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Abstract

ABSTRACT

PcBN materials have been widely usasl cutting toolsfor ferrous materials for
which PcD materials have limitations. Like diampoBN has excellent properties,
hardness in excess of 40 GPa, good thermal and chemical stability andhgoodl
conductivity. Several research studieave gone into the development of PcBN
materials, but very little has been done on determining the mechanical properties

affecting them.

It is important to know the mechanical properties of polycrystakiB& materials
such as hardness, fracture toughness and strerggihn order fully to understand
the behaviar of these materials in application. There has not yet been an extensive

mechanical testinguton cBNAI composite.

The aim of this project i® investigate the relationship between the microstructure
and mechanical properties for a wide range of composite materials based on
polycrystalline cubic boron nitride and aluminium as a binder phase (PABNIhe
PcBNAI composites were made using Hgressure higitemperature (HPHT)
sintering methods, yielding materials with grain sizes of cBNetween 2 2 0 & m

and an amount of Al bindef betweerl51 25 vol.%.

Mechanical properties tested wetgardness, fracture toughness,cK R-curve

behaviour and transverse rupture strength (TRS). Hardness ranged betwéetd 15




Abstract

GPa, while fracture tougness and strength were between 6.8.0 MPa.n{? and

3551 454 MPa, respectively

Fractography was mployed to rationalize thescatter in fracture strengthsto
understand the nature of the flavesid correlate fracture strength with fracture

toughnesshrough the size of the fracture origins.

The main findings concerning structure properties relatigps of the PcBNAI
compo#ie materialsare: There is a strong dependence of hardnesgram size and
binder phaseput a weake dependence exists féracture toughness and strength.
The results confirm that the hardness increases initteasing cBN grain size and
decreasing binder content. Fracture toughness generally increases with increasing
cBN grain size for low binder contents and decrsagéh increasing binder content.
R-curve behaviour was also found. It iggested that the toughening mechanisms

invaved in the cBNAI composites ardue to crack and grain bridging.

Strength decreases with increasing cBN grain size and there is no retagpiovith a

change in binder content. Large strength limiting flaws were found to exist in the

materials, these flaws ranged between 10 0 & m. The strength

caused mainly by large binder pools.

-V -



Dedication

DEDICATION

| dedicate this work to th e most important people in my life; my
mom, dad and brother.

Thank you for all your help and support.




Acknowledgements

ACKNOWLEDGEMENTS

I would like to acknowledge the following people for ithealuable contributions

which facilitated the completion of this researabrkv

a)
b)

c)
d)

e)

f)

0)

h)

Prof. I. Sigalas for suggestions and supervising this work.

Dr. M. Herrmann for his advice, useful comments, time and constructive
criticism.

Prof. J. Rodel for the use of the NAW facilities dnsladvice.

Element Six (Pty) Ltdi Diamond Research dboratory for their financial
support.

NRF Centre of Excellence in Strong Materials for financial assistance.

The staff at Element Six (Pty) LidDiamond Research Laboratory, especially
Josias, Rod, Festus, Themba, Nedret and Hester for their help acel adv
Jami, Ludwig and the rest of the staff of NAW, Technische Universitate of
Darmstadt, for their help and advice.

K. Katuku for hs time and assistance in achieviggod SEM images and
useful advice.

My family, especially my mom, dad and brother, foeithsupport and

sacrifices throughout this period.

-Vi -



Table of Contents

TABLE OF CONTENTS

DT ox F= T =i RS UPPPPPP ii
Y 0153 1 = Lo RSOOSR Lii
D=0 [ To%= 11 0] o U PPPRRRPPR v
ACKNOWIEAGEMENLS.....eeiiiiiiiie ettt ee e e e e e e e e e e e ee e s Vi
Table Of CONTENTS.......coeeiie e aneee s Vil
LISt Of fIQUIES .. e e e e emnnan s X
S 0 = o] 1= PPPPPR Xiv
LISt Of SYMDOIS:.. ..o e e e e e e emnn s XV
Chapter 1: Introduction and Motivation................cceceiiiieeeiiiie e, 1
Chapter 2: Overview of Boron Nitride Materials...........ccccceeeiiiiiiccciiiiiieee e 4
2.1. History of Boon Nitride (BN) Materials.............oooooiiiiiimmmnsiiiie 4
2.2. Synthesis of Cubic Boron Nitride (CBN).............cuuuuviiiiiceeeeirvceeeennn )
2.3. Production of Polycrystalline Cubic Boron NitriggeBN) Materials............ 7
2.4. Synthesis of cBMI Composite Materials............ccccceeeieieiicccciiniiieeeeennn. 10
Chapter 3: Strengthening & Toughening of cBN Materials.................c.vvueeee... 17
3.1. Fracture TOUQNNESS.........uuuiiiiiiiiiiiiieeeiiiiiiie ettt e e 18
3.2. RCUIVE BERNAVIOUL........uiiiiiiiiiiiiiiiiicieeeiiii ittt e n e e e e e e 19
3.3. Toughemg MeChaNISMS ... .......uuuiiiiiiiiiiii et 22
3.3.1. Crack DefleCtion..........ooiiiiiiiiiiiiiieeen e 23
3.3.2. Zone Shielding.......ccooiiiiiiieeee e 24
3.3.3. Contact Shielding...........ooovvriiiiiiie e 25

3.4. Relationship of the Structure to Properties of the Polycrystalline Cubic Boron
Nitride COMPOSILES......uuueiiiiiiiie e eeeieceeee e 27
It N o = T 0 [T SRR 28
3.4.2. Fracture TOUQNNESS.........cuuuuiiiiii e e e aeeen e e e e e e 31
3.4.3. Transverse Rupture Strength..........oooooiiiiiiiicce e, 34
Chapter 4: Experimental ProCedUre.............cuuuuiiiiimmeniiiiiiiiieee e 40
4.1. Starting MaterialS............oooviuiiiiiiiir e eeeaaaad 40
4.2. Experimental Equipmendif Powder Processing............ooooeeevevvinnnnnnnnnns 43
4.2.1. Wet Sieving of Aluminium Powder............ccooiiiiiiiieeme e, 43
4.2.2. TUMBUIA MIXEI....eeiiiieei e eeee e e e e e eeeaeennnne 45
4.2.3. Uniaxial PreSSING........couviuiiiiiieeiiiiemceie e mmme e e e e aaaes 46
4.2.4. Vacuum DegassSinNg.......cccccceeveeeeiiiiiacceiieeee e sseeene e A0
4.2.5. High Temperature High Pressure Sintering.............ccccvvvucervnnnnnnn. 46
4.2.6. Lapping, Surface and OD Grinding Machines...................c.eee...... 48
4.2.7. LaSer CULLING........uuuiiieiiiiiii e ceeeie et e et e e e e e e e e e e aaeesd 48
4.2.8. Polishing EQUIPMENT.........coiiiiiiiiiii e 50




Table of Contents

4.3. Powder Processing ProCeaULE...............uuuuuiiimmmiiiiiirriiiieieeeeeeeeeeeeeeeees 51
4.3.1. Preparation of CBN POWAEIS.......cccoovieiiiiiiiiieeeici e 51
4.3.2. Preparation of the cBA POWErS............ccccciiiiiiiiiieeeiiiiiiiieeeeee 54

4.4. Characterisation and ANalySiS..........cccovviiiiiiiieeme e 58
4.4.1. Malvern Particle Size ANalySIS.......cccoouiiiiiiiiiiiiieeeiiie e 58
4.4.2. XRD Phase ANalySIS.........cccooiiiiiiiiiiieeee e 59
4.4.3. Microstructural SEM and EDS ANalySiS.........cccoveiiiieieiiiieeciciieeeeen 60
B D 1= 1S | SRS 60
4.4.5. Grain Size and Phase COMPOSIION...........ccoevriiiiiiccneeeeeeeeeeeeee 63

4.5.Mechanical Properties and Testing Techniques..............ccceevveeeeeeeeeennn. 64
A.5.0. HArONESS ... oottt erees s s e e e e e e e e e e e e e eeeanees 64
4.5.2. Fracture Toughness and€i®ve Behaviour..............c..c.oovvvvvennnnee, 69
4.5.3. Transverse Rupture Strength (TRS).........ccccoiiiiiiiieemiiiee 77

Chapter 5: Results of High Pressure High Temperature Sintering.................. 83

5.1. G 2 CBN Al MAtEralS.....cuuuieiiiiiiiiiiiiiiie i enee e 83
5.1.1. MICIOSIIUCTUIE.....utttiiiiieeee e e e e e e e eeeeee s s e e e e e e e e e e e e e e e eeeennneeeeeeeeeeeeeeennnnnns 83

5.2 G 6 CBNI Al MAterialS........cuuuuiiiiiiiiie e eeeeenene e e e 38
5.2.1. MICIOSIIUCTUIE....ceiiiiiiiiee e e e e e 88

5.3. G 10 CBN Al MAterialS......uuuuuuiiiiiiieeeeeiiiieeeciies e eeeeeeeeenne e 93
5.3. 1. MICIGBIUCTUI....eeiiiiiiiie et a3

5.4.Grade 20 CBN Al MaterialS.........cccovviiiiiiiiiiiiieeme e smmeeeeees 94
5.4, L.MICTOSIIUCTUIE......uuuiiiiiiiiiieiieeetceeertee e e ee e e e e e e e e e e e s smmmreeeeaaaeeeeaeaaaaaans 94

5.5. Grain Size and COmMPOSITIAN.........cooiiiiiiiiiiiee e 99

5.6. Density Measurements of PcBM Composite Materials........................ 100

Chapter 6: Results of &thanical Properties of cBNl Composites................... 102

6.1.Hardnessé é e ¢ é e éeéeéeéeééeéecéeéeéceé 102

6.2. Fracture TOUQGNNESS........cooiiiiiiiiiiiiiemme e s 103

6.3. RCurve Behaviour (Compact Tension Measurements)...................... 104

6.4. Transverse Rupture Strength (TRS) Measurements.................eceeeeeee 107
6.4.1. Strength RESUILS.......coviiiiiiiiii e 107
6.4.2 Weibull ANAlYSIS......uciiiiieii e 108

Chapter 7: Discussion Of RESRUIL............ouvimiiiiiiiiieecr e 110

Hardness...é ¢ é ¢ ééeééeééeéecéeéeéeeéeéeéeé . 110

Fracture TOUQGNNESS.......oi it eeme e 115

R-CUIVE BENAVIOUL......iiiiiie e ceiieeeeeeeeee e es 124

Transverse Rupture Strength............cooooiiiiiceeiii e 129

Fractographyt39

Chapter 8: CONCIUSION. ........uuiiiiiiiiiiiii et 149
] (] = o 152

- viii -



Table of Contents

,,,,,,,,,,,,,,,,,,,,,,,,,,

Appendix A: Rietveld ANalYSIS.........oovuuiiiiiiiie e veeer 161
Appendix B: Determination of the Grain Size and Binder Phase Composition
using Image Analysis TOOIS............uuvvuueiiiiiieeeere e 163
Appendix C: Hardness EStimation................uueeeiiiieemiiiiiiiiiiiiieeeeeee e 171
Appendix D: Results of the Hardness Measuremenis.............cccccvveeeeee... 172
Appendix E: Results of the SEVNB Fracture Toughness..............cccvvvveee. 173
Appendix F: Results of the Compact Tension Measurements for Determining R
CUIVE BENAVIOU ... ittt 176
Appendix G: Results of the Flexural Strength Tests...........ccccovvvviieeeeennnn. 181
Appendix H: Results of the Weibull Statistics..............cccccoovicmmniiiennen, 187
APPENIX |: FIAW SIZE........oviiiiiiiie e eeee e 190
Appendix J: Statistical Analysis of Properties...........ccccoovvviiiccc e 201

- X -



List of Figures

LIST OF FIGURES

Figure Page
Figure 1. 1: Flowchart describing the sample preparation and testing for the research
0L (0= oX PP 3
Figure 2. 1: Crystal structures of Boron Nitride allotropes................coovvvvviivvnies 5
Figure 2. 2: SEM image of the microstructure of surface polished Amborite (courtesy
of Element SiX Ltd)..........ooorriiiiiiiiiicer e 11
Figure 2. 3: Comparison of the Knoop hardness of the-TBNAI system and the
CBN-AL SYSIEM. ... e s 13
Figure 2. 4: XRD graph showing thegstes present in the cBAl materials at
temperature of 1300°C, 1400°C and 1500°C.............cceevvrriieeeennn 16
Figure 3. 1: Fracture modes of crack deformatian.................cccccvvceevvvenninnnnnns 19
Figure 3. 2: A graphical representation of the ideal dependence of fracture toughness
with flaw size of a ceramic material. The top curve shows the rising R
curve behaviour and the bottom curve a flatuRve behawur ........... 21
Figure 3. 3: Toughening MeChaniSMS. ...........ccciiiiiiii e e e eeeeee 23
Figure 3. 4: Bridging grains: Ligament formation allowed by residual stress..26
Figure 3. 5: Toughening of material by bridging of crack...................oovvvieee... 27
Figure 3. 6: Fracture toughness as a function of the averagesgre of diamond for
PCD materials with GINAer ............ccuvvviiiiiiiiii e 32
Figure 3. 7: Transverse rupture strength as a function of the nominal grain size of
diamond for PCD materialS..............uuviuiiiiiiiieeeiiiiiiiiiiciiceee e 36
Figure 3. 8: Strength as a function of the grain size relationship for PCD matgrials.
Figure 4. 1: SEM micrograpld$ the cBN and Aluminium powders used in the
PcBN-Al composite; a) grade 2 cBN powder; b) grade-#éBN
powder; c) grade 4 cBN powder; d) grade 9 cBN powder; e) grade M20
40 cBN powder and f) Aluminium powder...........cccceeeeeeeeeiceecvnnnnnn 42
Figure 4. 2: Patrticle size distribution of the cBN and Aluminium original powders
used in the PCBMI COMPOSILES..........oovvvviiiiiiiscmmeeeeeee e 43
Figure 4. 3: Wet SIeViNg apParallS..........cooouuiiiiiiiicceee e eeeiiveees e 44
Figure 4. 4: Image of a rotary evaporatQr.............ccceeeeeeeivimmmeeiiiiiieeeeeeiies e eeeenes 45
Figure 4. 5: Load and power profile used to sinter t&N\RAIl composites..........47
Figure 4. 6: Laser cutting of bend bars from PcBN sintered.disk....................49
Figure 4. 7: Laser cutting of compact tension (CT) samples from PcBN sidieked
........................................................................................................ 50
Figure 4. 8: SEM images of the mixed cBN powders; a) G6 cBN powder; b) G10
cBN powder and ¢) G20 CBN pPOWEL...........ccevvviiiiiiiiiinmeeeiiiieeee, 53
Figure4. 9: Particle size distribution of the mixed cBN powders..................... 54

-X -



List of Figures

Figure 4. 10: SEM image of the grade G2 eBNmixed powders; a) G2 cBN + 15
vol. % Al powder; b) G2 cBN + 20 vol. % Al powder; G cBN + 25
vol. % Al powder; d) G6 cBN + 15 vol. % Al powder; e) G6 cBN + 20
vol. % Al powder and f) G6 cBN + 25 vol. % Al powder.............. 57

Figure 4. 11: SEM image of the G10 and G20 eBINnixed powders; a) G10 + 15
vol. % Al powder; b) G20 cBN + 15 vol. % Al powder; c) G20 cBN +
20 vol. % Al powder and d) G20 cBN + 25 vol. % Al powder.......58

Figure 4. 12: The configuration of the Vickatiamond indenter........................ 66
Figure 4. 13: The configuration of the Knoop Hardness indenter...................| 638
Figure 4. 14: The SEVNB arrangemenfanr-point bend configuration.............. 71

Figure 4. 15 a and b: a) The razor blade cutting machine to-natdWies into the
sample and b) a-¥iotch cut into the surface of the PcBiNsample. 72

Figure 4. 16: The compact tension (CT) sample dimensions............cccceeeeeeen. 74
Figure 4. 17: Cross section of the CT sample............ccoovviiiiieeei e, 75
Figure 4. 18: Schematic of the testing device used fouriRe testing................... 76
Figure 4. 19: The-oint bend configuration for the Transverse Ruptureri§th
(TRS) teSIS i eeee e L O

Figure 5. 1: Microstructure of the G2 cBA sintered materials. a and b) G2
cBN+15vol.% Al; ¢ and d) G2 cBN+20vol.% Al; and e and f) G2

CBNH25VOLY0 Al 84
Figure 5. 2: XRD scan of the PcBN G 2 + 15 vol. % Al sintered material.......85
Figure 5. 3: XRD scan of the PcCBNZ3 20 vol. % Al sintered material............. 85

Figure 5. 4: XRD scan of the PcBN G 2 + 25 vol. % Al sintered material.......86
Figure 5. 5: SE micrograph of the G 2 cBN + 25 vol. % Al sintered material turbula
for a) 6 hours, b) 10 hoursand ¢) 1 haur............ccoovvvviiiieene e, 88
Figure 5. 6: SEM images of the microstructure of the PCBN @&l@omposite
materials: a) and b) G6 cBN+15% Al; ¢ ) and d) G6 cBN+20%.AL;90
Figure 5. 7: SEM images of the microstructure of the PCBN G 6 +25vol.%Al
composite materials: a) and b) micrographs c) EDSc#Ngrain and d)

EDS image showing unreacted Aluminium................cccoevvvieeeennnnn. 91
Figure 5. 8: XRD scan of the G 6 cBN + 15 vol. % Al sintered material.......... 91
Figure 5. 9: XRD scan of the G 6 cBN + 20 vol. % Al sintered material.......... 92

Figure 5. 10: XRD scan of the G 6 cBN + 25 vol. % Al sintered material........ 92
Figure 5. 11: SEM micrograph of the G 10 cBN + 15 vol. % Al sintered mate@al.
Figure 5. 12: XRD scan of the G 10 cBN + 15 vol. % Al sintered material......94
Figure 5. 13: SEM images of the microstructure of the PcCBN GA28omposite
materials: a and b) G20 cBN+15vol.% Al; ¢ and d) G20 cBN+20vol.%
Al e 96
Figure 5. 14: SEM images of the microstructure of the PcCBN G 20 + 25vol.% Al
composite materials: a and b) microstructure, ¢) EDS of unreacted
Aluminium and d) EDS Of AlIB ......coooiiiiieememr e o7
Figure 5. 15: XRD scan of the G 20 cBN + 15 vol. % Al sintered material......97
Figure 5. 16: XRD scan of the G 20 cBN + 20 vol. % Al sintered material......98
Figure 5. 17: XRD scan of the G 20 cBN + 25 vol. % Al sintered material......98

-Xi -



List of Figures

Figure 6.

Figure 6.

1: RCurve behaviour with crack length for G2 PcBBlNcomposite

MALEIIAIS. . e et re e e e e e e e e e e eeeernnnes 106
2: RCurve behaviour with crack length for G6 and 10 Pe8Nomposite
MALEIIAIS. ..ttt e ee e e e e e e e e e e eeeeenenes 106

Figure6. 3: RCurve behaviour with crack length for G20 PcBINcomposite

Figure 7.
Figure 7.

Figure 7.
Figure 7.
Figure 7.
Figure 7.
Figure 7.
Figure 7.

Figure 7.

Figure 7.

Figure 7.
Figure 7.

Figure 7.
Figure 7.
Figure 7.

Figure 7.
Figure 7.
Figure 7.
Figure 7.

Figure 7.

AL IALS . .. e e e 107

1: Hardness as a function of the grain size of the cBN patrticles....111
2: Hardness as a function of the inverse square root of the cBN grain size.

3: Hardness as a functidritee binder content...............ooooiiiiieeennnn. 112

4: Hardness as a function of the cBN grain size and the binder cohidnt.

5: Mai effect plot of the Hardness with cBN grain Size and Al confielrs.

6: Fracture toughness of the PeBiMdomposite materials as a function of
grain size of cBN, using SEVNB method................ccooviivieeeennon. 116

7: Fracture toughness of PecBNcomposite materials as a function of the
inverse square root of the cBN grain Size............ccccceevviceemennnenn. 116

8: Fracture toughness of the PeBNomposite materials as a function of
binder %, using SEVNB methad..........cccooviiiiiiiiiiceeiiciieee e 117

9: Crack propagation in fracture toughness tests shtweriigacture path
on polished G20 cBN + 25 vol.% Al sample exhibiting slightly dominant
crack propagation in the binder phase and transgranular fracture through
the CBN PRaSE......cooiiiieee e 121

D: Crack propagation in fracture toughness tests. Fracture surface of a) G2
cBN + 15 vol.% Al and b) G20 cBN + 25 vol.% Al, exhibiting mostly
transgranular crack propagation in the cBN and binder phase....121

11: Fracture toughness as a function of the cBN grain size and the binder

(010] 01 (=T o | PP 123
12: Main effects plot of the fracture toughness with cBN grain &izala
(010] 01 (=T o | PP 123
13: Reurves of the G2 and G&BN-AI composite materials.............. 125

14: Reurves of the G10 ahG20 RBN-AlI composite materials.......... 126

15: Weibull distributions of bending strength data (a) showing more or less
signs of bimodal distributions, batches G2 cBN+15vol.%Al,
G6cBN+15wl.%Al (b) showing monomodal distributions of the batches
G6¢cBN+20vol.%Al and G20cBN+15vol.%Al with Weibull moduli of 15

16: Weibull plots of the 15 vol.% binder PecBNcomposite materialsl32
17: Weibull plots of the 20 vol.% binder PcBNcomposite materials133
18: Weiblliplots of the 25vol.% binder PcBMI composite materials.133
19: Characteristic strength plot of the PgdNomposite materials with

cBN grain size. Error bars show the 80% cdefice intervals.......... 134
20: Characteristic strength plot of the PgdNomposite materials with
binder %. Error bars show the 80% confidence intervals........... 135

- Xii -



List of Figures

Figure 7.
Figure 7.
Figure 7.
Figure 7.
Figure 7.

Figure 7.

Figure 7.

Figure 7.

Figure 7.

Figure 7.

21: Flexural Strength as a function of the cBN grain size and the binder

(010 ] 01 (<] o | FE TP 136

22: Main effects plot of the flexural strengthhvaBN grain Size and Al
(010 ] 01 (=T o | PR RTTR 136

23: Comparisons between the fracture toughness and hardness, and their
dependence on grain size and binder content................cccoooeee.. 137

24: Comparisons between strength and hardness, depending on grain size
and biNder CONTENT........uuviiiiiiiiiie e 138

25: Comparisons between strength eature toughness, depending on
grain size and binder content..............cccovvviiiiee e 139

26: Typical flaws (a) with features of ductile fracture, sample from batch
G2cBN+15vol.%Al, (b) with very large girgs of binder phase, sample
from batch GE6CBN+20VOL.Y%AL..........cooveeiiiiiceeeeee 142

27: Model crack size calculated from fracture toughness and strength
limiting flaws; (a) G6cBN+15vol.%Al, and (b) G10cBNS0l.%Al.

28: Flaws in G2 cBN +15vol.%Al composite: a) large surface flaw resulting
in low strength and b) small binder flaw resulting in high strengti®4

29: Flaws from materials with low strength, a) G20 cBN+25vol.%Al
showing large surface defect with large cBN grain and b)
G20+20vol.%Al showing binder surface defect.............c........... 144

30: Flaws from materials with high strength, a) G2 cBN+25vol.%Al
showing a smaller binder pool and b) G6¢cBN+25vol.%Al showing a
SMAUl PO e 145

Figure7. 31: SEM images of internal cracking in the PeBNcomposite materials;

Figure 7.

Figure 7.

a) G2 cBN + 20vol.% Al and b) G2 cBN + 15vo0l.% Al................ 145

32: SEM images of various types and sizes of flatte PCBNAI
composite materials; a) large grain; b) elongation of binder with pore; c)
larger binder pool with oxidized brittle layer and d) EDS showing O and
Al 147

33: SEM imags of various types and sizes of flaws in the PEZBN
composite materials; a and b) binder pool with pore; c) EDS showing
ductile Al; d and e) larger brittle binder pool; and f) EDS showing
o] 0 [T g LS AN | S 148

- Xiii -



List of Tables

LIST OF TABLES
Table Page
Table 2. 1: Properties of cBN, PCD and diamond................cooevvvvieeeeeeeeeeeeeennnnnnd
Table 2. 2: Properties of PcBN anither cutting tool materials...............ccc.eeveeee. 11
Table 2. 3: Properties of the main phases found in P&BNoducts after sintering
........................................................................................................ 14
Table 3. 1: Changes in Hardness with grain size of ceramics......................... 30
Table 4. 1: Powders used fOr ProCeSSING.-........uuuurrriiiriiieeeiiiieiiiireeeeeeeeee e e e e e 40
Table 4. 2: Composition of the mixed cBN powders...............euvvveiiccmreeeeennnnnns 51
Table 4. 3: Sample materials...........iiiiiiiiieee e 55
Table 4 4: Composition of the mixed cBHI composite powders....................... 56
Table 4. 5: The theoretical densities of the eBNbowder mixtures.................... 62
Table 4. 6: The theoretical densities of the eBNsintered material.................... 62
Table 5. 1: Predicted volume % of the binder and cBN phases for the KcBN
COMPOSIte MterialS..........oooiiiiii e 99
Table 5. 2: Composition and grain size of PeBNcomposite materials............ 100
Table 5. 3: The density of the PCBN composite materials................ccccceeeee 101
Table 6. 1: The Vickers hardness measurements results for-Rc&nposite
MALETIAIS. ...t e e rrer e e e e e e e e e e e e e eeeeeeennnes 103
Table 6. 2: SEVNB fracture toughness measurements results forRlcBMnposite
MALETIAIS. ...ttt e rrer e e e e e e e e e e e e eeeeeennnnes 104
Table 6. 3: The Kresults for the Reurve behaviour...............cooooieeen s 105
Table 6. 4: Average flexural strength results for the PéBNomposite materials.
...................................................................................................... 108
Table 6. 5: Ch aMWWeibul madulus m,i8@%orHidence intgrials
(C.D) and average flaw size of the PcBNcomposite materials....... 109
Table 7. 1: Comparison ofiKand Kg values for the PcBMI composite madrials.
...................................................................................................... 127
Table 7. 2: Rcurve results of some common ceramics materials................... 128
Table 7. 3: Transverse rupture strength for cemumally available cutting tool
MALEIIAIS ... e 130
Table 7. 4: The estimated average flaw size, characteristic strength and SEVNB
fracture toughness for the PcBN composite materials................. 141

- Xiv -

Co



List of Symbols

LIST OF SYMBOLS:

A1 Area of plastic contact (n

ai notchlemgt h ( € m)

ai length of the moment arm (mm)
acicritical flaw size (&m)
ao i lengthofprec r ack (&€ m)

Ui thermal expansion coefficient (£8™)

B, b specimen thickness (mm)

ciCrack Il ength (&m)
diGrain size (&m)

di Average length of diagonals (mm
EiYoungds modulus (GPa)
f1 Volume fraction

Fi Fracture load (MN)

GiGrain size (&m)

H1 Hardness (GPa)

K1s21 Strength coefficient

Kic T Fracture toughness (MPa/f

Kiei Crack resistance (MPaff)

Ksei Steady state crack resistance (MP&)m
ITLength of crack tip (&m)
m1 Weibull modulus

m; I mass % of component i

nNiNotch | ength (&m)

} T Density (g/cri)

Pi Applied load (N)

Pt 1 Probability of failure

P(V)1 Probability of occurrence of a critical defect.

- XV -



List of Symbols

S; &2 1 Outer and Inner suppospans
07 Applied stress (MN)

O¢ T Fracture strength (MPa)

0o T material constant for starting strength (MPa)
Uq1 Characteristic strength (MPa)
T1 Temperature (K)

3TPoi ssonds ratio
Vi Volume (cn)

Vo' Mean Volume (cr)

W i Specimen width (m)

Woary T Dry Weight (g)

WsqT Saturation Weight ()

Wsuspl Suspended Weight ()

Y 1 Stress intensity factor

- XVi -



Chapter 1 Introduction & Motivation

Chapter 1: Introduction and Motivation

Sintered superhard materials such as diamond and cubic borme rdte used
extensively ilfmachining due toheir excellent properties such as high hardness (cBN
has a hardness of 45 GPa, half that of diamond), good thermal conductivity and
chemical and thermal stability. Diand compacts are widely used @sdting tools

for materials such as glass, stone, cet®&; ceramics and other hard abrasive
materials. Diamond has its limitations; it cannot be used for the machining of ferrous
materials, as it reacts with iron at temperatures above 780°EGowever, cBN
compacts arerelatively chemically inert to iron d thus thermally stable at
temperatures as high as 1000°C. This mat®N a potential material for the

machining of hardened ferrous materials.

Intensive research has bemarried out to develop cBN materials, but there are anly

few paperd®3+*%8) dealing withthe mechantal properties of cBN material such as
hardness, fracture toughness and strength and most offtieeisedon hardness.
These properties are especially necessary for materials that are used in applications

where these propertiese crucial such da cutting tools.

In cutting applications, a material is needed which is very hard, with excellent
strength anavhich has a high wear resistance and good thermal stability to withstand

high operating temperatures without decomposingignificantly weakeningGood
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fracture toughness and strength are also required, as they will determine the extent to

which a material will fail through flaws and crack propagation.

The aim of this project is to determine the mechanical propertieBcBN-Al
composite materials based on variations in the microstructure. The systematic change
of microstructure will be achieved by varying the cBN grain size and the volume
content of the binding aluminium metal. The effect of these chamgethe
mechanial properties will beanalysed. A detailed flowchart describing the project

process is shown in Figure 1.1

A detailed overview of the cBMI materials is presented in Chapter 2.

Chapter 3 contains a detailed description of the mechanical propertiesNof cB
materials, such as the toughening mechaniants effects ofgrain size and binder
content.

Chapter 4 contains a detailed description of all the powder processing and
experimental procedures, equipment and testing techniques used in the project.
Chapter5 summarizes the results of the sintered composites analysis.

Chapter 6 summarizes the results of the mechanical prapeifilee effect of
microstructureon the mechanical properties is discussed at the end of the chapter.

The conclusions and recommendasidor future work are discussed in Chapter 7.
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Figure 1. 1: Flowchart describing the sample preparation and testing for the research project.
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Chapter 2: Overview of Boron Nitride Materials

2.1. History of Boron Nitride (BN) Materials

Boron nitride (BN) is a commercially synthesized material discovered in the early
19" century, but not used commercially until the"2gentury. It consists of equal
amounts of boron and nitrogen atoms and has atsteusimilar to carbon. Thus like
carbon, BN has diffent allotropes; hexagonal BN EN), cubic BN (cBN) and

wurzite BN (WBN), although hBN and cBN are the most common f&Pms

Hexagonal boron nitde (hBN) is similar to graphiteonsisting of layersf nitrogen

and boron atoms combined in a hexagonal nétwBetween the layers only a wea
bonding existstherefore it has a soft material structtf® hBN is produced by
nitridation ortheammonolysis of boron trioxide (Bs) at elevated temperaturd3ue

to its graphitdike structure hBN is used as a lubricant in various applications where
the chemical reactivity and the electrical conductivity of graphite would cause

problems if used %!V

The second most common BN form is cubic boron nit{c®N); cBN has a zinc
blence structurewhich resembles that of diamond. It consists of boron and nitrogen
atoms in a thredimensional network where B and C have 4 equivalent strong

covalent bonds. It is extremely hard, although s diamondcBN isused as an

-4-
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abrasive and aa cutting tal. cBN is formed by the conversion of hBN under high
pressures (4 6 GPa) and temperatures (1200700°C)similar to the synthesis of

diamond from graphité*'?. Figure 2.1 shows the crystal structure of BN tatipes.

hexagonal rhombic

' P g Boron Nitride
# boron atom i T :
onitrogen atom 'd:@ CrFBtal structures

Figure 2.1: Crystal structures of Boron Nitride allotropes *2.

2.2. Synthesis of Cubic Boron Nitride (cBN)

Cubic boron nitide (cBN) was fist synthesized in 1957 byentorf *.1t was found
that high tempetare and high pressure conditions similarthose needed fahe
synthesis of diamond could be used to conlieragonal boron nitride tthe cubic

form.

Wentorf * showed that cBN can be produced by the direct conversion of hBN to
cBN by highpressue high temperature treatment. The direct conversion of hBN to
cBN can be done with pressures of up to 18 GPa and temperatures betweandl750

3023°C. Additions of small amounts of boron oxide can lower the pressuré 70 4

-5-
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GPa andd@mperature to 1500°Commercially cBN is synthesized by a mixture of
hBN and various catalygsolvents, which are subjected to pressures in the range of
457 5.5 GPa and temperatures between about 120000°C ™). The various
catalyst/solvents thatan be used are lithw nitride calcium nitride and magnesium

nitride.

Diamond a&ad cBN have excellent propertiesuch as high hardness, thermal
conductivity and chemical stability. They are therefore used widelindustry
applications, such as cutting tools. Diamond isvidely used as a cutting tool for
hard materials such as concrete, stones, ceramvesferrous metaland other hard
materials that have a low chemical reactivity with carbon. Due to the tendencwy of iro
and its alloying elements such miskel to reactwith diamond at high temperatures
when machined and cause deterioration of the cuttind'f§atBN was introduced as

the alternative.

cBN is an extremely hard materiagecond only to diamond and it is chemically inert

to iron and is thermally stabte temperatures as high as 1000°C, better than that of
diamond. It canalsoform passive oxide layers at high temperatures when in contact
with oxygen. It is thus suitable for the machining of hard feredlags. cBN particles

also bindwell to metals, é&rmingi nt e r lofametwlrbérsles or nitrides. The
mechanical properties of single crystal cBN and natural diamond are given in Table

2.1
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Low-pressure methods can also be used to manufacture thin films of cBN on a
substrate; such as CVD, PVD aiuth beam depositiorf*®. These methods restiit

materials with good properties and are also more cost effeathen used on

coatings
Table 2.1: Properties of cBN, PCD and diamond*?.

Property Diamond (natural) | cBN
Density (gcm®) 35 3.48
Melting point (°C) - 2700
Fracture Toughness (MPam) 3.4 5
Knoop Hardness (GPa) 57-104 4347
Youngbés Modul us |1141 600-800
Thermal expansion (1&™) 1.54.8 4.9
Thermal conductivity 2C(Wm'K™) | 5002000 150-700

2.3. Production of Polycrystalline Cubic Boron Nitride (PcBN)
Materials

Although single crystal cBN is useful, it is also limited in its use as only small
particles of single crystal cBN can be producedislinecessary for application
purposes to produce materialsntaining polycrystal crystals of cBN joined together
with a binder. Higher fracture toughness is introduced into polycrystalline cubic
boron nitride (PcBN) materials with the addition of different binder phases. However,
fully densified PcBN can only bmanufactured through high pressure (~ 7 GPa) and

high temperature conditions with the aid of binders. This is due BoN étreng
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covalently bonded structure, which is very difficult to compress and sinter at low
pressure$™). Still, research has beenroon the sintering of PcBN materials at low

pressure§ 1819

Wentorf and Roccd?>?? sintered the first PcBN materials. The sintered PcBN
material contained alloys of nickel, iron, cobalt adminium as binders. In the
study ofcBN to cBN bondig, it was believed tohave been achieved by a liquid
phase itering process, which involvethe binder alloys. Hibbs and Wentdf?
produced high cBMontent cutting tools by infiltrating molten Ao from WGCo
substrate into cBN laysrduring highpressure and high temperature sintering. In
1980 a patent was filed by Sumitomo Electric Industries ®¥dthat coveredhe
manufacturing of any sintered compact for a machining tool witBe@ cBN and
various binders comprising carbides, nitrides, boridesilicates of many of the
metals. Other composites that have been formed recently includeTidBI§*2>)
cBN-Al 1282627 cBN\WC-Co @@, ¢BN-Ti ®® and cBNTIN-Al ©®. The composites

of the cBNAI system will be described in more detail in s&ct2.4.

High purity polycrystalline cBN single phase (binderless) materials have also been
produced; these materials have the advantage of excellent mechanical and thermal
properties free from the effects of the binder phase. Wakatsuk{*8traportel on

the direct conversion of hBN to PCBN at low pressures of 55 kbar and temperatures

of 11001400°C with no catalyst.
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The commercial method of PcBN production is done by sintering together cBN with
sintering additives or binder materials at pressufe$-® GPa and temperatures$
between 1200 anti500°C™Y. PcBN is sintered by cold and hot compaction stages
and liquid phase sintering mechanisms. Reaction sintering plays a major role in the
driving force ofthe densification process. A reaction betweabe BN and the metal
binder occurs to fornborides and nitrides. These act as the binder pfi&semetal
binders added influence thmdl properties of the materiaComposite metals of the
elements in groups NI of the Periodic table are often us€d. Other metals can

also be added as a bindgrch as aluminium (group Il),obalt andnickel ®*” as

well as binders that can increase the thermal stability or wear resistance of the
material such as titanium nitride (TiN) and titanium carbide (TEyminium has

the lowest melting point at ambient pressures and can react with cBN under a mild
temperaturé®. Studies by Hara anda¢u®®, Morgiel et al® and Ronget al® on

the sintering of cBNIi based compositeBave shown that Ti can be el as an
important binder to produce a material with thermal stability and wear resistance by
forming TiN or TiC. The properties of the PcCBN compact are determined by the final

microstructure and the phases formed during sintering.

From chemical equilibam calculations in the BMI system it is known that Al
reacts with BN in a wide temperature and pressure range. The type and number of
new phases formed through sintering depends on the temperature and pressure. The

reaction mechanism is still unclear.
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2.4. Synthesis of cBN-Al Composite Materials

The synthesis of cBN wittAluminium was first reported in 198%) using high
temperatures and high pressures. In this study, solid cBN reacted with molten Al to
form residual binder phases &fuminium nitride (AIN) and Aluminium diboride
(AIB2). The AIN and AIB phases proteet the internal sudces from chemical
attack and g the material good thermal stability. cBNl type sintered materials
have been commercially marketed and are known as Ambeigiere 2.2 shows the
microstructure of Amborite (De Beers/ Elem&it Ltd). Some propertgomparisons

of Amborite and other cutting tool materials are listed in Table 2.2 below.

When compared to the PCD material Syndite 010 or Tungsten Carbide (WC), as can
be seen in the table abov&mborite has good properties. The strong covalent bonds
in Amborite give it its good properties such as high hardness 31.5 GPa and good
fracture toughness 6.36 MPd'tm The original cBN particles provide the hardness

and wear rastance of the materiahusgiving it use incutting toolapplications

-10-
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Det
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Figure 2.2: SEM image of the microstructure of surface polished Amborite (courtesy of Element
Six Ltd).

Table 2.2: Properties of PcBN and other cutting tool materials*?:

Amborite | SYNDITE 010 | WC/Co

Density [g cnT] 3.41 4.127 14.7
Compressive strength [GPa] 2.73 4.74 4.5
Fracture toughness [MP&rh 6.36 8.39 10.8
Knoop Hardness [GPa] 31.5 50 13.0
Young modulus [GPa] 653 993 620
Modulus of rigidity [GPa] 228 453 258
Bulk modulus [GPa] 297 412 375
Poi ssonds ratio 0.13 0.102 0.22
Thermal expansion coefficient [P&™?] | 4.9 3.8 5
Thermal conductivity [W.iK™] 100 120 100

In a study caducted by Rongnd Fukunag&® on the sintering behaviour of the
cBN-Al system they described the reactions occurring during-teigtperature and

high-pressure conditions whichcBN powder (33 & m) wa s Aluminiuend wi t h

-11-
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powder (34 & m) I nompositions gamgng loetween 50 a®d mol% cBN.
The powders were sinteteat temperatures of between 1200 @nd 0 0 e C and a
pressure of 5.75 GPa. The residual binder phases formedAlergnium nitride
(AIN), Aluminium diboride (AIB)  a Al 1,. The reaction of the cBMI system

can be observed in the following reactions:

BN + 3Al - AB, + 2AN )

12BN + 13A1 -  a- AB, + 12AN )

Rapid grain growth of AIN and AlBwas observed during sinteringonsequently
lowering the mechanical strength. TEM analysis of the eBNcomposites showed
that the AIN phase existed around the cBN grains, while the #iB AlB;, phass
exisedbetween the AINAIN phase. The diffusion of B ion was faster than the N ion

within the aluminiun liquid.

Knoop Hardness measurements were done on the sinterechlcBdmpacts®@®

sinteredat 1200eC and 1400ecC. ©Laded TiIN &o0ang and
secondary phase to the cBN system to prevent the rapid growth of the AIN and

AlB; grainsand to improve its properties. TiN has an intermediate thermal expansion
coefficient between thatf@BN and Al; this prevents cracking in the microstructure.

The sintering of cBNTiN-Al resulted in the cBN grains reacting with the TiN to

-12-
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form TiB, and AIN. The TiB and AIN formed around the cBN and TiN grains and

reinforced the strength of the matrix.

35 T T T T T

30

25 -

20 -

Microhardness (GPa)

15

—2—  BN-TIN-AI, 1200
--Ok- cBN-TIN-AJ, 1400 |
—@— CcBN-Al, 1200
W GBN-AL, 1400

1

40 50 60 70 80 90
¢BN vol% in raw mixture (vol%)

Figure 2. 3: Comparison of the Knoop hardness of the cBNiN -Al system and the cBNAI

system®.

Figure 2.3 also shows the Knoop hardness values for the TdBMI samples

sintered at 120061 4 00 e C.

t han

t hat of

The sampl es

the 1400eC

TiN reducing the sintering temperature of the system.

S i

sampl es
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Compared with the hardness values of the -@BNystem (Figure 2.3), the hardness

of the cBNTIN-Al system was always highéranthe cBNA |

1400eC.

The

addition of t he

system at

r el

1200

atively hai

phase especially in the region of the lower cBN compositidfisle in the cBNAI
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system at the lower cBN compositions significant amounts of, AlBre formed
which was softer and thdsweredthe hardness of the system. Thus by adding TiN to
the composite the hardnesasincreased at a lower sintering temperatdiable 2.3
shows the main phases found in PeBNcomposites after sintering and the
properties associated with each phase.

Table 2.3: Properties of the main phases found in PcBM\ products after sintering **.

Properties cBN Diamond AIN AlB> AlB 1
Crystal structure Cubic Cubic Hexagonal Hexagonal Tetragonal
Density [g/cn] 3.48 3.51 3.26 3.17 2.57
Melting Point [°C] 2700 - 2300 975 2070
Knoop Hardness [GPa| 47 57-104 12 24

Young Modulus [GPa] | 700800 | 1141 318 4.3
Thermal expansion 3.2 1.54.8 3.9

coefficient [10°K™}]

Thermal Conductivity | 150700 | 500-2000 200

[W.m*K™]

Research on the phases present in-éBRhaterials sintered under HRT conditions
was looked at by Zhao and Wafi) in which cBN powder (35 em) was mixed with
Al powder (38em) in a volume ratio of cBN:Al = 7:3. Sintering was done at about

5.5 GPa at temperatures ranging from 13002800°C for 10 min.

Figure 2.4 shows the XRD results which show that at 1300°C no AIN or Wi

observe therefore no reactiohad takemplace between the cBN and Al. At 1400°C,

-14-
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new phases (AIN and A were formed while retaining sond. At 1500°C all Al
disappeareand only AIN and AIB remaired with the cBN. The XRD and TEM
results showd that the Al reetedwith cBN at 1400°C to produce AIN and AlBAI
atoms diffusd into the hBN layer of cBN particles and restttvith hBN to form

AIN, while B atoms diffusd into the Al zone and reasd with Al to form AlB,.

Recently Liet al ® investigated the higlpressure sintering behaviour of cBM
composites on WC/Co substrates at various temperatures and cutting performance.

Hardness results showed a decrease with increasing binder content.

Benkoet al® also did research on cBAl composite materials wer hot pressing
conditions. In this research composites with a BNailo of 9:1 wassintered under a
pressure of 10 MPa and at a temperature of 1750°C. The samples were then thermally
treated ina vacuum of 3 x 18 Pa for 1 hour. Knoop hardness of thimtered
compacts was measured before and after annealing. The study showed that the
hardness increased from 10 to @Pa after annealing, which showtin thermal

annealing the compacts couitrease the hardness of the material.

Sithebe® invegigated the preparation of cBAl composites at low pressures by hot
pressing 50va¥Al with 50 vol% cBN at different temperatureReaction between
the cBN and Al vasobservedat temperatures between 1000°C 4480°C under N
and Ar. AlB, started formig at 1100°C, but disappeared above 1300°C wherg, AIB

started to form. In this study Sithebeal *®'9 also looked at pressure infiltration of
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molten Al in a porous hBN or cBN matrix at 800°C and 12 MPa. Fully infiltrated
cBN performs were made with 2m c¢c BN, whil e a | imited ext
achievelf or 3 em c¢cBN grains. Results showed t

infiltrated cBN than the hBN.
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Figure 2.4: XRD graph showing the phases present in the cBiI materials at temperature of
1300°C, 1400°C and 1500°€".
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Chapter 3: Strengthening & Toughening of cBN

Materials

Ceramic materials and their composites are mostly brittle materials. Ceramics and
ceramic composites are usedaiwide variety of advared engineering applications.

Knowledge of how these materials behave is important in understanding their
behaviour during application. It is essential to understand the structures to properties

relationshipgor these materials.

Hardness, strength andaéture toughness are crucial in understanding when a
material will fail in application. Failure of these materials during application can have
consequences on productivity and operations. Failure of ceramic materials is caused
by the extension of flaws, wih are usually introduced into the material during
processing or surface treatment such as grinding and polishing. Flaws in the material

can be inclusions, poresdcracks.

The strength of a material is related to the maximum flaw sizara the crital
fracture toughness &, of a material. Son ordert o I mpr ove )di@ str encg
material a reduction ithe maximum flaw sizecaand/or an increase in the critical

fracture toughness i, are required
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The Griffith equation shows the dependenco f t h ef) of & matemaborthe (

critical flaw size aand thefracture toughnessK ©2.

(3.1)

Where Y depends on the position and shape of the crack, anwally be taken to
be Y & 1 for maant ad esroa nbiec sc,albcwtl ated usi n

shaped crack§?.

Since the strength of a material is both related to the flaw sizeitaridhcture
toughnessit is important to have a material wihigh fracture toughnessrdeture
tougmess is mady influenced by microstructure. Improving fracture toughness

therefore needs a tailoring of the microstructure.

3.1. Fracture Toughness

The fracture toughness of a material is a very important parameter, it is the réaterial
resistance to crack propatgon, but ultimately it is characterized by the critical stress
intensity factor K¢ as the liniting value of stress intensityhich can be applied to a
material above which crack propagation will occuic €orresponds to the critical
stress intensity f@or of the mode | fracture mode. There are 3 basic modes of crack

tip deformation: the opening (mode [), theplane shear (mode 1) and the -ait
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plane shear (mode Ill). Figure 3.1 shows the various fracture modes. Mode | is used

for crack opening anténsion applications.

Mode I: Tension, Opening; Mode II: In-plane shear, sliding and Mode IlI: Outof-plane

shear, tearing.

Tensile-mode cracks Shear-mode cracks
Mode | Mode Il Mode Il
(sliding) (tearing)
’ &
- b

(a) (b) (c)

Figure 3. 1: Fracture modes of crack deformation®®.

3.2. R-Curve Behaviour

Since ceramics sucls @BN-based materials are brittle they generally bsilbrittle
fracture. Thisputs some major limitations on applicationBhis has motivated
researchers to develop ways of increagimg toughness of ceramics. Thec&ve

behaviour has thuseen a chaderistic feature ofoughened ceramics.

The Rcurve or Resistance curve behaviour concept of crack propagation arose from

the studies of fracture in metals and alloys described by B#s6) ¥, but was
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later applied to ceramic§****3") The Rcurve behaviour of a material is the
enhanced resistance to crack growth during crack extensicorvi@ behaviouis

typically indicated bya risingfracture resistanceurve. The crack tip is screened or
prevented from propagating, causing an increasieeinoughness of the material. The

mechanisms involved in toughening materials will be described in Section 3.3.

The Rcurve behaviour of a material can be seen in Figure 3.2, which shows the
resistanceof a crack to propagatiowith increasing crack leggth of a \Anotched
sample under-point bend loadingn symbolizes the length of the-Motch, which is
constant for all specimens, ahdnda, denotethe length of the crack tip and length

of the precrack respectively.

With increasing crack length therack resistance increases due to shielding
mechanisms in the precracked zone. After a certain distance the shielding and the
distortion due to large crack openggre equal and a steady stafferesistancas

reached (Kg).

Crack propagation occurs frothe crack tip until steadstate toughness g¢ is
reached. This remairso until fracture occurs. Ceramic materials exhibitingiRve
behaviour are more flatolerant than ceramics that do M. In Figure 3.2, the

dotted line shows a flat curve igh means that no-Rurve behaviour occurs.
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Crack Resistance

No R-Curve Behavior

Crack length

Figure 3.2: A graphical representation of the ideal dependence of fracture toughness with flaw
size of a ceramic material. The top curve shows the rising-Burve behaviour and the ttom
curve a flat R-curve behaviar ©9,

R-curve behaviour results ¢
1) Materials witha rising Rcurveshowan incease in thie strength compared
with a material with the same crack tip toughness and a flaurize.
Materiak with coarse grains antwo phases with an elongated or neditie
phase lead to a rising-&8urve and thus higher strength values.
2) A rising R-curve decreases the #ea in themeasuredstrengthfrom sample
to samplecomparedo a material with the same crack tip toughness.

3) R-curvebehaviour can be determined foyacrocracks.

The various types of toughening mechanisms involved in the toughening of materials
are givenm Section 3.3. In a study ondrve behaviouby various researche and

summarised by Mun?®, nonphasetransforming ceramics with rising-8urves have
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crack face interactiamwhich areresponsible fothe rising crack growth resistance
observed Thesecrack face interactianare usually crack deflectingr bridging in

nature

3.3. Toughening Mechanisms

Oneof theobjectives of developing advanced ceramic composiierials is ahigh
reliability. To achieve this, the flaw sizgistribution and tougheningnechanisms
acting inthe material need to be controlled. The flsimecontrol approach takes into
accaint the brittleness of the material and attempts to control the prugdssy,

while the toughening control approach attempts to create microstructures that impart

sufficient fracture resistance so that the strength becomes insensitive to the flaw size.

The resistance of brittle materials to crack propagation can be strongly influenced by
the microstructure and by adding various reinforcements such as agcphdse
particles, whiskers and fibres. It is possible that a material can have more than one
toughening mechanism; this thus generates a net toughness larger theestiitag
from the separate mechanisms. In multiple mechanism systems the dominant

mechanism usually changes as the microstructure varies.

Toughening mechanisms that result in émhancement of the fracture toughness of
ceramic materials can be divided into three basic types shown in Figure 3.3. Each

toughening mechanism is described beftt{*+?
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TOUGHENING MECHANISMS

(after Ritchie, modilied)

1. CRACK DEFLECTION
AND MEANDERING

2. ZONE SHIELDING

- TRANSFORMATION
TOUGHENING

- MICROCRACK
TOUGRENING

3. CONTACT SHIELDING

- FRICTION OF
SERRATED GRAINS

« BRIDGING OF
LIGAMENTS

Py oBg s

Figure 3.3: Toughening mechanisms*,

3.3.1. Crack Deflection

This mechanism of toughening occurs by impeding the growth of the crack by
placing obstacles in the crack path thus increasing the toughness of the material. The
necessary anditions of crack deflection are that the particles have weakfaces

and high residual stresses between the different phssdbatcrack growth occurs

along the grain boundariesThese obstacles can include se@mwgghase patrticles,
whiskers, fibres or platelets. The crack takes the path of least resistarmasttotes

pin the crack thus causirtje crack to either bow around the obstacle or deflect out
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of the crack plane. The extent of crack deflection does not in general increase with

crack length so that long-8urve behaviour and crack tolerance cannabpected.

PcBN materials are brittle materials and thus fail in a brittle manner with rapid crack
propagation througiut a stressed materidlhe material contains very little plastic
deformation before failure and the cracks run perpendigularthe aplied stress.
Brittle fracture can be classifi@to two main groups: transgranular and intergranular
fracture. Transgranular fracture is theatture through the grain of a material. The
fracture path changes direction from grain to grain and is sonsetiegendent on the
orientation of the grain. The crack chooses the path of least residtaecgranular
fracture occurs when aack travels along the grain boundaries of the material and

usually occurs when the phase between the grains is weak.

3.3.2. Zone Shielding

This toughening mechanism results from shielding the crack tip from applied stress as
the crack grows. There are two types ofneoshielding toughening effects:

transformation toughening and microcrack toughening.

3.3.2.1. TransformationToughening
Transformation toughening is seen mostly in Zircesoataining ceramic materials,
resulting from a volume increase causedh®phase transformation of zircorfliom

tetragonal into its monoclinic allotropeThis transformation induces high
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compressivestresses in theicinity of the crack which prevent the cracks from
propagating. PcCBN materials do not go through any phase change during gracking

thustheydo not experience any transformational toughening.

3.3.2.2. Microcack Toughening

Microcrack formatioroccursat the grain boundaried a materialas a result of high
residual stresses generated by thermal expansion anisotropy inpiagke ceramics

or thermal expansion mismatch in multiphase ceramics. Microcracking as a
toughening medtanism has not been seen in PcBN materials but microcrack
development has been linked to one of the major causes of replacements of cutting

tools 2,

3.3.3. Contact Shielding

Contact shielding is thehgelding of the crack tip by forming a crack closwbehind
the crack, either bthe friction of serrated grains or ke bridging of the crack by

ligaments.

3.3.3.1. CrackBridging

Toughness can be increased by the presence of reinforcing elements that bridge the
crack surfaces. Bridging can be botrctile and brittle®®. In ductile bidging as it
pertainsto metattoughened ceramics, the ductility and high toughness of the metal

ligaments provide the toughening through plastic dissipation. Large local residual
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stresses caused by thermal expansianmatch can suppress local crack propagation,
which allows the intact ligament to exist behind the crack front as can be seen in
Figure 3.4. Once the ligaments have failed the energy is dissipated as acoustic waves.

Figure 3.5 shows a schematicedfects he bridging has on the crack.

Bridging Grains
Interfaces

Resicdual stralns

.f
-H

~Jl

\,.

Crack extends thra
compressad zanas
crack wake

Crack circumvenis
zones of residual
compression

Figure 3.4: Bridging grains: Ligament formation allowed by residual stress®.

For brittle materials the toughening is more subtle and is similar tebndging
materials. The bridging reqeis microstructural residual stress or weak interfaces.
The low energy interfaces and/or grain boundaries can cause the crack to deflect
along those interfaces, also permitting intact ligaments. As the crack extends, further
debonding can occur and evedtyahe bridges fail either by debonding around the

end or fracture. After failure, frictional sliding may occur along the debonded surface.
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Figure 3.5: Toughening of material by bridging of crack

3.4. Relationship of the Structure to Properties of the

Polycrystalline Cubic Boron Nitride Composites

The relatioship of the microstructte of the PCBN composites omechanical
properties is an important aspect in understanding the materials. The effect of the
grain size othe cBN patrticles and the amount afdier phase haven the hardness,

fracture toughness and strength of the material will be discussed in this chapter.

The binder chemically reacts with the cBN grains under sintering conditions to form
bonds betweenhe cBN grains. The residual binder phase has properties that will
affect the properties of the whole composite material. In the P&Bbbmposite
system the Aluminium added reacts with the cBN to produce a residual binder phase
made up of AIN and AlBas fiown in Chapter 2. Thegesidual binder phases are

ceramic and thus quite brittle.
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In explaining the effects of the microstructure on the mechanical properties of the
PcBN materials, there is insufficient information on fracture toughness and strength
@1 There is a close relationsHietweerthe properties of PcBN and polycrystalline
diamond (PCD). The most significant difference between PcBN and PCD materials is
the binder phase; in PcBN materials the binder phase is normally ceramic and brittle
asin the case of PcBMI composites, while the PCD materials contain Co, which is
more ductile. As there are much more data on the mechanical properties of PCD
materials*****° the effect of the grain size and binder contamthe properties of
PCBN will be explained usingthe corresponding information available BCD
materials Extrapolation from this body of information int@BN will be made, as

part of an effort to understand the mechanical propertiec®NRnaterials and to

interpret the resultgbtained in this work.

3.4.1. Hardness

In a study on the hardness of PcBN materials by Hooper and Br(if&s)“® they
suggested that the highly deformed structure formed thrtugkynthesis of high
content cBN materials results in a high lewélhardness. Hoopét” indicated that
the hardness of the PcBN materials could be accurately laddesing the rule of
mixtures relationship between hardness and cBN coassiown in equation 3.2.
H=@1- f)H_,, +fH (3.2)

binder

Wheref is the wlume fraction of the binder phase and H is the hardness.
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Since the ultra hard dB particlesare the main contributors to the hardness of the
PCBN composite, the size of these particles will affect the hardness afidtexial
Similarly to other brittle materials, the relationship between the hardness and the
grain size of the cBN grains can be approximated by theR¢dtih equation shown
below. This relationship shows that the hardness is inversely proportional to the
square root of the grain size (¢).

|
H il (3.3)

Thus the hardness increases viftdecreasing particle size of the cBN grainbis

occurs because the smaller the grain die,higher the applied stress needed to
cause dislocation movement through the matevidth a coarse grained material a
lower stress isieeded to move dislocatigniherefore reducing the hardness of the

material as more plastic flow can occur.

Rice (1994) “® reportedconflicting trends in literature where for some materéls

large gain sizes the hardness decreases with decreasing grain size. In a study on the
hardnesgyrain size relatiodsps in ceramics Rice®® tested the two trends,
concluding that the confusion was due to lack of sufficient data to properly cover the

two trends.Of the two conflicting tends, the first wathe normal inverse trend of
hardness wit hyapgliéedto firer gram sifedlBG 0 em) . The
second trend v&afor a minimum hardness value occurring at intermediate grain sizes

(20150 em) (wher e coccaraléng gragn bondaries)mmadlalsa for g
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hardness increases towards single crystal

3.1 shows variations in hardness with grain size for some ceramic materials.

The HallPetch relationship can only be used as a guideline imndigieg the grain
size effect on the hardness of cBN materials as it was developed for ginage
materials. Since PCBN materials consist of two phases the effect of the binder phase
can change the relationship between the hardness and the grainhaigethd effect

of the binder phase needs to be looked at.

Table 3.1: Changes in Hardness with grain size of ceramic&”.

Hardness (GPa) (100g load) % Change
2em 50e m 100e m 2-50 €| B0G100 ¢
Al,Oz* 24.7 23.5 23 4.8% 2.1%
B4C** - 37 36.5 - 1.4%
SiC* - 34.5 34 - 1.5%
SigNg* 17.5 21 - -20% -

*Hy (100g load)  **H (100g load)

Both the composition of bindenaterial and the amount dinder will affect the
hardness of the composite material. The binder phase is usually a softer material than
the ultrahard cBN phase and thus will decrease the hardness of the composite
material. Low binder content leads to more contact between the cBN grains,
generaing high stresses in the material structure due to the ultra high presseres

for sintering, thus increasing the hardness of the material. Increasing the binder

content causes a decrease in the hardness due to the decrease in the harder grain
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abating agmst each otheand a decrease in the flow stress (see Figure 2.3, Chapter

2).

3.4.2. Fracture Toughness

The resistance to crack propagation plays an important role in understanding a

mat erial 6s behaviour and enhaungbnessgndappl i c
toughening mechanisms are important in understanding the material. As stated
previously there is very little data on the mechanical properties of PCBN materials

@1 Thus some of the trends féracture toughness will bdiscussed using PCD

adaptedo PcBN materials.

Studies by Lammef1988)“® and later Meis$1996)“? investigated the changes of
fracture toughness of PCD materials with diamond grain size. The technique used to
determine the freture toughness was the dianaéttompresion test or Brazilian disk

test. In this studythe fracture toughness increaseih increasing grain size to a
maximum value and then remained constarit @ MPa.n?). Figure 3.6 shows the
fracture toughness as a function of the average grain site afiamond grains for
Mies“? work. He explained this trend dhe basis ofhe work of Ricd*®*®on the
changes of fracture energy with differences in thermal expansion coefficients
between the primary and secondary phases, which cause microgrézkiccur and
propagate at the interface. Microcracking has not however been seen in PcBN

materials and thus is unlikely to cause toughening.
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Huang(1997)(45) also did a study othe fracture toughness of PCD materials; in this
study the fracture tougless was measured using a modified shaglgeprecracked
beam method test. The investigation also showed tiat fracture toughness

increasedvith theincreasing grain size of the diamond particles.

~

[0)]

a
|

N

w
o N

Fracture Toughness (MPa.m”0.5)

N

20 40 60 80 100 120

Average Grain Size (microns)

o

Figure 3. 6: Fracture toughness as a function of the average grain size of diamond for PCD
materials with Co-binder “%,

Rice et al(1979)“? reported that the fracture toughness of polycrystalline ceramic
depenédon the grain sizd,e. fracture toughness increaswwgh the particle size of
the hard phase. It was suggested that the internal stresses thed lesdsteen the
components due to different thermal expansions exuh local tensile and
compressive stresses. The stresses near flaws or along the appliecestiésd in

failure by adding to the applied stress. Rice é°suggested that the contribution of
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the internal stresses to failure increased with decreasing grain size. Otharsiacior
as impurities in the matrix material, the size antountof the secondary phase and
deformation of the grains during synthesisuld also have affectedcthe fracture

toughness of the material.

As described in section 3.3 the most likely toughening meshenio occur in PCBN
materials arerack deflection, grain kitging and todsserextent crack bridging due

to residual Al metal left after sinieg. As PCBN materials agghasesnadeup from
manwith hard cBN grains surrounded bye or moreceramic binder phasethese

cBN grains willact asobstacles to crack ppagation and thus cause a certain amount
of toughening in the material. Crack propagation is generally affected by the residual
stresses in the material. In a mydtiase material such as PcBN the differencebe
thermal expansion caugesidual stressebetween the different phases. This will
likely affea crack propagation. Thenagnitudeof residual stresses and their local

distribution is determined by the volurfractionof the ceramicphases.

Estimation of the internal stresses formed in the mnatdry thermal expansion
mismatch of the various phases is given in equatio?%.Z he internal stressese

modelledfor theceramic binder phase.

2R& *RE a -a_ |bT
S, :-0%88, s, :2%88 where b = ( i j’) - (3.4)
cr= 2¢r+ al+n & &l- 271§
g—m8+aei"o
¢2E, * FE 2
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Wh e r;a n §arelthe radial and tangential stresses, the tangemiakds half the

radial stress. & mand B, ,a@etheYYungo6s modul us and Poi sso
matrix (cBN) and secoradly phase (AIN). R and r are the secandphase particle

size and the distance from the certf the particle at the interfacefdhe phases R =
rPoissonds ratio f%ando6.BR respedive/ATheNresilts 0. 2
from equation 3.4jives the radial stress as 442 MPa and the tangential stie@24as

MPa. A residual radial matrix compressive stress is generataddatbe AIN phase,

asthe thermal expansion of the AINhggherthan the matrix phase. The compressive

stresses can prevent or reducergnt@nular cracking and crack propagation.

The binder phase also affects the fracture toughness and acts typgallycrack
blunting. A more ductile binder phase can increase the blunting effebie crack.
The higher the content of the binder pemathe greater the effect ofracture

toughnesswhich should increase with increasing binder content.

3.4.3. Transverse Rupture Strength

The strength of a material is important as it indicates the maseaiaility to resist a
force and thus the strength at which a material will fail. As stated previously there is
limited data on the mechanical properties of PcBNemis “*Y. Thus some of the

trends for the strength will be discussed using PCD and adapted to PCBN materials.
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A study by Lammef*® on the mechanical properties of P materials sbwed that
strength decreasedith increasing grain size for PCD ma#ds as can be seen in
Figure 3.7. He explained this trend according to two models, the first using the
classical GriffithOrowan strength rationship shown in equation 3.%e second
using the HallPetch strength relationship shown in equation 3.6. Ghnifith-
Orowan relationship shasithat the largest grain size e most severe flaw, which
leadsto failure, with a failure mechanism caused by the propagatiooramks
originating intheseexisting flaws. Although this was applied daa ided materal, in
reality there wergores in the material, which welarger than the grain size and
could have resulteth the most severe flaws$n the second model the Hidtetch
strength relationship wassed for smaller grain szmaterialsand the mechanism
was based on the microplastic flow or dislocation movemehich leads to crack
initiation, propagation and theailure. Microplastic flow didnot occur inthe cBN
material since the bindevasbrittle, so a differentnechanisrmeededo beproposed
for PcBN materials.Since the flaw size wasquivalent to the particle size due to
flaws introduced during the machining progeBgyure 37 should be redrawn with
respectt o 1/ shawnin Rigure 3.8, where region 1 artdare represented by

equations 5 and 3.6 respectively

Griffith -Orowan Strength relationshigRegion 1)
s, =K, //d (3.5)

Wherel; is thefracture strength, Ka constant and d the average grain size.
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Hall-Petch Strength relationshigRegion 2):
s, =5, +K,/J/d (3.6)

Wheres is the fracture strengthfio the material constant for the starting strength

due to dislocation movement,, Khe constant (strength coefficient) and d the mean

grain size.
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Figure 3.7: Transverse rupture strength as a funcion of the nominal grain size of diamond for
PCD materials “?,
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Figure 3.8: Strength as a function of the grain size relationship for PCDnaterials “*.

Rice “® also suggested that the bimodah&eiour of the curve of TRS versgrain
size was more likely to be due to the grain sizeraus crack size c relationshiple
showed that in ceramic materials the inherent flatvoduced by machining and
surface finishing procedures were independentg@in size. The surface flaw
resultedin a sharp strength reduction in the brittle redféh Rice suggested théte
fracture strengthil; of fine grain size materials was controlled by the polycrystalline
surface energy, while for coargeained meerials the fracture strength wesntrolled

by the single crystatracksurface energy or the size of the defesitee the flaw is
contained within a single graiffherefore, vimen the critical stress intensity factor
correponding to the single crystal wasached, the cragikropagatd andwould lead

to failure. According to this theoryhe transiton grain size occurred t cFrotn d
experimental measurements Lamrf@rcalculated that for PCD materials the critical

ratio of ¢/d = 1 should be reached between 12 andn®0T'his can be seen in Figure
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3.8, the two lines intersect where the flaw siBeequivalent to the gticle size

approximately 8 um. Lammer“® also showed that the fracture mode of the coarse
grained areas (030 Ont)hewafsi net rgarnasignreadn ud raere
was microplastic flow and microcrackingvhere dislocations lead to crack

nudeation

The strength of cBN materials appears to increase théldecreasing grain size of

the BN particles. Howeverstrengthis also affected byhe largest flaw in the
material Large flaws can form due to agglomerated particles, either as cBblgmrt
sticking to each other or the binder materials can act as defects in the microstructure.
These defects are fracture initiation sites, which can leathedowering of the
strength of the material. It is thus important to have good mixing techniques

produce uniform distributions of all the phases throughout the composite material

54)

The strength of the material issal affected by the binder phaségher binder phase
content will increase the chances for flaws to be present in the matedahus
increase the risk of premature failure. LamM@rsuggested that the strength of PCD
materials depended also on the amount of seugruhase, cobalt. The strength

increases with increasing secanglphase content.

Consequently there is a wbtup with the mechanical properties dependence on grain

size and binder content. Large grain sizes are favoured when fracture toughness is the
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critical property, while materials with smaller grain sizes are used where hardness and
strength are the most puortant properties. Low binder content is favoured for
materials that require high hardness and medium strength. Thus a balastcbe
reached depending @pplication. The dominating effect controlling the mechanical
properties needs to be determirasavell asthe influence of binder content. All these

aspects will be analyzed subsequent chapters.
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Chapter 4: Experimental Procedure

This chapter describes in detail the experimental procedures used in the making,
characterisatiomnd mechanical tesginfor PCBN-Al composite materials. A detailed
description of all the equipment used for makingaracterisatiorand mechanical
testing is also provided in this chapter. The starting powders, mixing prosezhde

powdercharacterisatioarealso describeth this chapter.

4.1. Starting Materials

All the powders used ithis study are given in Table 4.1. The ag particle size

andmanufacturingcompanyare also provided.

Table 4.1: Powders used forprocessing.

Material: Particle Size, dso (um) | Company

Grade M24 cBN powder 245 Element Six (Pty) Ltd
Grade 2 cBN powder 1 Element Six (Pty) Ltd
Grade 4 cBN powder 6.37 Element Six (Pty) Ltd
Grade 9 cBN powder 14.5 Element Six (Pty) Ltd
Grade M2640 cBN powder 14.75 ElementSix (Pty) Ltd
Aluminium powder 4.2 Saarchem

The startingmaterials used for this work weceushed cBN powders grades 2, M2

4, 9 and M2&40 (average particle size ranges fromi:40 e m) i n various
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combinations and Aluminm powder (avege particle size: I 4 & m) . The
Aluminium powder was wet sieved before use to remove all large particles (section

4.2.1).

The powders were analysed using a scanning electron microscope (SEM) to
determine the morphology of the particles. The SEM imagethefvarious cBN
grades and the Alumium powder are shown in Figudel. The images shotlatthe

cBN grains are facetted and the Aluminium powder consists of spherical particles.

A Malvern Mastersizer 2000 (Section 4.3) was used to measure the srecéend
particle size distribution of the powders. Figure 4.2 shows the patrticle size
distribution of the cBN powderd (10), d(50) and d(90neanghat10, 50 and 90%

of the particles are less than tharticle sizendicated
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Figure 4.1: SEM micrographs of the cBN and Aluminium powders used in the PcBMI
composite; a) grade 2 cBN powder; b) grade M2 cBN powder; c) grade 4 cBN powder; d)
grade 9 cBN powder; e) grade M2&10 cBN powder and f) Alumnium powder.
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Particle Size Distribution
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Figure 4. 2: Particle size distribution of the cBN and Aluminium original powders used in the
PcBN-Al composites.

4.2. Experimental Equipment for Powder Processing

4.2.1. Wet Sieving of Aluminium Powder

The Aluminium powder was wet sieved before use, to remove any particles that were

larger than 4um. Wet sieving was done by mixing small amounts of the Aluminium

powder (20 g) with hexane {B14) and placing the mixtur@ a container with altier

cloth. Thefilter cloth hadan aperture of 4um to allow all the fine particles to pass

through and retain the larger particles. The mixture was then mixed using a rotating
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stirrer to assist the movement of particles through the filter cloth. After 1 hour of
stirring, the mixture was drained into a container; extra amounts of hexane were
added to the container to wash the fine particles through the aperture. The fine
particle slurry was then dried in a rotary evaporator. The filter cake on the filter cloth
was driedand placed into a container. Figure 4.3 illustrates the apparatus used for wet

sieving the Al powder.

A rotary eaporator wa used to evaporate the solvent (hexane). The hexamnweagas
re-condensed and the liquid hexaceptured in a flask. The tempenawand pressure
of evaporation werd0°C and 335 mbars respectively. Figure 4.4 shows an image of

a rotary evaporator.

<«— Al powder & Hexane

Stirrer —— >[N T

Filtered slurry —»

l«—— Filter cloth

Drainedfiltered slurry
for rotary evaporator

Figure 4. 3: Wet sieving apparatus
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Figure 4.4: Image of a rotary evaporator.

4.2.2. Turbula Mixer

A turbula mixer was used to assist in the mixing of the dry powders. This was done to
prepare the powders for sintering. The powders were weighed into their correct
proportions and placed into a plastontainer. 10 mm stainless steel balls wesed

as milling media to aid in the mixing and breakiog of agglomeras in the
powders. The number of balls depended on the amount of powder that was being
made (8 steel balls were used for 30 g of powder).nikéeng time was 1 hour. After
mixing, the steel balls were removed and cleaned and the mixed powmate
decantednto alabelled storage container and placed in a vacuum chamber set at
20°C to prevent oxidation and moisture from affecting the powders.pdohelers

were kepin the vacuum chamber until use
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4.2.3. Uniaxial Pressing

After the powders &d been mixed and pted in to the vacuum oven overnight, the
powders werghen used for sintering. The powdevereplaced into the required 50

mm diametemetal containers used in the sintering process. The powasesthen
uniaxially pressed using a 50 MPa pressure into smooth surfaced compacted powder

disks. The containers were then closed with a metal lid and sealed with a metal wire.

4.2.4. Vacuum Degassing

The sealed compact containers evéren placed in a Torvagacuum furnacdor
outgassing andubsequensealing The vacuum heatreatment isused to remove all
absorbed gases asdrface impuritiegrom thepowders s@s to prevent oxidation
during sintering After the outgassing stagbe containers are heatéad a higher
temperatureo melt the sealing metal wire to sélaémfrom the outside environment.

The process of vacuum degassing and sealing takes 10 hours.

4.2.5. High Temperature High Pressure Sintering

After the compacts had been gassed and sealed, thengpacts wer¢hen prepared
for sintering. The compacts wemgdaced into the required containers used for
sintering (the exact procedure and type of sintering contausad in thesintering

process arelassified by Elment Six (Pty) Ltd and thus caot be divulged).
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Sintering wasdone at high pressure high temperature (HPHT) to facilitate full
densification. HPHT belapparatus wassed This operation was carried out #te
presing facilities at Element Six (Pty) Lteh Springs, South AfricaThe sintering
process isnformation proprietaryto Element Six (Pty) Ltd and thusost aspects of

this process cannot be divulged. The sintering profile consisted obyirgpplying
presure and then heating the material to sinter and form fully densified compacts.
The approximate temperature of sintering was 1400°C. Figure 4.5 shows the sintering
powder and load profileAfter sintering the sintered disks were removed and taken
for surface processing. The metal container surrounding the sintered PcBN disk was

removed by surface and OD grinding (outer diameter) of the PcBN disk.
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Figure 4.5: Load and power profile used to sinterthe PcBN-Al composites.
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4.2.6. Lapping, Surface and OD Grinding Machines

Lapping and surface grinding of the sintered compacts were done to remove the
outside metal container and to machiine component® the correct dimensions and
surfacequality for testing. The sampléisks were first taken to the surface grinding
machine to remove the metal container on the flat sigfaicihe disk. Then the disk

was taken to the OD (outer diameter) grinding machine to remove the metal container

on the circumferencef the disk.

After the metal contaimehad beerremoved from the disks, the PcBN diskere
lapped intwo stages;the first stage was aimed gtinding to the correct disk
thickness andhe second tgrepae the correct surface quality. The first stagfe
lapping was done using a ¢ea lapping grit of 12@rit size; this was done for about

17 2 hours to reduce the thickness of the disks to approximately 3.2 mm. The
samples were then fine lapped using a fine lapping grit ofgB®Gize to further
redue the thickness to 3 mm and to make sure that the surface containisible v

scratches and hadsmooth surface quality.

4.2.7. Laser Cutting

Test samples were cut to the requidithensions for each of the mechanical tests
using laser cutting The sample dimensions were 25 x 4 x 3 mm for fracture

toughness and strength bend bars. Figure 4.6 shows the arrangethefeoid bars
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lasercut-out of the PcBN diskswith 8 sampledeingcut out per disk. 4 disks per
material were sintered for the bend lsamplesanda total of28 samplesvere cut

out; 20 for TRS and 5 for SEVNB with the reased for testing.

The compact tension samplegasured®6 x 33.5 x 3 mm and hardness samples 10 x
10 x 3 mm. Figure 4.7 shows the arrangememh®iCT samples laseut-out of each
PCBN disk, 1sample beingut out for eachdisk. 2 PcBN disks per material were
sintered for the CT sgpfes. The laser cut samples had a h#at®dzone due to the
high temperatures of the laser, thus the samplesdéadindergo lapipg in orderto

remove the heat affected zone.

|7 — M 3mm

50 mm

Figure 4.6: Laser cutting of bend bars from PcBN sintered disk.
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336 mm >\

(- — I 3mm

50 mm

Figure 4.7: Laser cutting of compacttension(CT) samges from PcBN sintered disk.

After laser cutting of the samples the bend bars were fine lapped again to remove any
residual heat affeetlzone left from the laser cutting and to straighten out the edges

of the bars. The lapping was done usiri@ meshige.

4.2.8. Polishing Equipment

The samples prepared for SEM analysis and hardness testing needed to be polished.
The polished PcBN discs were prepared by lapping a cut surface flat and then
presenting the flat surface to a diamond scaife wheel. Sgead#s)g conditions and

details regarding the operation of the scaife wheels for the polishing process are

informationproprietaryto Element Six (Pty) Ltd.
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4.3. Powder Processing Procedure

4.3.1. Preparation of cBN Powders

The various cBN powdenssedin this workwere mixed together timorm multimodal
powders This wasdonein orderto facilitate particle packing and to prevent the
larger grains from breaking during sintering application of pressur&he process

of mixing is described in section242. Table 4.2 shows the composition of the mixed
cBN powders, where G2, G6, G10 and G20 are the names of the mixed multimodal

cBN powdes used for the sample materials.

Table 4.2: Composition of the mixed cBN powders.

cBN powders: Particle Size (um) Composition: Average Grain
Size (um)
G2 Bi-modal ~ 2 um 100 % grade M2 2.45
G6 Multi-modal with 10 80 % grade 4 5.96
pum as the largest siz 20 % grade 2
G 10 Multi-modal with 20 80 % grade 9 11.8
UM as largest particls 20 %grade 2
size
G 20 Multi-modal with < | 75 % grade M20/40 16.19
20 um as largest 10 % grade 4
particle size 15 % grade 2
Aluminium 4.2 pm 4.2
powder, 99.9%
pure
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The powdersvere mixed in a ttbula mixer for 30 minutes; Figure 4.8 shows the
mixed cBN powders. The particle size and particle size distribution of these powders
were measured using the Malvern Mastersizer 2000 particle size analyser. Figure 4.9
shows the particle size distribution, d10, d50 and d90 of the mixed powders. The
multimodality of the G6, G10 and G20 cBN mixed powders is evident in the double
peaks. The average particle size of the G6 and G10 mixed powders decreased from
the original cBN grade powder due to the high amount (20%) of fine grade 2 cBN
powder adde. The G20 mixed cBN pader showedan increase in the average
particle size due to the addition of the grade 4 cBN powdbis could also be

attributed to breakage of the larger particles during mixing.
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Figure 4.8: SEM images of themixed cBN powders; a) G6 cBN powder; b) G10 cBN powder
and c) G20 cBN powder.
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Particle Size Distribution

12
S 10 / \ , ‘
< 8 \\
o ey
E / // \ ‘\\ \
<>D 4 // /L \
2 / \ \
%.01 0.1 1 100 1000 3000

Particle Size (um)

— Gr 10 cBN mixi Average
— Gr 20 cBN mixi Average
__ Gr 6 cBN mixi Average

G6CcBN:  d(10)=1.16 pm d (50)=5.96 um d (90) = 11.18 um
G10cBN:  d(10)=1.41pm d (50)=11.8 um d (90) = 21.7 um
G20 cBN:  d(10)=2.27 um d (50) = 16.19 pm d (90158 pum

Figure 4.9: Particle size distribution of the mixed cBN powders.

4.3.2. Preparation of the cBN-Al Powders

The 10 materials prepatdor this study are givein Table 4.3. The samples were
prepared in various cBN grade sizes and volume perceagiee Al binde phase.
Thenames of the produced samptesisisted in theame of the multimodal powders

used, shown in Table 4.2, follodidy the volume percentage of Al added

The various cBN powders were mixed with the correct amount of Al to give a 15, 20
and 25 vol. % of Al. Table 4.4 shows the composition of the mixed-&Bpbwders

used for the cBMNAI composites.
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Table 4.3: Samplematerials.

Sample G2 G6 G10 G20
Average grain size (um) of cBN 2.45 5.96 11.8 16.2
Vol. % of Al binder phase
15 X X X X
20 X X X
25 X X X

Figure 4.107 4.11 shows the SEM images of the mixed eBNpowders ofthe
different cBN grades. The white Aluminium particlesere homogeneously
distributed throughout the cBN powder. Some of the Aluminium powdeticles
werenot spherical but slightly elongate@llthoughthe Aluminium powder wasvet
sieved it can be sedrom the figures that the process was not completely efficient as

therewerestills ome Al particles | arger than 4
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Table 4.4: Composition of the mixed cBNAI composite powders

Material Super Hard Phase cBN Binder Phase Al
Grade Mass % Volume % Mass % Volume %
G2 + 15% Al M2-4 87.87 85 12.13 15
G2 +20% Al M2-4 83.64 80 16.36 20
G2 + 15% Al M2-4 79.31 75 20.69 25
G2 17.57 17
G6 + 15% Al 12.13 15
G4 70.29 68
G2 16.73 16
G6 + 20% Al 16.36 20
G4 66.91 64
G2 15.86 15
G6 + 25% Al 20.69 25
G4 63.45 60
G2 17.57 17
G10 + 15%Al 12.13 15
G9 70.29 68
G2 13.18 12.75
G 20 + 15% Al G4 8.79 8.5 12.13 15
M20-40 65.9 63.75
G2 12.55 12
G 20 + 20% Al G4 8.36 8 16.36 20
M20-40 62.73 60
G2 11.9 11.25
G 20 + 25% Al G4 7.93 7.5 20.69 25
M20-40 59.48 56.25

-56-




Chapter4: Experimental Procedure

" o 2 : ) : ; i
s AccV Spot Magn Det WD Exp 2 AccV Spot Magn Det WD Exp - 20pm
120kv 40 1000x CL 1200 Gr2 ¢BN+15% Al 12.0kV 4.0 1000x

CL 1200 Gr2 cBN +20% Al

- - 2 -
AccV Spot Magn Det WD Exp F——— 20um 'AccV Spot Magn  Det WD Exp |—| 20 pm
#120kV 40 1000x CL 1200 Gr2 cBN +25% Al . 120.kV40 1000x CL 120 0 cBNgrSf15/AI
-

s{ .'. ';‘
. g ¢
ﬂ Rt | [ u
- .‘ =e .

\‘ ‘.. "‘ r‘

Y i ' /

. @

~.. j' }\ o .Ql
. “ . ’" A
wmAccY Spot Magn  Det WD Exp ]—{ 20 pum AccV Spot Magn TR
120kv 4.0 1000x CL 12 0 0 cBN gré + 20/AI !

Det WD Exp I—| 20 pm
{ 120kV 40 1000x CL 12.0 0 CBN gr 6 + 25%Al

"ﬁ)&

Figure 4.10: SEM image of the grade G2 cBNAI mixed powders; a) G2 cBN + 15 vol% Al
powder; b) G2 cBN + 20 vol. % Al powder; ¢) G2 cBN + 25 vol. % Al powder; d) G6 cBN + 15
vol. % Al powder; €) G6 cBN + 20 vol% Al powder and f) G6 cBN + 25 vol. % Al powder
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Figure 4.11: SEM image of the G10 and G20 cBM\ mixed powders; a) G10 + 15 vol% Al
powder; b) G20 cBN + 15 vol. % Al powder; ¢) G20 cBN + 20 vo¥ Al powder and d) G20 cBN
+ 25 vol. % Al powder.

4.4. Characterisation and Analysis

4.4.1. Malvern Particle Size Analysis

The Malvern Mastersizer 2000 Particle Size AnalygeBA)was used taletermine
the particle sizelistribution of all powders, raw and mixed, before udee powders

were suspended in a mixture of water and a dispersant (Sodium hexametaphosphate,
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(NaPQ)g). A small amount of the suspended solution was poured intd®8k
analysis tank where an uls@nic probe was used to disperse the particlestimgo
wata. The PSA measurethe light intensityas a function of the scattering angie
the suspnded solution and determin#tte particle size and particle size distribution
of the suspended powder particles.eTparticle size analysis @&ach powder was

performedat least 3 times to obtaan average of the results.

4.4.2. XRD Phase Analysis

X-Ray diffraction (XRD) was used to qualitatively determine the phases present in

the composite material. The samples were examined using a PW 1710 Philips powder
diffractometer, using monochromatic Cu gjKradiation produced at 40 KV and 20

mA . Di ffractograms were col °and80ewithadver a

stepsizeof0.02d, together with a scan step ti me

Sintered samples found to contain keaf unreacted\l were subjected to Rietveld
refinementanalysisto determine the amount of elemental Al left in the samples.
Rietveld refinement was done using Topas A versionahdstructural models used

were taken from the ICSPversion 1.4.4

Powder X-ray diffraction data were collected using a Bruker AXS D8 equipped with
a primary beam Gobel mirror, a radial Soller slit, a VArtegdetector and using Cu

K, radiation (40kV, 40mA). Data were collected in thg rangeof 5° to 100° in

-59-



Chapter4: Experimental Procedure

0.021° stepsysing a scan speed resulting in an equivalent counting time of 73.2 s per

step.

4.4.3. Microstructural SEM and EDS Analysis

A Scanning Electron Microscope (SEM) (LEO1525FE) was used to study the
microstructure of the composite aterias. An EDX (energy wpersing X-ray)
spectrometewas used to identify the elemental composition of the various phases in
the microstructure. This wased to supporhe evidence of the XRD analysisd to

find evidence of free aluminium that could not be found in the XRdlyars.

The samples were naonductive; an acceleration voltage df 20 keV was used. A

low voltage was used for the fracture surface analysis while high voltages were used
for the study of the microstructure. Douslieled carbon tape was used to ntciine
samplesonto the aluminium sample holders and also to provide the electrical
conductivity. The samples were not coated. An assortment of magnifications of
micrographs were taken ranging between 1A® 000X. SEM was also uséd the

fractographicanalysis of the fracture surfaces.

4.4.4. Density

The density of the samples was measured using the Archimedes principle. The

samplés dry weight, W,,, was measured. The samples were immersed in water, and
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boiled for 3 h in order to displace air from theres in the sampdeAfter boiling, the

samples in the water weadlowed to cool to room temperature.

The sampls werethen removed from the water and lightly dried using some cloth or
tissuepaper to remove excess water on the surface of the samp&weight of the
sampls was measured and the saturated weight;Was recorded. The sample

were then suspended in water and the weight of the saturated savvglg were
measured. The temperature of the water was also measured to detesehamsity

These measured quantities were then used to calculate the densities of the samples.

Thesample density is determined throwgguatiord.1.

W, W,. 3 r
;= dry: dry H 20 @ TempofH20 (41)

\4 (Vvsat - Vvsus)i

r(H,0@23C) =0.99756g.cri®

The density was determined at le@te per sample. Between each measurement the

samples were dried in an oven.

The theoretical density of a composite material depends on the amount of the phases
present int. In this work, the amount of aluminium added to the boron nitride ranged
between 15 ah 25 vol. %. The density of the cBN used for the calculation of the
theoretical density of the composite was taken from the dakabfe 2.1 in Section

2.2. The densities of Al (2.701 g/@mand cBN (3.48 g/c) were used for the

calculation of the theotieal density
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Using the following equation:

r=— 4.2

Wh e r g angd mis the theoretical density of the composite, the density and mass %

of each componenmtrespectively

This formula is based on the rule of mixture$he massesof each starting
component, as well as the calculated theoretical density are given in Tahtel4%

for the powder mixture and sintered materials respectively

Table 4.5: The theoretical densities of the cBNAlI powder mixtures.

Vol. % of Al mass % of Al mass % of cBN Densi tyd
15 12.13 87.87 3.36
20 16.36 83.64 3.32
25 20.69 79.31 3.28

Table 4.6: The theoretical densities of the cBNAl sintered material.

Vol. % cBN Vol.% AIN Vol.% AIB , Densi tyd
85 9.37 5.63 3.41
80 12.50 7.50 3.40
75 15.62 9.38 3.38
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4.4.5. Grain Size and Phase Composition

Image analysis techniquewere been used to quantify and characterise the
microstructure of the sintered PCBN composite materials. The microstructures of
the sintered mateds were looked at in a PhiliESSEM XL30 and 10 SEM
micrographs of the microstructure were taken. The magnification of the micrographs
depended on thgrain size of the cBN materials; a high magnification was used for
G2 and G6 materials while a low nmafication was used for G10 and GR&taterials

The micrographsncluded in this workrepresented the average microstructure for

each material.

Usingthei mage analysis software program (Anal
percentage of the binder an®N phases were determineth the micrographs

analysed, areas with different light intensity were ascribed to different phases, thus
allowing for a numerical determination of different phase constahes.cBN phase

shows dower lightintensity than theibder phase.

The grain size and grain size dibtrtion weredetermined by measuring the grain
size for each grain and derivingdsstribution. Thedata from the AnalySIS program
was then processed automatically by ugimgMathcad and Maiconnex prodms.

The programmodule was designed to calculate the grain size distribution and mean

free path of both the cBN and binder preaf® the PcBN materials. A detailed
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analysis of the Image analysis techniques for the grain size and phase composition

detemination is given in Appendix A

4.5. Mechanical Properties and Testing Techniques

45.1. Hardness

Hardness H, is generally defined as raateriafs resistance to plastic deformation
usually due to a static penetration by a harder matétaHardnesss an important
parameter to describe the mechanical properties of a material, and can be determined
by measuring the depth of penetration of a harder indenter, usually diamond. It
influences a number of performance aspects of ceramics including essner

strength, wear, as well as machinamy ballistics performand®.

The indenter is loaded perpendiclyato the planar surface of the material, the area

of indentation is measured and the hardness is thus related to the load divided by the
area ofplastic contact. Thus hardness can be defined as the ratio of the applied load P
to the area of plastic contact A. The relationship defining hardness is givenGélow

H="= bd—Pz (4.3)

>|T

Where
H is the hardness

PT1 Applied load
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AT Area ofplastic contact
di Characteristic size of the indentation impression

b1 Constant dependent on the indenter geometry

The hardness testing of a material is an easy and simple way to determine the bulk
mechanical properties of a material. The use of iigilénters causes the material to
have a highly strained crack system, which develops beneath the indentation. This

could cause errors in the results.

There are various test techniques to deiee the hardness of a materiahmely the

Vickers, Knoop, Binell and Rockwell tests. They are all based on the penetration of
indenter into a softer material, but differ in the indenter geometry. Hardness of a
material depends on the test method and indenter geometry (i.e. Brinell, Vickers,
Knoop), and varies wh applied load, indenter shape and dimensions, as well as the

microstructure of the material.

There are two major indenter geometries used widely for brittle rabteike
ceramics, namely Vickers arhoop. The Vickers testing method is the standard
method used to determine the hardness of various materials, especially those that
have hard surfaces, as it is a reliable metHadeasuring the hardness antype of
indenterthat can be used for various types of materials. Knoop testing can also be
usedfor materials that are very brittle ceramics; it is used to define the relative

microhardness of a material.
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Knoop hardness measurements generally provide a lower value than the Vickers

hardness. Vickers hardness,Hs measured on the contact area & itdentation

impression, while Knoop hardness(,Hs calculatedon the projected area of the

indentation impression. Equation 3.1 can be used to eddctlie hardness for both

met hods wi t h b

corresponding

t

o

1.

8544

characteristic sizefahe resultant indentation dhanges for the two methods, for

Vickers d is defined as the average of the two diagonals of theamsshuared

shaped impressionvhile for Knoop it is the lengtlof the diagonal of the resultant

rhombic impression.

4.5.1.1Vickers Hardness

The Vickers method to determine the hardness of ceramic matedalssed in this

study. The Vickers indentation nheid uses square based, pyramid shaped diamond

indenter with 136° angle between the two opposite faces, as shown in Figure 4.12.

Operating
postian

Figure 4.12 The configuration of the Vickers diamond indenter.
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A load is applied to the indenter whidlen causes an indentation in the sample
material. After the load is removed, the two diagonals of the indentation left in the
material ae measured using a microscoped the averages are taken. The Vickers
hardness, b of the material can then be calculated by the following equ&fion

L
Hy, =1854 — (4.4)

Where L is the normal load (kgf) and d is the average lengtheofvib diagonals
(mm) of the Vickers indentatiof®. The Vickers hardness results gieenin kgmmi

2 but are more commonly expressed in Sl units, GPa.

4.5.1.2 Knoop Hardness

The Knoop testing method uses an elongated-dmled pyramid, withthe angles
between the two of the opposite faces being approximately 170° and the angle
between the other two sides being 130°. The configuration of the Knoop diamond

indenter is shown in Figure 4.13.

Similar to the Vickers method a load is applied to the indenterhwbérises an
indentation in the sample material. After the load is removed, the longest of the two
diagonals of the indentation left in the material is measured using a microscope.
Knoop hardness, i of a material can be calculated from the following eigudt”:

L
H =14229° (4.5)
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Where d is the length of the longest diagonal of the rhombic impression, which is

approximately 7 times the width of the indentation, w.

OPERATING
POSITION

Figure 4.13 The configuration of the Knoop Hardnessindenter.

For this project the Vickers hardness technique was used to determine the hardness of
the PCBN-Al composite materials. Samples need to be correctly polished so that the
microstructure can be seen before hardness measurements can be done. The
procedure for this is given in section 4.2.8. At least 10 hardness measurements were
done per sample tget an average hardness value and a standard deviation. The
loading conditions for the hardness measurements a/ereg loadanda dwell time

of 10 seconds. The average hardness and standard deviation for the hardness

measurements were determined.
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4.5.2. Fracture Toughness and R-curve Behaviour

Therearea variety of differentnethod worldwidethat can be usefdr measuring the
fracture toughness of brittle materials and thus there is variadbdityeerthe results

of the various testing methods. Theethodsused for measuring the fracture
toughness of brittle material mge from indentation techniqués those inwlving

crack propagation anthe fracture of larger samples such as the double cantilever,
double torsion, single edge wbed beam, chevronotched beam ocompression

disk methods The standard testing methods for fracture toughness of advanced

ceramics islescribed in ASTM C14209 ©®),

The choice of an appropriate technique for PCBN materials is limited to the size of
the sintered diskproduced which tends to be small.réference of the fracture
toughness test for thistudy wa the single edge-notch beam method (SEVNB) as it

is a simple method based on the notch root radius, which gives relatively accurate
results for all brittle matrials, and samples can be made to the correct sample
dimensionsThe SEVNB technique has also been described in various staradards

been subjected to extensive round robin practides

4.5.2.1Single Edge V¥Notch Beam (SEVNB)

The single edge Vhotch beammethod was used to determine the mode | fracture

toughness, K, of the brittle materialamade in this workThe test involvedbadinga
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rectangular bar specimemhich hada sharp Vshaped notch in one edge of the
sample to failure. The test jig used foetSEVNB fracture toughness testingsthe
four-point flexure test jig. Figure 4.14 shows the fpoint bend test jig and
mechanical testing machine used for flexural testing. The sabpiesnsionsvere

25 x 4 x 3 mm, thus theload and support spareededto be 10 and 20 mm apart
respectively. The SEVNB method used is based on the fracture resistance method by

Kiibler (1999)® 9

The SEVNB samples werarranged so that the notched edgas in the tensile
position (i.e. the notched surface opip®so the loading span) as seen in Figudet4

The samples were placedanthe 4point bend test jig and loaded to fracture in the
universal servohydraulic testing machine MTS 810.22, 100dead frame, a 5 kN

load cell beingused to measure the load fodicture. The loading rate was 5 pum/s,
equilvalent to ~ 100 N/s. TestStar was the control program used to measure the
loading force; the maximum load to fracture was recorded. For fracture toughiness 4

6 specimens were tested per materials compaosition.
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Applied
Force F

4 mm

Figure 4.14: The SEVNB arrangement in four-point bend configuration.

4.5.2.1.1. Machining of the V-Notch

Samples for the SEVNB fracture toughness testing redjaire mm sharp \shaped

notch cut into theensile surface. Thisvas done in two stages) the first stage 4

samples weraligned and glued @a a metal sample holder next to each other with

the 3 mm tensile polished edge facing upgarA 0.3 mm thick diamond saw was

used to cut ater 8dich inte time sdnepke purfacd. &he second stage

involved cutting a sharp \hotch into the starter notch using a razor blade cutting

machine. The razor blade edge in the razor blade halgealignedwith the middle

of the starter nottand adjustednil it was straight and secured tightly in the holder.
Thenotchwas t hen filled with a fine diamond pa

cutting. The razor bladerasput back into he starter notch and the blade wasved
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backvardsand forward by a motor. The razor bladeas changed every 30 minutes
and extra diamong@astewas used every 15 minutes. The larger size diamond paste
was used first to facilitate the cutting process, followed by 3 and 1 um paste to

develop a sharp wetlefined \fnotch.

The sample waremoved every 1 hour to measure the depth and shargrtbss\e
notch by optical microscopic exanaition. The length of the notch waneasured at
three evenly spaced intervals across the sample widtthandveraged. The relative
deviations between the three measurements were not to exceed, @dlprevent a
skew notch depth so as not to obtain inaccuratdtse§ he notch tip radius needexd
be between 103 0 ¢ miheaotaldength of the notchmm. Figure 4.15 shows the

razor cutting machine and anbtch cut into the PcBMI sample.

Figure 4.15a and b: a) The razor blade cutting machine to cut Vhotches into the sample and b)
a V-notch cut into the surface of the PCBNAI sample.
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The mode | fracture toughness,ckMPa.~/m) can be calcutad fora 4-point flexure

by the following equationS> ®:

F S-S 3Ja
K, =s+aY = : : Y 4.6
! BW W 21-a)® (.9
With:
- 2 -
Y 210887. 13262 - (3.49- 0682 +1.325a Ja(1- a) @7
(L+a)
a
a== 4.8
W (4.8)
Where U is the raslhea aiverage notclo length (my ®pid the,

specimen width (m), B is the specimen thickness (m), F is the fracture load (MN), Y

stress intensity shape factor

The rel ati ve

width of the sample (Wa n d

anmSS; are the support spans;£%,).

(0)

be 0Bet ween 0.2 <

notch depth

shoul d

4.5.2.2 R-curve Behaviour Compact Tension (CT)

Binders and other materials areed toimprove the fracture toughness of brittle

materials These additives can provide toughening medmasj which will blunt the

cracktip from the applied stress. Fracture toughness resistance is determined by the

toughening mechanism of the material. Openldgment of the crack front can be
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used to determine the toughening mechanisms of aasitepnaterial by looking at

its R-curvebehaviour

The Compact tensiofCT) method was used to determine the crack opening
displacement for Rurve, vK curve and frature toughness, K The sample
dimensons for the compact tensiavere35 x 33.6 x 3 mm. A notch and 2 holes were
laser cut into the surface of the sample. Figure 4.16 shows the sample dimensions of

the CT sample.

A wire saw cut a diagonal cut into tiead of the notch, such that the angléasen
the cut and the surface wagproximately 30°. Figure 4.17 shows the cross section of
the CT sample. A Knoop hardness indentation was posdiaithe edge of the

notch.

33.5 mm

35 mm

.~

g 10 m /.}3mm

Figure 4.16: The compact tension(CT) sample dimensions.
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Drilled hole 30°angle Position of the Knoop indentation
N
R \\
End of the notch Diagonal cut

Figure 4.17: Cross section of the CT sample

The Compact tension samples were carefully placed into the Compact Tension testing
device as illustrated in Figure 8.1A 1 kN load cell was used to measure the loading
force. A preload of 20 N was applied to the sample to cause a crack to form from the
end of the indentation; the crack was then propagated to a lengti2ainfn. The
sample was removed from the CT devacal a new cut was made horizdiytauch

that the diagonal cut ve8aremoved, but ridhe tip of the crack. This woukehsurethe

stable, symmetrical loading of the crack.
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frame

specimen

load pin

load-cell

piezoactor

Figure 4. 18 Schematic of the testing device used f&R-curve testing‘”.

The sample was placed back into the CT device and a preload of 20 N was applied to
the sample. The length of the crack was measured from the notch end to the crack tip.
The sample was then loadi slowly until the crack starteéd grow at a steady rate and

the crack length and load weakso measured for every 0.2 mm. The load applied

until the sample broke

The equation to calculate the fracture toughness resistance for the Compact Tension

samples is given by

F o C ~
K faae—g (4.9)

BW'2 W=

L. CeE ac g acq acgd

+ © Bo gge+ 4645 13322%0 +1472%°8 - 5680 Q

ac o W—ge (;W cW + cW = 9

fee—0= (4.10)
(;W+ ] Cg/
9 W=
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Where:v% is the ratio of the crack length to the width of the sample and is valid for:

02<S<1
W

4.5.3. Transverse Rupture Strength (TRS)

Transvese RuptureStrength (TRS) orFlexural strength is the property that
determines the strength of a material. It is the maximum flow stress that occurs
during the deformation, cracking awdack propagation process before the material
fractures and is determined by meang the flexural strength (the measure of the

ultimate strength) of a bar afmaterial in bending.

The flexural strength of a material is dependent on both its inherent resistance to
fracture and the presence of defects. The size of the flaws matezial can greatly
decrease its strengtRailure in ceramic materials is caused by the extension of flaws,
which are usually introduced in it during processing or surface treatment such as

grinding and polishing. Flaws in the material can be inclusjpm®gs or cracks.

There are various internationally recognized standards that exist for the determination
of flexural strength. The standard test method to determine the flexural strength of
advanced ceramic materials at ambient temperatures is give8TiM C 1161©?

and 1SO 14704:2006%. The common specified dimensions for the 3PB and 4PB

testsare 20, 40, 80 mm for the support span and 10, 20, 40 mm for the loading span
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respectively The dmensions used for this study we2b x 4 x 3 mm with loadhg

and support spans of 10 and 20 mm respectively.

The TRS of a material can be measured by flexural bend Téstse tests are easy to
perform and they revealselectively the worst flaws present in thieessed volume.
Ultimately TRS is the stress geired to make the longest crack in the sample
propagate unstably and relate this to the statistical distribution of the stresses and

flaws.

TRS is the stress calculated from the flexural formula requirédeak a specimen in

the shape of a beaniihe pecimen is supported neiss ends and a force is applied
midway between the supports (in a 3 gpaint bending test configuration). For this
study a 4-point bend configuration was used and is illustrated in Figure 4.19. The
sample dimensionsere 25 x 4x 3 mm and a 0.1 mm chamfer was machined into the
edges of the sample to ensure that tem@ no machining defects at the edge of the
sample to cause premature failure. The transverse rupture strength was determined
using the standard methods for flealutesting as given in ASTM C 116 and ISO

14704:2000%,

The bending tests were carried out on a universal servohydraulic testing machine
MTS 810.22, 100 kN load frame and a load cell of 5 kN. The crosshead loading

speed of 5 um/s, equivalent to 100 N/s was used. For the strength testing 20
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sampes per material composition vestested. The control program used to measure

the loading force was TestStar; the maximum load to fracture was recorded.

Applied
Force F

25 mm

10 mm

/ 4 mm

/<— 20 mm —»/

Figure 4.19: The 4-point bend configuration for the TransverseRupture Strength (TRS) tests.

TRS is determined by measuring the flexural strength of a material4ipoint
bendingflexure as shown in Figure 4.19The flexural strength calculan can be
determined from the 1ISO 14704:2068 standards. Flexural strength is the measure
of the ultimate strength of a specific beam in bending. The standard formula for the
strength of a beam m4-point flexure is as follow&>:

_3Fa
ST b

(4.11)

Wherea = 82_281

Where:
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F = load at failure (MPa),

a = length of the moment arm (mm)

S; and S = outer and inner support span (mm),
b = specimen width (mm), and

d = specimen thickness (mm)

Since stadard flexural strerth data donot follow normal distributiona statistical
analysis of the strength data needs to be done to determine the statistical distribution.
For the statistical analysis of the strength data the Weibull distribw#proachwas

utilised Section 4.53.2 details the use of the Weibull distribution.

4.5.3.1. Weibull Distribution

Brittle materials exhibit scatter of failure strengths. Thus wiittle materials, the
strength property needs to be analysed using probabilistic approaches. The
probabilty of existence of a critical crack size is higher itaaer volume of test
specimen Therefore bittle materials tend to exhibit a vahe dependent strength
behaviour this means that the higher the loaded volume of test specimens the lower

the strength

Weibull (1939)®? developed a relationship that would relate the probability of failure

to the applied stress. In the Weibull analysis it is assumed that the material is
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isotropic and statistically homogeneous #ématthe most critical flaw leads tailure.

This impliesthat the probability of finding a flaw in the loaded volume of the
material is equal in every direction. The second assumption is based on the concept of
the o6wdalkkedstt heory; the | argest fatwwow will
parameter distribution function, which would characterise the strength of brittle

materals and relate ito the probability of failure.

The probability of an occurrence of a critical defect in a volume V is given by

equation 4.1,

P(V) =1- exp% (4.12)
¢

S|<
1-OOO

Where % is the mean volume occupied by a defect and thuspy I8V the
concentration of theritical defects. The concentration ofitical defects increase
with increasing applied stress accordingatgowder law. Weibll developed an

expression to relate the probability of occurrence of a defect with applied stress.

1. 459 (4.13)
Vo 85, |
€ 3c 39
P(V) =1- expé V&g U (4.14)
g ¢°o+{
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The probability of failure of a sample with a constant volume V is given by the

following equatiorf®:

P.=1- exp (4.15)

Qo
7))
-I-ODO%
(e e ]
Co
\Y%
o

7
7

@D- P D
o
(@]

Wh e r g¢is the Weibull characteristic strength (failure stress at 63.2% failure
probability), G is the applied uniaxial t
The Weibull modulus nindicates the nature, severity and dispersion of the flaws; a

low m value indicatea broad distribution of defects and therefore strength. A high m

value indicates a narrow distribution of flaws with a narrower strength distribution

©8) Typically for ceamic materials m varies between 3 and®3%°, depending 0

the processing conditions. The minimum amount of valid tests that need to be
performed to meet the statistic requirements is 20, although more should be used to

get better statistics.

Weibull analysis of the strength day@geldsc har act er i g,tanddNeisul r engt h
modulus, m. These parameters were evaluated by the Maximum Likelihood method
accordingto the European StandakN 843-5 ®”. The 80% confidence intervals of

0o and m weredet er mi ned according to a study ¢

parameters o f t he Wei bull @98) s®.ri buti o
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Chapter 5: Results of High Pressure High

Temperature Sintering

This chapter describes the results of dmaracterisatiorof the sinteredPcBN-Al
composite materials. Theharacterisatiomf the PCBNAI composites includes SEM
micrographs, XRD scans and density measurements. The graidistideution and

phase composition of teecomposites is also described in this chapter.

5.1. G2cBN1 Al Materials

5.1.1. Microstructure

The cBNAI powders were sintered usitige HTHP method as explained in chapter
4.2.5. The sintered materials were then cut and polished according to the procedures
described in Chapter 4. The microsture of the polished sintered cBN materials

were examined in the SEM at various magnifications. Figure 5.1 shows the SEM
images of the microstructure of the sintered G2 @BNcomposites. The SEM
images ofshow that these materialgere nearly fully desfied. The microstructures

were homogeneous although larger binder pools can be seen in both%han2D
25%Al materials. Thee binder poolswere in the region of 8 0 e m -2 d e hO

respectively.
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cBN
AccV SpotMagn Det WD Exp 1 20um AccV Spot Magn Det WD Exp 5pum
120kv 40 1000x CL 1200 PCBN gr2 + 156%Al 120kvV 40 4000x CL 1200 PCBN gr2 + 156%Al
AlB,
cBN
AccV SpotMagn Det WD Exp F—— 20um AccV Spot Magn Det WD Exp F——— 5um
10.0kv 3.0 1000x CL 1200 gr 2 cBN + 20% Al 10.0kV 3.0 4000x CL 1200 gr 2 cBN + 20% Al
AlB,
cBN

Accy SpotMagn Det WD Exp 1 20um (e) AccV SpotMagn Det WD Exp 1 &pm

120kV 40 1000x CL 1200 PCBN Gr 2 + 26vol% Al 120kV 40 4000x CL 1400 PCBN gr2 + 25%Al

Figure 5. 1: Microstructure of the G2 cBN-Al sintered materials. a and b) G2 cBN+15vol.% Al; ¢
and d) G2 cBN+20vol.% Al; and e and f) G2 cBN+25vol.% Al.

The microstructure of the G2 cBAl composite matdrials consiste@f cBN grains
(dark phase) surrounded by the residual binder phasebiflder phase consisted of
aluminium nitride (AIN) and aluminium boride (AIB. The AIN phase is the lighter

phase while the AlBis the darker grey phase. These phasesconfirmed by XRD
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scans shown in Figures 5524. These phases are consistent with Walr(dleg7) @

and Zhaq2007)".
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Figure 5.2: XRD scan of the PcBN G 2 + 15 vol. % Al sintered material.
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Figure 5.3: XRD scan of the PcBN G 2+ 20 vol. % Al sintered material.
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Figure 5.4: XRD scan of the PcBN G 2 + 25 vol. % Al sintered material.

Tests were done to try to reduce the size of the binder pools for the25%A; this
was done by increasing the energy of mixing.rblla mixing was carried out for
longer time periods ranging fromi110 hours and also increasing the number (10
balls) and/or size of the steel balls (20 mm). The increase in the energy ynténsit
mixing was used to deform the aluminium particles snohcreasethe contact area
betweenthe cBN grains and the aluminium pal#is. The intention was to decrease

the size of the pools through this process.

After turbula mixing of the cBN and Al peders for 2, 4, 6, 8, and 10 hours, SEM
analysiswas done on the mixed powders. The results show very little difference in
the cBNAI contact. Two materials were then sintesgith the 6hour and 1¢hour
mixed powdergo determinavhethertherewas any chageof obtaining an improved

microstructure with increaseahixing time. Both sintered materials shesvonly a
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small reduction in the binder posize and populatioas can be seen in Figure 5.5 a
and b compared with the 1 hour mixed sample in Figure 5.5lmcreasing the
number and size of the steel balls also had very little effect on the reduction of the
binder pools. The reduction of the binder pools could be achieved by changing the
mixing process to a wenixing process like attritiomilling, but we milling contains

its own problems like contamination of the powders ftbmmilling media andhe

oxidation of the Aluminium powder.

It was thus decided to keep the originahdur mixing time and matain the large
binder pools. Wheramount of binde phasewas too large, therevas insufficient
space between the cBN grains for the binder to infiltratetareen compaethen
melting, thus causing large builgbs of the binder phase. Atiaterials made with a

binder content of 25 vol. % Al wadisufer from these large binder pools.
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=

o, e
e <
ccV Spot Mag Det WD ———— 50um

2.0kV 40 500x CL 12.0 PcBN gr2 + 25%Al - mixed 6 hrs

AccV SpotMagn Det WD Exp 1 50um
120kv 40 500x CL 1400 PCBN gr2 + 26%Al - mixed 1 hr

Figure 5.5: SEM micrograph of the G 2 cBN + 25 vol. % Al sintered material tubula for a) 6
hours, b) 10 hoursand c) 1hour.

52G6cBNiT Al Materials

5.2.1. Microstructure

The microstructure of the polished sintered G6 e8Nnaterials were examined in

the SEM at various magnifications. Figs®6 1 5.7 showthe SEM images of the

microstructure of the sintered G6 cBN composites. The SEM images of the
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microstructue of the G6 cBNAlI materials show that theyere almost fully
densified. The microstructuregere homogeneous although an increase in the size
and amount of the larger binder pools can be seen in both the 20 and 25%Al
materials. The binder pools for thé&d GBN + 15%, 20% and 25% Al materiaigre

intheregionofd e M,5 % m -20demOr espectivel y.

The microstructure of the G6 cBAl composite mateals consistecbf cBN grains

(dark phase) surrounded by the residual binder phasebifder phaseonsists of
aluminium nitride (AIN) and aluminium boride (AlB. The AIN phase is the lighter
phase while the AlBis the darker grey phase. Thedages are confirmed by XRD
tracesshown in Figures 5.8.10. The free Al wa confirmed in the XRD scan
althaugh the quantityvas very small. These phases&eonsistent withhe findings

of Walmsley (1987) ¥ and Zhao(2007) ?”. A small amount of free (unreacted)
aluminium was found in the G6 cBN + 25vo0l.% sample with EDS, Figufed The
amount of unreested Auminium was detrmined to be approximately 1\8t.%,
determined by Rietveld refinement analysis outlined in chapter 4.4.2. The result of

the Rietveldanalysis is shown in Appendix B
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Figure 5.6: SEM images of the microstructure of the PcCBN G 6Al composite materials: a) and
b) G6 cBN+15% Al; c ) and d) G6 cBN+20% Al;
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Figure 5.7: SEM images of the microstructure of the PcCBN G 6 +25vol.%Al composite
materials: a) and b) micrographs c) EDS of a cBN grain and JEDS image showing unreacted

Aluminium.
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Figure 5.8: XRD scan of the G 6 cBN + 15 vol. % Al sintered material.
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Figure 5.9: XRD scan d the G 6 cBN + 20 vol. % Al sintered material.
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Figure 5.10: XRD scan of the G 6 cBN + 25 vol. % Al sintered material.
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5.3.G10cBN i Al Materials

5.3.1. Microstructure

The microstructure of the sintered G 10 cBN5+vbl. % Al material can be seen in
Figure 5.11. Thishows that the microstructure was almost fully densified andahad
homogeneous strtige. The average binder pool wasbout 38 em. The
microstructure consisteof cBN grans (dark phase) surrounded @yminium nitide

(AIN) (lighter phase) andlaminium boride (AIB) (grey phase). Thigzasconfirmed

by XRD phase analysis as seen in Figure 5.12. These plasegonsistent with
Walmsley1987) ¥ and Zhao(2007)@". No traces of unreactedlvdninium were

found inXRD scans suggesting that #ike Aluminium hadreacted.

AIN

AlB,

cBN

AccV SpotMagn Det WD Exp 1 20um (a) AccV SpotMagn Det WD Exp 1 10m (b)

10.0kv 30 1000x CL 120 0 griocBN + 15% Al 10.0kV 3.0 2000x CL 120 0 grio cBN + 15% Al

Figure 5.11: SEM micrograph of the G 10 cBN + 15 vol. % Al sintered material.
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Figure 5.12: XRD scan of the G 10 cBl + 15 vol. % Al sintered material.

5.4. Grade 20 cBN 1 Al Materials

5.4.1. Microstructure

The microstructure of the polishechared G20 cBMNAI materials wasexamined in

the SEM at various magnifications. Figsfe135.14 showthe SEM images of the
microstructwe of the sintered G20 cBNI composites. The SEM images of e
materials show that they had besntered to full density. The microstructunesre
homogeneous although an increase in the size and amount of the larger binder pools
can be seen in bothel20 and 25%AIl materials. The binder pools for the G20 cBN +
15%, 20% and 25% Al materialgere in the region of 8 0 e-n3 8 m -20nd 12

em respectivel y.
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The microstructure of the G20 cBN composite materials consisted cBN grains
(dark phase) susunded by the residual bindphase. The binder phase consistéd
aluminiumnitride (AIN) and aluminium boride (AlB. The AIN phase is the lighter
phase while the AlBis the darker grephase. These phasesreveonfirmed by XRD
scans shown inigures 5155.17. These phases meconsistent with Walmsley

(1987)™ and Zhaq2007)?".

A small amount ofree Al was found bySEM in combination wittEDS and would
be seen ithe G20 cBN + 20vol.% and 25vol.%Al composite materials. Figure 5.14
c shows theunreacted Al in the G20 cBN + 25vol.% Al sample. The amount of
unreacted Aluminium was determined using Rietveld refinéraealysis (Chapter
4.4.2) and wa approximately 1.1w% and 2.7wt.% for the 20vol.% and 25vol.%

respectively. The result of the Rietd analysis is shown in Appendix. A
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Figure 5.13 SEM images of the microstructure of the PcCBN G 20Al composite materials: a
and b) G20 cBN+15vo0l.% Al; ¢ and d) G20 cBN+20vol.% Al.
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Figure 5.14: SEM images of the microstructure of the PcBN G 20 + 25vol.% Al composite
materials: a and b) microstructure,c) EDS of unreacted Aluminiumand d) EDS of AIB,.
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Figure 5.15: XRD scanof the G 20 cBN + 15 vol. % Al sintered material.
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Figure 5.16: XRD scan of the G 20 cBN + 20 vol. % Al sintered material.
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Figure 5.17: XRD scan of the G 20 cBN + 25 vol. % Al sintered material
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5.5. Grain Size and Composition

The grain size distribution, volume fraction and mean free path of the cBN and binder
phases, as well as the size of the Al pools were determined using image analysis as
described in Appendix B.He maximum grainsizes as well as the d(10), d(50) and
d(90) of the phases present in these composites mweasuredTable 5.1 shows the
predicted volume % of the binder and cBN phases for the RPABbtbmposite
materials based othe mass balance calculation using cBiNreadion 1 (Section

2.4). Table 5.2 shows the composition and grain size of the PdBRNmposites. The

phase compositiowas very close to the predicted values. A detailed table of the cBN
grain size, binder size and mean free paths (MFP) of both the cBbiradet phases

is shown in Appendix B.

Table 5.1: Predicted volume % of the binder and cBN phases for the PcBMI composite

materials.
Volume % Of Al Predicted Volume % of the | Predicted Volume % of
Added binder phase the cBN hard phase
15 20.86 79.14
20 27.98 72.02
25 35.18 64.82
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Table 5.2: Composition andgrain size of PcBNAI composite materials.

Sample Volume % cBN | Volume % Binder cBN grain Size
phase phase (Mean dsg) ( & m

G2 cBN+15%aAl 821+1.5 17915 1.5+0.3

G2 cBN+20%Al 70.2+1.8 29.8+1.38 1.7+0.3
G2 cBN+25%Al 60.0+1.7 40.0+1.7 1.8+0.3
G6 cBN+15%Al 74.3+19 2570+ 1.9 4.7+1.2
G6 cBN+20%Al 67.9+3.0 32.0+3.0 4.7+11
G6 cBN+25%Al 59.3+41 40.7+4.1 4.7+0.9

G10 cBN+15%Al 80.7+14 193+14 10.8+3.0
G20 cBN+15%Al 75.1+23 249+ 23 125+ 3.2
G20 cBN+20%Al 70.5+2.3 29.5+23 13.2+24
G20 cBN+25%Al 60.2 + 2.7 39.8+2.7 128+ 2.8

5.6. Density Measurements of PCBN-Al Composite Materials

Density measurements were done on the sintered fAdBbbmposites. The
Archimedes principle was used as described in Chapter 4.4.4. Table 5.3 shows the
results of the density measurements. It can be seen that all the sintered meterials

fully densified, with a density of 98:99.6% of the theoretical.
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Table 5.3: The density of the RBN-AlI composite materials.

Sample Grain size of cBN Density
(em) (g/cn) (%)
Gr 2 cBN + 15 % Al 15 3.360 99.2
Gr 2 cBN + 20 % Al 1.7 3.350 99.6
Gr 2 cBN + 25 % Al 1.8 3.345 99.6
Gr 6 cBN + 15 % Al 4.7 3.392 99.6
Gr 6 cBN + 20 % Al 4.7 3.356 99.5
Gr 6 cBN + 25 % Al 4.7 3.347 99.7
Gr 10 cBN + 15 % Al 10.8 3.388 99.5
Gr 20 cBN + 15 % Al 125 3.362 98.7
Gr 20 cBN + 20 % Al 13.2 3.358 99.5
Gr 20 cBN + 25 % Al 12.8 3.308 99.1
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Chapter 6: Results of Mechanical Properties of cBN-Al
Composites

This chapter describes the results of the measureshem¢chaical properties othe
sintered PcCBNAI composite materials. The mechanical properties resultsrided
are hardnesdracture toughness,-8urve behaviour, transverse ruggstrength and

strength distributionA discussion of the results will lggvenin Chapter 7.

6.1. Hardness

Details of the sample preparation for the hardness testing are described in Chapter
4.5.1. The hardness measur ements were ¢C
indenter with a load of 5 kgf49 N) and a dwell time of 10 s. Ehresults of the
Vickerds hardness measurements are given

measurements in Appendix D.

The results from Table 6.1 show that the hardness ranges between 15.6 #Q238
+ 1.2 GPaG2 cBN + 15%Al hadhe highest ardness of 40 + 1.2 GPahile G20

cBN + 25 % Al hadhe lowest hardness of 15.6 + 0.38 GPa.
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Table 6.1: The Vickers Hardnessmeasurements esults for PCBNAI composite materials.

Standard

Sample Grain Size (um) | Hardness H,s (GPa) deviation
G2cBN + 15%Al 15 40.7 1.20
G2cBN + 20%Al 1.7 33.5 1.15
G2cBN + 25%Al 1.8 32.0 1.65
G6CBN + 15%Al 4.7 36.0 1.39
G6CBN + 20%Al 4.7 27.2 0.38
G6CBN + 25%Al 4.7 22.0 1.47
G10cBN + 15%Al 10.8 35.8 251
G20cBN + 15%Al 125 23.2 1.74
G20cBN + 20%Al 13.2 19.8 1.50
G20cBN + 25%All 12.8 15.6 0.38

6.2. Fracture Toughness

The details of the sample preparation and test procedure for the SEVNB fracture
toughness measuremsrdre described in Chapter 4.5The results of the SEVNB
average fracture toughness measurements for theAIRNmposite materials and the
grain size of the cBN particles and binder content are shown in Table 6.2; Appendix
E contains all the SEVNB fracture toughness resiihe fracture toughness for the
cBN-Al composite materials/asin the rangeof between 6.4 8.0 MPa.n?. G10

cBN + 15vol.% Al hadthe highest fracture toughness of 8.0 + 0.05 MP3.mvhile

G2 cBN + 15v0l.% Al hd the lowest fracture toughness of 6.4 + 0.4 MP4.m
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Table 6.2: SEVNB fracture toughnessmeasurements esults for PcCBNAI compositematerials.

Grain Size Fracture Toughness Standard

Sample (um) Kic [MPa.m*? deviation
G2cBN + 15%Al 15 6.4 0.4
G2cBN + 20%Al 1.7 7.0 0.5
G2cBN + 25%Al 1.8 7.1 0.2
G6CBN + 15%Al 4.7 7.6 0.7
G6¢cBN + 20%Al 4.7 7.6 0.3
G6CBN + 25%Al 4.7 7.0 0.3
G10cBN + 15%Al 10.8 8.0 0.1
G20cBN + 15%All 12.5 7.9 0.2
G20cBN + 20%Al 13.2 7.8 0.3
G20cBN + 25%All 12.8 6.9 0.1

6.3. R-Curve Behaviour (Compact Tension Measurements)

Thedetails of the sample preparation and testing procedure for-thevie behaviour
measurments are given in Chapter 4.5.2Table 6.3 shows the Kresults of the CT
measurements for-Burve behaviour. The results show that #anges between 3i8

9.1 MPa.n’. The detailed results of the CT measurementsjigenin Appendix F.

There could be inaccuracies with the resultant data from the CT measurements, due to
large precracks in the material, which were initiated in the materials during the laser
madining of the notch and holes into the materials. Thesecnaieks caused
difficulty in initiating the crack used for the-8urve behavior as described in

Chapter 4.5.2.2The precracks were situated along the notch tip thus thecraeks
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were used ashe Rcurve crack. The material was aldwittle andonce force was
exerted to lengthen the crack, the crack propagated extremely quickly resulting in
only a few data points per experimefbr ©me of the sample materials no data
points could be extracteals the crack propagated too quickly through the material

resulting in premature failure.

Table 6.3: The K results for the R-curve behaviour.

Sample Kr (MPa.m"?
G2cBN15Al 5.17 8.7
G2cBN20Al 6.57 7.6
G2cBN25Al 557 6.5
G6CBN15Al 3.87 7.6
G6CcBN20AI 5.87 8.3
G6CBN25A 5.01 9.1
G10cBN15Al 461 5.1
G20cBN15Al 5.87 9.5
G20cBN20AI 4.817 9.0
G20cBN25Al 5.37 8.6

Figures 6.17 6.3 showthe Rcurve behaviour with increasing crack lergytor the
G2, G6 and G1@nd the G20 PcBMI composite materials respectively. The cracks
propagated stably for approximately52mm before unstable propagation occurred

and the samples fractured.
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Figure 6.1: R-Curve behaviour with crack length for G2 PcBN-Al composite materials.
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Figure 6. 2: R-Curve behaviour with crack length for G6 and 10 PcBNAI composite materials.

- 106-



Chapter 6: Results of Mechanidatoperties of cBNAI Composites

12 T T T T T T T T T T T T
—=— G20+15% Al(1)
—&— G20+15% Al(2)
G20+20% Al(1)
—v— G20+20% Al(2)
10 T GZO+25"/: Al
.,.
4 — —Vv
og®u— 'v/v/'
8 / v/vV E
s Ry
HE b
g 6 :
o
2 4
x 44 i
X
24 i
O T T T T T T T T T T T T

9 10 11 12 13 14 15 16
Crack length, mm

Figure 6. 3: R-Curve behaviour with crack length for G20 PcCBNAI composite materials.

6.4. Transverse Rupture Strength (TRS) Measurements

6.4.1. Strength Results

The details of the sample preparation and testing procedure for the transverse rupture
strength measunmeents are given in Chapter 4.5The samples were loademfailure

at a rate of 0.05 mm/min unda#-point bend loading. The average flexural strength
and standard deviation results for the PeBINcomposite materials are shown

Table 6.4. These values wdrethe region of between 346.7 + 19.443.9 + 227

MPa. All the results of the flexural strength tests are given in Appendix G.
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Table 6.4: Averageflexural strength results for the PcCBNAI compositematerials.

Mean Flexural o
Sample: Grain Size (um) Strength (MPa) Standard Deviation
G 2cBN + 15 % Al 1.5 372 41
G 2 cBN + 20 % Al 1.7 406 61
G 2 cBN + 25 9% Al 1.8 426 42
G 6 cBN + 15 % Al 4.7 380 72
G 6 cBN + 20 % Al 4.7 382 30
G 6 cBN + 25 9% Al 4.7 418 23
G 10 cBN + 15 % Al 10.8 444 23
G 20 cBN + 15 % Al 12.5 384 25
G 20 cBN + 20 % Al 13.2 347 20
G 20 cBN + 25 % Al 12.8 380 23

6.4.2 Weibull Analysis

The results of the Weibull analysis on the bending strength measuremeestoan

in Table 6.5, whichs hows the charact eg),itletWehull st r engt
modulus (m), the 80% confidence intervals and the average flaw size of the
composite materials. All the Weibull statistical data results per material can be seen

in Appendix H.

The average chartristic strength values for the cBN composite matena® in a
narrow range between 354454 GPa. The G10 + 15 v& Al material hadthe

highest average characteristic strength value of 454 GPa, while the G20 + 20 vol.%
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Al material hadthe lowest avexge characteristic strength of 355 GPa. The strength
values forthe cBNAl composite materials we low compared to other commercially
availablePcBN materials. The range of the Wil moduli between 6.1 24.9 wa

quite big.

Table6.5: Char act er i,3Meibutt mosiulus m,8@P4 chnfidence intervals (C.1) and
average flaw size of the PcBMI compositematerials.

Sample Characteristic 80% C.I M 80% C.I
St r e nogdMPa)

G2cBN+15%Al 390 3771 405 9.8 7.21 11.7
G2cBN+20%Al 433 41371 454 7.0 5.37 8.3
G2cBN+25%Al 445 43171 459 10.7 8.11 12.7
G6CBN+15%Al 409 38971 432 6.1 4.71 7.3
G6CBN+20%Al 395 38671 403 15.7 11.871 18.7
G6CBN+25%Al 429 42071 438 16.2 12.371 19.3
G10cBN+15%Al 454 44871 460 24.0 18.21 28.5
G20cBN+15%Al 396 3881 404 16.6 12.61 19.8
G20cBN+20%Al 355 25071 340 24.9 18.91 29.6
G20cBN+25%Al 390 383i 396 19.9 14.91 23.7
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Chapter 7: Discussion of Results

Hardness

The results show high hardness values in the expected rangestatidardieviation

of less than 10%. Expected hardness values can be calcudgtacsing the
assumption of the rule of volume mixturesngsequation 3.2, section 3.4.The

results can be viewed in Appendix C. Figure 7.1, 7.2 and 7.3 shows the results of the
Vickers hardness measurements of the sintered polycrystallineAtBdimposites at

room temperature plotted against the grain size of the cBN hard phase, the inverse of
the square root of cBN grain size and the binder content respectively. This shows the

effed the gain size and binder content haw the hardness values.

The hardness of the PCBA composite materials produced from Table 6.1 ranges
between 15.6 £ 0.38 40.7 = 1.2 GPaCompared to other PcCBN materials these
values areyuite reasonable. Theatdness of single crystal cBN grains is 43 GPa
and Amborite®® (Element Six (Pty) Ltd commercially produced material which
contains90vol.%of cBN with duminium nitride and aluminium boridess the binder
phases) has a Knoop hardness of 31.5 GPag Rod Funkunag&002, 1994)° 20
measured the Knoop hardness oirtlek8N-Al composite to be between 1535 GPa.
Comparisons with results obtained by Rong and Funkuffagd are limited, as
different hardness measurement testsehla@en done (i.&Knoop and Vickers). A

conversion between the Knoop and Vickers methods can be done, but there will still
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be an error associated with it. Hardness results of-ABbbmposites obtained by Li

® showed 20 32.7 GPa for 70 95 wt.% cBN.
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Figure 7.1: Hardness as a function of the grain size of the cBN patrticles.
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Figure 7.2: Hardness as a function of the inverse square root of the cBN grain size.
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Figure 7.3: Hardness as a function of the binder content.

From Figures 7.1 7.3 it can be seen that hardness decreases with increasing cBN
grain size and increasing binder content. This is expected since the hardness of the
material is dependent mainly on the hardnesgshef ultrahard phase. Since the
binder, consisting of AIN and AIB, is softer thancBN there will be weakephases
bridgingthe cBN grains, thus reducing the hardness of the material. At lower binder
content there is more cBBBN contact giving rise to arigid mechanically locked

skeleton with leads to higher hardness values.

The hardness also decreases with the increasing cBN grain size as predicted by the

Hall-Petch relationship®® (i.e.H = 1//d given in equation 3.3 in Chapter 3)4.1

Except for the lowest birat content where it deviatdésr the largest grain size, as
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seen in Figure 7.2 (shown biyae), the reason for this behawiois probably that the

materials consisting of larger grains havmoorer sinterability and some reésal

porosity. The slope of the lingd - 1/7/d reduces with reducing binder content.

The decrease ihardness with increasing grain size suggests that the hardness is
dependent on the grain size of the cBN particles. The smaller the BN ghe
larger the grain boundary area, therefore there is less slip between the grains. The
decrease in hardness with increasing binder phase per material igradt quite

linear,alsd he hardness doesnot decrease |linear|

A statistical study into the effect of both the grain size and binder camsiieen
carried out. Minitab a statistical software programvas used to determine the
correlation between each tife properties and the affectpdrameters. Appendix J

shows the results of the General linear model and the-ay ANOVA tests.

The results of the Hardness measurements as a function of both the cBN grain size
and the bindecontent are shown in Figure 7while in Figure 7.5, the main effects

of the hardnessneasurements are shown. It is clear that Hardness decreases with
increasing binder content and cBN grain size, although there is a maxibsarved

at G10. It is unclear wheth#dre maximum at G10 is real @ra result of error in the

statistics.
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The ontributions of each effect on the hardness were determined using a general
linear model and the Twavay ANOVA model, shown imMAppendix J The results

from the Two way ANOW model shows the grain size had67% effect on the
hardness and the binder contdrad a 28%, which shows that the grain size &ad
larger effect on the hardness than the binder content in the investigated concentration

range of the binders.

Hardness Measurement Results for PcBN-Al Composites
95% Cl for the Mean
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Figure 7.4: Hardness as a fuition of the cBN grain size and the binder content.
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Main Effects Plot for Hardness of PCBN-Al Composites
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Figure 7.5: Main effect plot of the Hardness with cBN grainsize and Al content.

Fracture Toughness

The fracture toughness for the cBN composite materials is in the range between
6.47 8.0 MPa.n{? (Table 6.2). The measured fracture toughness values are above
those reported forommercially available #BN materials of 3.5 6.6 MPa.n® %),

and are also mostly higher théme valuesreported forAmborite, with a fracture
toughness of 6.4 MPaXh ™. It is difficult to directly compare the data of the
PcBN-Al composite and the data from literature as they were determined by different
testing methods (i.e. SEVNB and indentation rod). The results obtained for the
PcBN-Al composite materials exhibit a low standard deviation, less than 10 %.

Figure 7.6, 7.7 and 7.8 show the plots of the SEVNB fracture toughness results as a
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function of grain size of cBN patrticles, the inverse of $heare root of cBN grain

size and binder content respectively.
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Figure 7.6: Fracture toughness of the PcCBNAI compositematerials as a function of grain size of
cBN, using SEVNB method.
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Figure 7.7: Fracture toughness of PCBNAI compositematerials as a function of the inverse
square root of the cBN grain size.
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Figure 7.8: Fracture toughness of the PCBNAI compositematerials as a function of binder %,
using SEVNBmethod.

The fracture toughness for all composite matersdiglied in this workgenerally
increases with increasing cBN grain size, except for the composites with 25vol.%
binder where the |§ is constant within the errors of the determinations (Figure 7.6
and 7.8). The increase in fracture toughness with increasing grain size is consistent
with work done on AIO; materials™® "™ 7@ There is no significant grain size
depenénce on the fracture toughneskhaugh larger grains act as crack deflection

sites resulting in a higher fracture toughness.

Considering the binder content, the fracture toughness of the batches with 6 and 20
pum cBN grain size desnot show a significant dependenaelmnder content at 1b

20vol.%, but decreasat 25vol.%.However, at low binder level hie batches with 2
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Hm grain size show a slight increase of fracture toughness with increasing binder
content The toughness generally decreases with increasing binder content, except for
the G2 cBN composites where the opposiadrcan be seen, although these values
are within the experimental error, suggesting constant values or a slight increase.
This suggests that at fine grain size the material is very brittle due to a higher cBN
cBN contact Increasing the binder contentopides thematerial with more weaker
phases isnore prone to plastic deformatiofhe distance between the particles is
influencedby the amount of binder contemdr smaller particles the distance between

the grains is smaller than for larger particléghe distance between the particles is

too high (i.e. high binder content) a negative effect results due to the weakness of the
binder phases, as seen from the decrease in fracture toughness for the higher binder

contents.

At larger grain sizes therea ia high amount of crack deflection, by increasing the
binder content to 25vol.%, a decrease in the fracture toughnesss.oés the
distance betweetwo grains increases the less stress is required for crack propagation
therefore cracking is easier lotige binder phase with fewer grains providing crack

deflection.

Analysis of the crack path and fracture surfaces of the REBbbmposites was
done. Figure 7.9 ah7.10 showcrack propagatiorpathsthrough a G20 cBN +
25vo0l.% Al composite material and ftace surfaces of fracture toughness samples of

G2cBN + 15vol.% Al and of G20 cBN + 25vol.% Adspectively The fracture mode
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Is transgranularboth in the cBN phase and in the binder. From the crack path in
Figure 7.9, a tendency of predominant crack pgation in the bindgsghasemight be
deduced; this is valid at least for that material compositionnaictbstructure The

crack propagates mostly through the binder, and along the grain boundaries between

the different binder phases.

The high fracture taeghness values obtainedwas substantiated by crack
deflection/bridging observed during crack propagation, Figure 7.9. Crack
deflection/bridging is generally associated witkci®Rve behaviour, i.e. increase of
fracture resistance with increasing crack léngthe fracture toughness values
determined in this studyere calculated from maximum stress and notch depth.
Crack deflection can lead to a small increase in the crack tip toughness, suah as
determined in the studies of whiskeinforced alumina byRodel (1991) ™, but
mainly aids in setting up efficient crack bridges leading touRre behaviouf™.
Unreacted aluminium may lead to further ductile bridging, but this effect will be
minimal due to the low amount of residual Al (up to 2.7 wt.%). damwith residual

Al (G 6 cBN + 25vo0l.% Al, G20 cBN + 20 vol.%Al and G20 cBN + 25vol.% Al)
show a lower toughness becausedhwunt of binder contetietween the grain®r
these materials has exceedéd limit (maximum 20vol.% shown in Figure 7.12)
which leads to easier crack propagation between gra@#) cBN + 25vol.%Al has

the lowest fracture toughness and the highest amount of residual Al, showing that the

effect of alumimum on the fracture toughness is not a major one.
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At low binder content thgrain size has a larger effect on the toughness, but at higher
binder content it appears that there is no sensitivity to grain size and the binder starts
controlling the toughness. Crack propagation is generally affected by the residual
stress state in éhmaterial. In multphase materials with phases of different thermal
expansion residual stresses always oc&dt Internal stresses exisin all
polycrystalline materials that include a secamydphase of different thermal
expansioncoefficient The heht of residual stresses and their local distribution is
determined by the volume ratio of the two phases and their thermal and elastic
constant. At cBN grain sizes ofi620 um and a binder content of 1220vol.% the
residual stresses are obviously maptimum range with regard to fractuceighness.

At low binder contenthere is more cBMBN contact ad the material is more brittle.
Increasing the amount of binder will provide mopportunities for crack deflection

and prevent crack propagation, shuncreasing the fracture toughness. Further
consideration on fracture toughness, base real and estimated flaw sizes will be

made after discussions of strength and strength limiting flaws.
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Figure 7.9: Crack propagation in fracture toughness tests showing the fracture path on polished
G20 cBN + 25 vol.% Al sample exhibiting slightly dominant crack propag#on in the binder
phase and tansgranular fracture through the cBN phase.

Figure 7.10: Crack propagation in fracture toughness tests. Fracture surface of a) G2 cBN + 15
vol.% Al and b) G20 cBN + 25 vol.% Al, exhibiting mostly transgranular crack propagation in
the cBN and binder phase.

The results of the fracture toughness measargs as a function of both the cBN

grain size and the bindeomtent are shown in Figure 7.:hile in Figure 7.12, the

main effects of the hardness measurements are shown. It is clear that fracture
toughness increases with increasing cBN grain sizé untiL 0 e m and t hen deé
whichsuggests that 10 em is the optimum gr a

toughness also increases with increasing binder content up until 20vol.% then
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decrease belowhée 15vol.%level for the 25vol.%material] which suggests that
20vol.% binder is the maximum binder content; anything higher will result in a

decrease in the fracture toughness.

The contributions of each effect on the fracture toughness were determined using a
general linear model and the tw@y ANOVA mockl, shown inAppendix J The

results from the twavay ANOVA mocel showthat the grain size haa 27% effect

on the fracture tougess and the binder content had 13%, wihieans that there

was no clear dependence the fracture toughness with both cBN igraize and
binder content, although it doshowthat the grain size klaa larger effect than the
binder content. From the statistical results it can be deduced that the optimal
composition for the fracture toughness would be G10 cBN and 20vol.% Alughh

this theorycould notbe proved due to experimental time constraints.
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Fracture Toughness, K1c, (MPa.m” 0.5)

Fracture Toughness,

K1c Results for PcCBN-Al Composites
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Figure 7.11: Fracture toughness as a function of the cBN grain size and the binder content.
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Figure 7.12 Main effects plot of thefracture toughness with cBN grainsize and Al content.
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R-curve Behaviour

The results of the Rurve behaviour tests done using the Compact tension (CT)
metlod describedn Chapter 4.5.2.2re shown in Chapter 6.3. Figure 7.13 and 7.14
show the Rcurves of the PcBM\I composite materials. The -Burve starts
approximately at kg, which is the crack tip toughness (i.e. the onset of crack growth)
©) and extends with increamj crack length. Due to measurement errors it was
difficult to determine the correct value ofgfor each material. The Kwas taken as

the point in the data where constant crack growth exult

Sample d&a for the Rcurve behaviour had very low repoducibility; variability in
the data coulthave beemlue to measurement errors as explained in Chapter 6.3.
Figure 7.13 shows the-Burves for the G2 and G6 PcBA materialswherethe Kgr
rises to between 3.8 and 9.1 MPY¥’nthese values beirfjgher han the K for these
materials.There wa a large difference in thed<for the different materials dhe G2
family of materias, the differencebeingattributed to errors in measurement. The K
for most of the samples ®as not the same for each materidlhe Kg for the
G2+15vol.%Al wa between 5.1 8.7 MPa.n?, the Kg for the G2+20vol.%Al
between 6.5 7.6 MPa.m? and the K for the G2+25vol.%Al is between 5i56.5
MPa.nt”?, shows that the material dh@wo taughening before failure as it waglow
the Kc values. The Ik for the G6+15vol.%Al wa between 3.87.6 MPa.nY2 It can

also be seen that the second sample showed no rise in toughnessg Thretie
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G6+20vol.%Alwas between 5.8 8.3 MPa.nY?and the Ks for the G6+25vol.%Al

5.07 9.1 MPam'?,
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Figure 7.13: R-curves of the G2 and G6 EBN-AI composite materials.
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Figure 7.14 shows the-&urves for the G10 and G20 PcBN materials, the g
rises to between 5.3 and 9.5 MP#’nthese values are higher than ke for these
materials. The Ik for G10+15vol.%Al was4.6 1 5.1 MPa.n{?, which shows that
there wa no toughening. While theKfor the G20+15vol.%AWwas between 5.8
9.5 MPa.n, the K for the G20+20vol.%l between 4.8 9.0 MPa.m{ and the K

for the G20+25vol.%Ab.3i 8.6 MPa.nY?.

104 10 4
[ ]
/'/ —B—G20+15v0l.% Al (1)
—8— G10+15v0l.% Al (1) ../././l e G20+150l% Al (2)
8 8
[ ]
y 8 s 9 -
£ . £
g e g
s . 2 .
& 4
X X
2 2
0 T T T T T T T T T T T 1 0 T T T T T T T T T T T 1
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.2 0.3 0.4 0.5 0.6 0.7 0.8
101 Da, cm 10+ Da, cm
ettt +emmanun
—0
/
—° * l/l/l
8+ o 8 .-
/ —
. i
o 61 « 6 /
a = .
E E
g1 /Y g
= = .
& 4
Y Y
2 2
0 T T T T T 1 0 T T T T T 1
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Da, cm Da, cm

Figure 7.14: R-curves of the G10 and G20 EBN-Al composite materials.
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Table 7.1 shows the comparisons between tgeaKd the Kz values. It can be seen
that the compared results shom#ar toughness values. There are a few exceptions
such as G10 cBN + 15vol. % Avhich has a lower I value tharthe K¢ value or

G6 cBN + 25v0l.% Al has a lower Kvalue than kz. These discrepanciesould
havebeena result of the errors explainedtime beginning for the CT measurements.
Although it does show that samples with a small amount of unreacted Al left in the
material (e.g. G6 cBN + 25 vol.% Al, G20 cBN + 20 vol.% Al and G20 cBN + 25
vol.% Al) had a higher Kr than K¢ values, this could gigest that unreacted Al will

increase the Rurve behaviour of the material, but only for long crack lengths.

Table 7.1: Comparison of K,c and Kr values for the PCBNAI compositematerials.

Sample Kc (MPa.m™? Kir (MPa.m"?)
G2cBN15Al 6.4+04 5.171 8.7
G2cBN20AI 7.1x05 6.51 7.6
G2cBN25AI 7.1x0.2 557 6.5
G6CBN15Al 7.6 0.7 3.81 7.6
G6CcBN20AI 7.6+0.3 5.87 8.3
G6CBN25AI 7.0x0.3 5.01 9.1
G10cBN15AI 8.0+0.1 461 5.1
G20cBN15AI 7.9+0.2 5.817 9.5
G20cBN20Al 7.8x0.3 4.81 9.0
G20cBN25Al 6.9+0.1 5.37 8.6

The Rcurve behaviour of the PCBAI composites was compared with some

commonceramic materials (AD3;, SkN4, SIC and ZrQ). Table 7.2 shows the-R
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curve results ofheseceramic materials. 1303, SkN4 and SiC have R curves with
Kir between 2 9 MPa.n’?, while ZrO, doped materials have agbetween 5 16

MPa.m".

The increasing fracture toughness obt@yJ was caused by crack tip shielding by
microcracking and crack bridging and igribridges(m), while SgN4 exhibitedcrack
bridging effects.The ncreasein fracture toughness of ZgGceramicswas due to
transformation toughening brought about by stresses around the crack tip due to the

transformation from the tetragonal to the mdimac form.

Table 7.2: R-curve results of some common ceramics materiaf& ™.

Sample: Kir (MPa.m"? Kic (MPa.m"?
Al,O3 (depends on grain size 2317 314
SizsN4 (elongated grains) 5111 47 7
SiC (elongate@rains) 21 8 21 3
ZrO, (Mg, Ce doped) 51 16 7110

There wa a small amount of toughening over a small section ofnikasured
sample, 0.27 0.8 cm extension, as can be seen in tliRes. The slight rise in-R
curve behaviour could be attributed crack deflection, observed during crack
propagation in the material. Crack deflection can also cause partial bridging by grains
and seconary phase and ia prerequisite in the setting up of cramkdging effects

©8 Crack bridging and frictional gira bridging toughening mechanisms can also

play a role in increasing the toughening mechanisms. Crack deflection/bridging are
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generally associated with-€urve behaviour, i.e. increase of fracture toughness with

increasing crack length.

The fracture toghness from the SEVNB and-d&rve behaviour tests both show a
slight toughening caused by crack deflection which as stated in the SEVNB fracture
toughness section can lead to a small amount ok ¢i@atoughness and thus assist in
seting up crack bridgig leading to Rcurve behaviour. Unreacted aluminium can
further lead to ductile bridging, thus increasing toughnasshe samples which
contairedthe unreacted Al, the amount of binaeas too high causing a deterioration

of the properties. Frictional gin bridges also result ithe toughening of the

materials.

Transverse Rupture Strength

Chapter 6.4 shows the results of the transverse rupture strength tests. Table 6.5 gives
the characteristic strength, Weibull modulus and 80% confidence intervaikefor
PcBNAIl composite materials. The strength ranges from B384 MPa. Strength
values forcommercially availabl€cBN cutting tools are in the region of about 600

800 MPa™Y. The strength values for the PcBN composites are lower than those

foundin literature and fosimilar tool materials as shovim Table 7.3.

The range of the Weibull moduli between 6.124.9 is quite large. However,

considering the strength distributions of the batches with low Weibull moduli more
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closely, the strength datd these batches more or less clearly show signs of bimodal
distributions (two different m slopes), whereas the strength data of the batches with
high m values belong to monomodal distributions, see Figure 7.15. Figure 7.15a
shows the two different m slope®r the G2 cBN +15vol.%Al and G6
cBN+15vol.%Al bimodal distribution. G6 cBN + 15vol.%Al shows a more
pronounced bimodal distribution, exhibiting different fracture origins for the various
m slopes. The differences in the fracture origins can be seere iRr#ittography
section: Figure 7.28 shows the fracture origins for the low and high strength
distributions for the G2 cBN + 15vol.%Al samples; Figure 7.27a shows the fracture
origin of a G6 cBN + 15vol.%Al sample with a high strength (binder phase) and
Figure 7.29a and 7.30a shows the fracture origins of samples with a low strength
(large pores) for the G6 cBN +15 vol.%Al saegl Therefore the statistical

p ar a me tare msof tlie batches with low m values need to be considered with
caution.

Table 7.3: Transverse rupture strength for commercially availablecutting tool materials " ™.

Material: Transverse Rupture Strength (MPa)
(3 point bend tes)
AMBORITE (AMB90) 664
AMBORITE (DBC50) 570
Polycrystalline diamond tools (PCD) 75071 1000
WC-Cotools 100071 2500

Figure 7.161 7.18 shows the Weibull plots for the 15, 20 and 25 vol.% binder

materials respectively. These results show the probability for each material to fail.
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Refer to Appendix H for the full range of characteristic strength and Weibull moduli

for various confidence intervals.

Figure 7.16 shows that the G 10 cBN + 15vol.% Alenat hadthe highest strength
values and the least amount of scatidrile G 6 cBN + 15vol.% Al hathe highest
amount of scatter whicltould have been due to its bimodal distribution. This
suggsts that the strength results wdow and the material cttihavecontaired a
high amount of flaws in this material. Both G 10 and G 20 cBN + 15vol.% Al

materials hd very little scatter andorresponding graphsererelatively straight.
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Figure 7.15: Weibull distributions of bending strength data (a) showing more or less signs of

bimodal distributions, batches G2 cBN+15vol.%Al, G6cBN+15vol.%Al (b) showing monomodal

distributions of the batches G6cBN+20vol.%Al and G20cBN+15vol.%Al with Weibull moduli of
15 and 25.
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m G2cBN+15% bindelr
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G20cBN+15% binder

Inin((1-P)™)

Strength (MPa)

Figure 7. 16: Weibull plots of the 15 vol.% binder PCBN-Al composite materials.

Figure 7.17 showthat G 20 cBN + 20vol.% Al haithe lowest strength values and
lowest amount of scatter. @ cBN + 20vol.% Al materials had high amounbf
scatter and the highest strength values also showing a bimodal distribution, while G 6
cBN + 20vol.% Al ha a moderate amount of scatter. Figure 7.18 shows that there
was a very low amount of scatter for the 3 materialade with 25% AIG 20 cBN

has he lowest strengthialues, G 2 cBN + 25vol.% Al hatie highest strength vags

and G 6 cBN + 25vol.% Al hatthe least amount of scatter.
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Figure 7.17: Weibull plots of the 20 vol.% binder PcCBNAl composite materials.
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Figure 7.18: Weibull plots of the 25vol.% binder PCBN-Al composite materials.
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Figure 7.19 and 7.20 show the variation of the characteristic strength values of the
PcBN composite materials as a function of the grain size of theptiabke and binder
content with 80% confidence intervals. The strength generally decreased with
increasing grain size. It was observed that both thar®l 25vol.% Al composites

had characteristic strength valueghich decrease with increasinggrain size. his
decrease with grain size is a common feature for most ceréftiaad is related to

the size of the initial flaw which is related to the grain $§i2eWith the 15vol.% Al

there was no clear trend. Also thererevao clear trends of strength depence on
binder content. The increase in binder content incteiestrength of the G2 cBN,
while for G6 anl G20 cBN the strength decreasedh mhimum at 20 vol.%&ndthen

increased
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Figure 7.19: Characteristic strength plot of the PCBN-Al composite materials with cBN grain
size. Error bars show the 80% confidence intervals.
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Figure 7.20: Characteristic strength plot of the PcCBNAI composite materials with binder %.
Error bars show the 80% corfidence intervals.

The results of the strength measurements as a function of both the cBN grain size and
the binder ontent are shown in Figure 7.24hile in Figure 7.22, the main effects of

the hardess measurements are showhigures 7.21 and 7.22eweal the strength
increasedwith increasing mder content, except for the G2@hile there is no clear

trend withgrain size

The contributions of each effect on the strength were determined using a general
linear model and the Twavay ANOVA model, shownn Appendix J. The results of

the twoway ANOVA model showd that the grain size laa 9% effect on the
strength and the binder content head 0%,which means that there wanly a wek

dependencefdhe strengtton eithercBN grain sizeor binder content
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Flexural Strength Results of PcBN-Al Composites
95% ClI for the Mean
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Figure 7.21: Flexural Strength as a function of the cBN grain size and the binder content.

Main Effects Plot for Flexural Strength of PcBN-Al Composites
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Figure 7.22 Main effects plot of the flexural strength with cBN grain Size and Al content.
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Comparisons of the hardness, fracture toughness and strength results with each other
were also done. This wadone in orderto determinewhether there were any
correlations between each of theperties. Figure 7.28 7.25 showthe correlations

between the tested mechanical properties with grain size and binder content.

Figure 7.23 showthe correlation between fracture toughness and hardness. For the
G20 sampleshe fracture toughness incredseth increasing hardness, while for the

G2 samples the fracture toughness deeasth increasing hardness. Theresa@o

real correlation between fracture toughness and hardness dependence on binder
content, although themgas a slight increase in tHeacture toughness with increasing
hardness for 25vol.%, whiléhere wasa decrease in fracture toughness with
increasing hardness for 20vol.% binder. This suggests that the materials with the

highest hardness have the lowegt. K
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Figure 7.23: Comparisons between the fracture aughness and hardness, and their dependence
on grain size and binder content.
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Figure 7.24 shows that there svao correlation betweertrength and hardness
dependence on grain size, excepBat where the strength decreasath increasing
hardness. Strength increasedh increasing hardness for both the 20 and 25vol.%
binder content. Figure 7.25 shows that theas no trend in the stngth and fracture
toughness comparisons with both dependence on grain size and binder content,
although forG2 strength increasealith increasing fracture toughness. The strength

for 20 vol.% binder decreadeavith increasing fracture toughness, while &&vol.%

binder the strength increasefth increasing fracture toughness.
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Figure 7.24: Comparisons betweerstrength and hardness, depending on grain size arfainder
content.
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Strength vs Fracture Toughness for PcBN-Al Composites Strength vs Fracture Toughness for PcBN-Al Composites
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Figure 7.25: Comparisonsbetweenstrength and fracture toughness, depending on grain size
and binder content.

Fractography

It has been welestablished thattrength depends on the size, shape and surface finish
of the specimens i.e. the flaw distribution in the material. It is thus important to
determine the sizeshape and type of the flaws present in the material. This will help
to deternme the failure behaviour of ¢hmaterial and to determirstraegies for its

improvement

The flaw size of the various materials can be estimated using the Griffiths equation
(equation 3.1 in Chapter 3) relating the strength and fttwghness of ghmaterial
to the flaw size of failure. Based on the fracture toughni€gsthe size of a crack

initiating flaw can be calculated for a definite strength vatyeaccording td*?
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o} .
azae%g, Y =+p /2, a =radius of flaw

This can be used to determiménetherthe results obtained from the strength and
fracture toughness measurements are in the correct range by comparing them with the
results of the actual flaw size measurgdnficroscopy. The size of the flaws in each
material will be determined using optical microscopes or scanning electron

microscopes to determine the accuracy of the estimated results.

Using equation 3.1 and the strength and fracture toughness datanati@stof the

flaw size can be made (refer to Appendix I). The estimated average flaw size for
each material calculated from both the average strength values and the measured flaw
size is given in Table 7.4. The results show the flaw sizes for the-A¢Bbmposite

materials in the range between 35 0 & m.

Crack initiating flaws were representatioé 10 - 15 % of the tested specimens of
each batch, frompgcimens of low, medium drigh strength. The reason for this

was that only 1415% of the samplks were fractographically examindd.most cases

the crack initiating flaws were clearly identified. As far as they were identified the
flaws were quite big, of 100 500 um maximum diameter (Figure 7.26). These large
flaws were responsible for the lowtrength measured Based on t he

equation, 3.1the comparison between the size of the calculated cracksraokl
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Table 7.4: The estimated average flaw size, characteristic strength and SEVNB fracture

unreacted Al binder as proven by EDX analysis.

fracture toughness values tested by the SEVNB tests.

toughness for the PcBNAI composite materials.

initiating flaws shows a close agreement, Figure 7.27. This clearly affirms the

The initiating flaws were elongated in aspect ratio from 1.5 to &s shown in the
examples in Figure 7.26, the largest diameter always oriented perpengituldre
specimen length. They either exposed features of ductile rupture or contained very
large grains of the binder phase (either AIN or AJBometimes showing features of
powder granules not fully sintered together. These characteristics ousezved
irrespective of the location of the flaws, in the bulk or at the tensile surface of the
specimens. They clearly poied to deficiencies ithe powder processing. The flaws

exhibiting ductile fracture obviously originatérom big particles or agglomerates of

Sample Esti mate FIl {(Measured FI a
G2 cBN + 15% Al 382 1007 400
G2 cBN + 20% Al 386 1007 420
G2 cBN + 25% Al 356 8571 280
G6 cBN + 15% Al 505 2007 490
G6 cBN + 20% Al 506 2007 500
G6 cBN + 25% Al 361 1407 400
G10 cBN + 15% Al 417 2007 420
G20 cBN + 15% Al 543 1507 300
G20 cBN + 20% Al 646 20071 370
G20 cBN + 25% Al 427 1007 250
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4 o Surface J
: v’

Figure 7.26: Typical flaws (a) with features of ductile fracture, sample from batch
G2cBN+15vol.%Al, (b) with very large grains of binder phase, sample from batch
G6cBN+20vol.%Al.

The microstructure and size of the flaws indicate poor deagglomeration and
homogenization of cBN anthe binder powder during powder processing. The high
aspect ratio and pardllerientatedof the flaws point out that they originate before the

hot pressing step and underscbitee attribution to powder processing.

The poor correlation of strength and cBN grain size and binder comésntnainly

due to the very broad scatter ¢tdv sizes and poor correlation to the processing of
the individual material batches. A more complet@racterisatiorof the size and
nature of the crack initiating flaws might elucidate the flaw size distribution of the
individual materials and thus alloa better correlation of strength and material
microstructure. However, the effort of such investigations is probably not appropriate

at the current state of processing.
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Figure 7.27: Model crack size calculated from fracture toughness and strength limiting flaws;
(a) G6CBN+15vol.%Al, and (b) G10cBN+15vol.%Al.

As mentioned in the discussion G2 cBN +15%Al and G6 cBN +15 vol.%Al had
bimodalstrengthdistribution (see Figure 7.15). Figure 7.28 shdthe flaw origins of

the low and high strength distribution regions for the G2 cBN +15vol.%Al sample.
Figure 7.27a, 7.30b and 7.31a show G6 cBN + 15vol.%Al samples with high
strength. The results show flaw size and type differences between the samgiles

low and high strength distribution regions withinetsamples materials showing
bimodality. At low strength regions theweere very large flaws mainly characterized

by large surface defects (pores or large binder pools). While in the high strength
distribution regons the flaws are smaller and neecharacterized by defects near the
surface (binder pools or pores). The baality of these materialadicated that better

processing technologyas needed

Figure 7.26a and b, Figure 7.28a and Figur® glw flaws from materials with low

strength, flaws that are mainly large surface defects containing large cBN grains or
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binder pools, while Figure 7.27b and 7.30 show flaws from materials with high

strength. The flaws consist mainly of smaller binderdpaod pores.

AccV  SpotMagn Det WD F—————— 100 m (b) %
3.00 kv 8.0 250x SE 6.0 G2cBN-15%AI(8)

Figure 7.28: Flaws in G2 cBN +15vol.%Al composite: a)arge surface flaw resulting in low
strength and b) small binder flaw resulting in high strength.

Figure 7.29: Flaws from materials with low strength, a) G20 cBN+25vol.%Al showing large
surface defect with large cBN grain and b) G20+20vol.%Al showing binder surface defect.

Figure 7.31 shows SEM images of internal cracking in the PABNMomposite

materials indicatig high internal stresses in the material. Figure 7.26 and 7.33 show
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