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.

It’s hard,

hard, not to sit on your hands,

burrow your head in the sand,

hard, not to make other plans

and claim that you’ve done all you can,
all alone

and life

must go on.

It’s hard,

hard, not to break down and cry,
when every ideal that you tried
has been wrong.

But you must

carry on.

It’s hard,

hard, when you’re here all alone
and everyone else’s gone home.
Harder to know right from wrong
when all objectivity’s gone

and it’s gone.

But you still

carry on.

'cause you,

you are the only one left

and you’ve got to clean up this mess.
You know you’ll end up like the rest
bitter and twisted - unless

you stay strong

and you

carry on.

Yann Tiersen, "Les Jours Tristes"
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ABSTRACT

The aim of this project was the assessment of the differences between coated
hardmetal cutting tool inserts from five of the main producers in South Africa.
These producers were given the names of suppliers 1, 2, 3, 4 and 5.

The tools were all for turning steel. The project involved investigations of the
microstructure and composition of the substrates and of the coating systems of the
tool inserts, as well as of the interface between substrate and coating. The results
from the inserts from the five different producers were compared in an attempt to

determine the reasons for their different performance.

As far as the substrates were concerned, the properties investigated were the
microstructure and composition, Vickers hardness and crack resistance. The

results showed large differences among the inserts. For example:

e Vickers hardness ranged from HV30 1591 (supplier 1) to HV30 1350
(supplier 5)

e Crack resistance was found to be between 0.43 kg/um (supplier 1) and
1.02 kg/pum (supplier 5)

e Inserts from suppliers 3 to 5 showed a graded outer layer, whereas those
by suppliers 1 and 2 did not

e All substrates consisted of W, Ti, Co and Ta, except the substrate of
supplier 5 which included Zr, but no Ti
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As far as the coatings were concerned, the microstructure and composition of the
coating layers were determined by FESEM, EDS, microprobe analysis and X-ray
diffraction. The coating layers were examined for cracks and porosity, and the
interface between substrate and coating was examined by SEM. Vickers hardness
of the system “substrate/coating” was measured, as well as abrasive wear
resistance by means of “pin-on-disk” tests. Again, large differences were found.

For example:

e The number of coating layers ranged from two layers (supplier 1) to five
layers (supplier 5)

e Vickers hardness of the systems “substrate/coating” measured from
HV30 1672 (supplier 1) to HV30 1410 (supplier 5)

e High porosity was found in the coatings from supplier 2, while those of
suppliers 1 and 4 showed no or only rare porosity

e Cracks in the coatings were a common feature of all coatings, although in

different amounts

The interfaces between the substrate and the coating were examined to assess the
adhesion. This was done by Rockwell indentation tests, three-point-bending tests
and scratch tests. The general result of the adhesion tests is that the inserts of

supplier 3 exhibits the best adhesion.

The performance of the tool inserts in cutting could not be determined in the

laboratory for lack of suitable equipment.

The tool inserts were ranked on the basis of the properties investigated, which
allows to predict which insert is more resistant to each of the multiple wear

processes occurring in cutting.



ACKNOWLEDGEMENTS

I am indebted to my supervisor, Prof. Silvana Luyckx, for giving me the
opportunity to work in the interesting world of material engineering and I like to
thank her for expert guidance in the fascinating field of microstructures, EDS and
XRD analyses, abrasion, adhesion, etc., as well as for stimulating discussions,

encouragement and assistance throughout my entire research project.

I would like to thank my co-supervisor Prof. Mike Witcomb for his invaluable
advice and support in everything connected with the SEM unit and especially for

helping me to analyze the scratches done by the scratch tests.

Powder Industries is acknowledged for supplying experimental materials and
financial support, and my special thanks go to Wayne Barlow-Jones, and Nigel
and James Morrison who provided me with helpful discussions during our report
meetings, alerted me to interesting papers and shared their vast practical

experience and knowledge in the field of cutting tool inserts with me.

In relation to the experiments described in my thesis, I have to thank Dr Guven
Akdogan for helpful discussions on abrasive wear tests, [an Schwartz for
assistance in designing the bending tests, and most of all Dr Pieter de Lange for

spending long hours in repairing and setting up the scratch tester.

Acknowledgements are made to Caroline Lalkhan who taught me how to use the
Scanning Electron Microscope. Caroline and Abe Seema were always lending me

a helping hand during all my SEM analyses.

The micrographs of the coating layers from the cutting tool inserts were to a large
extent taken on the FESEM at the CSIR in Pretoria, where Loukie Adlem and
Sara Prins provided me with excellent training on that instrument and always

assisted me with any problems regarding my analyses.

vi



The microprobe analyses were carried out by Dr Christian Reinke from Mintek
who introduced me to the technique and answered all my questions in interpreting

the collected data.

For excellent technical support and help in preparing the test specimens and test
facilities for my experiments, my thanks go to the School’s workshop and to

Aubrey Xoseka. Aubrey also printed all my micrographs so professionally.

I would also like to thank all present and former members of the group “Hard
Materials” for their support and friendship, especially Chris Machio, Emela
Mojaki and Han Xiao.

Finally, to Marcus Layh, who deserves all my gratitude for always being there, in
good days and in bad days. Thank you very much for living through all my ups
and downs, my moaning and my bad moods with a patient, loving smile, as well
as for all your support and caring. You are simply the best! And now — just to

tease you — something in Japanese: % & & (suki yo) !

vil



A SYSTEMATIC METALLURGICAL COMPARISON
AMONG CVD COATED WC-CO CUTTING TOOL
INSERTS FROM FIVE DIFFERENT SUPPLIERS

CONTENTS Page
DECLARATION. ... i
ABSTRACT ... v
ACKNOWLEDGEMENTS. .. ..o vi
CONTENT S e viil
LIST OF FIGURES. ... xiil
LIST OF TABLES. ..., XXVii
1 INTRODUCTION. ... 1

2 LITERATURE SURVEY ... .. 4

2.1 Hardmetal Cutting Tools Used in Turning...............................4
2.2 Cemented Carbide Substrates Based on WC-Co......................8
2.3 Coatings of Hardmetals by Chemical Vapor

Deposition (CVD).......ooiiiii e, 16
24 CVD Coating Materials.......................cooiiiiiienn 23
2.4.1 Titanium Carbide (TiC) ......ocoveiiiiiiiiiiiiee 23
2.4.2  Titanium Nitride (TiN) .......ooiiiiiiii e 27
2.4.3 Titanium Carbo-Nitride (TiCN)..........ocooviiiiiii 229

244 Alumina (Al2O3) e 32
2.5 Hardness. ... ..o, 36
2.6 Wear Resistance...............oooiiiiiiiiiiiii e, 38
2.7 AdheSION..... ... 44
2.7.1 Rockwell Indentation Tests (as Adhesion Tests)...........................46
2.7.2 Bending TestS......ouiiiiiit it 49
2.7.3  ScratCh TestS. . vt 53

viil



3 EXPERIMENTAL PROCEDURES.....................nl55

3.1 Geometry — Tangent Method..............................oii 56
3.2 Vickers Hardness Measurements......................ocoiiiiiiiiin 57
33 Crack Resistance — Palmqvist Cracks.....................................58
3.4 SEM and EDS Analysis. ..., 59
3.5 Microprobe Analysis................ooiiiiiiiiiiii e, 62
3.6  X-ray Diffraction Analysis...................o i 65
3.7 Grain Size Measurement — Image Analyzer............................ 66
3.8  Abrasion Tests — “Pin-on-Disk” System................................67
3.9  Rockwell Hardness Indentations...........................coe 72
300 Bending Tests........cooooiiiiiiiii i 74
3.1 Scratch Tests.........ooiii i 77

4 RESULTS AND PRELIMINARY DISCUSSION:
GEOMETRY AND SUBSTRATE OF THE FIVE
DIFFERENT CUTTING TOOL INSERTS...............ceenl81

4.1 GeOMELTY. . ..ot 81
4.2 SUDSErate. ..., 83
4.2.1 Vickers Hardness Measurements...........c.ovvvviviiiiieeiiiiiniininnnnnnn83
4.2.2 Rockwell Indentations............co.eiiiiuiiiii i, 84
423 Crack ReSIStANCE. .. .oiii e 95
424 MICTOSIIUCIUTIC. ..ttt ettt ettt ettt et e ettt e e e e 98
4.2.5 Qualitative Analysis........cooiuiiuiiiiiii i, 107
4.2.5.1 EDS ANalysiS.....oouiiniiiiiiiiiiiiei e e 107
4.2.5.2 X-ray Diffraction Analysis.............cccoviiiiiiiiiiiiiiiin, 120

4.2.6 Quantitative Analysisby EDS.............ooiiiiiiien 126
427 Grain Size MeaSuUIr€mMent. . .....oovveuuneeee et eeeeeeiiiienennnn 129

5 RESULTS AND PRELIMINARY DISCUSSION:
COATINGS OF THE FIVE DIFFERENT CUTTING

TOOL INSERTS. ..., 136
51 FESEM and EDS Analysis.............c.ooooiiiiiiiiiiiiiiiie e, 137
5.1.1 Cutting Tool Inserts from Supplier 1............c.ooooiiiiiiiiin.. 139
5.1.2  Cutting Tool Inserts from Supplier 2..............cooiviiiiiiiiiiniinnn. 142
5.1.3  Cutting Tool Inserts from Supplier 3............cooiiiiiiiiiiiiin. 147
5.1.4 Cutting Tool Inserts from Supplier4..............cooeviiiiiiiiiiniinnn. 151
5.1.5 Cutting Tool Inserts from Supplier 5............coooiiiiiiiiiiiiin.. 156
5.1.6 Comparison of FESEM and EDS Analysis Results from the

Five Cutting Tool Inserts...........ccoooiiiiiiiiiiiiii e, 162

X



5.2

5.2.1
522
523
524
525
5.2.6

5.3

5.3.1
532
533
534
535
53.6
5.4

54.1
54.2
543
544
545
54.6
5.5

5.5.1

552
553

5.6

5.6.1
5.6.2
5.6.3
5.6.4
5.6.5
5.6.6

5.6.7
5.6.8

Microprobe Analysis... . P PURRPPPRRRRPIIRY s o
Cutting Tool Inserts from Suppher 1 ....................................... 166
Cutting Tool Inserts from Supplier 2............ccoooiiiiiiiiiiiiinnnnn. 171
Cutting Tool Inserts from Supplier 3.............oooiiiiiiiiiiiiii 175
Cutting Tool Inserts from Supplier4.............ccooeiviiiiiiiiiinn.. 179
Cutting Tool Inserts from Supplier 5...........c.oooiiiiiiii 184
Overall Comparison of Empirical Formulae Obtained by

EDS and Microprobe Analysis...........ccvuiiiiiiiniiiiiininiina. 190
X-ray Diffraction Analysis.......................oooiiiiinn 192
Cutting Tool Insert from Supplier 1..........c.ocooiiiiiiiiiiiiiiii, 193
Cutting Tool Insert from Supplier 2...........ccooiiiiiiiiiiiiiininn, 194
Cutting Tool Insert from Supplier 3..........c.ooiiiiiiiiiiiiiiiii, 195
Cutting Tool Insert from Supplier 4...........ccooiiiiiiiiiiiiininn, 196
Cutting Tool Insert from Supplier 5..........c.ocoiiiiiiiiiiiiiiii, 197
Discussion.. et eee e snneesneenneen 1 98
Vickers Hardness Measurements . 200
Cutting Tool Inserts from Supplier 1 ....................................... 201
Cutting Tool Inserts from Supplier 2............c.ooiiiiiiiiiiiini, 203
Cutting Tool Inserts from Supplier 3.............cooiiiiiiiiiiiiiiin 205
Cutting Tool Inserts from Supplier4...........c.oooiiiiiiiiiiiiini. 207
Cutting Tool Inserts from Supplier 5.............cooiiiiiiiiiiiiininn 209
Summary of Vickers Hardness Tests.............cooeveiiiiiiiiiiiiinnn.. 211
General Coating Structure..............ccceoovieeiiiieniiienie e 214
Alumina (ALO3) oo 2 14
5.5.1.1 Hardness Measurements. ..........co.evueiieinieniiiniinieninneenn 215

5.5.1.2 X-ray Diffraction Measurements................ccccceeeeevreenneenn. 218
Titanium Nitride (TiN)......ooooiiiiiii e 222
Features of Coating Systems..........c.ccoeviiiiiiiiiiiininiiininen. 226
5531 Interfaces......o.oovviiiiiiiiiii e 226

5.5.3.2 Porosity... et 232
5.5.3.3 Cracks.. .. e 235
5534 Summary ofFeatures e 242
Abrasion Tests.. 243
“Pin-on-Disk” System243
Debris.. e 244
Wear Paths on Steel Dlsk ................................................................ 245
Friction Coefficient..............ocooiiiiiiiiiiii .. 249
Weight Loss ofDlsks e e 249
Wear Scars on Cutting T001 Inserts (Plns) ................................ 250
5.6.6.1 Cutting Tool Insert from Supplier 1................c.oooiia 251

5.6.6.2 Cutting Tool Insert from Supplier 2.....................eeeeennn 252
5.6.6.3 Cutting Tool Insert from Supplier 3...............cccoiiiinienne. 260
5.6.6.4 Cutting Tool Insert from Supplier4...............cccceeeee....264

5.6.6.5 Cutting Tool Insert from Supplier 5... e 209
5.6.6.6 Summary of Observations from Wear Scars e 274
Length of the Wear Scars on the Cutting Tool Inserts ....................... 275

DISCUSSION. . ettt 276



5.7
5.7.1

572

5.7.3

6.1
6.2
6.2.1
6.2.2
6.2.3
6.2.4
6.2.5
6.3

6.4

Adhesion.. . e 2 18
Rockwell Hardness Indentatron .............................................. 278
5.7.1.1 Results of the Trial Tests to Determine the Applied
Load.. ettt et snee s 21 O
5.7.1.2 EDS Analys1s .. e 281
a) Cutting Tool Inserts frorn Suppher 1 ........................... 281
b) Cutting Tool Inserts from Supplier 2.......................... 285
¢) Cutting Tool Inserts from Supplier 3.................c..c.... 287
d) Cutting Tool Inserts from Supplier 4............................291
e) Cutting Tool Inserts from Supplier 5....................ce. 293
f) Summary of Rockwell Indentation Features.................. 294
5.7.1.3 Classification of Failure Modes.. e 296
57.1.4 Comparlson of Vickers Indentatlons and Rockwell
Indentations.. ..304
Bending Tests.. . e enee e enneesneennee e 300
5.7.2.1 Bending Stress and Straln ............................................ 307
5.7.2.2 Cracks in the Beams.. e 308
a) Cutting Tool Inserts frorn Suppher 2 .......................... 308
b) Cutting Tool Inserts from Supplier 3.......................... 313

¢) Cutting Tool Inserts from Supplier4.................ceeee.
d) Summary of Cracks in the Beams......................coeeeee.

5.7.2.3 Fracture Surfaces.. . 318
a) Cutting Tool Inserts from Suppher 2 e 318
b) Cutting Tool Inserts from Supplier 3................coiniee 320
¢) Cutting Tool Inserts from Supplier4...................ooeene 322
5.7.2.4 Discussion.. 324
Scratch Tests.. .. 325
5.7.3.1 Average Load at Break through of Coatlngs ..................... 326
5.7.3.2 Length to Point of Coating Break-through....................... 329
5.7.3.3 EDS Analysis of End of Scratches................c..coviine 332
5.7.3.4 DISCUSSION. ..t uettttet ettt et 338
GENERAL DISSCUSSION, CONCLUSIONS AND
SUGGESTIONS FOR FURTHER WORK..........cccccooiiiiniiin. 340
Analysis of Results from the Substrate...................cocccooviiinnnnn 340
Analysis of Results from the Coatings..................c..ccocceiiiniinnn. 347
EDS, Microprobe and X-ray Diffraction Analysis...........ccceeveennnnne. 347
Vickers Hardness TeStS.......ccueeevuiieeiiieiiieeciee e 350
General Coating StrUCTUIC. .......cvieviierieeiieeie e 350
Abrasive Wear ReSIiStance...........cccvveeviieeiiiieeieeciieeeee e 351
AdRESION TESL....eiiieiiiieiieie et 357
Conclusions from the Results from both Substrates
AN COAtINGS.........oocuiiiiiiieiieceece e e e 359
Suggestions for Further Work..................cooooiiie, 365

X1



REFERENCES................

APPENDICES................

APPENDIX A

APPENDIX B

APPENDIX C

APPENDIX D

APPENDIX E

APPENDIX F

LINE SCAN DATA FROM
MICROPROBE ANALYSIS........cccocvene. 405

DEBRIS FROM THE STEEL DISKS
CAUSED BY THE ABRASION TESTS....416

FRICTION COEFFICIENT
MEASUREMENTS DURING
ABRASION TESTS......ccooiiiiiiiiienne 420

PAPERS PUBLISHED BEFORE
SUBMISSION OF THE THESIS................ 424

Xii



LIST OF FIGURES

Figure Page

2.1 Typical style of clamped-on (throw-away) insert tool

[Boothroyed, 1981 ]....ccuiiiiiieeeee e 5
2.2 Cutting tool insert for turning processes [AB Sandvik, 1994]........... 6
2.3 Definition of cutting speed (v.) [AB Sandvik, 1994]..........c..c......... 7
2.4 Chip formation [KOnig-b].....c.cccceviiiiiiiiiiiiiiiieeieciee e 7
2.5 Chip shapes produced during turning [Konig-b]........cccceevvvevcieennnn. 8
2.6 Section of the Co-W-C ternary phase diagram at 1273 K for

WC — 6 wt.% Co [Vuorinen, 1993].......cccvveeiiieeiieeie e 9
2.7 The variation of the grain size with Co content, C content and

cooling rate [Exner, 1983].......ccoviiiriiiieiee e 11
2.8 Residual stress in WC and Co vs. vol.% Co [Coats, 2003]................ 12
2.9 Diffusion of W into Fe results in crater wear on chip face................. 17
2.10  Reactions involved in CVD [Grainger, 1989]........cccevviviiieniennnnne. 18
2.11  Process sequence of a CVD coating plant [Schedler, 1988]............... 19

2.12  The four critical regions in a CVD substrate/coating system
that are critical to the design and development of any specific

coating configuration [Sarin, 1991 ].....ccccccoviiiiiiiniiinieieeeeeee 20
2.13  Amount of metal passing the edge [AB Sandvik, 1994].................... 38
2.14  Basic wear mechanisms in metal cutting [AB Sandvik, 1994].......... 39
2.15 Places of wear on insert [AB Sandvik, 1994].........cccoeiieiiiiiieninnn.n. 40
2.16  Classification of tool wears types [AB Sandvik, 1994]..................... 41
2.17  Wear rate versus cutting speed [Farhat, 2003].........ccccceovvveiniieinnnn. 43
2.18 Types of interface formed between coating and substrate

[Chalker, 1991 ...t 45
2.19  Schematic diagram of the main failure mechanisms for a

substrate/coating system [Chalker, 1991].......ccccceeeviieeiiiiciiieeieeee, 45

2.20 Failure modes of Rockwell indentations on coatings [Arai, 1987]....47
2.21  Various factors that should be considered in evaluating flaking

[ATAL, TO8T Tt e s 48
2.22  Failure modes for coatings, as classified into three groups

[SU, 2003 ] 49
2.23  Plan view of cracks formed in a CrN coating subjected to 0.8 %

coating strain [Wiklund, 1996].........ccccoeviiiiiiiiiiiieieeieeeeeee 52

xiil



3.1
3.2
3.3
3.4
3.5
3.6
3.7

3.8
3.9
3.10
3.11
3.12

3.13
3.14

3.15
3.16
3.17
3.18
3.19
3.20
3.21

4.1
4.2
4.3
4.4
4.5
4.6
4.7

4.8
4.9
4.10
4.11
4.12
4.13

4.14
4.15

Example of cutting tool insert examined in the present project.......... 56

Tangent Method..........cooiiiiiiiiiii e 57

Cracks produced by a Vickers indentation...........cccceeevvevieecieeneennnnnns 58

Basic components of @ SEM........cccooiiiiniiniiiiniiecceeccee 60
Cross section of coating system from an insert from supplier 5.......... 62
Basics of electron microprobe analysis..........ccceeveerieeiiienienieeneennen. 63
Backscattered electron (BSE) image of the cross section of a

coating from an insert from supplier 2..........cccoeeeevieniiieneniieiiene 64
The Philips X-ray diffractometer used for this investigation............... 66
Cutting tool insert with different regions of wear............ccceeeeeennnne. 67
Holder for cutting tool inserts for wear testing with sample in place..68
Lathe used for abrasion teSting...........cceeveevieerieeiieenieeieeie e 69
Example of insert that has been worn with a weight of 635 g for

3 IMINULES ..ttt ettt ettt et ettt e st e et esate b e aeeeabeenaeeens 70
Example of worn region of the cutting edge of an insert, tested

with a weight of 77 g for 30 minutes..........ccocceeviieiieniiienieeieeieees 70
Example of “Friction Force — Time” Graph, from the data of

cutting tip 1 of the cutting tool inserts from supplier 1........................ 71
Calculation Of StraIN.......cceveririeiricieiceceeeeeee e 73
Dimensions of the rollers and beam on jig........ccccceevieviiiiieniieeneenen. 75

Jig with beam sample.........coooieriiiiiiiiiieiieceeee e 75
E.SH. Uttt 77
Sample holder for scratch tests with a cutting tool insert in place.......78
LSRH “Revetest” scratCh teSter........cueevieiiiinieeiieieeieeeie e 79
Measurement of length L..........cccooovviiiiiiiiiiiiieeee e, 80
Cutting edge of a random cutting tool Insert...........ccceeeeveriiervennenne. 82

Rockwell indentation on a substrate from supplier 1..............c........... 84

Rockwell indentation on a substrate from supplier 2...........cc.cceune.e. 85

Rockwell indentation on a substrate from supplier 3.............cco.c........ 85

Rockwell indentation on a substrate from supplier 4..............cccu...... 86

Rockwell indentation on a substrate from supplier 5.............ccoocu....e. 86

Surface waves around the Rockwell indentation on a substrate

FrOM SUPPIET L..eiiniiieiiiieeee e e e 87

Surface waves along a crack caused by a Rockwell indentation

on a substrate from supplier L........c.cocoeeviiiciiiiiiniieeceee e, 88

Crack, exhibiting ligaments, around the Rockwell indentation on

the substrate from Supplier 3.........ccccvevieiiieiiecieeece e 89

Cracks around Rockwell indentation on a substrate from

SUPPLIET 4.ttt ettt et e e e enaeens 89

Corrugation around Rockwell indentation on a substrate from

SUPPLIET 5.ttt ettt et s r e b e ens 90

Cracks around Rockwell indentation on a substrate from

SUPPLICT 5.ttt et eba e ens 91

Inside the Rockwell indentation on the substrate from supplier 1......92

Inside the Rockwell indentation on the substrate from supplier 2......92

Inside the Rockwell indentation on the substrate from supplier 3......93

Xiv



4.16
4.17
4.18

4.19

4.20

4.21

4.22

4.23
4.24
4.25
4.26
4.27
4.28
4.29
4.30
431
4.32
4.33
4.34
4.35
4.36
4.37
4.38
4.39
4.40
4.41
4.42
4.43

4.44
4.45

4.46
4.47

4.48
4.49

4.50
4.51

4.52
4.53

Inside the Rockwell indentation on the substrate from supplier 4......
Inside the Rockwell indentation on the substrate from supplier 5......
Vickers indentation with Palmqvist cracks on a substrate from

SUPPLIET 1eeiieiiiiee ettt et
Vickers indentation with Palmqvist cracks on a substrate from

SUPPLIET 2.t ettt ettt
Vickers indentation with Palmqvist cracks on a substrate from

SUPPLIET 3. ettt et
Vickers indentation with Palmqvist cracks on a substrate from

SUPPLIET 4.ttt ettt et
Vickers indentation with Palmqvist cracks on a substrate from

SUPPLIET 5.t ettt et
SEM micrograph of substrate from supplier 1.........cccoeevverieeiiennnnne.
SEM micrograph of substrate from supplier 2...........cccceeeviniincnnne
SEM micrograph of substrate from supplier 3..........cccccevvevieecirennnnne.
SEM micrograph of substrate from supplier 4...........ccccoevviniincnnne
SEM micrograph of substrate from supplier S..........cccceevvevveeirennnnne.
Backscattered electron micrograph of insert from supplier 1.............
Backscattered electron micrograph of insert from supplier 2.............
Backscattered electron micrograph of insert from supplier 3.............
Backscattered electron micrograph of insert from supplier 4.............
Backscattered electron micrograph of insert from supplier 5.............
Backscattered image of substrate from supplier 1...........ccocoeeeiennnn.
Backscattered image of substrate from supplier 2...........ccccceeviennnnn.
Backscattered image of substrate from supplier 3...........cccceeeveennnne
Backscattered image of substrate from supplier 4...........ccccceeveeennnn.
Backscattered image of substrate from supplier 5...........ccoceveeveennnnn.
EDS analysis of substrate from supplier 1.........cccceoirviiniininiincnnnne
EDS analysis of substrate from supplier 2..........ccceeveveiievienieenneennen.
EDS analysis of substrate from supplier 3..........cccceoenienenicnienennene
EDS analysis of substrate from supplier 4..........ccceceeveiievvenieenneennnn.
EDS analysis of substrate from supplier 5..........cccceeeriininicnienennene
General spectrum of substrate from supplier 1 taken at a x500

magnification with Ta lINes.........cccoeoiiniiiiiiniiiie e
Spot analysis of mixed carbide grain in substrate from supplier 1.....
General spectrum of substrate from supplier 2 taken at a x500

magnification with Ta lNes.........ccceeevveiiiiiiieniieieeie e
Spot analysis of mixed carbide grain in substrate from supplier 2.....
General spectrum of substrate from supplier 3 taken at a x500

magnification with Ta lINes.........cccoeoiiiiiiiiiniiiiee e
Spot analysis of mixed carbide grain in substrate from supplier 3.....
General spectrum of substrate from supplier 4 taken at a x500

magnification with Ta lNes.........cccceevieiiiiiiiiniiiieeieceeee e
Spot analysis of mixed carbide grain in substrate from supplier 4.....
General spectrum of substrate from supplier 5 taken at a x500

magnification with Ta lINes.........cccoeouiiiiiiiiiniiiieeee e
Spot analysis of mixed carbide grain in substrate from supplier 5.....
X-ray patterns of substrates from the five suppliers with d-values....

XV



4.54
4.55
4.56
4.57
4.58
4.59
4.60
4.61
4.62
4.63
4.64
4.65

4.66

4.67

4.68

4.69

5.1
52
53
5.4
5.5

5.6
5.7

5.8

59

5.10

5.11
5.12

5.13

5.14

5.15

Slow scan XRD pattern of substrate from supplier I............c.ccc.u.... 123

Slow scan XRD pattern of substrate from supplier 2...........c.cccenee. 124
Slow scan XRD pattern of substrate from supplier 3...........ccccuveee.. 124
Slow scan XRD pattern of substrate from supplier 4...........c..ccceee. 125

Slow scan XRD pattern of substrate from supplier S..........cccceuveee. 125

Ti/W, Zr/W and Co/W ratios of five substrates.............cccceeeeeinneeennne. 128
WC particle size distribution in substrate from supplier 1................. 129
WC particle size distribution in substrate from supplier 2................. 130
WC particle size distribution in substrate from supplier 3................. 130
WC particle size distribution in substrate from supplier 4................. 131

WC particle size distribution in substrate from supplier 5................. 131

Cumulative WC particle size distribution in substrate from

SUPPLIET 1ueiiiiiiiiiiiiece e ettt e e ens 132
Cumulative WC particle size distribution in substrate from

SUPPLIET 2.ttt ettt et e e saeebaeenaeens 132
Cumulative WC particle size distribution in substrate from

SUPPLIET 3.ttt ettt e re e e e nbeebaeenaeens 133
Cumulative WC particle size distribution in substrate from

SUPPLIET 4.ttt ettt ettt e e ens 133
Cumulative WC particle size distribution in substrate from

SUPPLIET 5.ttt et st ens 134
Interaction volume of Al........cccoiiiiiiiiiiiie e 138
Interaction vOlume Of Ti......ccoceeviiiiiiniininininecccccccseeee 138
Cross section of coating system from an insert from supplier 1......... 139
EDS spot analysis of Layer 1 of the coatings from the inserts

From SUPPLET L. 140
EDS spot analysis of Layer 2 of the coatings from the inserts

From SUPPLET L.eeiiiiiiiii e 141
Cross section of coating system from an insert from supplier 2......... 142
EDS spot analysis of Layer 1 of the coatings from the inserts

FTOM SUPPIIET 2. e e 143
EDS spot analysis of Layer 2 of the coatings from the inserts

FTOM SUPPIIET 2.ttt e 143
EDS spot analysis of Layer 3 of the coatings from the inserts

FTOM SUPPIIET 2.t e 144
EDS spot analysis of Layer 4 of the coatings from the inserts

FTOM SUPPIIET 2. e e 144
Cross section of coating system from an insert from supplier 3......... 147
EDS spot analysis of Layer 1 of the coatings from the inserts

From SUPPLIET 3. 148
EDS spot analysis of Layer 2 of the coatings from the inserts

From SUPPLIET 3. 148
EDS spot analysis of Layer 3 of the coatings from the inserts

From SUPPLIET 3. 149
EDS spot analysis of Layer 4 of the coatings from the inserts

From SUPPLIET 3. 149

XVi



5.16
5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

5.25

5.26

5.27

5.28

5.29

5.30

5.31

5.32

5.33

5.34

5.35

5.36

5.37

5.38

5.39

5.40

Cross section of coating system from an insert from supplier 4......... 152
EDS spot analysis of Layer 1 of the coatings from the inserts

FTOM SUPPLIET 4. e e e 153
EDS spot analysis of Layer 2 of the coatings from the inserts

FrOM SUPPLIET 4.t 153
EDS spot analysis of Layer 3 of the coatings from the inserts

FTOM SUPPLIET 4. e s 154
Cross section of coating system from an insert from supplier 5......... 156
Cross section of coating system from an insert from supplier 5......... 157
EDS spot analysis of Layer 1 of the coatings from the inserts

FrOM SUPPLIET S e e 158
EDS spot analysis of Layer 2 of the coatings from the inserts

FTOM SUPPLIET S e e 158
EDS spot analysis of Layer 3 of the coatings from the inserts

FrOM SUPPLIET S e e 159
EDS spot analysis of Layer 4 of the coatings from the inserts

FTOM SUPPIIET S et e 159
EDS spot analysis of Layer 5 of the coatings from the inserts

FTOM SUPPIIET S e e 160
Backscattered electron (BSE) image of Scan 1 of the coatings

from an insert from supplier 1 with indicated line scan...................... 166
Backscattered electron (BSE) image of Scan 2 of the coatings

from an insert from supplier 1 with indicated line scan..................... 167
Element wt.% of Scan 1 of the coatings from the inserts from

SUPPLIET Leeiiiiiiiiiiieiiece et et e ens 168
Element wt.% of Scan 2 of the coatings from the inserts from

SUPPLIET 1aeiiiiiiiiiiiiece ettt ens 169
Element at.% of Scan 1 of the coatings from the inserts from

SUPPLIET Lueiiiiiiiiiiiiece ettt ens 169
Element at.% of Scan 2 of the coatings from the inserts from

SUPPLIET 1ueiiiniiiiiiiiiece et et ens 170
Backscattered electron (BSE) image of Scan 1 of the coatings

from an insert from supplier 2 with indicated line scan...................... 171
Backscattered electron (BSE) image of Scan 2 of the coatings

from an insert from supplier 2 with indicated line scan...................... 172
Element wt.% of Scan 1 of the coatings from the inserts from

SUPPLIET 2.ttt ettt et e e enaeensaeenaeens 173
Element wt.% of Scan 2 of the coatings from the inserts from

SUPPLIET 2.ttt ettt ettt et sb e e saeensaeenaeens 173
Element at.% of Scan 1 of the coatings from the inserts from

SUPPLIET 2.ttt ettt et e e e e e ensaeenaeens 174
Element at.% of Scan 2 of the coatings from the inserts from

SUPPLIET 2.ttt ettt ettt et sb e e saeensaeenaeens 174
Backscattered electron (BSE) image of Scan 1 of the coatings

from an insert from supplier 3 with indicated line scan...................... 176
Backscattered electron (BSE) image of Scan 2 of the coating

from an insert from supplier 3 with indicated line scan..................... 176

Xvil



541
5.42
5.43
5.44
5.45
5.46
5.47
5.48
5.49
5.50
5.51
5.52
5.53
5.54
5.55
5.56
5.57
5.58
5.59
5.60
5.61
5.62
5.63
5.64
5.65
5.66

5.67

Element wt.% of Scan 1 of the coatings from the inserts from

SUPPLIET 3.ttt ettt ettt et 177
Element wt.% of Scan 2 of the coatings from the inserts from

SUPPLIET 3.t ettt et e 177
Element at.% of Scan 1 of the coatings from the inserts from

SUPPLIET 3.ttt sttt et 178
Element at.% of Scan 2 of the coatings from the inserts from

SUPPLIET 3.t ettt et et 178
Backscattered electron (BSE) image of Scan 1 of the coatings

from an insert from supplier 4 with indicated line scan...................... 180
Backscattered electron (BSE) image of Scan 2 of the coatings

from an insert from supplier 4 with indicated line scan...................... 180
Element wt.% of Scan 1 of the coatings from the inserts from

SUPPLIET 4.t ettt ettt et 181
Element wt.% of Scan 2 of the coatings from the inserts from

SUPPLIET 4.t ettt et et 182
Element at.% of Scan 1 of the coatings from the inserts from

SUPPLIET 4.t ettt ettt 182
Element at.% of Scan 2 of the coatings from the inserts from

SUPPLIET 4.ttt et et 183
Backscattered electron (BSE) image of Scan 1 of the coatings

from an insert from supplier 5 with indicated line scan...................... 185
Backscattered electron (BSE) image of Scan 2 of the coatings

from an insert from supplier 5 with indicated line scan...................... 185
Element wt.% of Scan 1 of the coatings from the inserts from

SUPPLIET 5.ttt ettt 186
Element wt.% of Scan 2 of the coatings from the inserts from

SUPPLIET 5.t ettt et et 187
Element at.% of Scan 1 of the coatings from the inserts from

SUPPLIET 5.t ettt et et 187
Element at.% of Scan 2 of the coatings from the inserts from

SUPPLIET 5.ttt et et 188
XRD pattern of the coating from an insert from supplier 1................ 193
XRD pattern of the coating from an insert from supplier 2................ 194
XRD pattern of the coating from an insert from supplier 3................ 195
XRD pattern of the coating from an insert from supplier 4................ 196
XRD pattern of the coating from an insert from supplier 5................ 197
Concentration dependence of lattice parameter of TiCN................... 198
Vickers indentation of system “substrate/coating” from a cutting

tool insert from supplier 1 and measured EDS spectra....................... 202
Vickers indentation of system “substrate/coating” from a cutting

tool insert from supplier 2 and measured EDS spectra....................... 204
Vickers indentation of system “substrate/coating” from a cutting

tool insert from supplier 3 and measured EDS spectra....................... 206
Vickers indentation of system “substrate/coating” from a cutting

tool insert from supplier 4 and measured EDS spectra....................... 208
Vickers indentation of system “substrate/coating” from a cutting

tool insert from SUPPLIEr S.....cccooeiiiiiiiiiiiiieeee e 209

XViii



5.68

5.69
5.70
5.71
5.72
5.73
5.74
5.75
5.76
5.77
5.78
5.79
5.80
5.81

5.82

5.83

5.84

5.85

5.86

5.87

5.88

5.89

5.90
591

5.92
5.93
5.94

5.95

5.96
5.97
5.98
5.99
5.100
5.101
5.102

Vickers indentation of system “substrate/coating” from a cutting

tool insert from supplier 5 and measured EDS spectra....................... 210
Nominal a-Al,O3 and k-Al,O3 COAtINGS.....cveeevieiieeiieiieeie e, 215
Vickers indentation on nominal a-Al,O3 sample at 30 kg load.......... 216
Vickers indentation on nominal a-Al,O3; sample at 30 kg load.......... 216
Vickers indentation on nominal k-Al,O; sample at 30 kg load.......... 217
Vickers indentation on nominal k-Al,O3 sample at 30 kg load.......... 217

XRD pattern of nominal a-Al,O3 sample together with peak list......219
XRD pattern of nominal k-Al,O3 sample together with peak list.......220

Texture of TiN from a cutting tool insert from supplier 1.................. 223
Texture of TiN from a cutting tool insert from supplier 2.................. 223
Texture of TiN from a cutting tool insert from supplier 3.................. 224
Texture of TiN from a cutting tool insert from supplier 4.................. 224
Texture of TiN from a cutting tool insert from supplier 5.................. 225
Interface between substrate and coating of a cutting tool insert

FrOmM SUPPLIET L.eeiiiiieiiieie e 227
Detail of the interface between substrate and coating of a cutting

tool insert from Supplier 1.......c.cccceeeiiiiriiiiiiieieieeeeeee e 227
Detail of the interface between substrate and coating of a cutting

tool insert from SUPPLIET 2......ccuveviiiiiiiiiieieeieeee e 228
Interface between substrate and coating of a cutting tool insert

From SUPPLIET 3. 228
Interface between substrate and coating of a cutting tool insert

From SUPPLIET 3. 229
Interface between substrate and coating of a cutting tool insert

FrOmM SUPPLIET 4. 229
Interface between substrate and coating of a cutting tool insert

FrOmM SUPPLIET 4. e 230
Interface between substrate and coating of a cutting tool insert

FrOmM SUPPLIET S.neiiiieieee e 230
Interface between substrate and coating of a cutting tool insert

FrOmM SUPPLIET S.neiiiiieiieee e 231
Interface of a cutting tool insert from supplier 1..........cccceevvveerneenns 232
No porosity in the coating of the cutting tool insert from

S1010)0] 1S, o USSP 233

Porosity in the coating of the cutting tool insert from supplier 2.......233
Porosity in the coating of the cutting tool insert from supplier 3....... 234

Rare porosity in the coating of the cutting tool insert from

1010) 0] 1S o USRS
Low porosity in the coating of the cutting tool insert from

S1010)0] 1S e TSRS
Cracks in the coating of a cutting tool insert from supplier I.............
Cracks in the coating of a cutting tool insert from supplier 1.............
Cracks in the coating of a cutting tool insert from supplier 2.............
Cracks in the coating of a cutting tool insert from supplier 3.............
Cracks in the coating of a cutting tool insert from supplier 3.............
Cracks in the coating of a cutting tool insert from supplier 4.............
Cracks in the coating of a cutting tool insert from supplier 4.............

X1X



5.103
5.104
5.105
5.106
5.107
5.108
5.109
5.110
5.111
5.112
5.113
5.114

5.115

5.116

5.117

5.118
5.119

5.120

5.121

5.122
5.123
5.124
5.125
5.126
5.127
5.128

5.129
5.130
5.131
5.132
5.133
5.134

5.135

5.136
5.137
5.138
5.139

Cracks in the coating of a cutting tool insert from supplier 5............. 240
Cracks in the coating of a cutting tool insert from supplier 5............. 240
Microstructure of EN24 ... ..ot 244
Wear path on steel disK.........cooeeviriiiniiiiiiiiiiicccceeee 245
Graphic representation of wear path measurements........................... 246
Wear path produced by the cutting tool insert from supplier 1.......... 246
Wear path produced by the cutting tool insert from supplier 2.......... 247
Wear path produced by the cutting tool insert from supplier 3.......... 247
Wear path produced by the cutting tool insert from supplier 4.......... 248

Wear path produced by the cutting tool insert from supplier 5.......... 248

Graphic representation of weight loss measurements........................ 250

Wear scar on cutting tool insert from supplier 1, showing the

COALING SYSTEIML.euetieiiiieeiiieeetieeeieeeriteeereteeeieeesteeesbaeessseeensseeesneennns 251

Wear scar on cutting tool insert from supplier 2, showing the

COALING SYSTEIMceuvtiieiiieeiiieeeiteeeiteeeriteeeieeesteeesbeeesareeennreeseseessneeennes 252
Spectrum from surface layer (TiN) of cutting tool insert from

SUPPLIET 2.ttt ettt et sbe e nbeebeeenaeens 253
Spectrum from Al,O3 layer of cutting tool insert from

SUPPLIET 2.ttt ettt et sbe e saeebaeenaeens 254
Part of wear scar on cutting tool insert from supplier 2...................... 254
Spectrum from first TICN layer of cutting tool insert from

SUPPLIET 2. ettt et 255
Spectrum from second TiCN layer of cutting tool insert from

SUPPLIET 2.ttt ettt ettt ettt et 256
Spectrum from exposed substrate of cutting tool insert from

SUPPLIET 2.ttt et sttt e 257
Part of wear scar on cutting tool insert from supplier 2...................... 257
Part of wear scar on cutting tool insert from supplier 2...................... 258
Part of wear scar on cutting tool insert from supplier 2...................... 259
Part of wear scar on cutting tool insert from supplier 2...................... 259
Wear scar on cutting tool insert from supplier 3..........ccccoeeveeeirennnnnne. 260
Wear scar on cutting tool insert from supplier 3..........cccoceeverienennens 260
Wear scar on cutting tool insert from supplier 3, showing the

COATING SYSTEIM...eeiiieiiieeiieeiie ettt ettt e ettt e st esbeesabeebeeeneeens 261
Spectrum from TiCN layer of cutting tool insert from supplier 3......262

Spectrum from TiCN layer of cutting tool insert from supplier 3......263

Spectrum from substrate of cutting tool insert from supplier 3.......... 263
Spectrum from inclusion of cutting tool insert from supplier 3......... 264
Wear scar on cutting tool insert from supplier 4..........cccceevvreeivennnnns 265
Wear scar on cutting tool insert from supplier 4, showing the

COALING SYSTEIMceuvtiieiiieeiiieeeiteeesiteeerireeeteeesteeesbeeesabeeenereesnsreesnneeennes 265
Spectrum from surface layer (TiN) of cutting tool insert from

SUPPLIET 4.ttt et eebaeenaeens 266
Spectrum from TiCN layer of cutting tool insert from supplier 4......267

Spectrum from Al,Oj; layer of cutting tool insert from supplier 4......268
Spectrum from TiCN layer of cutting tool insert from supplier 4......269
Wear scar on cutting tool insert from supplier S..........cccceevvveecirennnnnne. 270

XX



5.140

5.141

5.142
5.143

5.144
5.145
5.146
5.147
5.148
5.149
5.150
5.151
5.152
5.153
5.154

5.155

5.156

5.157

5.158

5.159

5.160

5.161

5.162
5.163

Wear scar on cutting tool insert from supplier 5, showing the

COATING SYSTEIM...eeitieiieeiieriie ettt ettt ettt e st esbeesabeeeeeeneeens 271
Spectrum from surface layer (TiN) of cutting tool insert from

SUPPLIET 5.ttt ettt 272
Spectrum from Al,Oj; layer of cutting tool insert from supplier 5......272
Spectrum from outer TiCN layer of cutting tool insert from

SUPPLIET 5.ttt e eba e ens 273
Spectrum from inner TiCN layer of cutting tool insert from

SUPPLIET 5.ttt ettt a e e b e e ens 273
Spectrum from substrate of cutting tool insert from supplier 5.......... 274
Measurement of wear scar length............cccoccoeviiiiieniiiniiiniiciie, 275
Graphic representation of wear scar lengths on inserts.............c........ 276
Rockwell indentation at 60 kgf on the coating from an insert

From SUPPLIET L.eeiiiiiiiii e 279
Rockwell indentation at 100 kgf on the coating from an insert

From SUPPLET L.eeiiiiiiiii e 279
Rockwell indentation at 150 kgf on the coating from an insert

From SUPPLIET L. 280
Different regions of indentation..............ccceeevveerieeciienieerieenieeieeeens 280

Rockwell indentation of system “substrate/coating” from a
supplier 1’s insert and EDS spectra from the spots indicated

DY the CTOSSES. c..uueiutieiuiietieeite ettt ettt ettt e e 282
Cracks due to a Rockwell indentation on the coatings from

SUPPLIET 1.eeiniiiiee et et et 283
Fractured chips due to Rockwell indentation on the coatings

From SUPPLET L.eeiiiiiiii e 284

Rockwell indentation of system “‘substrate/coating” from a

supplier 2’s insert and EDS spectra from the spots indicated

DY the CTOSSES....uviiuiiiiiieiieeie ettt ettt ete et e sereeaeeenseebeesaneeseens 285
Rockwell indentation of system “substrate/coating” from a

supplier 3’s insert and EDS spectra from the spots indicated

DY the CTOSSES. .. uviiutieiuiieiieeiie ettt ettt et 287
Cracks due to Rockwell indentation on the coatings from

SUPPLIET 3. ettt ettt et 288
Cracks due to Rockwell indentation on the coatings from

SUPPLIET 3 288
Cracks due to Rockwell indentation on the coatings from

SUPPLIET Bt 289
Chipped areas due to Rockwell indentation on the coatings

From SUPPLIET 3. 290

Rockwell indentation of system “‘substrate/coating” from a

supplier 4’s insert and EDS spectra from the spots indicated

DY the CTOSSES....uviiuiiiiiieiieeieeiee ettt ettt e et e e eaeeseaeebeesaaeeseeas 291
Rockwell indentation on the coatings from supplier 4....................... 292
Rockwell indentation of system “‘substrate/coating” from a

supplier 5’s insert and EDS spectra from the spots indicated

DY the CTOSSES....uviiuiiiiiieiieeiie ettt ettt ettt et e sere et eesaeebeessseeseens 293

XX1



5.164

5.165

5.166

5.167

5.168

5.169

5.170

5.171
5.172

5.173

5.174

5.175

5.176

5.177

5.178

5.179

5.180

5.181

5.182

5.183

5.184

5.185

5.186

5.187

EDS spectra on the centre of a Rockwell indentation on the

coatings from supplier 2 t0 5.....ccoeviiiiiieiiieiieeeee e 295
Failure modes for coatings, as classified into three groups

[SU, 20037 .ot 296
Rockwell indentations on the coating from an insert from

SUPPLIET 1eeeiiiiii et et 297
Rockwell indentations on the coating from an insert from

SUPPLIET 2.t ettt et et 298
Rockwell indentations on the coating from an insert from

SUPPLIET 3.ttt et et 299
Rockwell indentations on the coating from an insert from

SUPPLIET 4.ttt ettt et e 300
Rockwell indentations on the coating from an insert from

SUPPLIET 5.ttt et 301
Measurements of indentation features............ccoceeverereneeieiieniennennenn. 303
TiN coating on a beam produced from a cutting tool insert from
SUPPLIET 2.ttt ettt et eaeebaeenaeens 308
TiN coating on a beam produced from a cutting tool insert from
SUPPLIET 2.ttt e be e s e e naeebaeenaeens 309
TiN coating on a beam produced from a cutting tool insert from
SUPPLIET 2.ttt ettt et ebe e e saeebaeenaeens 310
TiN coating on a beam produced from a cutting tool insert from
SUPPLIET 2.ttt ettt et saeebaeenaeens 310
TiN coating on a beam produced from a cutting tool insert from
SUPPLIET 2.ttt ettt et e e seaeebaeenaeens 311
Distribution of cracks at the centre of the coated tensile face of a

beam from SUPPIET 2......oovieiiiiiiiieeiiece e 311
Distribution of cracks at the centre of the coated tensile face of a

beam from SUPPIET 2......oocviieiieiieiieeiiece e 312
Distribution of cracks at the centre of the coated tensile face of a

beam from SUPPIET 2......ooviieiiieiieiieeiieee e 312
TiN coating on a beam produced from a cutting tool insert from
SUPPLIET 3.ttt et e e tbeesaeenaeens 313
TiN coating on a beam produced from a cutting tool insert from
SUPPLIET 3.ttt ettt et e e st eesaeenaeens 313
Distribution of cracks at the centre of the coated tensile face of a

beam from SUPPIIET 3......ooviiiiieiieiieieee e 314
Distribution of cracks at the centre of the coated tensile face of a

beam from SUPPLIET 3......ooviiieiiiiiiieeieeeeeee e 314
TiN coating on a beam produced from a cutting tool insert from
SUPPLIET 4.ttt et s e e e b e enaeens 315
TiN coating on a beam produced from a cutting tool insert from
SUPPLIET 4.ttt et ebaeenaeens 316
TiN coating on a beam produced from a cutting tool insert from
SUPPLIET 4.ttt et e ebaeenaeens 316
Distribution of cracks at the centre of the coated tensile face of

a beam from SUPPLICT 4........oooviiviiiiiieiieiece e 317

xXx11



5.188

5.189

5.190
5.191

5.192
5.193

5.194
5.195

5.196

5.197

5.198

5.199

5.200

5.201

5.202

5.203

5.204

5.205

5.206

5.207

5.208

5.209

5.210

5.211

5.212

Distribution of cracks at the centre of the coated tensile face of

abeam from SUPPLICT 4........ooviiiiiiiiiiie e 317
EDS analysis of fracture surface of the substrate of a cutting tool

insert from supplier 2 at X500........cccoviiriiiiiiiiiieieee e 319
Fracture surface of a supplier 2 beam...........cccceeviveiieiienciierieeieenen. 320
EDS analysis of fracture surface of the substrate of a cutting tool

insert from supplier 3 at X500........ccceveiiiieiiiienieeee e 321
Fracture surface of a supplier 3 beam..........cccceevieniiiiiiniiiiecee, 322
EDS analysis of fracture surface of the substrate of a cutting tool

insert from supplier 4 at X500........ccceeiieiiiiiiiiiiieee e 323
Fracture surface of a supplier 4 beam...........cccceeveeviieiieecieenienieeen. 324
Scratches on the coating from the cutting tool insert from

SUPPLIET 1eeiiiiiiiiiiieiece et e e e ens 326
Scratch on the coating from the cutting tool insert from

SUPPLIET 2.ttt ettt e e e naeesaeenaeens 326
Scratch on the coating from the cutting tool insert from

SUPPLIET 3.ttt ettt et ebeeenaeens 327
Scratches on the coating from the cutting tool insert from

SUPPLIET 4.ttt e be e e et e e ens 327
Scratches on the coating from the cutting tool insert from

SUPPLIET 5.ttt et ens 327
Backscattered image of a scratch on the coatings of the cutting

tool inserts from SUPPlET L.......ccoeviieiiieiiieiieieeeee e 329
Backscattered image of a scratch on the coatings of the cutting

tool inserts from SUPPLET 2.......ccuveviieiiieeiieiieie e 329
Backscattered image of a scratch on the coatings of the cutting

tool inserts from SUPPlIET 3.......ccviviieiiieniieiieieeeee e 330
Backscattered image of a scratch on the coatings of the cutting

tool inserts from SUPPLET 4.......ccuveveiieiiieriieiieie e 330
Backscattered image of a scratch on the coatings of the cutting

tool inserts from SUPPLIET S.......ccveviieiieiiieiieeeeee e 330
EDS spectrum, acquired from the last 300 to 400 pm of the

scratch on the coating of the cutting tool insert from supplier 1........ 332
EDS spectrum, acquired from the last 300 to 400 pum of the

scratch on the coating of the cutting tool insert from supplier 2........ 333
EDS spectrum, acquired from the last 300 to 400 um of the

scratch on the coating of the cutting tool insert from supplier 3........ 333
EDS spectrum, acquired from the last 300 to 400 um of the

scratch on the coating of the cutting tool insert from supplier 4........ 334
EDS spectrum, acquired from the last 300 to 400 pm of the

scratch on the coating of the cutting tool insert from supplier 5........ 334
End of scratch on the coating of the cutting tool insert from

SUPPLIET 1oeiiiniiiiiiiie ettt 335
End of scratch on the coating of the cutting tool insert from

SUPPLIET 2.ttt ettt et ettt e ens 335
End of scratch on the coating of the cutting tool insert from

SUPPLIET 3.ttt ettt ettt en 336

XXiii



5.213 End of scratch on the coating of the cutting tool insert from

SUPPLIET 4.ttt

5.214 End of scratch on the coating of the cutting tool insert from

SUPPLIET 5.t

6.1 Plot of Hardness vs. Palmqvist Crack Resistance of substrates

from five different SUppliers. .........oecueeiiieiiiniiiii e

6.2 Plot of Hardness vs. Co Content of substrates from five

different SUPPLIETS.....ccueeeiiiiiiiiieiiee e

6.3 Plot of Palmqvist Crack Resistance vs. Co Content of substrates

from five different sUppliers. .........oecueevieiiiiiieniee

6.4  Plot of Hardness vs. Ti/W (from at.% data) of substrates from

four different SUPPLIETS. .....cccueeiiiiiiieiieiee e

6.5 Plot of Hardness vs. Mean WC Grain Size of substrates from

five different SUPPLIETS.....cc.eeeiuieiiiiiieiieeiee e

6.6 Plot of Hardness vs. Mixed Carbide Grain Size of substrates

from five different sUppliers. .........oeceevieiiiniiiiiiee

6.7 Plot of Hardness vs. No. of Cracks due to Rockwell indentations

of substrates from five different suppliers..........cccceeeevevieniiniiennnne

6.8 Plot of No. of Cracks vs. Strain due to Rockwell indentations

of substrates from five different suppliers..........cccceeeeeevieniiiiiennnne

6.9 Plot of Wear Path Width on Disk vs. Hardness of inserts from

five different SUPPLIETS.....cc.eeeuieriiiiieiieeiee e

6.10  Plot of Average Weight Loss of Disk vs. Hardness of inserts

from five different SUppliers. .......ccceecuieiiiiiiiiiie

6.11  Plot of Wear Path Width of Disk vs. Coating Thickness of inserts

from five different sUppliers. .........cecueeiiieniiiiiiiiee e

6.12  Plot of Average Weight Loss of Disk vs. Coating Thickness of

inserts from five different suppliers..........cooceevieriiiiiiiniiiiiienieeee

6.13  Plot of Average Weight Loss of Disk vs. Wear Path Width on

Disk of inserts from five different suppliers..........ccoceeveeniiiiiennns

6.14  Plot of Wear Scar Length on Insert vs. Hardness of the inserts

from five different sUppliers. .........coceeiiieiiiiiiinieeee

6.15  Plot of Wear Scar Length on Insert vs. Coating Thickness of

the inserts from five different suppliers.........cccoeveevieeiiiniiiiiennn,

6.16  Plot of Wear Scar Length on Insert vs. Wear Path Width on Disk

from the inserts from five different suppliers...........cccocceeviriiennae

Al XRD pattern and peak list of substrate 1..........cccooceeiiiiiieninnnnnnen.
A2 XRD pattern and peak list of substrate 2...........cccoeeveveiienieeieenneenne.
A3 XRD pattern and peak list of substrate 3...........ccooceeevieriienienieenen.
A4 XRD pattern and peak list of substrate 4...........ccceevevviienieecirennnnne,
A5 XRD pattern and peak list of substrate 5..........cccooveeeriiniienienieenen.

XX1V



A6

A7

A8

A9

Al0

Bl
B2
B3
B4
B5
B6
B7
B8
B9
B10
Bl11
B12
B13
B14
B15
B16
B17

Cl

C2

C3

C4

C5

Co

c7

C8

XRD pattern and peak list of the coating from a cutting tool

insert from supplier 1........cooooiiiiiiiiiiie e 390
XRD pattern and peak list of the coating from a cutting tool

Insert from SUPPLICT 2....ccviiiiiiiiiiieeieee e 391
XRD pattern and peak list of the coating from a cutting tool

Insert from SUPPlIer 3.....ccoioiiiiiiiieee e 392
XRD pattern and peak list of the coating from a cutting tool

Insert from SUPPLICT 4.....c.oooiiiiiiiiieeieee e 393
XRD pattern and peak list of the coating from a cutting tool

Insert from SUPPLICT S....coviiiiiiiiiiiie e 394
XRD data of WC (25-1047)....ccuiriririiiiieieieneneeeeeeeeeeeeese e 395
XRD data of 0i-C0o (05-0727)..ceueieiieieeieee et 395
XRD data of B-Co (15-0800)......cc.coceeeeeeieiiiininininieiereicrienieane 396
XRD data of (W, T1)C (20-1309).....cceeviiiirininiinininieicieiercccene 396
XRD data of ZrCo7 (32-1489).....oveeeeeeeeeeeeeeeeeeeeeeeee e 397
XRD data of TiC (65-0971)..ccueeirieiiiiiiieniiienteeeteeeeeese e 397
XRD data of Tio,ggNo_gg (87—0630) ...................................................... 398
XRD data of TiNg 76 (87-06026).....cceeveieriirininininieieicreceneeeenne 398
XRD data of TiCg2Ngg (76-2484)....c.comiiiiriiieiinieneeiceeeeeeeene 399
XRD data of TiCp3Ng.7 (42-1488)....cveriiririniiieiciciccrceeeeeee 399
XRD data of TiC7Ng3 (42-1489)...ccviriiiiiiiniiieieeececeeceee 400
XRD data of ALyO3 (88-0107)....cccuerieririinininieieieieesereseeee e 401
XRD data of ALy O3 (73-1512)ucciiiiiiiiiiiieieceeecceee e 402
XRD data of AlO3 (85-1337).ccuuiieiiiiriinieirecececeeee e 402
XRD data of AL O3 (71-1128)..cceuiiiiiiiiiiiiiieiceeeeceee e 403
XRD data of o-ALO3 (46-1212)...ccceiiiiiiiiiiiiieiciciecceeeeee 403
XRD data of k-Al,O3 [Halvarsson, 1999]..........cccooiiiiiiiiieieees 404

Composition of phases (coatings) in Scan 1 by WDS in a cutting

tool insert from supplier 1, in Wt.%.....c.coevvieeiiieniiiinieeeieeeee e 405
Composition of phases (coatings) in Scan 2 by WDS in a cutting
tool insert from supplier 1, in Wt.%.....c.coevvieeiiieiiiieeieeeie e 406
Composition of phases (coatings) in Scan 1 by WDS in a cutting
tool insert from supplier 1, N at.%.......ccceeeviieiiiienieeieeeee e 406
Composition of phases (coatings) in Scan 2 by WDS in a cutting
tool insert from supplier 1, N at.%.......ccceeeviieeiieeniieeeieeeee e, 407
Composition of phases (coatings) in Scan 1 by WDS in a cutting
tool insert from supplier 2, in Wt.%......c.coevviieiieeniiienieeeie e 407
Composition of phases (coatings) in Scan 2 by WDS in a cutting
tool insert from supplier 2, in Wt.%.....c.coevviiriieeniiieeieecie e 408
Composition of phases (coatings) in Scan 1 by WDS in a cutting
tool insert from supplier 2, N at.%0.......cccueeevvieeiieenieeeieeeee e 408
Composition of phases (coatings) in Scan 2 by WDS in a cutting
tool insert from supplier 2, N at.% .....ccocveeeviieeiieeeieeee e 409

XXV



C9

C10

Cll1

C12

CI13

Cl4

CI5

Cl16

C17

C18

C19

C20

DI

D2

D3

D4

D5

El

E2

E3

E4

E5

Composition of phases (coatings) in Scan 1 by WDS in a cutting

tool insert from supplier 3, I WE.%0 «..cooeeieriiniiiiniiecieececce 409

Composition of phases (coatings) in Scan 2 by WDS in a cutting

tool insert from supplier 3, 1N W90 wooeeviiiiiiiiiie 410

Composition of phases (coatings) in Scan 1 by WDS in a cutting

tool insert from supplier 3, 10 at.% ....oooveeiieniiiiiiiiiieees 410

Composition of phases (coatings) in Scan 2 by WDS in a cutting

tool insert from supplier 3, 10 at.% ....oooveeiieiiiiiiiiieeeee 411

Composition of phases (coatings) in Scan 1 by WDS in a cutting

tool insert from supplier 4, 1N WEY0 .o.eeriiiiiiiiiiie 411

Composition of phases (coatings) in Scan 2 by WDS in a cutting

tool insert from supplier 4, 1N W90 .o.eeriiiiiiiiiiiee 412

Composition of phases (coatings) in Scan 1 by WDS in a cutting

tool insert from supplier 4, 1N at.% ....ooceeeiieniiiiiiiieeeeee 412

Composition of phases (coatings) in Scan 2 by WDS in a cutting

tool insert from supplier 4, 10 at.% ....cooeeeiiiiiiiiiiiiieeeeeee 413

Composition of phases (coatings) in Scan 1 by WDS in a cutting

tool insert from supplier 5, in Wt.% ..cccoevevvieeiiieeiiieeeeee e 413

Composition of phases (coatings) in Scan 2 by WDS in a cutting

tool insert from supplier 5, in Wt.% ..ccoeevviieeiiieeiieeieee e 414

Composition of phases (coatings) in Scan 1 by WDS in a cutting

tool insert from supplier 5, 1N at.% .....ccocveeeriieeiiieeieeee e 414

Composition of phases (coatings) in Scan 2 by WDS in a cutting

tool insert from supplier 5, 1N at.% .....ccocvveeviieeiiieeieeee e 415

Wear debris on EN24 disk from cutting tool inserts from
SUPPLIET 1eeiiiiiiiiiieiece ettt ens
Wear debris on EN24 disk from cutting tool inserts from
SUPPLIET 2.ttt ettt e e e s aaeenbaeenaeens
Wear debris on EN24 disk from cutting tool inserts from
SUPPLIET 3.ttt ettt et naeesaeenaeens
Wear debris on EN24 disk from cutting tool inserts from
SUPPLIET 4.ttt et eba e ens
Wear debris on EN24 disk from cutting tool inserts from
SUPPLIET 5.ttt ettt et ens

Friction Coefficient — Time Graph from the cutting tool inserts
FrOM SUPPIIET L..eiiniiieiiiieeie e e e
Friction Coefficient — Time Graph from the cutting tool inserts
FTOM SUPPIIET 2.t
Friction Coefficient — Time Graph from the cutting tool inserts
FrOM SUPPIIET 3. e e
Friction Coefficient — Time Graph from the cutting tool inserts
FTOM SUPPLIET 4. e e
Friction Coefficient — Time Graph from the cutting tool inserts
FrOM SUPPIIET S e e

XXVi



LIST OF TABLES

Table Page
2.1 Hard materials for the coating of tools tested in this project.............. 18
2.2 Comparison of CVD and PVD thin film deposition processes........... 22
2.3 Some properties of M;,C, McC, WC and TiC [Albir, 1987].............. 27
24 Properties of stable and metastable CVD AL Oj3...cc.coevveeviiiiiiniiain. 33
3.1 Dimensions of beams...........cocueeviiiiiiiiiiiiiieieeee e 74
4.1 Radii of CUrvature.........cccvieeiiieiieeeeee e 82
4.2 Vickers hardness of SUDSIAtes........ccceeverierierierienieiereeeeeee 83
4.3 Number of cracks around the Rockwell indentations on the

SUDSITALES. ...ttt 91
4.4 Strain caused by Rockwell indentations on the substrates from

the five different SUPPIETS........ccveviieiiieriieiieeeeee e 94
4.5 Crack resistance of SubStrates..........ccceevveeeiiieeiiieeciie e 97
4.6 Thickness of graded layers.........cccceevvieviiiiiieniieiiecieee e 101
4.7  EDS analysis of substrates using a general spectrum at x500............ 113
4.8  Qualitative EDS analysis of five cutting tool substrates.................... 119
4.9 d-values of free WC (from the literature) and the WC peaks

measured in the five subStrates..........cccovveviererienieeieseeeeeee, 121
4.10  d-values of nNON-WC peaks........cccceeeeviriiniininiinieiccicneceeeeee 122
4.11 Peaks from slow scans between 51 © and 52 © of substrates

which show the presence of fcC Co..uvvvvvveeiiieiciiiieieeceeeee e 126
4.12  Quantitative analysis of substrates in at.% .........cccceceevercvencenennene. 127
4.13  Quantitative analysis of substrates in Wt.% .......ccccceevieriiiniinieennene 127
4.14 Ti/W, Zr/W and Co/W ratios of five substrates............cccccccoevverrennn. 128
4.15 Mean WC grain size of SubStrates..........ccceevvreevireencieeniie e e 134
4.16  Estimate of mean mixed carbide grain sizes in substrates................. 135

5.1 Results from the quantitative EDS analysis of the coatings from

the inserts from supplier 1, in Wt.% ....cccoovieviiiiniiniiiiecieeeeees 141
5.2 Results from the quantitative EDS analysis of the coatings from

the inserts from supplier 1, in at.% ......ccccceeveeriiiiieniiiiiieiecee 142
53 C/N ratio of Layers 1, 2 and 4 of the coatings from the inserts

FrOM SUPPLIET 2.t 145

XXVil



54

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

5.25

Results from the quantitative EDS analysis of the coatings from

the inserts from supplier 2, in W% ...ocevveviriiiniinieiiniceececee 146
Results from the quantitative EDS analysis of the coatings from

the inserts from supplier 2, N at.% ...ccccovveveeiiiriinieiinicncceceee, 146
C/N ratio of Layers 1, 2 and 4 of the coatings from the inserts

From SUPPLIET 3..eiiiiii e 150
Results from the quantitative EDS analysis of the coatings from

the inserts from supplier 3, 0 W% .cocoevieviriiniinieicniceecece 150
Results from the quantitative EDS analysis of the coatings from

the inserts from supplier 3, 1N at.% ...ccccooveveriiricnieiiinecceceee, 151
C/N ratio of Layers 1 and 3 of the coatings from the inserts from
SUPPLIET 4.ttt ettt et e 154
Results from the quantitative EDS analysis of the coatings from

the inserts from supplier 4, In W% ...ccoovveviriiniinieiniceeeeeee 155
Results from the quantitative EDS analysis of the coatings from

the inserts from supplier 4, N at.% ...c..coceeveriiniiniiiinicnececeee, 155
C/N ratio of Layers 1, 3 and 5 of the coatings from the inserts

FrOm SUPPLIET S.eneiiiiiiie e 160
Results from the quantitative EDS analysis of the coatings from

the inserts from supplier 5, In W% ..cccovveviiiiniinieinceceee 161
Results from the quantitative EDS analysis of the coatings from

the inserts from supplier 5, N at.% ...ccccocveveiiiiniinieiinicnececeee, 161
Composition of coatings and coating thickness of five different

CULHING OOl TNSETLS...c.uvieiieiiiieiieeiie ettt et 163
Empirical formulae for coating layers of the coatings from

the inserts from supplier 1.......coccoooiiiiiiiiiiii e 171
Empirical formulae for coating layers of the coatings from

the inserts from SUPPlEr 2.......coccuieiiiiiiiiiiiiiee e 175
Empirical formulae for coating layers of the coatings from

the inserts from supplier 3........cccoieiiiiiiiiie e 179
Empirical formulae for coating layers of the coatings from

the inserts from sUPplier 4........cccoeieiiiiiiie e 184
Empirical formulae for coating layers of the coatings from

the inserts from SUPPlEr S.......cooovieiiiiiiiiii e 189
Empirical formulae of coating layers from the inserts from the

five different SUPPLIETS......ccueeuiiiiiiiieiie e 191

Phases identified by XRD analysis and empirical formulae of
the phases found by microprobe analysis of the coatings from
an insert from SuUpPlier L.......ccoeviiiiiiiiieiieeieeee e 193
Phases identified by XRD analysis and empirical formulae of
the phases found by microprobe analysis of the coatings from
an insert from SUPPLIET 2.....cccuiiiiiiiiiiiiieiee e 194
Phases identified by XRD analysis and empirical formulae of
the phases found by microprobe analysis of the coatings from
an insert from SUPPLIET 3......coviiiiiiiiieiieeieece e 195
Phases identified by XRD analysis and empirical formulae of
the phases found by microprobe analysis of the coatings from
an insert from SUPPLIET 4......cc.ooviiiiiiiiiieiee e 196

XXViii



5.26

5.27

5.28

5.29

5.30
5.31
5.32
5.33
5.34
5.35
5.36

5.37
5.38

5.39
5.40

541
5.42
5.43
5.44
5.45
5.46

5.47
5.48

5.49

5.50

Phases identified by XRD analysis and empirical formulae of
the phases found by microprobe analysis of the coatings from

an insert from SUPPLICT S.....oooviiriiiiiiiiiieieee e 197
Vickers hardness of substrates and systems “substrate/coating”
of cutting tool inserts from five different suppliers............cccccveennennne. 200

Calculated indentation depth and exposure of substrate due to
Vickers hardness indentations on system ‘“‘substrate/coating”
from cutting tool inserts from five suppliers and their coating

tRICKINIESSES. .ttt 212
Ranking of performance of cutting tool inserts from five different
suppliers according to Vickers hardness tests...........cccceevvervieneennnnnns 213
Vickers hardness of system “substrate/coating” and substrate

of NOMINAL 0= ANA KK=AL2O3 e e e e e e eeeeeas 218
Literature d-values of a-Al,Oz and measured and matched

d-values for nominal a-Al,O3 sample.........cccoeviiiiieiiiiiiiiniiiiees 221
Literature d-values of k-Al,O3 and measured and matched

d-values for nominal k-Al,O3 sample.........ccceevcvrevieniieiienieeieeeen, 222
Summary of features of coatings from the cutting tool inserts

from SUPPLETs 1 10 S.eeeuiiiiiiieiieie e 242
Width measurements of wear path of disks..........cccccvevvciiiiiiieininnnnne. 245
Average weight 10ss of diskS.......ccouevviieriiiiiiiiiiiiiieeee, 250
Exposure of substrate due to wear tests of inserts from the five
different suppliers and total thickness of coatings............cccceveerennee 275
Length of wear scars 0n INSEItS.......cccveecuveeeiveeeiiieeriee e e e e 276
Ratios of I (length of wear scar on insert) to d (width of wear scar

on disk) of @ll INSETLS.....c.vieeiiiieeiiiecie e e 277

Measurements of indentations and annular region in the trial tests....281
Features of Rockwell indentations on cutting tool inserts from

the fIVE SUPPIIETS...cuiieiieiieeii e 294
Al/Ti Kg ratios from EDS spectra on the centre of a Rockwell
indentation on the coatings from suppliers 2 t0 5.......ccceveveiiennennen. 296
Adhesion of coating to substrate of the inserts of the five

suppliers, according to Su ef al. [Su, 2003]......c.cccevviinieiiniinieienen. 302
Ranking of adhesion of five different cutting tool insert coatings.....302
Measurements of various regions affected by the indentation........... 304
Exposure of substrate due to indentation tests and thickness of

coating of inserts from five different suppliers...........ccoceeviiriinnenns 305
Ranking of cutting tool inserts due to indentations tests.................... 305
Maximum applied stresses and strains on the beams..............ccc.ee... 307

(Co Ky / W L) ratios of spectra from fracture surface of

the substrate and from a cross section of the substrate from

SUPPLIET 2.ttt ettt ettt ens 319
(Co Ky / W Ly)) ratios of spectra from fracture surface of

the substrate and from a cross section of the substrate from

SUPPLIET 3.ttt ettt ettt ebaeenaeens 321
(Co Ky / W L) ratios of spectra from fracture surface of

the substrate and from a cross section of the substrate from

1010)'0] 1S o USRS 323

XX1X



5.51

5.52
5.53

5.54

6.1
6.2
6.3
6.4
6.5
6.6
6.7

6.8
6.9

DI

El

Rough average load at break-through of the coatings from the

cutting tool inserts from the five different suppliers............ccceceeneene 328
Scratch measurements............ooeecvevieiiiniinieniineeeeeceece e 331
Average (W M, / T1 Kp) from end of scratch from the cutting

tool inserts from five different suppliers.........cccooeeeeevieviinciiinieeieenen. 337

Average (Al/'W My,) from end of scratch from the cutting tool
inserts from five different suppliers and distance from surface

layer t0 ALYO3 JaYeT..cccuiiiiiiieeiie et 338
Ranking of substrates in terms of hardness............ccccceeveeniiiiinnnnns 346
Ranking of substrates in terms of Palmqvist crack resistance............ 347
Data on the TiCN layers of all five inserts...........coceveeveevicneencnnne 349
Difference in Vickers hardness between substrates and system
“substrate/coating” from five different suppliers..........ccccevceeeriennnns 350
Exposure of substrate due to abrasion tests and thickness of

coating of the inserts from five different suppliers...........cccceceeenennnee. 357
Ranking of substrate and system “substrate/coating” in

terms Of hardness. ..........oovieiuieiiiiiie e 360
Ranking in terms of abrasive wear resistance and hardness............... 361
Thickness of coating and exposure of substrates in various tests.......362
Ranking in terms of adhesion............ccccvevieiiiienieniieicciceeece e 365

Debris of steel disks caused by cutting tool inserts from the five
different SUPPIIETS. ...ccuiieiiieeiieeiieee e 416

Friction coefficients of the five cutting tool insert/disk systems........ 423

XXX



