800m-min Coating C (Test No M14) Results 
The first machining operation for Test M14 involved the of machining Bar Section 2-1. The 

cutting tool began with a tangential engagement into cut in the Fy-axis. As each cut engaged 

tangentially into the workpiece, the cutting tool travelled through 360°, which resulted in a 

gradual increase in radial immersion up to 30.0 mm ae, and then a decrease in radial immersion 

that ended in a tangential exit out of cut in the Fy-axis direction. 

The main failure types of tool wear are highlighted in Figure 7.1(a-h), Figure 7.2(a-h) and Figure 

7.3(a-h). Adhesive wear and built-up edge (BUE) are evident in (Regions 1, 2, 3 in Figure 7.1). 

Notch wear, adhesion wear and BUE are apparent in (Regions 1, 2, 3, 4, and 5 in Figure 7.2) 

and thermochemical wear, oxidation is apparent in (Regions 6, 7, 8, 9 and 10 in Figure 7.2). In 

(Regions 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 in Figure 7.3) a mixture of thermochemical wear, 

oxidation, flaking, chipping, notch wear, BUE and adhesive wear are evident. Figure 7.3 gives a 

good representation of the main types of tool wear which has taken place at high cutting speeds 

on the flank and rake face. 

These types of rake and flank face wear patterns have taken place at a cutting speed of 800 

m/min, when high-speed face-milling of Inconel 718 at fz=0.1 mm/tooth, Ap=1.0 mm, and 

ae=30.0 mm. The wear characteristics that have been demonstrated by Coating B inserts in 

Test 14 as seen in Figure 7.1, Figure 7.2 and Figure 7.3, have also been apparent in Figure 5.3. 

for Test M3 and Figure 5.4. for Tests M6 and M13. 

 

Figure 7.1. Test No M14-Bar Section-2.1-insert-Coating-C-insert-1-4 (a-d) flank face & Insert-1-4 (e-h) 
rake face. 
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The thermal stability and adhesive properties of Coating B throughout Test M3, Test M6 and 

M13, have also been demonstrated by Coating C in Test M14. These properties originate from 

the high strength ionic bonding properties of aluminium oxide Al2O3 interfacial layers with the 

covalent microstructure of SiAlON substrate, which create a stable foundation for the outer layer 

of titanium nitride to be deposited onto. The high stability and superior adhesive attributes are 

evident in Figure 7.1(a-h). The adhesion properties that were exhibited by the Coating C inserts 

were very similar to the wear characteristics that has been demonstrated by Coating B. 

Figure 7.2 (e-h) begins to show the degradation of Coating C flank face after the completion of 

Bar Section 2-2. Once the TiN outer layer of Coating C is exposed to temperatures above 

800°C it begins to oxidise, which leads to a rapid reduction in the coating’s mechanical 

properties, significantly reducing its adhesion properties and causes further coating failure.  

 

Figure 7.2. Test No M14-Bar Section-2.2-insert-Coating-C-insert-1-4 (a-d) flank face & Insert-1-4 (e-h) 
rake face. 

Upon the completion of Bar Section 2-3, it was evident in Figure 7.3(a-h) that the Coating C 

inserts exhibited progressive tool damage, which ultimately resulted in fracture on both the flank 

and rake face. The flaking and chipping take place due to the change in cutting edge as result of 

abrasive wear, which causes the contact pressures in the chip/tool interface to increase to a 

point that it causes the SiAlON ceramic microstructure to shear along the grain boundaries.  

During the machining process, as the Coating C inserts sustain more wear on the flank and rake 

faces and remove more metal, the level of vibrations begin to increase. Once Coating C 

delaminates and flake off the inserts, a multi-layered insert contact area is created. The 

increase in contact area results in more of the cutting forces being transmitted through the insert 
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microstructure, which contributed to the exacerbation of the insert wear. The high stability and 

wear resistance of the α-Al2O3 coating is visible in Figure 7.1(e-h), Figure 7.2(e-h). The large 

chip that has formed on the rake face of insert 1 as seen in Figure 7.2e is likely down to a few 

variables.  

The first main variable focuses on the alternating compressive and tensile stresses that the rake 

face was subjected to during the machining process. The alternating stresses have caused a 

build-up of residual stress in the Al2O3 coating. Therefore, the Al2O3 coating has sheared along 

polymorphic grain boundaries due to high contact pressures and friction on the rake face.    

 

Figure 7.3. Test No M14-Bar Section-2.3-insert-Coating-C-insert-1-4 (a-d) flank face & Insert-1-4 (e-h) 
rake face. 

A few variables were added because of a 0.5 µm thick TiN coating being wrongly deposited 

onto the surface of the α-amorphous Al2O3 6.5 µm thick coating.  

The first variable is associated with thermal cooling stresses, which have been induced into the 

α-amorphous Al2O3 coating microstructure during the deposition of the TiN outer layer.  

The second variable is the removal of the TiN outer coating during post processing. The 

removal of the TiN coating via post processing will have introduced further residual stresses into 

the SiAlON substrate and the Al2O3 microstructure.  

The third variable is the introduction of compressive stresses which have been induced in the 

coating microstructure because of polishing. The fourth variable is a result of a stress release. 

The stress release is a result of the coating microstructure being exposed to high cutting 
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temperatures in the chip/tool interface, the cutting temperature in the chip/tool interface increase 

as the insert begin to degrade and wear. 

7.2.2 900m-min Coating C (Test No M15) Results 
The first machining operation for Test M15 involved the of machining Bar Section 3-1. The 

cutting tool began with a tangential engagement into cut in the Fy-axis. As each cut engaged 

tangentially into the workpiece, the cutting tool went through a full 360°, which resulted in a 

gradual increase in radial immersion up to 30.0 mm ae, and then a decrease in radial immersion 

that ended in a tangential exit out of cut in the Fy-axis direction. Figure 7.4(a-h) highlights that 

the main failure types of tool wear which takes place at high cutting speeds on the flank and 

rake face. Built-up edge (BUE) is evident in (Regions 1 and 5 in Figure 7.4).  

Flaking, chipping, notch wear and adhesive wear are apparent in (Regions 2, 3, 4 and 7 in 

Figure 7.4) and thermochemical wear, oxidation is apparent in (Regions 6, 8, and 9 in Figure 

7.4). These types of rake and flank face wear patterns has taken place at a cutting speed of 900 

m/min, when high-speed face-milling of Inconel 718 at fz=0.1 mm/tooth, Ap=1.0 mm, and 

ae=30.0 mm. Once again, the wear characteristics that were exhibited by the Coating C inserts 

were very similar to the wear characteristics that have been demonstrated by Coating B inserts 

in previous machining trials. Upon the completion of Bar Section 3-1, that the Coating C inserts 

exhibited substantial amounts of wear on both the flank and rake face for all four of the inserts, 

this it is evident in Figure 7.4(a-h). The Coating C inserts displayed thermomechanical wear 

characteristics that were very similar to the wear characteristics that had been demonstrated 

previously by the Coating B inserts.  

 
Figure 7.4.Test No M15-Bar Section-3.1-insert-Coating-C-insert-1-4 (a-d) flank face & Insert-1-4 (e-h) 

rake face. 
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As mentioned earlier in Section 7.3.1, a few variables have been added which have certainly 

had an effect on the SiAlON ceramic substrate microstructure and also the microstructure of the 

α-amorphous Al2O3 coating. The increase in cutting speed from 800 m/min to 900 m/min brings 

about an increase in cutting temperature in the chip/tool interface. The increase in cutting 

temperature accelerates the rate at which the titanium nitride (TiN) outer coating begins to 

oxidise and degrade. The accelerated rate of coating degradation then exacerbates the primary 

wear mechanisms such as notching, abrasive wear. The accelerated wear of ever-changing 

insert cutting edge and changing insert topology contributes to fluctuations in compressive and 

tensile stresses that results in localised craters. The craters form due to flaking and chipping, 

from an increase in cutting edge area as result of abrasive wear. 

The increase in cutting edge area causes the contact pressures in the chip/tool interface to 

increase and also increases the load on the spindle as a result of increased frictional resistance. 

Once the contact pressures have a reached a certain point it causes the SiAlON ceramic 

microstructure to shear along the grain boundaries. When sufficiently high enough fluctuating 

stresses are applied to the covalent SiAlON microstructure, the covalent microstructure slip 

systems do not plastically deform, they shear along grain boundaries. Therefore, reducing the 

rate at which the coating degrades is very important and TiN should not be used in protective 

coating systems for this type of application in the future. 

7.3 Results – Uncoated SiAlON Insert Wear Results (Test No M16A-B) 
This section will the insert flank and rake face wear results, which have been collated during the 

latest set of milling insert wear machining trials. The machining trials were conducted at the 

AMRC Factory of the Future. The objective of this section of Chapter 7 is to establish the 

hypothesis, which is to ascertain whether uncoated and coated SiAlON inserts will attain a 

longer tool life and achieve higher material removal volumes when operated in a 

continuous/near continuous machining environment. 

The results in Section 7.2 will look at the insert flank and rake face wear results, which have 

been collated during Tests M14 and M15. For a test to be successful, a elliptical geometry 

needs to be machined in to the Inconel 718 bar stock. 

To machine an elliptical geometry from the round bar stock, a series of continuous cylindrical 

toolpaths (Test No M16A and M17A) and near continuous toothpaths (Test No M16B and 

M17B) were utilised. The machining conditions that were utilised in Test cut M16A-B and M17A-

B are captured in Table 7.2. 
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Table 7.2. All completed 5-axis milling EngD machining trial experiments. 

 
Experiment 

No 

 

Test 
No 

 
Machining 
Operation 

Tool 
Material 

Bar 
Sections 
Machined 

Cutting 
Speed 

(m/min) 

Feed rate fz 
(mm/tooth) 

Depth 
of Cut 
(Ap) 
mm 

Radial 
Engagement 

(ae) (mm) 

 
Four 

M16A 

 
5-axis Milling 

CTIS710 

SiAlON 

Uncoated 

1-4, 5-8 840 0.06 1.5 35.5-10.0 

 
 

Four 
M16B 

 
5-axis Profile 

Milling 
 

CTIS710 

SiAlON 

Uncoated 

9-11, 12 880 0.07 1.0 26.14-7.0 

 
 

Four M17A 

 
5-axis Milling 

CTIS710 

SiAlON 

+Type C 

Coating 

1-3, 4-6, 7-8 840 0.06 1.5 35.5-10.0 

 
 

Four M17B 

 
5-axis Profile 

Milling 
 

CTIS710 

SiAlON 

+Type C 

Coating 

9-10, 11-12 880 0.07 1.0 26.14-7.0 

 

The machining trials were conducted at the AMRC Factory of the Future. The objective of this 

section of Chapter 7 is to establish the hypothesis, which is to ascertain whether uncoated and 

coated SiAlON inserts will attain a longer tool life and achieve higher material removal volumes 

when operated in a continuous/near continuous machining environment. 

7.3.1 Uncoated RNGN SiAlON Milling Insert (Test No M16 Part A) Results (Stages 1–4) 
For Test M16 Part A Stages 1-4, 4-off uncoated RNGN SiAlON milling inserts were utilised. To 

avoid wraparound of the cutting tool with the machining workpiece the machining stages were 

staggered. The uncoated inserts exhibited substantially less amounts of wear on both the flank 

and rake face, which is represented by Insert 1.3, this it is evident in Figure 7.5(a-h).  

Upon the completion of Stage 1, the uncoated inserts exhibited substantially less amounts of 

wear on both the flank and rake face, which is represented by Insert 1.3, this it is evident in 

Figure 7.5(a) and Figure 7.5e). Figure 7.5(a) and Figure 7.5(e) shows the tool condition of the 

flank and rake face after removing Stage 1, which corresponds to completing 2 minutes and 46 

seconds of in cut time and removing 64161.1 mm3 of material. In (Regions 1, 2, 3, and 4 in 

Figure 7.5), the uncoated inserts displayed thermomechanical wear characteristics that were 

similar to the wear characteristics that had been demonstrated previously by the uncoated 

inserts from the previous non-continuous machining trials.   
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Figure 7.5. 840 m/min-test 16A-Stage-1-4-insert-uncoated-insert-1.3-edge-1.1 (a-d) flank face & Insert-
1.3-edge-1.1 (e-h) rake face. Total material removed after four cuts 218857.3 mm3. 

Figure 7.5(b) and Figure 7.5(f) begins to show very small amounts of wear on the flank faces at 

Stage 2. Figure 7.5(b) and Figure 7.5(f) show the tool condition of the flank and rake face after 

removing Stage 2, which equates to completing another 2 minutes and 23 seconds of in cut 

time and removing another 58021.7 mm3 of material. The main wear mechanisms which are 

exhibited at this stage are adhesive wear, notch wear, oxidative wear, thermochemical wear, 

and built-up edge (BUE). However, this small amount of tool wear was encouraging to see 

considering the quantity of material that had been removed and the time in cut that’s had been 

attained.  

Figure 7.5(c) Figure 7.5(g) shows the tool condition of the flank and rake face after removing 

Stage 3, and yet again the level of insert wear is progressive but minimal compared to the 

volume of material that has been removed. Figure 7.5(c) Figure 7.5(g) show the tool condition of 

the flank and rake face after removing Stage 3, which equates to completing another 2 minutes 

and 14 seconds of in cut time and removing a further 51448.1 mm3 of material. The main wear 

mechanisms which are exhibited at this stage are adhesive wear, notch wear, oxidative wear, 

thermochemical wear. The main wear mechanisms which are exhibited at this stage are 

adhesive wear, notch wear, oxidative wear, thermochemical wear.  

Figure 7.5(d) and Figure 7.5(h) continues to show progressively higher levels of flank and rake 

face wear. Figure 7.5(d) and Figure 7.5(h) shows the tool condition of the flank and rake face 

after removing Stage 4, which equates to completing another 2 minutes of in cut time and 

removing a further 45226.3 mm3 of material.  
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At this stage the main wear mechanisms which are exhibited are adhesive wear, notch wear, 

oxidative wear, thermochemical wear. The quantity of insert wear at this stage of machining trial 

is impressive, when compared to levels of wear which were exhibited in the non-continuous 

machining trials. During the machining trial, a series of sensors for the machine protection 

control (MPC) on the main spindle of the DMG Mori NTX2500 machine were monitoring the 

levels of vibration that the main spindle was experiencing. At the end of machining Stage 4, it 

was decided to completely replace the four inserts to prevent excessive vibration in the 

machine. The main wear mechanisms which are exhibited at this stage are adhesive wear, 

notch wear, oxidative wear, thermochemical wear.  

7.3.2 Uncoated RNGN SiAlON Milling Insert (Test No M16 Part A) Results (Stages 5-8) 
For Test M16 Part A Stages 5-8, a new set of 4-off uncoated RNGN SiAlON milling inserts were 

utilised. Once again, to avoid wraparound of the cutting tool with the machining the stages were 

staggered. Upon the completion of Stage 5, the uncoated inserts exhibited substantially less 

amounts of wear on both the flank and rake face for all four of the inserts, this it is evident in 

Figure 7.6(a-h). Once again, the uncoated inserts displayed thermomechanical wear 

characteristics that were similar to the wear characteristics that had been demonstrated 

previously by the uncoated inserts from the previous non-continuous machining trials.  

Upon the completion of Stage 5, the uncoated inserts exhibited substantially less amounts of 

wear on both the flank and rake face, which is represented by Insert 2.4, this it is evident in 

Figure 7.6(a) and Figure 7.6(e).  

 

Figure 7.6. 840 m/min-test 16A-Stage-5-8-insert-uncoated-insert-2.4-edge-2.1 (a-d) flank face & Insert-
1.4-edge-2.1 (e-h) rake face. Total material removed after eight cuts 347244.6 mm3. 
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Figure 7.6(a) and Figure 7.6(e) show the tool condition of the flank and rake face after removing 

Stage 5, which equates to completing another 1 minute and 43 seconds of in cut time and 

removing a further 39599.5 mm3 of material.  

At this stage the main wear mechanisms are notch wear, which is evident in (Regions 1, 2, 3, 

and 4, in Figure 7.6). The other main wear mechanisms which are exhibited at this stage are 

oxidative wear, thermochemical wear as seen in (Regions 5, 6, and 7 in Figure 7.6). 

Figure 7.6(b) and Figure 7.6(f) begins to replicate the level of wear that was exhibited in the 

early cuts as the inserts show very small amounts of wear on the flank faces after machining 

Stage 6. The small amount of tool wear was once again encouraging to see, considering the 

quantity of material that had been removed and the time in cut that’s had been attained.  

The time in cut is gradually getting shorter and shorter throughout machining trial as the cuts 

were staggered to avoid damaging the inserts and cutting too deeply into the workpiece 

material. Figure 7.6(b) and Figure 7.6(f) shows the tool condition of the flank and rake face after 

removing Stage 6, which equates to completing another 1 minute and 33 seconds of in cut time 

and removing a further 34361 mm3 of material. The main wear mechanisms which are exhibited 

at this stage are high adhesive wear, notch wear, oxidative wear, thermochemical wear, flaking, 

chipping.  

Figure 7.6(c) and Figure 7.6(g) shows the tool condition of the flank and rake face after 

removing Stage 7, which display very low levels of insert wear. What is apparent with the 

uncoated inserts up to this point, is the stability of the chip/tool interface, the machining 

environment and sheer quantity of material that has been removed versus the level of insert 

wear. The main wear mechanisms which are exhibited at this stage are mainly progressive low 

levels of thermomechanical wear on the rake and flank faces.   

Figure 7.6(d) and Figure 7.6(g) shows the tool condition of the flank and rake face after 

removing Stage 8. Figure 7.6(d) and Figure 7.6(g) shows the tool condition of the flank and rake 

face after removing Stage 8, which equates to completing another 1 minute and 10 seconds of 

in cut time and removing a further 25004.7 mm3 of material.  At this stage the main wear 

mechanisms which are exhibited are high adhesive wear, notch wear, oxidative wear, 

thermochemical wear, flaking, chipping. 

The levels of wear are once again very low compared to that have been captured in previous 

non-continuous machining trials.  
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The levels of wear can be attributed to the stability of the chip/tool interface and how the 

workpiece material is being removed.  

These types of rake and flank face wear patterns have taken place at a cutting speed of 840 

m/min, when high-speed face-milling of Inconel 718 with continuous spiral tools at fz=0.06 

mm/tooth, Ap=1.5 mm, and ae=35.5-10.0 mm. The insert wear versus the material removal 

volume have greatly surpassed that of the non-continuous rates of insert wear versus material 

removal volume.  

7.3.3 Uncoated RPGN SiAlON Milling Insert (Test No M16 Part B) Results (Stages 9-

11) 

For Test M16 Part B Stages 9-11, a new set of 3-off uncoated RPGN SiAlON milling inserts 

were utilised. Once again, to avoid wraparound of the cutting tool with the workpiece during 

machining the stages were staggered. Images of the types of tool failure patterns for the flank 

and rake faces on the RPGN inserts are presented in Figure 7.7(a-h), respectively.  

The main wear mechanisms which are exhibited by the uncoated RPGN inserts at this stage are 

notch wear, oxidative wear, thermochemical wear. At this stage the main wear mechanisms 

which are exhibited are adhesive wear in (Regions 1 and 2 in Figure 7.7) and notch wear, 

chipping and oxidative wear, as seen in (Regions 3, 4, and 5 in Figure 7.7). These types of rake 

and flank face wear patterns have taken place at a cutting speed of 880 m/min, when high-

speed face-milling of Inconel 718 with near-continuous elliptical spiral tool paths at fz=0.07 

mm/tooth, Ap=1.0 mm, and ae=26.14-7.0 mm.  

Figure 7.7(a) and Figure 7.7(d) shows the tool condition of the flank and rake face after 

removing Stage 9, which equates to completing another 2 minutes and 01 seconds of in cut 

time and removing a further 12141.6 mm3 of material.  

The main wear mechanisms which are exhibited at this stage are notch wear, oxidative wear, 

thermochemical wear. The axial increase and decrease in immersion for each of the elliptical 

cuts allowed for a gradual increase in cutting forces. The gradual increase in cutting forces 

culminated in minimising the fluctuation in tensile and compressive stresses, which assists in 

the tribological interaction at the chip/tool interface between the workpiece material and the 

uncoated inserts. 
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Figure 7.7. 880 m/min-test 16B-Stage-9-11-insert-uncoated-insert-1.1-edge-1.1 (a-d) flank face & Insert-
1.1-edge-1.1 (e-h) rake face. Total material removed after Three cuts 31610.2 mm3. 

Figure 7.7(b) and Figure 7.7(e) shows the tool condition of the flank and rake face after 

removing Stage 10, which equates to completing another 1 minute and 42 seconds of in cut 

time and removing a further 12141 mm3 of material. The main wear mechanisms which are 

exhibited at this stage are notch wear, oxidative wear, thermochemical wear. 

Figure 7.7(c) and Figure 7.7(f) shows the tool condition of the flank and rake face after removing 

Stage 11, which equates to completing another 1 minute and 38 seconds of in cut time and 

removing a further 9163.5 mm3 of material. During the machining trial, a series of sensors on the 

main spindle of the DMG Mori NTX2500 machine were monitoring the levels of vibration that the 

main spindle was experiencing. The vibrational sensors in the DMG Mori NTX2500 indicated a 

sharp increase in vibrational velocity on the main spindle which increased from 13.0 mm/s to 

27.0 mm/s (See Appendix A).  

At the end of machining Stage 11, it was decided to completely replace the three inserts. Upon 

visual inspection, the inserts were observed to have suffered multiple insert failure. The main 

wear mechanisms which are exhibited at this stage are high adhesive wear, notch wear, 

oxidative wear, thermochemical wear, flaking, chipping.  

Upon the completion of Stage 11, it was evident in Figure 7.7(a-f) the uncoated inserts exhibited 

progressive tool damage, which ultimately resulted in fracture on both the flank and rake face. 

The flaking and chipping take place due to the change in cutting edge as result of abrasive 
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wear, which causes the contact pressures in the chip/tool interface to increase to a point that it 

causes the SiAlON ceramic microstructure to shear along the grain boundaries. 

7.3.4 Uncoated RPGN SiAlON Milling Insert (Test No M16 Part B) Results (Stage 12) 

The last stage of the Test M16B utilised a new set of 3-off uncoated RPGN SiAlON milling 

inserts. Figure 7.8(a-f) shows the tool condition of the flank and rake face after removing Stage 

12, which equates to completing another 1 minute and 16 seconds of in cut time and removing a 

further 6936.2 mm3 of material. The main wear mechanisms which are exhibited at this stage 

are notch wear, which is seen in (Regions 1, 2, and 3 in Figure 7.8) and oxidative wear, 

thermochemical wear is seen in (Regions 4, 5, and 6 in Figure 7.8). 

These types of rake and flank face wear trends for Stage 12 have taken place at a cutting speed 

of 880 m/min, when high-speed face-milling of Inconel 718 with near-continuous elliptical spiral 

tool paths at fz=0.07 mm/tooth, Ap=1.0 mm, and ae=26.14-7.0 mm.  

As no positive geometry (RPGN) inserts were used in the previously completed non-continuous 

machining trials, there is no direct comparative data to compare to for insert wear versus 

materials removal. The machining of the elliptical spiral tool paths required the utilisation of a 

smaller radial engagement, this helped with maintaining stability during the machining of the 2D 

elliptical geometry. 

 
Figure 7.8. 880 m/min-test 16B-Stage-12-insert-uncoated-insert-2.1-2.3-edge-2.1 (a-c) flank face & Insert-

2.1-2.3-edge-2.1 (d-f) rake face. Material removed for this cut 6936.2 mm3. Total material removed in 
after four cuts 38546.5 mm3. 
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However, when the inserts approach the centre of the bar material the main spindle vibration 

sensors from the (MPC) on the NTX2500 would initiate. This level of vibration was anticipated 

as the middle of the bar material is subjected to highest degree of deflection.  

7.4 Results – CVD Coated SiAlON Insert Wear Results (Test No M17A-B) 

7.4.1 Coating C RNGN SiAlON Milling Insert (Test No M17 Part A) Results (Stages 1-3) 
The results in Section 7.4 will look at the insert flank and rake face wear results of the Coating C 

RNGN and RPGN SiAlON inserts, which have been collated during the latest set of milling 

insert wear machining trials. For Test M17 Part B Stages 1-3, 4-off coated RNGN SiAlON milling 

inserts have utilised. Once again, to avoid wraparound of the cutting tool with the machining 

workpiece the machining stages are staggered.  

The results in Section 7.4 will look at the insert flank and rake face wear results, which have 

been collated during the latest set of milling insert wear machining trials. The machining trials 

were conducted at the AMRC Factory of the Future, which is situated on the advanced 

manufacturing park in Rotherham, South Yorkshire. 

Upon the completion of Stage 1, the Coating C inserts exhibited substantially less amounts of 

wear on both the flank and rake face for all four of the inserts, this it is evident in Figure 7.9(a) 

and Figure 7.9(d) shows the tool condition of the flank and rake face after removing Stage 1, 

which equates to completing 2 minutes and 46 seconds of in cut time and removing 64161.1 

mm3 of material.   

 

Figure 7.9. 840 m/min-test 17A-Stage-1-3-insert-uncoated-insert-1.1-edge-1.1 (a-c) flank face & Insert-
1.1-edge-1.1 (d-f) rake face. Total material removed after three cuts 173631 mm3. 
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The main wear mechanisms which are exhibited at this very early stage are adhesive wear, 

notch wear and oxidative wear. After stages 1-3 had been completed, the Coating C inserts 

displayed less adhesive wear, oxidation, BUE and notch wear as in (Regions 1, 2, 3, 4, 5, and 6  

in Figure 7.9), when compared to the Coating C inserts from the previous non-continuous tests, 

as seen in Figure 7.1, Figure 7.2 and Figure 7.3.  

Figure 7.9(b) and Figure 7.9(e) begins to show very small amounts of wear on the flank and 

rake faces after machining Stage 2. Figure 7.9(b) and Figure 7.9(e) shows the tool condition of 

the flank and rake face after removing Stage 2, which equates to completing another 2 minutes 

and 23 seconds of in cut time and removing another 58021.7 mm3 of material.  

The main wear mechanisms which are exhibited at this stage are adhesive wear, notch wear, 

oxidative wear, thermochemical wear and BUE. The lack of degradation that has been exhibited 

by Coating C RNGN inserts can be attributed to improved wear mechanics between the 

aluminium oxide coating and the workpiece material. This is encouraging considering the 

quantity of material that had been removed and the time in cut that’s had been attained.  

Figure 7.9(c) and Figure 7.9(f) shows the tool condition of the flank and rake face after removing 

Stage 3, and yet again the level of insert wear is progressive but minimal compared to the 

volume of material that has been removed. Which equates to completing another 2 minutes and 

14 seconds of in cut time and removing a further 51448.1 mm3 of material.  

At this stage the main wear mechanisms which are exhibited are adhesive wear, notch wear, 

oxidative wear, thermochemical wear. Figure 7.9(c) and Figure 7.9(f) continues to show 

progressively higher levels of flank and rake face wear. The quantity of insert wear that is being 

displayed at this stage of machining trial is significantly less, when compared to levels of wear 

which were exhibited in the non-continuous machining trials. During the machining trial, a series 

of sensors on the main spindle of the DMG Mori NTX2500 machine were monitoring the levels 

of vibration that the main spindle was experiencing. At the end of machining Stage 3, it was 

decided to completely replace the four inserts. 

The main wear mechanisms which are exhibited at this stage are adhesive wear, notch wear, 

oxidative wear, thermochemical wear.  

7.4.2 Coating RNGN SiAlON Milling Insert (Test No M17 Part A) Results (Stages 4-6) 
For Test M17 Part A Stages 4-6, a new set of 4-off coated RNGN SiAlON milling inserts have 

utilised. To avoid wraparound of the cutting tool with the machining workpiece during the 

machining stages were staggered. Upon the completion of Stage 4, the Coating C inserts have 
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yet again exhibited substantially less amounts of wear on both the flank and rake face for all 

four of the inserts, this it is evident in Figure 7.10(a-f).  

The Coating C inserts displayed in Figure 7.10(a) and Figure 7.10(d) show thermomechanical 

wear characteristics that were comparable to the earlier test cut Stage 1 as seen in Figure 

7.10(a) and Figure 7.10(d). Figure 7.10(a) and Figure 7.10(d) show the tool condition of the 

flank and rake face after removing Stage 4, which equates to completing another 2 minutes of in 

cut time and removing a further 45226.3 mm3 of material.  

After completing Stages 4-6, the main wear mechanisms which are evident in (Regions 1, 2, 3, 

4, 5, and 6 in Figure 7.10) are adhesive wear, notch wear, oxidative wear, thermochemical 

wear. The level of wear of the RNGN inserts is comparable to the level of insert wear that has 

been attained Stages 1-3, as viewed in Figure 7.9. 

 
Figure 7.10. 840 m/min-test 17A-Stage-4-6-insert-uncoated-insert-2.1-edge-1.1 (a-c) flank face & Insert-

2.1-edge-1.1 (d-f) rake face. Total material removed after six cuts 258456.8 mm3. 

Figure 7.10(b) and Figure 7.10(e) begins to replicate the level of wear that was exhibited in the 

early cuts as the inserts show very small amounts of wear on the flank faces after machining 

Stage 5. Although the Coating C inserts are exhibiting higher amounts of flank and rake face 

wear that the uncoated inserts, the level of insert wear is notably less than the non-continuous 

wear result. The small amount of tool wear was once again encouraging to see, considering the 

quantity of material that had been removed and the time in cut that’s had been attained. 
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As mentioned before in Section 7.3, the time in cut is gradually getting shorter and shorter 

throughout machining trial as the cuts are staggered to avoid damaging the inserts and cutting 

too deeply into the workpiece material. Figure 7.10(b) and Figure 7.10(e) show the tool 

condition of the flank and rake face after removing a Stage 5, which equates to completing 

another 1 minute and 43 seconds of in cut time and removing a further 39599.5 mm3 of material. 

The main wear mechanisms which are exhibited at this stage for the Coating C RNGN inserts 

are notch wear, oxidative wear, thermochemical wear. 

Figure 7.10(c) and Figure 7.10(f) shows the tool condition of the flank and rake face after 

removing Stage 6, which display very low levels of insert wear. What is still very apparent with 

the Coating C inserts up to this point, is the stability of the chip/tool interface and the chip 

removal process. The quantity of material that has been removed versus the level of insert wear 

is impressive.  

The main wear mechanisms which are exhibited at this stage are mainly progressive low levels 

of thermomechanical wear on the rake and flank faces. Figure 7.10(c) and Figure 7.10(f) shows 

the tool condition of the flank and rake face after removing Stage 6, which equates to 

completing another 1 minute and 33 seconds of in cut time and removing a further 34361 mm3 

of material. The main wear mechanisms which are exhibited at this stage are high adhesive 

wear, notch wear, oxidative wear. The level of adhesive and notch wear is comparable to the 

level of insert wear that has been attained Stages 1-3, as viewed in Figure 7.9. 

7.4.3 Coating C RNGN SiAlON Milling Insert (Test No M17 Part A) Results (Stages 7-8) 
For Test M17 Part A Stages 7-8, a new set of 4-off coated RNGN SiAlON milling inserts have 

utilised. Once again, to avoid wraparound of the cutting tool with the machining workpiece 

during the machining stages the stages were staggered.  

Upon the completion of Stage 7, the Coating C inserts have again exhibited substantially better 

wear characteristics less amounts of wear on both the flank and rake face for all four of the 

inserts, this it is evident in Figure 7.11. (a) and Figure 7.11. (c). The Coating C inserts displayed 

thermomechanical wear characteristics that were comparable to the earlier test cut Stage 4 as 

seen in Figure 7.11. (a-d). Figure 7.11. (a) and Figure 7.11. (c) show the tool condition of the 

flank and rake face after removing Stage 7, which equates to completing another 1 minute and 

24 seconds of in cut time and removing a further 29422.1 mm3 of material. 

The main wear mechanisms which are exhibited by the Coating C RNGN inserts at this stage 

are notch wear, oxidative wear, thermochemical wear. 
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Figure 7.11. 840 m/min-test 17A-Stage-7-8-insert-uncoated-insert-1.4-edge-3.1 (a-d) flank face & Insert-
1.4-edge-3.1 (e-h) rake face. Total material removed after eight cuts 347244.6 mm3. 

The level of wear that is displayed in (Regions 1, 2, 3, and 4 in Figure 7.11. ) by the Coating C 

RNGN inserts at this stage, is comparable to the levels of insert wear that has been displayed 

earlier in Stages 1-6, which is captured in Figure 7.9 and Figure 7.10. 

Figure 7.11. (b) and Figure 7.11. (d) shows the tool condition of the flank and rake face after 

removing Stage 8, which display very low levels of insert wear. What was still very apparent with 

the Coating C inserts up to this point, is the stability of the chip/tool interface and the chip 

removal process. The main wear mechanisms which are exhibited at this stage are progressive 

thermomechanical wear on the rake and flank faces. 

Figure 7.11. (b) and Figure 7.11. (d) shows the tool condition of the flank and rake face after 

removing Stage 8, which equates to completing another 1 minute and 10 seconds of in cut time 

and removing a further 25014.7 mm3 of material.   

These types of rake and flank face wear trends have taken place at a cutting speed of 840 

m/min, when high-speed face-milling of Inconel 718 with continuous spiral tools at fz=0.06 
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mm/tooth, Ap=1.5 mm, and ae=35.5-10.0 mm. The insert wear versus the material removal 

volume have greatly surpassed that of the non-continuous rates of insert wear versus material 

removal volume.  

7.4.4 Coating C RPGN SiAlON Milling Insert (Test No M17 Part B) Results (Stages 9-

10) 

For Test M17 Part B Stages 9-10, a new set of 3-off coated RPGN SiAlON milling inserts were 

utilised. To avoid wraparound of the cutting tool with the workpiece material during machining 

the stages were staggered. Images of the types of tool failure patterns for the flank and rake 

faces on the RPGN inserts are presented in Figure 7.12(a-d) and Figure 7.13(a-d), 

respectively.  

 

Figure 7.12. 880 m/min-test 17B-Stage-9-10-insert-uncoated-insert-2.1-edge-1.1 (a-b) flank face & Insert-
1.1-1.3-edge-1.1 (c-d) rake face. Total material removed after two cuts 22446.7 mm3. 

The main wear mechanisms which are exhibited at this stage are higher adhesive wear, notch 

wear, oxidative wear, thermochemical wear. At this stage the main wear mechanisms which are 
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exhibited are adhesive wear, notch wear, oxidative wear, thermochemical wear. These types of 

rake and flank face wear trends have taken place for Stages 9-12 at a cutting speed of 880 

m/min, when high-speed face-milling of Inconel 718 with near-continuous elliptical spiral tool 

paths at fz=0.07 mm/tooth, Ap=1.0 mm, and ae=26.14-7.0 mm.  

Figure 7.12(a) and Figure 7.12(c) shows the tool condition of the flank and rake face after 

removing Stage 9, which equates to completing another 2 minutes and 01 seconds of in cut 

time and removing a further 12141.6 mm3 of material. The main wear mechanisms which are 

exhibited at Stages 9-10 in (Regions 1, 2, and 4 in Figure 7.12) are notch wear, flaking and 

chipping.  

The radial increase and decrease in immersion for each of the elliptical cuts allowed for a 

gradual increase in cutting forces. The gradual increase in cutting forces culminated in 

minimising the fluctuation in tensile and compressive stresses, which assists in the tribological 

interaction at the chip/tool interface between the workpiece material and the uncoated inserts. 

Figure 7.12(b) and Figure 7.12(d) shows the tool condition of the flank and rake face after 

removing Stage 10, which equates to completing another 1 minute and 38 seconds of in cut 

time and removing a further 9163.5 mm3 of material. During the machining trial, a series of 

sensors on the main spindle of the DMG Mori NTX2500 machine were monitoring the levels of 

vibration that the main spindle was experiencing. The sensors indicated a sharp increase in 

vibration on the main spindle.  

At the end of machining Stage 10, it was decided to completely replace the three inserts. Upon 

visual inspection, the inserts were observed to have suffered multiple insert failure. The main 

wear mechanisms which are exhibited at this stage are high adhesive wear, notch wear, 

oxidative wear, thermochemical wear, flaking, chipping.  

7.4.5 Coating C RNGN SiAlON Milling Insert (Test No M17 Part B) Results (Stages 11-

12) 

For Test M17 Part B Stages 11-12, a new set of 3-off coated RPGN SiAlON milling inserts were 

utilised. Once again, to avoid wraparound of the cutting tool with the workpiece during 

machining the stages were staggered. Figure 7.13 (a-d) shows the tool condition of the flank 

and rake face after removing Stage 11, which equates to completing another 1 minute and 38 

seconds of in cut time and removing a further 9163.5 mm3 of material. During the machining 

trial, a series of sensors on the main spindle of the DMG Mori NTX2500 machine were 

monitoring the levels of vibration that the main spindle was experiencing. 
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Figure 7.13. 880 m/min-test 17B-Stage-11-12-insert-uncoated-insert-2.1-edge-1.1 (a-b) flank face & 
Insert-1.1-1.3-edge-1.1 (c-d) rake face. Material removed for this cut 12141 mm3. Total material removed 

after two cuts 38546.5mm3. 

Figure 7.13(a-d) shows the tool condition of the flank and rake face after removing Stage 12, 

which equates to completing another 1 minute and 16 seconds of in cut time and removing a 

further 6936.2 mm3 of material. The main wear mechanisms which are exhibited at Stage 11 in 

(Regions 1 and 4 in Figure 7.13) are notch wear, oxidative wear. Figure 7.13(b) and Figure 

7.13(d) shows the tool condition of the flank and rake face after removing Stage 12, which 

equates to completing another 1 minute and 16 seconds of in cut time and removing a further 

6936.2 mm3 of material. The main wear mechanisms which are exhibited at Stage 12 in 

(Regions 2 and 4 in Figure 7.13) are notch wear, oxidative wear, thermochemical wear. 

As mentioned earlier in Section 7.2.1, a few variables have been added which have certainly 

had an effect on the SiAlON ceramic substrate microstructure and the microstructure of the α-

amorphous Al2O3 Coating. The thorough refinement of the NC programme machining strategies, 
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together with tap testing of both the workpiece material and the two cutting tools, has led to a 

detailed understanding of dynamic machining environments that are present during part tests 

16A and 17A and test 16B and 17B.  

In Test M14 and M15, cutting speeds of 800 m/min and 900 m/min with non-continuous tool 

paths were utilised. For Tests M16A-B and M17A-B, the toolpaths underwent a six to eight 

months refinement process, which involved the use of Vericut simulation and tap testing modal 

analysis in Cutpro (See Appendix C). What is apparent from the completion of Tests M16A-B 

and M17A-B, is that tap testing has provided valuable dynamic information, which has helped 

determined what cutting speeds, depths of cut and feed rates deliver optimum cutting conditions 

for material removal. The selection of the two cutting speeds (840 m/min and 880 m/min) and 

their respective feed rates and depths of cut, have delivered outstanding levels of material 

removal versus insert wear, when compared to previous non-continuous machining trials. 

7.5 Tool Life Data (Test No M1-M17) 

In order to get a better understanding of improvements that have been attained from utilising 

continuous tool paths, the flank wear and total time in cut data for the non-continuous tool paths 

have been included in a Table 7.3 for comparison. Due to the variability of the data that is 

captured in Table 7.3 a combined bar has not been utilised. However, the data is later 

presented in Section 7.5 with plots in Figure 7.14, Figure 7.15, Figure 7.18 and bar charts in 

Figure 7.16, Figure 7.17 and Figure 7.19. 

The improvement in the wear rates for both the uncoated and Coating C inserts are related to 

improvements in the chip/tool interface. The adoption of continuous spiral and near-continuous 

elliptical spiral tool paths has allowed for minimal fluctuations in cutting temperature. 

The lack of fluctuation in cutting temperature has meant that the chip/tool interface for both the 

uncoated and coated inserts have not had to endure high rates of heating and cooling, which 

has exacerbated the primary wear mechanisms in earlier machining trials which have utilised 

interrupted non-continuous tool paths, particularly the CVD coated SiAlON inserts.  

Throughout the machining trial there has been a distinct lack of coating degradation on both 

flank face and rake face. The TiN outer coating on the flank face of both the RNGN and RPGN 

show significantly less oxidation and degradation. The Al2O3 coating on the rake faces of RNGN 

inserts displayed very high stability and a lack of oxidative wear, coating degradation or 

thermomechanical wear. This lack of coating degradation is even more evident when compared 

to wear data that was collated in non-continuous machining trials.  
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Table 7.3. Flank wear versus total time in cut for comparison between non-continuous and continuous 
tool paths. 

 

Test 
No 

Cutting 
Speed 

(m/min) 

 

Tool Material 
Stage 

No 

Flank 
Wear Vbb 

(mm) 

Total 
time in 

cut 
(Mins) 

Non-con 

Total 
time in 

Cut 
(Secs) 

Removed 
Material 
Volume 
(mm3) 

1 
700 m/min 

RNGN CTIS710 Uncoated 
Non-con 

 2.26 5.03 301.6 135716.0 

2 
700 m/min 

RNGN CTIS710 Coating A 
Non-con 

 1.49 2.51 150.8 67858.0 

3 
700 m/min 

RNGN CTIS710 Coating B 
Non-con 

 3.34 5.03 301.6 135716.0 

4 
800 m/min 

RNGN CTIS710 Uncoated 
Non-con 

 3.43 5.85 350.9 169640.0 

5 
800 m/min 

RNGN CTIS710 Coating A 
Non-con 

 3.94 5.85 350.9 169640.0 

6 
800 m/min 

RNGN CTIS710 Coating B 
Non-con 

 3.48 4.68 280.7 135716.0 

13 
800 m/min 

RNGN CTIS710 Coating B 
Retest Non-con 

 3.25 3.51 210.5 101787.0 

14 
800 m/min 

RNGN CTIS710 Coating C 

Non-con 
 2.41 3.51 210.5 101787.0 

7 
900 m/min 

RNGN CTIS710 Uncoated 

Non-con 
 2.77 5.51 330.6 169640.0 

8 
900 m/min 

RNGN CTIS710 Coating A 

Non-con 
 2.97 4.41 264.5 33929.0 

9 
900 m/min 

RNGN CTIS710 Coating B 
Non-con 

 1.90 2.20 132.2 67858.0 

15 
900 m/min 

RNGN CTIS710 Coating C 
Non-con 

 1.36 1.1 66 101787.0 

10 
1000 m/min 

RNGN CTIS710 Uncoated 
Non-con 

 3.40 4.18 250.6 135716.0 

11 
1000 m/min 

RNGN CTIS710 Coating A 
Non-con 

 2.30 4.18 250.6 135716.0 

12 
1000 m/min 

RNGN CTIS710 Coating B 
Non-con 

 2.84 2.09 125.3 67858.0 

16A 
840 m/min 

RNGN CTIS710 Uncoated 
continuous NC2076-010-

040 
1-4 1.104 9.33 559.7 218857.3 

16A 
840 m/min 

RNGN CTIS710 Uncoated 
continuous NC2076-050-

080 
5-8 0.928 5.85 351.0 173631.0 

17A 
840 m/min 

RNGN CTIS710 Coating C 
continuous NC2076-010-

030 
1-3 0.968 7.34 440.5 173631.0 

17A 
840 m/min 

RNGN CTIS710 Coating C 
continuous NC2076-040-

060 
4-6 0.865 5.27 316.2 119186.8 

17A 
840 m/min 

RNGN CTIS710 Coating C 
continuous NC2076-070-

080 
7-8 0.773 2.57 154 54426.8 
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Figure 7.14 features the tool life curves for all seventeen milling tests that have been completed 

during this EngD. Figure 7.15 and Figure 7.16 highlight the level of flank wear versus material 

removal volume (MRV) and the increase in time in cut. The tool life curves for uncoated and 

coated RNGN inserts are shown in Figure 7.14.  

Figure 7.15 represents the magnitude of insert flank wear versus MRV for continuous tool paths 

(Stage 1 to Stage 8), which were conducted at a cutting speed of 840 m/min, and the previous 

non-continuous machining trials that utilised cutting speeds of 700, 800, 900 and 1000 m/min.  

Figure 7.16 clearly indicates a rapid improvement in tool life has been attained and concludes 

that adopting continuous to near continuous tool paths should be implemented where possible 

in future machining strategies, that utilise SiAlON milling inserts.  

Over the course of the machining trial, the uncoated CTIS710 milling inserts achieved the best 

overall wear. However, the Coating C SiAlON milling inserts have demonstrated the best 

improvement in machining performance. The Coating C inserts exhibited very low insert wear 

on both flank and rake face when compared to the earlier tests that were conducted with 

interrupted non-continuous tool paths. As the temperature has been maintained in the chip/tool 

interface, the sliding contact between the workpiece and the rake faces is at an optimum as the 

Inconel 718 microstructure is thermally softened.  

This has resulted in minimal fluctuation in tensile and compressive stresses, which helps to 

simplify the tribo-mechanics and improve the evacuation of the swarf chip.  

For the latest machining trial, 2D bar blade geometries have been machined using uncoated 

and CVD coated RNGN and RPGN CTIS710 SiAlON inserts. Figure 7.17 represents the level of 

in cut time in minutes that the uncoated and Coating C RNGN inserts have attained and the 

level of flank wear. 
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Figure 7.14. 700, 800, 900, 1000 m/min facing ops 1.1-4.5 Uncoated / Coating A / Coating B / Coating B RP / Coating C, 840 m/min continuous 
spiral ops Stages 1-8 Uncoated / Coating C. 
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Figure 7.15. 700, 800, 900, 1000 m/min facing ops 1.1-4.5 Uncoated / Coating A / Coating B / Coating B RP / Coating C, 840 m/min continuous 
spiral op Stage 1-8 Uncoated / Coating. 
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Figure 7.16. Tool life versus flank wear comparison between non-continuous and continuous tool paths. 
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coating systems for this type of application in the future. Figure 7.18 highlight the level of flank 

wear versus material removal volume (MRV). 

 

Figure 7.18. 880 m/min near-continuous elliptical spiral ops Stage 9-12 Uncoated / Coating C. 

Figure 7.19 represents the level of in cut time in minutes that the uncoated and Coating C 

RPGN inserts have attained and the level of flank wear. 

Upon the completion of Stage 9 with Coating C RPGN SiAlON inserts, the levels of flank and 

rake face wear was modest. Once Stage 10 had been completed, one of the Coating C RPGN 

inserts had chipped and flaked. During the machining of Stage 10 the level of vibration 

increased as the cutting tool reached the centre of the bar blade, which was indicated by an on-

machine spindle vibration alarm sensor on the DMG Mori NTX2500. Once this vibration reached 

a certain level, the rake faces of the RPGN inserts are exposed to variation in tensile and 

compressive stresses, which culminated in the concentration of contact pressures at certain 

points on rake face.  

This leads to shear along the grain boundaries and flaking of Coating C and the SiAlON 

microstructure. Once again, the uncoated RPGN SiAlON inserts have performed the best in 

terms of removing the most of material volume but have exhibited the highest level of flank wear 
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the insert microstructure and the interface between the CVD coating and the SiAlON substrate. 

These variables come in the form of a thermal and mechanical stresses. A few variables were 

added as a result of a 0.5-µm thick TiN coating being wrongly deposited onto the surface of the 

α-amorphous Al2O3 6.5-µm thick coating.  

The first variable is associated with thermal cooling stresses, which have been induced into the 

α-amorphous Al2O3 coating microstructure during the deposition of the TiN outer layer. The 

second variable is the removal of the TiN outer coating during post processing. The removal of 

the TiN coating via post processing will have introduced further residual stresses into the 

SiAlON substrate and the Al2O3 microstructure. The third variable is the introduction of 

compressive stresses which have been induced into the coating microstructure as a result of 

polishing. The fourth variable is a result of a stress release.  

The stress release is a result of the coating microstructure being exposed to high cutting 

temperatures in the chip/tool interface, the cutting temperature in the chip/tool interface increase 

as the insert begin to degrade and wear. With regards to the level of insert flank wear versus 

MRV that has been captured in Figure 7.15 and Figure 7.18.  

The level of insert wear indicates that the uncoated RNGN and RPGN inserts have displayed a 

superior tribological interaction at the chip/tool interface with the workpiece material, when 

compared to Coating C RNGN and RPGN Inserts. The uncoated SiAlON RNGN and RPGN 

inserts are likely going to have experiences a smaller coefficient of friction than the Coating C 

inserts. The lower coefficient of friction is created at high cutting temperature, with the 

interaction of SiAlON ceramic ions mixing with the Inconel 718 workpiece ions, which form 

lubricious oxide films. These lubricious oxide films create a more favourable shearing/chip 

removal machining process and reduce fluctuation in cutting force, which prolongs the longevity 

of the flank and rake faces and increases the tool life.  

The Coating C RNGN and RPGN inserts seem to create a lubricious oxide with a coefficient of 

friction that is slightly higher that the uncoated inserts.  The high temperatures that are created 

in the chip tool interface between the Coating C RNGN and RPGN inserts, and Inconel 718 

workpiece are above >1000°C. At temperatures above 1000°C, the hot hardness of amorphous 

α-Al2O3 degrades from 18 GPa to 8 GPa [118]. The degradation in hot hardness of the α-Al2O3 

coating leads to microstructural deformation of the polymorphic phases of the α-Al2O3 CVD 

coating and an increase in the coefficient of friction. Which creates shearing/chip removal 

machining process that is subjected to high fluctuation in cutting forces that reduces the 
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longevity of the Coating C flank and rake races and overall tool life.  

The uncoated RNGN and RPGN inserts maintained higher stability at temperatures above 

>1000°C. The uncoated SiAlON rake faces for the both the RNGN and RPGN inserts displayed 

high resistance to thermal deformation. The high resistance to thermal deformation is due to the 

preservation of the hot hardness above >1000°C. The hot hardness of SiAlON is typically 13 

GPa at above temperatures of >1000°C [118], [119]. The inclusion of yttrium oxides during the 

sintering process promotes the formation of glassy phases. The high hardness of the glass 

phases along with the high toughness of β-SiAlON’s and high hardness of α-SiAlON, creates a 

composite microstructure with high thermal shock resistance, high hot hardness, and oxidation 

resistance. 

It was therefore established in Tests M14 and M15 that Coating C had not improved the wear 

characteristics of CTIS710 SiAlON RNGN milling inserts. The lack of improvement in wear 

resistance and tool life, was evident when compared to the uncoated CTIS710 SiAlON RNGN 

milling inserts. However, in the latest bar blade machining trial the wear characteristics of the 

RNGN SiAlON inserts that have been CVD coated with Coating C have greatly improved. The 

levels of flank and rake face wear which have been exhibited by the Coating C coated RNGN 

inserts, show a great reduction in the level of flank wear versus the quantity of material that has 

been removed. The Coating C RNGN insert shows a significant reduction in the level of flank 

and rake face wear, when compared to RNGN insert wear which was collected from the 

previous non-continuous machining trials.  

Principally, the main reason for the improvement and reduction in tool wear was down to a few 

factors.  

1. The first factor involved improving the tool engagement in to cut by fine tuning the NC 

programme in Siemens NX and via Vericut NC programme reviews.  

2. The second factor focused on optimising the depth of cut (Ap) and radial engagement to 

maintain the chip thickness (Hex) value.  

3. The third main factor was focused on reducing the fluctuation in cutting temperature in 

the chip/tool interface to a minimum, this near continuous cutting temperature 

contributed significantly to efficient material removal. 

4. Another factor for improving the wear characteristics focused on tap testing the tool and 

the workpiece material. The tap testing modal analysis in Cutpro software, helped to 

establish suitable cutting speeds and feed rates to reduce overall vibration in the 
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machining process to a minimum. Although oxidation and thermomechanical wear on 

the Coating C inserts was evident, the levels of wear were significantly less when 

compared to previous interrupted non-continuous RNGN SiAlON milling insert wear 

data. 

7.6 Conclusions for Test No M14-M15 
The following conclusions can be drawn from the interrupted non-continuous tests:  

1. Due to the poor thermal resistance properties of titanium nitride, it is advised not to use 

titanium nitride in CVD coatings used for protecting SiAlON ceramic milling inserts. 

Throughout this two-part machining trial, amorphous α-Al2O3 has proven to be very 

effective at providing protection for SiAlON ceramic milling inserts and in intense 

machining environments. It is recommended that amorphous α-Al2O3 be used utilised in 

future protective CVD coatings for SiAlON ceramic milling inserts. 

2. The thermal cooling stresses have been induced into Al2O3 coating microstructure as 

result of a thin TiN coating being deposited onto the surface of the Al2O3 coating layer. 

3. The removal of the TiN coating via post processing induces further residual stresses into 

the coating microstructure and SiAlON substrate.  

4. Polishing the post processed Al2O3 coating introduces further compressive stresses into 

the coating microstructure, which has had a potentially deleterious effects on the Coating 

C interfacial layer. 

5. The high temperature chip/tool interface created during the machining process, causes 

the induced stresses to be released. The heating and cooling cycles which were incurred 

during the interrupted cuts has also had an effect on the mechanical structure of the 

coatings due to the thermal expansion and contraction differences and hence 

exacerbated the wear mechanisms encountered by the coated inserts. 

7.7 Conclusions for Test No M16-M17 
The following conclusions can be drawn from the continuous/near continuous test cuts:  

1. The flank wear values that have been captured for the test conducted at 840 m/min with 

uncoated & CVD coated SiAlON ceramic milling inserts (Coating C), indicates that 

continuous toolpaths should be featured extensively in all NC programme strategies, 

which utilise SiAlON ceramic milling inserts. Optimisation of the toolpaths has led to 

significant increase in tool life, material removal rates and material removal volumes.  
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2. The first and second objective have successfully met with this study. The NC 

programme have delivered significant improvement in tool life and demonstrated high 

stability. The hypothesis stated for the second objective has been proven to be correct.  

Substantial reductions in flank and rake face wear were demonstrated by the Coating C 

RNGN inserts, especially the uncoated RNGN and RPGN SiAlON ceramic milling 

inserts. 

3. Due to the poor thermal resistance properties of titanium nitride, it is advised not to use 

titanium nitride in CVD coatings used for protecting SiAlON ceramic milling inserts. 

Throughout this machining trial, amorphous α-Al2O3 has proven to be very effective at 

providing protection for SiAlON ceramic milling inserts in intense machining 

environments. It is recommended that amorphous α-Al2O3 be used utilised in future 

protective CVD coatings for SiAlON ceramic milling inserts. 

4. The thermal cooling stresses have been induced into the α-Al2O3 coating microstructure 

as result of a thin TiN coating being deposited onto the surface of the Al2O3 coating 

layer. 

5. The removal of the TiN coating was undertaken via a honing post processing route. The 

process was selected as it can gently remove the TiN coating. However, the removal of 

the coating induced further residual stresses into the coating microstructure and SiAlON 

substrate.  

6. Polishing the post processed Al2O3 coating introduces further compressive stresses into 

the coating microstructure, which has had a potentially deleterious effects on the Coating 

C interfacial layer. 

7. The high temperature chip/tool interface created during the machining process, causes 

the induced stresses to be released. The heating and cooling cycles which were incurred 

during the interrupted cuts, had an effect on the mechanical structure of the coatings due 

to the thermal expansion and contraction differences, and hence exacerbated the wear 

mechanisms encountered by the coated inserts. One of the main recommendations for 

future work would be to reduce interrupted cuts to a minimum, as this aids the longevity 

of CVD coated SiAlON milling inserts. 

 

7.8 Summary 
The present chapter has endeavoured to develop further understanding and explore the main 

research hypothesis. Chapter 7 has attempted to establish a thorough understanding of the 

wear characteristics of the newly developed Coating C. The wear characteristics of Coating C 
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were then compared with uncoated SiAlON ceramic inserts when machining precipitation 

hardened Inconel 718. 

Experiment Four has looked to explore the wear characteristics with a series of machining tests 

with Tests M14-M15 and Tests M16A-B and M17A-B. Tests M14 and M15 utilised interrupted 

non-continuous 3-axis toolpaths with cutting speeds of 800 m/min and 900 m/min. As discussed 

before in Section 7.2, these two cutting speeds were selected based on the levels of tool wear 

from the two-part machining trial that was conducted in Experiment Two. From the results of 

Test M14 and Test M15, the Coating C inserts displayed high levels of flank wear and coating 

degradation. Especially, when the levels of flank wear were compared to the other coated and 

uncoated inserts which were used in Tests M1-M13. The interrupted machining environment 

utilised in Tests M14-M15 has created a challenging environment for Coating C at the two 

cutting speeds.  

As discussed earlier in Section 7.2.1, due to a coating error and the addition of a thin 0.5µm 

thick layer of TiN on top of the 6.5µm thick α-amorphous Al2O3 layer has created a series of 

problematic variables. The four variables concluded in Section 7.2.1 that the Coating C inserts 

were exposed to 1. thermal cooling stresses, 2. induced residual stresses from coating removal, 

3. compressive stresses and finally a stress release due to the high temperatures at the 

chip/tool interface.  

The main output that was established from Test M14 and Test M15 was centred around 

maintaining the temperature in the chip/tool interface. The objectives of the Test M16A-B and 

Test M17A-B was to establish if the maintaining the chip/tool interfacial temperatures would 

increase tool life and increase the benefit of applying a protective coating to SiAlON ceramic 

substrate.  

Tests M16A-B and M17A-B utilised continuous 5-axis toolpaths and utilised a combination of 

CTIS710 RNGN and RPGN SiAlON milling inserts. The uncoated RNGN SiAlON inserts which 

were utilised for Test M16A displayed significant improvements in material removal versus 

insert flank and rake face wear.  

The improvement in material removal versus insert wear is clearly displayed very clearly in 

Figure 7.15. An improvement has also been clearly exhibited by Test M17A. The Coating C 

inserts that were utilised in Test M17A also displayed significant improvements in material 

removal versus tool wear with the adoption of continuous toolpaths.  
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If the results in Figure 7.14 and Figure 7.16 are compared, the improvements in tool life and 

material removal are greater for the Coating C inserts when compared to the uncoated inserts. 

The novelty of the 5-axis machining trial has clarified that keeping the cutting tool in a 

continuous/near continuous machining environment, leads to reductions in tool wear and 

improvements in MRV. Refinement of the continuous toolpaths has delivered a real increase in 

cutting tool performance. Which emphasises the importance of creating NC programmes that 

are thoroughly thought through and refined. 
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Chapter 8 Conclusions 
Although there has been some discussion and a summary included in each chapter of this 

thesis, this chapter will gather all these and provide some insights into the author’s views on the 

different findings. 

8.1 Conclusions 
The research in this thesis was centred around five main objectives that have been presented in 

Section 1.1. Therefore, this section will comprise the conclusions which have been drawn 

against each one of the objectives. 

8.1.1 Objective One 

1. The first objective focused on reviewing the literature available on cutting processes and chip 

formation 1(a), ceramic cutting insert materials 1(c), and workpiece material and machining 

characteristics of nickel-based superalloys 1(f).  

The critical analysis and summary have highlighted the importance of protective coating in the 

machining industry and there is a lot of literature that is focused on coated carbide and even 

coated SiAlON turning inserts. It was concluded that adding a suitable protective coating to 

SiAlON milling inserts would constitute a relevant area of research. There is very little utilisation 

and development of coated SiAlON milling inserts when compared to SiAlON turning inserts and 

other ceramic inserts. However, the main conclusion that can be drawn from these sections, is 

that the selection of the correct coating techniques (i.e., CVD) and coating materials (i.e., α-

Al2O3), has a strong influence on the final wear characteristics and capabilities of the protective 

coating for a cutting tool application. This is especially relevant for coating ceramic cutting 

inserts. 

8.1.2 Objective Two 
The second objective was to plan and undertake a series of experimental tests to collect cutting 

force signal data via a dynamometer orientated machine setup and machining insert wear data. 

The second experiment attempted to clarify the wear characteristics of Coating A and Coating B 

SiAlON milling inserts when compared to uncoated CTIS710 SiAlON milling inserts. The first 

main finding from Test M1-M13 established that uncoated inserts suffered the least amount of 

flank wear when compared to Coating A and Coating B under non-continuous machining 

conditions. Coating A demonstrated poor adhesion to the CTIS710 SiAlON milling insert 

substrate, due to poor interfacial bonds as a result of the inclusion of titanium nitride in the 

interfacial layer. The poor adhesion characteristics culminated in the rapid removal of Coating A, 

which resulted in Coating A inserts displaying very similar wear characteristics to the uncoated 
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inserts. Coating B demonstrated high adhesion to the CTIS710 SiAlON milling insert substrate. 

However, the high adhesion characteristics of Coating B was overshadowed by the poor 

machining performance and overall tool life. The poor machining of Coating B was highly 

influenced by poor wear performance and oxidation resistance of titanium nitride outer coating. 

The second main finding of Experiment Two suggests that amorphous grade Al2O3 was 

highlighted as suitable coating material to use in Coating C. The amorphous grade Al2O3 

bonded very well on an interatomic level with the CTIS710 milling insert substrate. Although the 

Al2O3 was utilised in the Coating A outer layer, it was the Al2O3 interfacial layer that had proven 

to attain high adhesion to CTIS710 milling insert substrate. 

8.1.3 Objective Three 
The third objective of the research was to attain greater understanding of the tribological 

properties of the Coating A and Coating B that had been utilised in Test M1-M13. The first main 

finding from Experiment Three established quite a few similarities between the results of 

Experiment Two and Experiment Three. The notable bonding characteristics of amorphous 

grade Al2O3 that had been displayed in the two-part machining, were also exhibited in the 

scratch tests.  The scratch testing results provided the first evidence for the inclusion of 

amorphous grade Al2O3 in Coating C. The second main finding from Experiment Three were 

established in the pin-on-disc tests. The amorphous grade Al2O3 in Coating B once again 

demonstrated very high resistance to deformation and high adhesion to the CTIS710 milling 

insert substrate. However, Coating A exhibited low adhesion to the CTIS710 milling insert 

substrate. The pin-on-disc helped to refine the decision to include amorphous grade Al2O3 in 

Coating C. The third main finding from Experiment Three concluded that a thicker single CVD 

layer of amorphous grade Al2O3 should be utilised for Coating C. Coating C was designed to be 

thicker than Coating A and Coating B as it was hoped that the thicker coating structure will have 

higher microstructural stability at high temperatures. 

8.1.4 Objective Four 
The fourth objective of the research focused on optimising the cutting parameters and 

machining environment. From the results of Test M14 and Test M15, the Coating C inserts 

displayed high levels of flank wear and coating degradation. Unfortunately, as discussed in 

Section 3.11.4 there was a coating error, which resulted in a thin layer of the titanium nitride 

level being deposited onto the 6.5µm thick α-amorphous Al2O3 coating. A post processing 

operation was utilised to remove the 0.5µm thick TiN coating on the rake face of the round 

button (RNGN) SiAlON milling inserts. The post processing involved polishing the 0.5µm thick 
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TiN coating off the rake face post, which revealed the amorphous Al2O3 coating. The polishing 

introduced compressive stresses into the Coating C microstructure. The high temperature 

chip/tool interface created during Tests M14 and M15, causes the induced stresses to be 

released. The heating and cooling cycles that were encountered during the non-continuous cuts 

had an effect on the mechanical structure of Coating C, due to the thermal expansion and 

contraction differences and hence exacerbated the wear mechanisms encountered by the 

coated inserts. The first main finding of Experiment Four was the effects of the heat and cooling 

cycle of the interrupted non-continuous cuts, which caused rapid degradation of the Coating C 

microstructure that culminated into high levels of wear on the flank and rake faces. The second 

main finding of Experiment Four concluded that eliminating or heavily reducing the non-

continuous cut and maintaining the temperature in the chip/tool interface would help to improve 

the wear characteristics of the Coating C Inserts. 

Part two of Experiment Four consisted of testing the Coating C (RNGN and RPGN) inserts with 

machining parameter information, which utilised continuous machining conditions in a five-axis 

machining environment. As discussed in Section 7.7, the uncoated RNGN SiAlON inserts (Test 

No M16A) displayed significant improvements in material removal versus insert flank and rake 

face wear as shown in Figure 7.15. The tool wear curves in Figure 7.14 showed a rapid 

improvement in flank wear for the Coating C RNGN SiAlON inserts (Test No M17A). The flank 

wear versus material removal rate (MRR) shown in Figure 7.15, concluded and proved the 

hypothesis that including continuous tool paths could improve the wear characteristics and tool 

life of uncoated and coated SiAlON milling inserts.  

8.1.5 Objective Five 
The fifth Objective is based on the results from Experiment Four, the three coating systems 

which have been utilised in this research have not outperformed the uncoated (RNGN and 

RPGN) inserts in terms of flank wear and tool life. Machining nickel-based superalloys such 

Inconel 718 result in an extreme machining environment which results in rapid tool wear. The 

high temperatures in the chip/tool interface caused Coatings A, B and C to degrade via a series 

of failure mechanism, which resulted in exacerbated wear mechanisms and reduced the overall 

tool life when compared to the uncoated inserts. The sliding contact between the chip and tool 

proved to be very important in the end. As the frictional sliding interaction between the chip and 

tool proved to the main differentiator between the uncoated inserts and the Coating C SiAlON 

inserts in Test M16A and M17A. The sliding contact between the chip/tool ultimately controls the 

level of cutting force, which are transmitted though the tool and into the spindle. The sliding 
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contact at the chip/tool between the uncoated SiAlON insert and Inconel 718 workpiece was 

more favourable than the sliding contact for Coating C SiAlON inserts. The main finding from 

this research is that uncoated SiAlON has a mixture of microstructural and tribological 

characteristics, which allow the SiAlON microstructure to attain a required tool life in the 

extreme machining environments associated with the high-speed milling of Inconel 718. 

8.2 Contribution to Knowledge and Novelty 
The main novel contribution which this research has attempted to provide, has focused on trying 

to improve the wear characteristics and attainable tool life of silicon aluminium oxynitride 

(SiAlON) milling inserts. Little or no research has been conducted with CVD coated SiAlON 

milling inserts for machining Inconel 718. In the previous chapters, the hypothesis was 

presented with the aim of improving the thermochemical wear characteristics of SiAlON milling 

inserts, by depositing a protective wear resistant coating via chemical vapour deposition 

techniques. The published research in this thesis and the links between the experimental wear 

data and the application of wear resistant coatings to SiAlON ceramic milling inserts is novel.  

8.3 Recommendations for Future Work  
The flank wear characteristics of Coating C were significantly improved during part two of 

Experiment Four (Test No 17A). However, the application of a 6.5 µm thick α-amorphous Al2O3 

coating for Coating C, was not enough to outperform flank wear characteristics of the uncoated 

SiAlON milling inserts. The following section will discuss some of the potential topics of further 

work. 

In regard to the primary contributions, there are features of this research project which were 

established for potential further work.  

8.3.1 Methodology Development 
1. The rapid improvements in flank wear that were attained for the uncoated inserts and Coating 

C inserts provided confidence in the five-axis toolpath. The α-amorphous Al2O3 coating for 

Coating C, still suffered from increased amounts of flank wear when compared to the uncoated 

inserts.  

Future work could involve further analysis of the continuous 5-axis toolpaths to improve the 

dynamics between the workpiece and the cutting tool. Additional future work could also focus on 

refining the coating deposition process and the microstructure of the coating interface and the 

texture of the coating. 
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As discussed in Section 7.1, the frictional interaction between the Inconel 718 workpiece and 

the rake face of Coating C developed more vibration, which was monitored on the NTX2500 

spindle sensor. The sound during the machining process for Test No M17A in Chapter 7 was 

emitting a slightly higher noise level for the Coating C than for the uncoated inserts of Test No 

M16A. The slightly higher noise sound was an indicator of higher potential frictional interaction 

between the Inconel 718 chip and the rake face of the Coating C inserts during the sliding 

contact.  

The sliding contact between the Inconel 718 workpiece and insert rake face has a direct impact 

on the transmission of the cutting forces through the SiAlON microstructure, especially the 

coating microstructure. The other problem with the utilisation of an α-amorphous Al2O3 coating 

is the capability of the Al2O3 microstructure to cope with thermal shock. Especially if the Al2O3 

microstructure has been honed and polished, which was the post processing route for removing 

the 0.5µm thick TiN coating, which had been deposited due to a coating error.  

As discussed in Section 2.11, the selection of materials for protective coatings is paramount for 

attaining the desired level of protection and longevity for the underlying SiAlON substrate. 

Attaining the correct mechanical properties and microstructure of the coating is also paramount. 

Achieving an α-amorphous Al2O3 coating microstructure requires CVD coating temperatures 

over 1000°C. These high temperatures are necessary to encourage the phase transformation 

behaviour, where κ-Al2O3 polymorphs transform into α-Al2O3 polymorphs, which are the most 

thermodynamically stable form of polymorph. Controlling the growth direction of the textured α-

Al2O3 microstructure is also paramount. As a highly texture α-Al2O3 microstructure in the 0001 

basal plane has a controlled rates of deformation and greater wear resistance. 

However, the phase transformations which have been utilised to produce a textured α-Al2O3 

polymorphic coating structure also limits what coatings can be deposited on to the surface 

afterwards. 

The microstructure of a SiAlON has an excellent combination of high oxidation resistance, high 

hot hardness, chemical inertness, and high thermal shock resistance. The SiAlON 

microstructure attains its high temperature hardness and thermal shock resistance from a 

combination of tough β-SiAlONs and α-SiAlONs with intermixed glasses, glass-ceramic phases, 

which are created due to the introduction of yttrium oxide, which aids densification. The β-

SiAlONs provide the microstructural toughness and the intermix of α-SiAlONs and glass-

ceramic phases provide the high wear resistance and hot hardness [120], [121].  
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Another key mechanical property of SiAlONs is the noticeable change to the friction co-efficient 

at high temperatures. As discussed in Section 8.1, there was a noted difference between the 

frictional characteristics of SiAlON and α-Al2O3 of Coating C, which resulted in a different sliding 

contact condition and actively contributed to reducing wear resistance and tool life. Previous 

studies have focused on establishing the friction co-efficient between sliding contact between 

Inconel 718 discs and SiAlON ceramic inserts. The research studies have found that the friction 

co-efficient for SiAlON reduces with temperature, which would explains the change in sound in 

Test M16A and Test M17B [122], [12]. 

8.3.2 Future Coating Development  
For future coating development a number of mechanical characteristics would need to be 

attained for further progress to be made in this field of coating and cutting tool development. 

The first coating mechanical characteristic that would need to achieve, is suitable coating 

microstructure. Attaining an amorphous Al2O3 coating microstructure that is highly textured in 

the 0001 basal plane is paramount for thermodynamic stability i.e., high oxidation resistance 

and be chemically inert to diffusion wear but also for high adhesion to a SiAlON substrate. The 

adhesion characteristics that have been demonstrated by α-amorphous Al2O3 coating in this 

research are evident of how important it is to attain this coating microstructure. The coating 

microstructure would also need to have high resistance to thermal shock, high oxidation 

resistance. Typically, a SiAlON microstructure but without the silicon addition.  

The second coating characteristics that needs to be attained would be focused on controlling 

the surface roughness profile of the coating with post processing techniques such as honing 

and polishing. The surface roughness profile has been shown to have a direct link with how 

much of the cutting force is transmitted through the CVD coating and SiAlON microstructure. 

Therefore, for future coating research differing polishing sequences could be utilised to create 

different roughness profiles. The different polished coated SiAlON inserts could then be 

subjected to tribological testing such as pin-on-disc and scratch testing, to ascertain which 

roughness profile has the best wear characteristics [123]. 

The third coating characteristic that could be assessed is with the incorporation of a hybrid 

coating structure. The achieve this type of coating strategy the hybrid coating approach would 

be broken down into series of tasks. The first task would focus on depositing a single layer of 

highly textured α-amorphous Al2O3 onto the surface of a SiAlON milling insert substrate via 

Chemical vapour deposition. The layer of α-Al2O3 would have a thickness of 6.5 µm. The 6.5 µm 

thick layer of α-Al2O3 would provide high adhesion to the SiAlON substrate, high wear 
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resistance and high thermodynamic stable foundation for the second task. The second task 

would then focus on depositing a 2.0 µm thick layer of chromium oxide Cr2O3 on to the surface 

of the α-Al2O3 CVD coating layer. The process of depositing the Cr2O3 on to the surface of α-

Al2O3 would be completed via atmospheric-pressure plasma enhanced chemical vapor 

deposition (AP-PECVD) or via radio frequency magnetron sputtering. The AP-PECVD coating 

technique has been successfully utilised in a previous study to deposit chromium oxide onto 

alumina samples [124]. The first reason for the selection of Cr2O3, is due to Cr2O3 having the 

highest hardness of all the metallic oxides, which is in the region of 30 GPa and has very low 

co-efficient of friction [125]. The second reason for selecting Cr2O3 is that the oxide has very 

high wear resistance and very high thermodynamic stability and exhibits a hardness of 16 GPa 

at 700°C [126], which is comparable to hot hardness of SiAlON that has been stated in the 

study conducted by Brooke et al. [118]. The third reason for selecting Cr2O3 is focused on the 

crystal structure of Al2O3 and Cr2O3. Both α-Al2O3 and Cr2O3 have the same corundum 

crystalline microstructure with a space group of R̅3c, which means the lattice parameter 

mismatch is less than 5% [127]. Both oxides exhibit a hexagonal closed packed microstructure, 

with α-Al2O3 having cations of (Al3+) and Cr2O3 (Cr3+). The hexagonal closed packed 

microstructural properties of α-Al2O3 and Cr2O3 allows for substitutional solid solutioning to 

occur between the two oxides. The substitution solid solutioning characteristics enables the 

epitaxial growth of a Cr2O3 crystalline structure on the nucleation layer on the α-Al2O3 substrates 

[128]. It is hoped that the interactions between the two oxides at interatomic level will equate to 

a stable bilayer coating. The third task would be to polish and hone the crystalline Cr2O3 layer to 

attain a surface roughness profile of 0.5 µm or less. The high temperature capability of highly 

polished Cr2O3 layer would lessen the effects of the cutting forces being transmitted through the 

cutting tool due to having a low coefficient of friction. This hybrid coating approach is hoped to 

improve the wear resistance and tool life of SiAlON milling inserts.  
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Appendix C 
 

 

C1. RNGN Insert Modal Overlap Analysis for depth of cut, cutting speed and feed rate selection. 

 

C2. RPGN Insert Modal Overlap Analysis for depth of cut, cutting speed and feed rate selection. 

The modal analysis that has been used to determine the final cutting speed, depth of cut and feed rate 

has been included in Appendix C1 and C2. In the blue colour represent the modal analysis data for tool 

1. The turquoise colour represents the modal analysis for the end of the bar tap test. The red colour in 

Appendix C1 represents the modal analysis data for the middle of the bar tap test. The modal overlap 

that is evident in Appendix C1 and Appendix C2, has highlighted what speed, feed rate and depth of cut 

to use in order to attain high stability in the machining environment. 

 




